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Volume 2010, Article ID 634597, 8 pages

Antineoplastic Activity of New Transition Metal Complexes of 6-Methylpyridine-2-carbaldehyde-N(4)-
ethylthiosemicarbazone: X-Ray Crystal Structures of [VO2(mpETSC)] and [Pt(mpETSC)Cl],
Shadia A. Elsayed, Ahmed M. El-Hendawy, Sahar I. Mostafa, Bertrand J. Jean-Claude, Margarita Todorova,
and Ian S. Butler
Volume 2010, Article ID 149149, 11 pages

Computational Modeling of the Mechanism of Urease, Håkan Carlsson and Ebbe Nordlander
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We are more than happy to see the completion of this special
issue. The idea for this issue came from the recognition that
bioinorganic chemistry research in Greece has been tremen-
dously developed over the last three decades or so. The
obvious reason is that this period has seen significant changes
to the Greek chemistry community. New Laws permitted
independent research by all the members of the academic
staff, especially at the Lecturer and Assistant Professor
positions. Nowadays, all five chemistry departments in greek
Universities (Athens, Thessaloniki, Patras, Ioannina, Crete)
have strong research programs in bioinorganic chemistry.
Bioinorganic chemistry was also developed in a brilliant
way at three institutes in the National Center of Scientific
Research “Demokritos,” located in Athens. Many appoint-
ments by the universities and “Demokritos” created new
generations of scientists with their own research ideas and
directions, and they are currently helping to shape the future
of bioinorganic chemistry in Greece. Another important
reason for the progress of bioinorganic chemistry in Greece
has been the scientific impact and personality of Professor
Nick Hadjiliadis, the scientist who undoubtedly introduced
bioinorganic chemistry to and pioneered research in this field
in Greece. This special issue is devoted to him.

Professor Nick Hadjiliadis retired in September 2008 (he
is currently Emeritus Professor) after a brilliant academic
career, mainly at the University of Ioannina, Ioannina,
Greece. However, he continues to be involved in research
and other academic activities. His scientific and professional
achievements are numerous. He has carried out excellent
research in at least four interesting areas of contemporary
bioinorganic chemistry, holding an outstanding publication
record in peer-review journals and thematic books. Many

of his former Ph.D. students occupy academic or research
positions in Greece. He has received international awards
and organized international conferences and meetings in
Greece and abroad, including the very successful 5th Inter-
national Symposium on Applied Bioinorganic Chemistry.
He has established and directed for more than 10 years the
prestigious interuniversity graduate programme “Bioinor-
ganic Chemistry” in Greece. Finally, he was Editor-in-
Chief of Bioinorganic Chemistry and Applications and other
bioinorganic chemistry books. His impact on the scientific
community goes far beyond the just mentioned aspects. Nick
had the ability to inspire many Greek inorganic chemists to
try bioinorganic chemistry projects, often giving smart ideas
to them. In addition to being an excellent scientist, Nick is
also a friendly and broadly educated person (but strict with
his collaborators when he was seeing them relaxing and being
out of the schedule) with whom it was a privilege for us to be
associated for the last 25–30 years.

This issue contains 42 papers. There are contributions
from some of the scientists with whom Nick has been
collaborating and from his old students. However, there are
many contributions from researchers who gladly accepted
our invitation to participate as a means to show their respect
for the scientist and the man. Seventeen (17) papers are
entirely from Greece, fifteen (15) contributions come from
foreign laboratories, and the rest (10) describe research
resulting from collaboration between Greek and foreign
universities and institutes.

We have attempted as far as possible to have this special
issue reflect research activities on currently “hot” topics of
bioinorganic chemistry [1] and the respect that Professor
Hadjiliadis commands through the scientific community
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in our country and internationally. The “hot” areas of bi-
oinorganic chemistry covered in the issue include—among
others—metal entry into cells and active sites, understand-
ing metalloenzymes, biomimetic chemistry (success in this
endeavor has the potential not only to provide insights in the
working mechanisms of the enzymes but also to produce new
chemical catalysts for promoting difficult reactions under
mild conditions), probing metal ions in cells (this topic
has been important for therapeutic, toxic, and pathological
aspects of medicinal applications of bioinorganic chemistry),
and biomaterials. It can be seen from the contributions of
this special issue that elucidating the structures and reactivi-
ties of metallobiomolecules, mimicking and utilizing molec-
ular and macromolecular systems at the interface of biology
and inorganic chemistry continue to be fertile research areas
which promise new discoveries.

On behalf of all the authors, and indeed the Greek chem-
ical community as a whole, we wish Professor Nick Hadjil-
iadis a happy retirement, good health, and many more years
of scientific success.

Last, but not least, we would like to express our gratitude
to (i) the reviewers of the papers for their time to study the
submitted manuscripts and for their valuable comments,
(ii) Dr. Konstantis F. Konidaris for his every day help
in many scientific and practical problems concerning our
correspondence with the authors, and (iii) the officials,
journal developers, and editorial assistants of Bioinorganic
Chemistry and Applications (we have met such perfect
professionals for the first time in our job!) for their great help
during the organization of the special issue.

Evy Manessi-Zoupa
Spyros P. Perlepes
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Bone graft substitutes and cancellous biomaterials have been widely used to heal critical-size long bone defects due to trauma,
tumor resection, and tissue degeneration. In particular, porous hydroxyapatite is widely used in reconstructive bone surgery owing
to its biocompatibility. In addition, the in vitro modification of cancellous hydroxyapatite with osteogenic signals enhances the
tissue regeneration in vivo, suggesting that the biomaterial modification could play an important role in tissue engineering. In this
study, we have followed a tissue-engineering strategy where ultrasonically stimulated SAOS-2 human osteoblasts proliferated and
built their extracellular matrix inside a porous hydroxyapatite scaffold. The ultrasonic stimulus had the following parameters:
average power equal to 149 mW and frequency of 1.5 MHz. In comparison with control conditions, the ultrasonic stimulus
increased the cell proliferation and the surface coating with bone proteins (decorin, osteocalcin, osteopontin, type-I collagen,
and type-III collagen). The mechanical stimulus aimed at obtaining a better modification of the biomaterial internal surface in
terms of cell colonization and coating with bone matrix. The modified biomaterial could be used, in clinical applications, as an
implant for bone repair.

1. Introduction

One of the key challenges in reconstructive bone surgery is to
provide living constructs that possess the ability to integrate
in the surrounding tissue. Bone graft substitutes, such as
autografts, allografts, xenografts, and porous biomaterials
have been widely used to heal critical-size long bone defects
due to trauma, tumor resection, and tissue degeneration.
The biomaterials used to build 3D scaffolds for bone
tissue engineering are, for instance, the hydroxyapatite [1],
the partially demineralized bone [2], biodegradable porous
polymer-ceramic matrices [3], and bioactive glasses [4, 5].

The preceding osteoinductive and osteoconductive bio-
materials are ideal in order to follow a typical approach of
the tissue engineering, an approach that involves the seeding

and the in vitro culturing of cells within a cancellous scaffold
before the implantation.

The tissue-engineering method is of great importance. In
order to overcome the drawbacks associated with the stan-
dard culture systems in vitro, such as limited diffusion and
inhomogeneous cell-matrix distribution, several bioreactors
have been designed to provide different physical stimuli: a
rotating vessel bioreactor [6], a perfusion bioreactor [7], or
an electromagnetic bioreactor [8], for instance. The ideal
feature of a bioreactor is the supplying of suitable levels of
oxygen, nutrients, cytokines, growth factors, and appropriate
physical stimuli, in order to populate, with living bone
cells and mineralized extracellular matrix, the volume of
a porous biomaterial for reconstructive bone surgery: this
living and biocompatible tissue-engineering construct could
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be implanted together with the insertion of a vascular pedicle
[9].

Gorna and Gogolewski [10, 11] have drawn attention
to the ideal features of a bone graft substitute: it should
be porous with interconnected pores of adequate size (at
least 200 μm) allowing for the ingrowth of capillaries and
perivascular tissues; it should attract mesenchymal stem cells
from the surrounding bone and promote their differentiation
into osteoblasts; it should avoid shear forces at the interface
between bone and bone graft substitute; it should be
biodegradable.

In this study, following the preceding “golden rules” of
Gorna and Gogolewski, we have elected porous hydroxyap-
atite [12–14] as cancellous bone graft substitute and, using an
ultrasonic stimulation [15], we have attempted to populate
it with extracellular matrix and osteoblasts, of which cell
function can be ultrasonically modulated [15].

Hydroxyapatite is widely used in reconstructive bone
surgery owing to its biocompatibility. The in vitro modifi-
cation of porous hydroxyapatite, with osteogenic signals of
the transforming growth factor-β superfamily and with bone
morphogenetic proteins, enhances the tissue regeneration in
vivo [16], suggesting that the modification of hydroxyapatite
could play an important role in tissue engineering.

As consequence, aiming, in a future work, at accelerated
and enhanced bone regeneration in vivo, in the present study
of tissue engineering, we show a particular “biomimetic
strategy” that consists in the in vitro modification of porous
hydroxyapatite with proliferated osteoblasts and their extra-
cellular matrix produced in situ. In other words, applying
an ultrasonic wave [15], our aim was to enhance a bone
cell culture inside cancellous hydroxyapatite, that is, to coat
the hydroxyapatite internal surface with physiological and
biocompatible cell-matrix layers. Using this approach, the in
vitro cultured material could be theoretically used, in clinical
applications, as an osteointegrable implant.

2. Materials and Methods

2.1. Hydroxyapatite Disks. Porous Orthoss bovine hydrox-
yapatite disks (diameter, 8 mm; height, 4 mm) were kindly
provided by Geistlich Pharma AG (Wolhusen, Switzerland)
[12–14]. The biomaterial had the following characteristics:
internal surface area of 97 m2/g, average porosity equal to
60%, crystal dimensions of 10÷60 nm, and Ca/P ratio equal
to 2.03, as in normal human cancellous bone (Figure 1).

2.2. Cells. The human osteosarcoma cell line SAOS-2 was
obtained from the American Type Culture Collection
(HTB85, ATCC, Rockville, MD). The cells were cultured
in McCoy’s 5A modified medium with l-glutamine and
HEPES (Cambrex Bio Science Baltimore, Inc., Baltimore,
MD), supplemented with 15% fetal bovine serum, 2%
sodium pyruvate, 1% antibiotics, 10−8 M dexamethasone,
and 10 mM β-glycerophosphate (Sigma-Aldrich, Inc., Mil-
waukee, WI). Ascorbic acid, another osteogenic supplement,
is a component of McCoy’s 5A modified medium. The cells
were cultured at 37◦C with 5% CO2, routinely trypsinized

100μm

Figure 1: SEM image of unseeded hydroxyapatite, bar equal to
100 μm.

after confluency, counted, and seeded onto the hydroxyap-
atite disks.

2.3. Cell Seeding. In order to anchor the hydroxyapatite disks
to two standard well-plates, 3% (w/v) agarose solution was
prepared and sterilized in autoclave, and during cooling, at
45◦C, 100 μL of agarose solution were poured inside the wells
to hold the placed hydroxyapatite disks and to fix them after
completed cooling.

The well-plates with the biomaterial disks were sterilized
by ethylene oxide at 38◦C for 8 hours at 65% relative
humidity. After 24 hours of aeration in order to remove the
residual ethylene oxide, the disks were ready inside the two
culture systems: the “static,” that is, the control well-plate
without external stimulus and the “ultrasonic,” that is, the
ultrasonically stimulated well-plate.

A cell suspension of 10 × 106 cells in 400 μL was added
onto the top of each disk and, after 0.5 hour, 600 μL of culture
medium was added to cover the disks. Cells were allowed
to attach overnight, then the static culture was continued in
the standard well-plate and the ultrasound stimulation was
applied for the first time.

2.4. Ultrasound Stimulation. An ultrasound stimulus [15]
was applied through the culture medium by a FAST
ultrasound generator (Igea, Carpi, Italy) to the seeded
hydroxyapatite disks. The mechanical wave had the following
characteristics: signal frequency equal to 1.5 ± 0.03 MHz,
duty cycle of 200 ± 4μs, repetition rate equal to 1 ±
0.02 kHz, and temporal average power of 149 ± 3 mW. Low-
intensity ultrasound stimulus accelerates the fracture healing
in clinical studies [17].

The ultrasonic culture was placed into a standard cell cul-
ture incubator with an environment of 37◦C and 5% CO2,
and it was stimulated 20 min/day for a total of 22 days. The
culture medium was changed on days 4, 7, 10, 13, 16, and 19.

2.5. Standard Well-Plate Culture. The static culture was
placed into a standard cell culture incubator. The duration
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Figure 2: SEM image of the static culture, bar equal to 30 μm.
The osteoblasts are in the “backscattered depressions” near the
juxtaposed asterisks: at the end of the culture period, statically cul-
tured cells were few and, essentially, not surrounded by extracellular
matrix; therefore, wide biomaterial regions remained devoid of cell-
matrix complexes.
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Figure 3: SEM image of the ultrasonic culture, bar equal to 30 μm.
During the culture period, the physical stimulus caused a wide-
ranging coat of the internal surface of the biomaterial: several
osteoblasts proliferated and the biomaterial was tending to be
hidden by cell-matrix layers (asterisks).

of the static culture was 22 days and the culture medium was
changed on days 4, 7, 10, 13, 16, and 19.

2.6. Scanning Electron Microscopy (SEM) Analysis. At the end
of the culture period, the disks were fixed with 2.5% (v/v)
glutaraldehyde solution in 0.1 M Na-cacodylate buffer (pH =
7.2) for 1 hour at 4◦C, washed with Na-cacodylate buffer, and
then dehydrated at room temperature in a gradient ethanol
series up to 100%. The samples were kept in 100% ethanol
for 15 minutes, and then critical point-dried with CO2.
The specimens were mounted on aluminum stubs, sputter
coated with gold (degree of purity equal to 99%), and then
observed with a Leica Cambridge Stereoscan microscope
(Leica Microsystems, Bensheim, Germany).

2.7. DNA Content. At the end of the culture period, the
cells were lysed by a freeze-thaw method in sterile deionized
distilled water and the released DNA content was evaluated
with a fluorometric method (PicoGreen, Molecular Probes,
Eugene, OR). A DNA standard curve [15], obtained from a
known amount of osteoblasts, was used to express the results
as cell number per disk.

2.8. Set of Rabbit Polyclonal Antisera. Fisher et al. (http://
csdb.nidcr.nih.gov/csdb/antisera.htm, National Institutes of
Health, National Institute of Dental and Craniofacial
Research, Craniofacial and Skeletal Diseases Branch, Matrix
Biochemistry Unit, Bethesda, MD) presented us, generously,
with the following rabbit polyclonal antibody immunoglob-
ulins G: antiosteocalcin, anti-type-I collagen, anti-type-III
collagen, antidecorin, and antiosteopontin (antiserum LF-
32, LF-67, LF-71, LF-136, and LF-166, respectively) [18].

2.9. Set of Purified Proteins. Decorin [19], osteocalcin
(immunoenzymatic assay kit, BT-480, Biomedical Technolo-
gies, Inc., Stoughton, MA), osteopontin (immunoenzymatic
assay kit, 900-27, Assay Designs, Inc., Ann Arbor, MI),
type-I collagen [20], and type-III collagen (Sigma-Aldrich)
were used.

2.10. Confocal Microscopy. At the end of the culture period,
the disks were fixed with 4% (w/v) paraformaldehyde
solution in 0.1 M phosphate buffer (pH= 7.4) for 8 hours
at room temperature and washed with PBS (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH= 7.4)
three times for 15 minutes. The disks were then blocked
by incubating with PAT (PBS containing 1% [w/v] bovine
serum albumin and 0.02% [v/v] Tween 20) for 2 hours at
room temperature and washed.

L. Fisher’s antidecorin, antiosteocalcin, antiosteopon-
tin, anti-type-I collagen, and anti-type-III collagen rabbit
polyclonal antisera were used as primary antibodies with a
dilution equal to 1 : 1000 in PAT. The incubation with the
primary antibodies was performed overnight at 4◦C, whereas
the negative controls were based upon the incubation,
overnight at 4◦C, with PAT instead of the primary antibodies.
The disks and the negative controls were washed and
incubated with Alexa Fluor 488 goat antirabbit IgG (H+L)
(Molecular Probes) with a dilution of 1 : 500 in PAT for 1
hour at room temperature.

At the end of the incubation, the disks were washed
in PBS, counterstained with Hoechst solution (2 μg/mL) to
target the cellular nuclei, and then washed. The images were
taken by blue excitation with a confocal microscope (TCS
SPII, Leica Microsystems) equipped with a digital image
capture system at 100×magnification.

2.11. Extraction of the Extracellular Matrix Proteins from
the Cultured Disks and Enzyme-Linked Immunosorbent Assay
(ELISA). At the end of the culture period, in order to evalu-
ate the amount of the extracellular matrix constituents over
the internal and external hydroxyapatite surfaces, the disks
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were washed extensively with sterile PBS (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH = 7.4)
in order to remove the culture medium, and then incubated
for 24 hours at 37◦C with 1 mL of sterile sample buffer (1.5 M
Tris-HCl, 60% [w/v] sucrose, 0.8% [w/v] sodium dodecyl
sulphate, pH = 8.0). At the end of the incubation period, the
sample buffer aliquots were removed, and then the disks were
centrifuged at 4000 rpm for 15 minutes in order to collect
the sample buffer entrapped into the pores. The total protein
concentration in the two culture systems was evaluated by the
BCA Protein Assay Kit (Pierce Biotechnology, Inc., Rockford,
IL). The total protein concentration was 749 ± 108 μg/mL
in the static culture and 1527 ± 274 μg/mL in the ultrasonic
culture (P < .05). After matrix extraction, the disks were
incubated, once again, for 24 hours at 37◦C with 1 mL of
sterile sample buffer, and no protein content was detected.

Calibration curves to measure decorin, osteocalcin,
osteopontin, type-I collagen, and type-III collagen were
performed. Microtiter wells were coated with increasing
concentrations of each purified protein, from 1 ng to 2 μg,
in coating buffer (50 mM Na2CO3, pH = 9.5) overnight
at 4◦C. Some of the wells were coated with bovine serum
albumin (BSA) as a negative control. In order to measure
the extracellular matrix amount of each protein by an ELISA,
microtiter wells were coated, overnight at 4◦C, with 100 μL
of the extracted extracellular matrix (20 μg/mL in coating
buffer). After three washes with PBST (PBS containing 0.1%
[v/v] Tween 20), the wells were blocked by incubating with
200 μL of PBS containing 2% (w/v) BSA for 2 hours at 22◦C.
The wells were subsequently incubated for 1.5 hours at 22◦C
with 100 μL of the L. Fisher’s antidecorin, antiosteocalcin,
antiosteopontin, anti-type-I collagen, and anti-type-III col-
lagen rabbit polyclonal antisera (1 : 500 dilution in 1% BSA).
After washing, the wells were incubated for 1 hour at 22◦C
with 100 μL of HRP-conjugated goat anti-rabbit IgG (1 : 1000
dilution in 1% BSA).

The wells were finally incubated with 100 μL of
development solution (phosphate-citrate buffer with o-
phenylenediamine dihydrochloride substrate). The color
reaction was stopped with 100 μL of 0.5 M H2SO4 and
the absorbance values were measured at 490 nm with a
microplate reader (Bio-Rad Laboratories, Inc., Hercules,
CA). The amount of extracellular matrix constituents inside
the disks is expressed as fg/(cell× disk).

2.12. Statistics. The disks number was 24 in each repeated
experiment (12 disks in the control culture and 12 disks
in the ultrasonic culture). The experiment was repeated 4
times. Results are expressed as mean ± standard deviation.
In order to compare the results between the two culture
systems, one-way analysis of variance (ANOVA) with post hoc
Bonferroni test was applied, electing a significance level of
0.05.

3. Results

The human SAOS-2 osteoblasts were seeded onto porous
hydroxyapatite disks, and then cultured without or with

an ultrasonic stimulus for 22 days. These culture methods
permitted the study of the SAOS-2 cells as they modified
the biomaterial through the proliferation and the coating
with extracellular matrix. The cell-matrix distribution was
compared between the two culture systems.

3.1. Microscope Analysis. In comparison to control condi-
tion, SEM images revealed that, due to the ultrasound stimu-
lus, the osteoblasts proliferated and built their extracellular
matrix over the available internal hydroxyapatite surface
(Figures 2 and 3). At the end of the culture period, statically
cultured cells were few and, essentially, not surrounded
by extracellular matrix, therefore wide biomaterial regions
remained devoid of cell-matrix complexes (Figure 2). In
contrast, the physical stimulus caused a wide-ranging coat
of the internal surface of the biomaterial: several osteoblasts
proliferated and the biomaterial was tending to be hidden by
cell-matrix layers (Figure 3).

The immunolocalization of type-I collagen and decorin
with the counterstaining of the cellular nuclei showed the
stimulation effects in terms of higher cell proliferation and
more intense building of the extracellular matrix (Figures 4
and 5). The immunolocalization of osteocalcin, osteopontin,
and type-III collagen revealed similar results (data not
shown).

These observations were confirmed by the measure of the
DNA content at the end of the culture period: in the static
culture, the cell number per disk grew to 22.1×106±3.2×104

and in the ultrasonic culture to 34.7 × 106 ± 3.9 × 104 with
P < .05.

3.2. Extracellular Matrix Extraction. In order to evaluate the
amount of bone extracellular matrix inside the hydroxyap-
atite disks, an ELISA of the extracted matrix was performed:
at the end of the culture period, in comparison with the static
culture, the ultrasound stimulation significantly increased
the internal surface coating with decorin, osteocalcin, osteo-
pontin, type-I collagen, and type-III collagen (P < .05)
(Table 1).

4. Discussion

The aim of this study was the in vitro modification
of a porous hydroxyapatite with extracellular matrix and
osteoblasts to make the biomaterial more biocompatible for
the bone repair in vivo.

A discussion about the concept of “biocompatibility” is
necessary. When a biomaterial is implanted in a biological
environment, a nonphysiologic layer of adsorbed proteins
mediates the interaction of the surrounding host cells with
the material surface. The body interprets this protein layer
as a foreign invader that must be walled off in an avascular
and tough collagen sac. Therefore, the biomedical surfaces
must be developed so that the host tissue can recognize
them as “self”. Castner and Ratner think the “biocompatible
surfaces” of the “biomaterials that heal” as the surfaces with
the characters of a “clean, fresh wound” [21]: these “self-
surfaces” could obtain a physiological inflammatory reaction
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Figure 4: Immunolocalization of type-I collagen (panels a and c, green) and cellular nuclei (panels b and d, blue) in the static culture (panels
a and b) and in the ultrasonic culture (panels c and d), bars equal to 80 μm. During the culture period, in the control (panels a and b), the
osteoblasts built a scanty amount of bone matrix, whereas, in the stimulated culture (panels c and d), the osteoblasts secreted a wide amount
of matrix. The immunolocalization of osteocalcin, osteopontin, and type-III collagen revealed similar results.

Table 1: Amount of extracellular matrix constituents inside hydroxyapatite.

Matrix protein total coating after 22 days of culture in fg/(cell× disk)

Static culture Ultrasonic culture Ultrasonic /Static

Decorin 5.58 ± 0.22 15.25 ± 0.42 2.73-fold

Osteocalcin 1.79 ± 0.33 5.76 ± 0.39 3.22-fold

Osteopontin 1.75 ± 0.73 3.04 ± 0.47 1.74-fold

Type-I collagen 3.72 ± 0.49 16.85 ± 0.95 4.53-fold

Type-III collagen 4.59 ± 0.13 11.04 ± 0.71 2.40-fold

Table note: P < .05 in all “Static” versus “Ultrasonic” comparisons.

leading to normal healing. In this study, we have followed
a biomimetic strategy where the seeded osteoblasts built a
biocompatible surface made of bone matrix [15, 22].

To enhance the coating of the biomaterial internal
surface, an ultrasonic wave was applied to the seeded
biomaterial [15]. The ultrasound stimulus increased the cell
proliferation around 1.6-fold. Furthermore, the ultrasonic
wave significantly enhanced the synthesis of type-I collagen,
decorin, osteopontin, osteocalcin, and type-III collagen,

which are fundamental constituents of the physiological
bone matrix: in particular, type-I collagen is the most
important and abundant structural protein of the bone
matrix; decorin is a proteoglycan considered a key regulator
for the assembly and the function of many extracellular
matrix proteins with a major role in the lateral growth
of the collagen fibrils, delaying the lateral assembly on
the surface of the fibrils; osteopontin is an extracellular
glycosylated bone phosphoprotein secreted at the early stages
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Figure 5: Immunolocalization of decorin (panels a and c, green) and cellular nuclei (panels b and d, blue) in the static culture (panels
a and b) and in the ultrasonic culture (panels c and d), bars equal to 80 μm. During the culture period, in the control (panels a and b),
the osteoblasts produced a very little amount of decorin, a key regulator for matrix spatial organization, whereas, in the stimulated culture
(panels c and d), the osteoblasts secreted a larger amount of 3D organized bone matrices.

of the osteogenesis before the onset of the mineralization,
it binds calcium, it is likely to be involved in the regulation
of the hydroxyapatite crystal growth, and, through specific
interaction with the vitronectin receptor, it promotes the
attachment of the cells to the matrix; osteocalcin is secreted
after the onset of mineralization and it binds to bone
minerals.

The preceding results could be explained with a signaling
model. The ultrasound stimulation raises the net Ca2+ flux
in the osteoblast cytosol and the release of the intracellular
Ca2+ [23–25]. According to Pavalko’s signaling model, the
increase of the cytosolic Ca2+ concentration is the starting
point of signaling pathways, which cause the secretion of
prostaglandins enhancing the osteoblast proliferation, and
which target specific bone matrix genes [23].

Consistent with Pavalko’s model, mechanically stimu-
lated osteoblasts produce autocrine and paracrine pros-
taglandin signal for cell proliferation; the same mechanically
stimulated osteoblasts produce bone extracellular matrix.
Prostaglandins are released in the culture medium, whereas
the proteins are deposited onto the biomaterial. Even if

prostaglandins and proteins have partially common bio-
chemical pathways [23], they have a different geometrical
destination: the medium and the material surface, respec-
tively. For that reason, the efficiency in prostaglandin action
(cell proliferation enhancement of 1.6-fold) was different
from the efficiency of matrix deposition (biomaterial coating
enhancement of 1.7÷4.5-fold as in Table 1).

In this study, the ultrasonic stimulus was a physical
method to obtain the biomimetic modification of the
material, whose internal surface was coated by osteoblasts
and by a layer of bone matrix. The use of a cell line
showed the potential of the ultrasound stimulation; never-
theless, appropriately tuning the parameters of the ultra-
sonic wave, the stimulus duration, and the culture time,
a better result could be obtained with autologous bone
marrow stromal cells instead of SAOS-2 osteoblasts for
total immunocompatibility with the patient. In addition,
after the in vivo implantation of the cultured cancellous
hydroxyapatite, an ultrasound therapy could be applied with
the same wave parameters [15] to enhance the patient healing
[17].
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In conclusion, we theorize that the cultured “self-surface”
could be used fresh, that is, rich in autologous cells and
matrix, or after sterilization with ethylene oxide, that is, rich
only in autologous matrix. In future work, we intend to
use our constructs, which are rich in autologous matrix, as
a simple, storable, tissue-engineering product for the bone
repair [22].
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Ferric ion binding proteins (Fbps) transport FeIII across the periplasm and are vital for the virulence of many Gram negative
bacteria. Iron(III) is tightly bound in a hinged binding cleft with octahedral coordination geometry involving binding to protein
side chains (including tyrosinate residues) together with a synergistic anion such as phosphate. Niobium compounds are of
interest for their potential biological activity, which has been little explored. We have studied the binding of cyclopentadienyl
and nitrilotriacetato NbV complexes to the Fbp from Neisseria gonorrhoeae by UV-vis spectroscopy, chromatography, ICP-OES,
mass spectrometry, and Nb K-edge X-ray absorption spectroscopy. These data suggest that NbV binds strongly to Fbp and that a
dinuclear NbV centre can be readily accommodated in the interdomain binding cleft. The possibility of designing niobium-based
antibiotics which block iron uptake by pathogenic bacteria is discussed.

1. Introduction

Following the therapeutic success of cisplatin, a large number
of complexes of other metals have been studied. Nonplat-
inum complexes are of particular interest since they may
display a lack of cross-resistance with cisplatin, bringing
significant benefits for chemotherapy. Metallocene dihalides
and pseudohalides of general formula [Cp2MX2] (M = Ti,
V, Nb, Mo; X = F, Cl, Br, I, CN, SCN; Figure 1(a)), have
attracted significant interest since they have shown activity
towards a wide variety of murine and human tumors [1–9].
Titanocene dichloride [Cp2TiCl2] was the first non-platinum
metal complex to enter clinical trials but was eventually
abandoned owing to its high reactivity in aqueous solution
which gives rise to formulation difficulties [10, 11].

Vanadocene-, molybdenocene-, and niobocene dichlo-
rides also exhibit good activities. Niobocene dichloride
(Cp2NbCl2) is an extremely potent cancerostatic agent
against the Ehrich ascites tumour in CFI mice [12, 13].
Oxidation to NbV reduces the tumor inhibiting properties
[14] but potentially could also reduce toxic effects. Hence
there is interest in further investigation of the biological
chemistry of niobium complexes [15].

Iron is the single most important micronutrient for
bacterial survival; it plays important roles in both pathogen
virulence and host antimicrobial resistance [16–18]. Numer-
ous pathogenic bacteria such as Neisseria gonorrhoeae and
Haemophilus influenzae have evolved a specific protein-
dependent iron-uptake system which can obtain iron from
the host transferrin (Tf) and lactoferrin (Lf). The three-
component system is a member of the ABC-transporter
super-family (FbpABC) and critical for iron uptake is a ferric
ion-binding protein (FbpA, referred to here as Fbp, a single-
chain 34 kDa protein) which shuttles FeIII across the periplas-
mic space, transporting FeIII from the outer membrane to the
cytoplasmic membrane [19]. This essentiality for virulence
makes Fbp an ideal drug target and provides a basis for
the design of novel metal-based antibiotics which combat
resistance to widely used organic antibiotics.

Structural analysis of the FeIII binding site in Fbp
from various bacteria has shown several different classes
(Figure 1(b) shows the best characterised). All have a pair
of highly conserved Tyr residues in the active site and
the other metal binding residues are composed of amino
acid side chains (glutamate and histidine) and anions (e.g.,
phosphate). These tyrosines are critical for strong metal
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Figure 1: (a) Metallocene dihalides with antitumor activity. Key: (M) = maximum activity; M = sporadic activity; M = no activity. (b) FeIII

binding sites in bacterial ferric ion-binding proteins (Neisseria gonorrhoeae or Haemophilus influenzae).

ion binding, as confirmed by site-directed mutagenesis and
crystal structures of reconstituted Fbp protein complexes
with FeIII. These bacterial Fbps display an extremely high
affinity for ferric iron (KD ∼ 1 × 10−20 M) but they also
have the capacity to bind other metals. We discovered that
N. gonorrhoeae Fbp could bind Ti, ZrIV, or HfIV in the metal
binding cleft [20–22]. Moreover, besides binding a single
metal ion we observed various metal clusters bound in an
adaptable active site which appears to be able to accommo-
date a wide range of metals ions and anions. To further probe
the specificity of this site we report for the first time studies
of the binding of NbV complexes to Fbp, using a wide variety
of techniques including UV-visible spectroscopy, inductively
coupled plasma atomic emission spectroscopy (ICP-AES),
electrospray mass spectrometry, and EXAFS. These studies
are important not only for exploring a potential mechanism
for niobium transport but also as a basis for the possible
design of novel metalloantibiotics.

2. Experimental/Materials and Methods

2.1. Materials. [Cp2NbCl2] (Arcos), monosodium citrate
(Aldrich), nitrilotriacetic acid (H3NTA, 99%, Aldrich, N840-
7), NaH2PO4 and Na2HPO4 (BDH), Hepes (Aldrich), Tris
(Aldrich), and cetyltrimethylammonium bromide (CTAB,
Aldrich) were used as received. Atomic absorption stan-
dard solutions of Fe (Aldrich, cat: 30595-2), Nb (1000
ppm, niobium(V) chloride in 4% hydrofluo, VWR interna-
tional Ltd. Cat: 1026410100), and P (Aldrich, cat: 20735-7)
were used as supplied.

All other chemicals were reagent grade and used as
provided.

Stock solutions of [FeIII(NTA)2]3− and [NbV(NTA)n]
were prepared from iron and niobium atomic absorption
standard solutions and stoichiometric amounts of H3NTA.
The pH values of the solutions were raised slowly to∼5.6 and
5.26, respectively, with microliter amounts of NaOH (1 M).

The [Cp2Nb(OH)Cl2] stock solution was freshly pre-
pared by sonication of [Cp2NbCl2] (2.9 mg, 0.099 mmol)
in D2O (0.5 mL) until no solid remained (typically 0.5–
1 h). As [Cp2NbCl2] is insoluble in water, oxygen was
required [22] to effect oxidation to the water-soluble nio-
bium(V) complex [Cp2Nb(OH)Cl2] [14]. Finally a yellow
solution of [Cp2Nb(OH)Cl2] was obtained. This solution

may also contain other hydrolysed Cp2NbV species as
well as small amounts of hydrolysed NbIV species such as
[Cp2NbCl(H2O)]+.

Electrophoresis was carried out using a Bio-Rad ProteinII
Minigel system (protein) and Invitrogen H5 system (DNA).
GE Healthcare AKTA equipment and columns were used for
chromatographic separations of proteins. Precast SDS-PAGE
gels (10% bis-Tris) were purchased from Invitrogen and used
according to the manufacturer’s instructions.

2.2. Overexpression and Purification of Fbp. Fbp was overex-
pressed in E. coli TOP10 One Shot or DH5α cells (Invitrogen)
transformed with the plasmid pTrc99A/Fbp/Ng. A single
colony from freshly transformed cells was used to inoculate
5 mL of 2YT broth which contained 100 μg/mL ampicillin
in a sterile 10 mL vial. This culture was shaken overnight
at 310 K and used to inoculate 3 liters of 2YT broth with
100 μg/mL ampicillin in sterile 500 mL flasks. After the
flasks were shaken overnight at 310 K, a pink cell pellet was
harvested by centrifugation at 10, 000 × g for 15 minutes at
277 K and stored at 253 K until use.

Fbp was purified by a modification of the method
reported previously [20, 22, 23]. The pink pellet (∼15 g) was
defrosted at room temperature and resuspended in 150 mL of
50 mM Tris (pH 8.0) containing 2% cetyl trimethylammo-
nium bromide (CTAB), sonicated for 5 minutes (30 second
on, 30 s off), followed by stirring slowly overnight at 310 K.
The white insoluble material was removed by centrifugation
at 10, 000 × g for 15 minutes at 277 K. The supernatant
(cell-free extract) was dialysed against 5000 mL 10 mM Tris
(pH 8.0) at room temperature overnight, followed by the
dialysis for another 3 hours to remove CTAB and then filtered
using Whatman paper (0.2 μm, Fisher). The cell-free extract
was applied to a RESOURCE S strong cation exchange
column (6 mL, Amersham Biosciences); the column was
equilibrated with 10 mM Tris buffer (pH 8.0). Unbound
proteins were removed by extensive washing with low salt
buffer. The target protein (Fbp) was then eluted with a
linear NaCl gradient of low-to-high salt (0-1 M NaCl) over
20 column volumes in 10 mM Tris buffer. Pink fractions
were collected and were analyzed by SDS-PAGE. Fbp was
desalted by dialysis and concentrated by ultrafiltration
(10 kDa cut-off, Amicon concentrator). The concentration
of purified iron-bound, holo-Fbp protein was determined
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by UV absorption using ε481 = 2, 430 M−1 cm−1, or ε280 =
48, 900 M−1 cm−1[24]

2.3. Preparation of Apo-Fbp. Iron-free, apo-Fbp was pre-
pared by treatment of holo-Fbp solutions with 250 mM
sodium citrate (pH 4.5) at room temperature for 5 hours,
followed by elution with 250 mM sodium citrate (pH 4.5)
on a PD-10 column (GE Healthcare), so as to give negligible
absorbance at 481 nm. The apo-Fbp was then washed 6 times
with 0.1 M KCl in a Centricon YM-30 microconcentrator
(Amicon), and the stock solution was stored at 4◦C before
use. apo-Fbp concentration was determined with ε280 =
44,270 M−1 cm−1 [24].

2.4. UV-Visible Spectroscopy. All UV experiments were per-
formed with 1 cm cuvettes on a computer-controlled Cary
300 spectrometer with temperature control at 298 or 310 K.
For kinetic experiments, the time courses for the reactions of
apo-Fbp (10 μM) with 2 mol equivalent of [Cp2Nb(OH)Cl2]
or [Nb(NTA)2]− were recorded for solutions in Hepes buffer
(10 mM, pH 7.4) at 310 K. UV/Vis spectra were recorded at 5
minutes intervals against the same buffer solution containing
the same amount of [Cp2Nb(OH)Cl2] or [Nb(NTA)2]− in
the reference cuvette.

First-order rate constants, kobs, were calculated by fitting
plots of absorbance at 245 nm versus time to (1) using the
program Origin7.5, whereA,A0, and A∞ are the absorbances
at time t, time zero, and after infinite time:

log(A∞ − A) = −kobst + log(A∞ − A0). (1)

For titration experiments, solutions were prepared by dilut-
ing aliquots of a stock apo-Fbp solution to ∼10 μM with
10 mM Hepes buffer, 5 mM phosphate, pH 7.4. Aliquots of
metal complex (0.5–10 μl) were added, and each solution
was allowed to equilibrate at 310 K for 1 hour before the
spectrum was recorded.

The displacement of metal ions from the protein was
also monitored by adding aliquots of 1 : 50 Nb : NTA to
(iron-bound) holo-Fbp in the above buffer at 310 K. UV-
visible spectra were recorded half an hour after each addition.
Buffers containing the same amount of 1 : 50 Nb : NTA were
used as references. The binding or release of FeIII was
monitored by the increase or decrease in absorbance at
481 nm.

2.5. Chromatographic Analysis. For chromatographic analy-
sis, the Nb-Fbps were prepared by reacting apo Fbp with
20 mol equiv of freshly prepared Cp2NbCl2 (bubbled with
air, as oxygen is required to effect oxidation to the water solu-
ble niobium(V) complex Cp2Nb(OH)Cl2) or [Nb(NTA)2]−

for 48 hours at 310 K in 10 mM Hepes buffer, pH 7.4. Small
molecules (<30 kDa) were removed by ultrafiltration using
0.1 M KCl, and then the sample was applied to a Mono
S HR5/5 column equilibrated with Hepes buffer (10 mM,
pH 7.4, 25 mL), followed by gradient elution with 0-1 M
KCl in Hepes (10 mM; pH7.4) flow rate 0.5 mL min−1. Peak
fractions were collected and pooled, and then subjected to

ultrafiltration (Centricon, 30 kDa cut off, YM-30, Millipore)
to remove NaCl.

2.6. ICP-OES Analysis. ICP-OES was performed on Perkin
Elmer Optical Emission Spectrometer Optima 5300DV using
standard methods. Metal-loaded proteins were prepared
using the same chromatographic procedures as for holo-
Fbp isolation, collected and purified by using Centricon 30
(Amicon) ultrafiltration and washing six times with ultra-
pure water followed by ultrafiltration after each washing.
The protein solution was finally diluted with ultrapure water.
The contents of Nb and S were measured, after digestion
of the samples, using the emission lines of 309.418 nm and
181.975 nm for Nb and S, respectively.

2.7. Mass Spectrometry. Samples Nb-Fbps for ESI-MS
were prepared by reacting a 20-fold molar excess of
[Cp2Nb(OH)Cl2] or [NbV(NTA)2] with apoFbp (ca.
0.5 mM) in 10 mM HEPES buffer pH 7.5 in a water bath
at 310 K for 48 hours. Unbound NbV complexes were
removed from the protein by ultrafiltration (Centricon 30,
cut-off 30 kDa, Amicon) washing with 0.1 M KCl and H2O
three times, respectively, and then exchanged into a 10 mM
NH4Ac buffer (pH 8.0) by using a PD-10 column.

Positive-ion electrospray mass spectrometry was per-
formed on a Micromass Platform II quadruple mass
spectrometer equipped with an electrospray ion source.
The purified holo-Fbp, apo-Fbp, or recombinant Nb-Fbp
samples in 10 mM NH4Ac buffer (pH 8.0) were diluted
with CH3CN/H2O (1 : 1, v/v) to a final concentration of
25 μM. Each sample was infused at 50 μL/minute directly into
the mass spectrometer, and the ions were produced in an
atmospheric pressure ionization (API)/ESI ion source. The
spray voltage was 3.50 kV. The cone voltage was varied from
20 to 60 V as required. The capillary temperature was 338 K
for direct infusion, with a 450 L h−1 flow of nitrogen drying
gas. The quadrupole analyzer, operated at a background
pressure of 5.9 × 10−5 mBar, was scanned at 200 Da s−1 for
direct infusion. Data were collected (for 10 scans during the
direct infusion assays) and analyzed on a Mass Lynx (ver.3.5).
The deconvoluted average molecular mass was determined
using the MaxEnt and Transform algorithms of massLynx
software.

2.8. X-Ray Absorption Spectroscopy. X-ray spectra were
recorded at the niobium K edge on EXAFS station 16.1
at Daresbury Laboratory Synchrotron Radiation Source
(operating at 2 GeV) using an Si 〈220〉 double crystal
monchromator and vertically focusing mirror for harmonic
rejection. Data for apo-Fbp loaded with NbV were collected
at 13 K (using a liquid helium cryostat) in fluorescene mode
using a 13-element solid state germanium detector. Data
were collected in k space using a k3-weighted regime for
counting time with a total scan time of 40 minutes. 40
scans were collected from each sample. The edge positions
were calibrated against an Nb foil. Samples were prepared
as follows. Purified native Fbp was concentrated to 5 mM by
ultrafiltration and washed six times with 0.1 M KCl. Nb-Fbp
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(1 mM) was prepared by reacting apo-Fbp with 10 mol eq
of Cp2Nb(OH)Cl2 in Hepes buffer (pH 7.4). The excess of
[Cp2Nb(OH)Cl2] was removed from the yellowish solution
by ultrafiltration, washing three times with 0.1 M KCl and
then ultrapure water.

Data were processed using EXCALIB and SPLINE (mod-
ified for use with EXCURV) [25]. The EXAFS data were con-
verted into k space and analyzed using the fast curved wave
(or Rehr-Albers) theory [26] including up to third-order
multiple scattering contributions in EXCURV98 [27]. Phase
shifts were calculated using Hedin-Lundquist exchange and
correlation potentials [28, 29] and tested against the EXAFS
data for [Cp2NbCl2] and NbCl5. All the data analysis was
conducted on raw EXAFS data (without Fourier filtering)
weighted by k3 to compensate for diminishing amplitude at
high k.

3. Results and Discussion

3.1. Characterization of Fbp. Since Fbp contains an N-
terminal signal sequence that directs Fbp to the periplasmic
space, the overexpressed protein was located in the periplasm
of E. coli. The molecular masses of holo-Fbp and apo-
Fbp determined by electrosprary mass spectrometry were
33,640 Da, in good agreement with the amino acid sequence
(309 amino acids, without iron or phosphate theoretical
mass of 33639.39 Da). This suggests that, under the condi-
tions used for mass spectrometry, neither holo-Fbp nor apo-
Fbp had iron or synergistic anion bound to the protein and
that the Fbp signal sequence had been cleaved at Asp23 upon
translocation to the periplasm. The presence of iron in holo-
Fbp was evident from the ligand-to-metal charge-transfer
(LMCT) (tyrosinate-to-FeIII) band of FeIII-Fbp (vide infra).
For metal binding experiments, iron was efficiently removed
by incubation with excess citrate to generate apo-Fbp with
no detectable iron remaining.

3.2. Rate and Stoichiometry of Nb Binding to ApoFbp. The
time-courses of reactions between apoFbp and [NbV(NTA)2]−

(we use this formulation for solutions containing NbV

and 2 mol equiv of NTA) or [Cp2NbV(OH)Cl2] were
studied using UV/Vis spectroscopy. Two molar equivalents
of [NbV(NTA)2]− or [Cp2NbV(OH)Cl2] were added to a
solution of apoFbp (∼10 μM, in 500 μL 10 mM Hepes buffer,
5 mM phosphate, pH 7.4) at 310 K.; typical spectra are shown
in Figures 2 and 3, respectively. In the case of [NbV(NTA)2],
the reaction produced a UV difference spectrum which
is similar to reactions of other metal ions with apoFbp
[20, 30]; two new positive bands appeared at ca. 245 and
295 nm, and increased in intensity over a period of 60
minutes (Figures 2(a) and 2(b)). These bands are assignable
to π-π∗ transitions of Tyr residues deprotonated by binding
to NbV. Similar bands are seen when both bacterial and
serum transferrins bind to a wide variety of metal ions
[31–33]. This suggests that NbV ions can occupy specific
FeIII binding sites. Best fits to the data were obtained using
first-order kinetics equations, although the rate law was
not investigated. The first-order rate constant, kobs, was

3.03±0.01 h−1 (310 K), and the extinction coefficient (Δε245)
reached ca. 15200 M−1 cm−1(Figure 2(c)).

In the case of [Cp2NbV(OH)Cl2], the reaction produced
two new bands in the UV/Vis spectra; one broad band is
centred at around 320 nm. The other sharp band is at ca.
244 nm (Figure 3(a)). The reaction was complete in ca. 2
hours (Figures 3(a), 3(b) and 3(c)). Kinetic studies revealed
kobs of 1.24± 0.03 h−1 (310 K), and the extinction coefficient
(Δε244) reached ca. 16700 M−1 cm−1 (Figure 3(d)). These
data indicate that the reactions occur in two kinetic phases;
however, the initial phases of the reactions of apoFbp
with [Nb(NTA)2]− and [Cp2NbV(OH)Cl2] were fast (within
1 hour and 2 hours, resp.).

Analysis of the titration curves for the reaction of apoFbp
with [Nb(NTA)2]− and [Cp2Nb(OH)Cl2] (Figures 2(d) and
3(e)) suggests that about two NbV ions bind strongly to Fbp
in both cases. In these experiments, each sample was allowed
to equilibrate for 2 hours after each addition and then UV
difference spectra were recorded. The absorptivity Δε244/245

increased linearly with increase in molar ratio r[Nb]/[apoFbp]

until a value of ca. r = 2. Beyond r = 2, the titration
curve reached a plateau (Figures 2(d) and 3(e)). Titration
studies suggested that a niobium : protein molar ratio of 2 : 1
is sufficient to deprotonate both Tyr 195 and Tyr 196 when
phosphate is present as the synergistic anion; phosphate is
known to bind in the interdomain cleft of the apo-protein
and may prepare the cleft for metal entry [34]. Beyond a
2 : 1 [Nb] : [apoFbp] ratio there was little increase in the
absorption at 244 or 245 nm (Figures 2(d) and 3(e)). These
data suggest that the initial reaction with apo-Fbp involves
NbV binding to Tyr 195 and Tyr 196 either initially as a
mononuclear niobium centre binding to one of the Tyr
side-chains followed by subsequent binding of the second
niobium to the second Tyr and formation of an oxo-niobium
dinuclear center or perhaps by direct uptake of a dinuclear
species which may involve one NbV binding to both Tyr
residues or one to each. Hence there is little increase in the
absorption at 241 nm beyond a 2 : 1 [Nb] : [apoFbp] ratio. In
particular, the mobility of Tyr 196 (as observed in crystals
of oxo-FeIII-Fbp) [22] may be important for capturing NbV

ions at the protein surface and delivering them into the
binding cleft. In our previous studies of the binding of
trinuclear FeIII, HfIV (also pentanuclear HfIV), and ZrIV oxo-
clusters to Fbp, we have observed anchoring of these centres
via these tyrosinates with each binding to different metals (or
in the case of one FeIII cluster, anchoring via a single Tyr)
[20, 22, 35]. It appears that the other two protein ligands,
His 9 and Glu 57 are not essential for the initial steps of metal
binding in vitro.

3.3. Displacement of FeIII from Fe-Fbp by NbV . To confirm
that NbV binds to the specific FeIII-binding sites of Fbp/Ng,
we investigated the displacement of FeIII from holo-Fbp
(FeIII-phosphate-Fbp) by NbV. Holo-Fbp was saturated with
Fe3+ by incubating apoFbp (100 μM) with 10 mol equivalent
1 : 2 Fe : NTA in 10 mM Hepes, 5 mM phosphate, pH 7.4,
310 K for 24 hours. After removing unbound Fe and
diluting the Fe-Fbp solution to 25 μM, 1.0 mol equivalent
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Figure 2: (a) UV difference UV/Vis spectra recorded at various times during the reaction of apoFbp (10 μM) with 2.0 mol equivalents of
[Nb(NTA)2]− in 10 mM Hepes buffer, 5 mM phosphate, pH 7.4, 310 K. (b) Time course for reactions of apo-Fbp (ca. 10 μM) with 2 mol
equivalents of [Nb(NTA)2]− in the 10 mM Hepes buffer, 5 mM phosphate, pH 7.4, 310 K, as a plot of molar absorptivity versus time for
reaction. (c) Difference UV/Vis spectra for the titration of apoFbp (10 μM) with [Nb(NTA)2]− in 10 mM Hepes buffer, 5 mM phosphate,
pH 7.4, 310 K (1 h equilibration). Molar ratios of Nb-complexes: apo-Fbp from bottom to top: are 0–2.0 in 0.2 mol equivalent steps, then
2.5, 3.0, 3.5, 4.0. (d) Titration curve for the reaction in (C), and Δε is the absorbance at 245 nm divided by the Fbp concentration.

of [Nb(NTA)2]− was added to the holo-Fbp solution in
physiological buffer at 310 K. There was no obvious change
to the LMCT band of FeIII-Fbp at 465 nm (Figure 4, insert).
In contrast, with the addition of 1 : 50 Nb : NTA, this band
decreased in intensity to about half of its original value
at the mol ratio of r[Nb]/[Fe-Fbp] of 10, and to about 21%
when r[Nb]/[Fe-Fbp] is 33 (Figure 4). It can be seen from the
graph that the wavelength of the absorption maximum of
the LMCT band shifted from 480 nm to 465 nm during
this titration. This suggests that under these conditions
phosphate is displaced form iron [30] and that NbV can
compete with FeIII for binding to Fbp, perhaps with initial
formation of mixed-metal oxo-Fe/Nb species in the binding
cleft.

3.4. Displacement of NbV from Nb2-Fbp by FeIII . We also
investigated the displacement of NbV from Nb-Fbp by FeIII.
Nb-Fbp was prepared by incubating apo-Fbp (100 μM) with
10 mol equiv equivalent 1 : 2 Nb : NTA in 10 mM Hepes,
5 mM phosphate−, pH 7.4, 310 K for 24 hours, and FeIII-
binding was monitored by the appearance of the FeIII-Fbp
LMCT band at 465–480 nm. Nb-Fbp was titrated with 0.2–
10 mol equiv 1 : 2 Fe : NTA in the same buffer solution at
the same temperature. UV difference spectra were recorded
0.5 hours after each addition of FeIII. A peak centred at ca.
465 nm appeared and increased after 1.2 mol equiv of 1 :
2 Fe : NTA had been added, at which point it had almost
reached its final intensity and no further increase occurred
with 10 mol equiv FeIII present (Figure 5). Therefore, under
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Figure 3: (a) Difference UV/Vis spectra recorded at various times during the reaction of apoFbp (9.8 μM) with 2.0 mol equivalents of
[Cp2Nb(OH)Cl2] in 10 mM Hepes buffer, 5 mM phosphate, pH 7.4 (b) Time course for reactions of apo-Fbp (ca. 9.8 μM) with 2 mol
equivalents of [Cp2Nb(OH)Cl2] in 10 mM Hepes buffer, 5 mM phosphate, pH 7.4, 310 K, as a plot of molar absorptivity versus time of
reaction. (c) Time course for reactions of apo-Fbp (ca. 9.8 μM) with 2 mol equivalents of [Cp2Nb(OH)Cl2] in the 10 mM Hepes buffer,
5 mM phosphate, pH 7.4 at 310 K as a plot of molar absorptivity versus time of reaction. (d) Difference UV/Vis spectra for the titration of
apoFbp (9.8 μM) with [Cp2Nb(OH)Cl2] in 10 mM Hepes buffer, 5 mM phosphate, pH 7.4, 310 K (2 h equilibration). Molar ratios of Nb-
complexes: apo-Fbp from bottom to top: are 0–2.0 in 0.2 mol equivalent steps, then 2.5, 3.0, 3.5, 4.0. (e) Titration curve for the reaction in
(D), Δε is the absorbance at 244 nm divided by the Fbp concentration.
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same buffer at 310 K. the band at ca.465 nm increases in intensity
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the LMCT band at 465 nm with the amount of added FeIII.

the conditions studied here, FeIII can displace NbV from the
protein.

3.5. Characterization of Nb-Fbp by Ion Exchange Chromatog-
raphy and ICP-OES Analysis. The products from reaction of
apoFbp with 20 molar equiv of freshly prepared [Cp2NbCl2]
(bubbled with air (oxygen) to obtain the water soluble
niobium(V) complex [Cp2Nb(OH)Cl2]) or [Nb(NTA)2]−

are at 310 K in Hepes buffer (10 mM, pH 7.4) for 48
hours. Unbound Nb was removed by extensive ultrafiltration

and the sample was applied to a cation exchange Mono
S HR5/5 column equilibrated with Hepes (10 mM; pH
7.4, 25 mL), followed by gradient elution with 0-1 M KCl
in Hepes (10 mM; pH 7.4) flow rate 0.5 mL min−1. The
chromatograms are shown in Figure 6. We observed two
peaks that elute at different KCl concentrations which we
assume to be the different forms of Nb-Fbp with different
charges. It seems likely that the products from these loading
reactions contain different multinuclear forms of Nb-Fbp.

Reaction of Fbp with 1 and 20 mol equivalents of
[Cp2Nb(OH)Cl2] gave products containing an average of
0.86 and 2.23 mol Nb per mol protein, respectively (ICP-OES
data; see Table 1). In the case of reactions with 1 and 20 mol
equivalents of [Nb(NTA)2]− under the same conditions,
the products contained ca. 0.91 and 2.41 mol Nb per mol
protein.

3.6. Electrospray Ionization Mass Spectroscopy (ESI-MS). The
recombinant protein, prepared as described in experimental
section, was further studied by electrospray ionization mass
spectrometry. The products were investigated as dilute
solutions in 10 mM NH4Ac, pH 8.0. For the reaction of
[Cp2Nb(OH)Cl2] with apoFbp, peaks centred at mass 34813,
34829, 34842, 34871, and 34890 are tentatively assigned to
[aFbp + 4Cp2NbCl2], [aFbp + 4Cp2NbCl2+ OH−], [aFbp
+ 4Cp2NbCl2 + 2OH−], [aFbp + 4Cp2NbCl2 + 3OH−],
and [aFbp + 4Cp2Nb(OH)Cl2], respectively. Another sample
prepared from apoFbp and [Nb(NTA)2]− gave peaks centred
at mass 34655, 34837, and 34965 corresponding to [aFbp
+ NH+

4 ], [aFbp + 2Nb(NTA)2 + CH3COO−], [aFbp +
3Nb(NTA)2 + NTA]. Table 2 contains a list of the species
observed by ESI-MS assays of Nb-Fbp. These results indicate
that apoFbp binds NbV tightly under the conditions used
and suggests that the binding cleft can accommodate not
only a single metal ion but also multinuclear Nb species,
as observed previously for iron, zirconium and hafnium.
However, these data alone do not rule out the possible
presence of Nb binding sites elsewhere on the protein and
the formulations require further verification before they can
be fully interpreted.

3.7. EXAFS Experiment. To obtain more detailed structural
information, Nb K-edge X-ray absorption near-edge struc-
ture (XANES) and extended X-ray absorption fine structure
(EXAFS) studies (Figure 7) were carried out. For these
studies, Nb-Fbp was prepared by treating apo-Fbp with
[Cp2Nb(OH)Cl2] (see experimental section).

The XANES edge position confirms the oxidation state
of the Nb as 5+. The Fourier transform shows two intense,
overlapping peaks at ca. 1.94 Å and 2.12 Å, and a broader
peak at 3.3 Å. The 1.94 Å and 2.12 Å peaks were simulated
with six oxygen atoms as back-scatters at two distances
(2 atoms at 1.94 Å, and 4 atoms at 2.12 Å). These result
from scattering from the atoms directly coordinated to the
NbV center and are likely to include tyrosinate, histidine,
glutamate, hydroxide, and oxo groups. ICP measurements
showed that phosphate was not present in this sample (data
not shown). Niobium-aryloxide bonds of 1.730–1.985 Å have
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Table 1: Analysis of the products from reactions of apo-Fbp with [Cp2Nb(OH)Cl2] and [Nb(NTA)2]−.

Reaction mixture(a) Product(b) Reaction mixture Product

[Cp2Nb(OH)Cl2]/[Fbp] [Nb]/[Fbp] [Nb(NTA)2]−/[Fbp] [Nb]/[Fbp]

1 : 1 0.86± 0.10 : 1 1 : 1 0.91± 0.10 : 1

20 : 1 2.23± 0.10 : 1 20 : 1 2.41± 0.10 : 1
(a) Reactions carried out for 48 hours in 10 mM HEPES buffer, pH 7.4, 310 K.
(a)Fbp concentration determined from A280.
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Figure 6: Characterization of Nbn-FBP (apo-Fbp reloaded with [Cp2Nb(OH)Cl2] (a) or [Nb(NTA)2] (b)) by chromatography on a MonoS
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Table 2: Species detected by ESI-MS assay of products from the
reaction of [Nb(NTA)2]− or [Cp2Nb(OH)Cl2]with apo-Fbp.

Calcd/Da(a) Obsd/Da

Recombinant apo-Fbp with [Cp2Nb(OH)Cl2]

[a-Fbp] (33640) 33648

[aFbp + 4Cp2NbCl2] (34816) 34813

[aFbp + 4Cp2NbCl2+OH−] (34833) 34829

[aFbp + 4Cp2NbCl2+2OH−] (34850) 34842

[aFbp + 4Cp2NbCl2+3OH−] (33867) 34871

[aFbp + 4Cp2Nb(OH)Cl2] (34884) 34890

Recombinant apo-Fbp with [Nb(NTA)2]−

[aFbp + NH+
4 ] (33657) 33655

[aFbp + 2Nb(NTA)2 + NTA + CH3COO−] (34835) 34837

[aFbp + 3Nb(NTA)2 + NTA] (34966) 34965
(a)The formulations are merely those which give reasonable fits to the
observed masses and cannot be interpreted as giving structural information
about the nature of the bound complexes. For example some sites could be
on the exposed surface of the protein as well as in the interdomain cleft.

previously been reported, including Nb-Ophenolate distances
of ca. 1.872 Å [36]. Thus the two shorter inner-sphere Nb-O
bonds in Nb-Fbp (1.94 Å) are within the range of typical
Nb-O bonds assignable to the Nb-tyrosinate bonds but may
also be due to Nb=O double bonds and a possible bridging
oxo group. The Nb-O bond lengths are also similar to those
in known compounds such as (C2H6NO2)2[NbOF5] and
(C3H8-NO2)2[NbOF5]·2H2O [37], LiNbO(O-2,6-PhMe2)4P·
3THF, LiNbCl3(O-2,6-PhMe2)2P·2THF [38], NbCl3(3-[2,2′-
methylenebis(4,6-di-tert-butylphenol)-5-tert-butylsalicylid-
ene-(2,6-diisopropyl)phenylimine]) [34] and the [(Nb6Cl8O4)
Cl6] cluster. The Nb-Nb peak at 3.3 Å is similar to that
reported for the single Nb neighbor at 3.3 Å in a niobium-
peroxo-citrato complex [39]. The EXAFS data may be
consistent with the presence of a dinuclear Nb-O-Nb centre
in the adduct. No attempt was made to include Cp ligands in
a fit to the EXAFS data.

The EXAFS data do not allow an unambiguous assign-
ment of a structure to the bound niobium(V) dinuclear
centre since only averaged Nb–N/O bond lengths are
obtained and oxygen ligands cannot be distinguished from
nitrogen donors. One possibility is that the dinuclear centre
is anchored to the protein only by coordination to the two
active site Tyr residues, as are the clusters in previously
characterised Fe, Zr, and Hf complexes. The other ligands
for NbV may be oxygens from water or hydroxide without
coordination to the His or Glu sidechains which are ligands
in the mononuclear FeIII site.

4. Conclusions

Previous work has shown that efficient iron acquisition is
required for the virulence of pathogenic bacteria and that
Fbp is one of the iron-uptake virulence genes [22, 30, 35, 40–
43]. The di-tyrosyl metal-binding motif in Fbp is highly
conserved and shows a strong binding ability with some
metals. Targetting this protein with an unnatural metal ion

such as niobium(V) which might block iron(III) uptake
therefore becomes a potential strategy for the design of novel
antibiotics.

Since the size of the binding cleft in Fbp is thought to be
matched to FeIII (ionic radius 0.69 Å), previous studies have
shown similar tight binding between apoFbp and various
other metal ions such as TiIV (ionic radius 0.75 Å), ZrIV

(ionic radius 0.86 Å) and HfIV (ionic radius 0.85 Å). Hence it
seemed reasonable to suppose that NbV (ionic radius 0.78 Å)
might behave in a similar manner to these other metal ions.
As we expected, NbV from the [Nb(NTA)2]− and antitumor
complex [Cp2NbCl2]/[Cp2Nb(OH)Cl2] were readily taken
up into the specific iron sites of ferric iron binding protein.
The tight binding was confirmed by ICP-OES and ESI-
MS studies. Interestingly, kinetic studies showed that the
uptake of NbV by apo-Fbp is relatively rapid in vitro under
the conditions used, and titration studies monitored using
UV/vis also show that NbV can be displaced by FeIII, although
suggesting weaker binding of NbV. Structural studies using
EXAFS suggest the presence of a dinuclear Nb(V) centre
possibly with an Nb-O-Nb bridge, but further studies
are needed to define the conditions under which the Cp
ligands are displaced from Nb on binding to the protein.
These properties may allow NbV to bind strongly to Fbp
under certain environmental conditions. It would also be
interesting to investigate potential catalytic properties of such
a protein-bound dinuclear niobium centre. The recent novel
use of the metal complex desferrioxamine-gallium (DFO-
Ga) that targets P. aeruginosa iron metabolism and stops
biofilm formation [44], coupled with our work, suggests
that NbV complexes should be explored as potential novel
metalloantibiotics.
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[3] P. Köpf-Maier, “Stage of pregnancy-dependent transplacental
passage of 195mPt after cis-platinum treatment,” European
Journal of Cancer and Clinical Oncology, vol. 19, no. 4, pp. 533–
536, 1983.
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Visible-range circular dichroism titrations were used to study Cu(II) binding properties of Multimetal Binding Site (MBS) of
Human Serum Albumin (HSA). The formation of ternary MBS-Cu(II)-Buffer complexes at pH 7.4 was positively verified for
sodium phosphate, Tris, and Hepes, the three most common biochemical buffers. The phosphate > Hepes > Tris order of affinities,
together with strong spectral changes induced specifically by Tris, indicates the presence of both Buffer-Cu(II) and Buffer-HSA
interactions. All complexes are strong enough to yield a nearly 100% ternary complex formation in 0.5 mM HSA dissolved in
100 mM solutions of respective buffers. The effects of warfarin and ibuprofen, specific ligands of hydrophobic pockets I and II in
HSA on the Cu(II) binding to MBS were also investigated. The effects of ibuprofen were negligible, but warfarin diminished the
MBS affinity for Cu(II) by a factor of 20, as a result of indirect conformational effects. These results indicate that metal binding
properties of MBS can be modulated directly and indirectly by small molecules.

1. Introduction

Human serum albumin (HSA) is the most abundant protein
of blood serum, at a concentration of ca. 0.6 mM (∼4%).
It is a versatile carrier protein, involved in the transport
of hormones, vitamins, fatty acids, xenobiotics, drugs and
metabolites [1]. HSA also carries metal ions, including
physiological Ca2+, Zn2+, Co2+, and Cu2+, as well as toxic
Cd2+ and Ni2+ [1–3]. Four distinct metal binding sites have
been characterized so far in HSA. Cys-34, the only free thiol
in HSA, is located at the bottom of a hydrophobic pocket.
It selectively binds hydrophobic complexes of heavy metal
ions, such as Pt2+ and Au+ [4–7]. Three other sites are more
accessible and more versatile. The N-terminal binding site
(NTS, also called the ATCUN motif) has been characterized
particularly well. It is composed of the first three amino acid
residues of the HSA sequence, Asp-Ala-His. This sequence is

not confined sterically, as evidenced by the absence of trace
of these residues in X-ray structures of HSA [1, 2] and has
a conformational freedom to wrap around a metal ion. The
resulting square-planar complex exhibits a rare coordination
mode with deprotonated amide nitrogens of Ala and His
residues, in addition to the N-terminal amine and the His-
3 imidazole donor [8–10]. It provides the primary binding
site for Cu(II) and Ni(II) ions and the tertiary site for Co(II)
ions [10, 11]. We recently demonstrated that the conditional
dissociation constant for Cu(II) binding at the NTS is as
low as 1 pM [12]. The studies of short peptide models of
similar His-3 sites performed in our and other laboratories,
for example, by Hadjiliadis et al., uniformly indicated their
very high affinities for Cu(II), and also Ni(II) ions [13–15].
There is abundant experimental evidence for the complete
saturation of the coordination sphere of the Cu(II) ion
bonded to NTS and model peptides [9, 11–16].
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Another site is composed of side chains of His67, His247,
Asn99 i Asp249. It is located at the interface of domains
I and II of HSA. We named it multimetal binding site
(MBS) in our previous study, because we demonstrated
that it can bind Cu(II), Ni(II), Zn(II), Cd(II), as well as
Co(II) ions with comparable affinities [10, 11]. This site is
identical with cadmium site B (CdB) characterized by NMR
spectroscopy [17–19]. Recent studies on Zn(II) binding at
MBS provided crucial data about its spatial arrangement
[18]. The location of the third site, called cadmium site A
(CdA), remains unknown. It is the primary site for Cd(II)
and Co(II) ions but does not participate in Cu(II) binding
[11].

The structure of MBS was analyzed by NMR and
molecular modeling of the Zn(II) complex [18]. The Zn(II)
ion is pentacoordinate in a square pyramidal geometry, with
equatorial coordination provided by two imidazole nitrogens
(His67 and His247), a carboxylate oxygen (Asp249) and a
carbonyl oxygen (Asn99). The axial site in this structure
is occupied by a water molecule. This fact suggests that
the MBS binding site may be modified by external ligands,
forming hypothetical ternary species.

In this work we attempted to find out whether com-
mon buffers may interact with the Cu(II) ion bonded at
MBS. We also tested whether occupation of hydrophobic
pockets, which are used for transportation of endogenous
and exogenous aromatic molecules [20–23], may affect the
coordination properties of MBS.

2. Experimental

2.1. Materials. Homogeneous, high purity defatted HSA was
obtained from Sigma. CuCl2, Hepes, Tris, sodium phosphate,
and NaCl were obtained from Aldrich. Stock solution of
CuCl2 was standardized complexometrically. CuCl2 solu-
tions were calibrated as described in [15]. NaOH and HCl
were purchased from Merck.

2.2. Methods. The CD spectra were recorded at 25◦C on a
Jasco J-715 spectropolarimeter (JASCO, Japan Spectroscopic
Co., Hiroshima, Japan), over the range of 300–800 nm, using
a 1 cm cuvette. The spectra are expressed in terms of Δε =
εl − εr , where εl and εr are molar absorption coefficients for
left and right circularly polarized light, respectively. In buffer
experiments the solutions contained 100 mM Hepes, Tris,
Sodium Phosphate, or NaCl, at pH 7.4.

HSA was dissolved at 0.3–0.5 mM in either a 100 mM
Hepes, Tris, Sodium Phosphate buffers, pH 7.4, or in an
unbuffered 100 mM NaCl solution. The pH of both types of
samples was controlled to remain in the 7.38–7.42 corridor
and adjusted with submicroliter amounts of concentrated
HCl or NaOH when necessary. Concentrations of stock
solutions of HSA were estimated spectrophotometrically
at 279 nm [9] and by Cu(II) titrations. The fractional
abundance of NTS in HSA was measured by careful CD
titrations using calibrated Cu(II) solutions. The average
value of 0.73 was obtained, in agreement with the previous
studies [10–12, 15, 24].
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Figure 1: CD spectra of Cu(II) titration of HSA (0.5 mM in
0.1 M NaCl, pH 7.4), from 0 to 3 mol equivalents, at a 0.25 mol
equivalent step.

3. Results and Discussion

3.1. The Effect of Buffers on the Binding of Cu(II) Ions at MBS.
We chose sodium phosphate, Tris and Hepes as the most
common substances used for buffering protein solutions at
pH 7.4. Their effect on Cu(II) binding to HSA was studied
at a 0.1 M concentration stage versus unbuffered 0.1 M NaCl,
used as a control solution. The choice of the latter was
dictated by the presence of 0.1 M chloride in the blood
serum [25]. The pH of the NaCl samples was controlled by
additions of small quantities of concentrated HCl or NaOH
solutions, when necessary. This was achieved thanks to the
self-buffering properties of HSA, based on the presence of
multiple His residues on its surface [9, 26]. The titrations
were monitored by CD spectroscopy, analogously to our
previous studies [10, 15].

A typical titration is presented on Figure 1. Figure 2
shows titration curves, obtained from titration experiments
by plotting the changes of ellipticity (Δθ) at λmax of Cu(II)
complexes at MBS (665 nm for Tris and 695 nm for remain-
ing solutions). The changes of ellipticities of transitions
related to Cu(II) complexes at NTS, at 492 and 565 nm, were
linear up to the NTS saturation, in accordance with a very
high affinity of this site [12].

The pure spectra of NTS and MBS complexes in individ-
ual solutions, calculated by extrapolation of titration data,
are shown in Figures 3 and 4, respectively. The shapes and
intensities of NTS bands were not affected by buffers studied.
In contrast, the presence of Tris altered the appearance of
the characteristic MBS band considerably, compared to the
NaCl reference. The effects of phosphate and Hepes were less
pronounced, but still significant.

Apparent binding constants (Kapp) for Cu(II)-MBS
complexes in the presence of buffers were obtained from
titrations presented in Figure 2. These constants, calculated
on a technical assumption of the formation of binary species
only, are presented in Table 1. Table 1 contains also further
constants, calculated relative to the Cu(II)-MBS interaction
in NaCl, taken as corresponding to a 100% binary complex
formation. These calculations were prompted by spectral
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Figure 2: Titration curves (experimental points, , and fits to the Kapp formula, ) for Cu(II) binding at MBS in four solutions studied:
(a) NaCl; (b) Hepes; (c) sodium phosphate; (d) Tris.

effects described above and by significant differences among
log Kapp values.

First, the effects of competition of buffers for Cu(II) were
accounted for Literature protonation and Cu(II) binding
constants of Hepes [27], Tris [28], and phosphate ions [29]
were used in these calculations. The competition-only model
of interaction, could not, however, reproduce the titration
curves, and it was necessary to include ternary complex
formation. Figure 5 illustrates this issue for the case of Hepes
buffer. The shift of the MBS d → d band to higher energies
by 30 nm, from 695 on 665 nm, also provided an unequivocal
piece of evidence in favor of ternary complex formation
with Tris. Calculations based on this assumption, performed
for all three buffers, yielded equilibrium constants, given in

Table 1. The reactions defining these constants are provided
in the footnotes of Table 1.

Briefly, K111 describes the overall formation of a ternary
species, K11 is the literature binding constant of the Cu(II)
complex of a buffer, Ke corresponds to the ternary complex
formation by addition of buffer-complexed Cu(II) to MBS,
and KT is the equilibrium constant of the formation of the
ternary complex in the reaction of two binary complexes,
thus featuring the tendency of binary components to form
a ternary species [33]. All these constants, except for K11, are
conditional in respect to the pH value of 7.4.

Calculations of titrations in these buffers demonstrated
that the observed spectra were practically pure spectra of
mixed complexes. The participation of the binary MBS
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Table 1: Quantitative description of ternary complexes formed by Cu(II) ions at MBS of HSA at pH 7.4. Standard deviations of significant
values of experimental logarithms constants on the last digits are given in parentheses.

Ligand (L) log Kapp log K111
a log K11

b log Ke
c log KT

d CIe

[L] = 0.5 mM 100 mM

NaCl 4.60(3) 7.62

Hepes 4.45(5) 7.54(5) 3.22 4.32 −0.28 7.71 9.27

Tris 4.23(6) 8.22(5) 4.05 4.17 −0.43 7.74 9.42

Phosphate 5.17(7) 8.2(1) 3.20 5.00 +0.40 8.04 10.13
a K111 is the equilibrium constant of the reaction Cu2+ + L + MBS = Cu(MBS)(L).
b K11 is the equilibrium constant of the reaction Cu2+ + L = Cu(L); literature values [30–32].
c Ke is the equilibrium constant of the reaction MBS + Cu(L) = Cu(MBS)(L); log K111 = log K11 + log Ke.
dKT is the equilibrium constant of the reaction Cu(MBS) + Cu(L) = Cu(MBS)(L) + Cu2+.
log KT = log K111 − log K11 − log Kapp (NaCl).
eCI is the competitivity index (description in text), calculated for following total concentrations: Cu(II) and Z = 1 μM, HSA = 0.5 mM, buffer = 0.5 mM, or
100 mM.
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absence of ternary complex formation ( ) for the titration of MBS
in 0.1 M Hepes, pH 7.4.

complex was less than 1.5% at all titration points. This
feature allowed us to speculate about the binding modes in
ternary complexes. The spectra for Hepes and phosphate
were practically identical with those of the binary complex,
but the titration curves demonstrated the significant quan-
titative deviation from the binary complex-only binding.
Therefore, the most likely binding mode for these two
substances is that based on a substitution of the axial water
molecule with a buffer oxygen donor. The comparatively
high binding constants for ternary complexes, in relation to
binary complexes, demonstrated the creation of accessorial
interactions between HSA and the ligand. The blueshift and
change of the band intensity for Tris suggests a substitution
of an equatorial oxygen, perhaps that of Asn99.

CI values presented in the last column of Table 1 were
calculated for total concentrations for Cu(II) and the formal
competitor Z = 1μM and for HSA = 0.5 mM at pH =
7.4. These calculations were done in two versions—for
L (buffer) concentrations of 0.5 mM and 100 mM. These
concentrations of HSA and Cu(II) ions corresponded to
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physiological values, the latter to the exchangeable pool of
Cu(II) in blood plasma [32]. From these calculations, one
can infer that the formation of ternary complexes with
buffers had a relatively small impact on the affinity of Cu(II)
ions to MBS. The values of KT demonstrated that Hepes
and Tris buffers somewhat destabilized this interaction, and
phosphate ion showed a stabilizing effect. However, their
effects on Cu(II) binding were significant at practically
used buffer concentrations of 100 mM. Hepes was applied
in successive investigations, because this buffer showed the
smallest interference with Cu(II) binding parameters of
MBS.

3.2. Interaction between MBS and Hydrophobic Pockets for
Aromatic Molecules. It was interesting to find out whether
the binding of warfarin (War) and ibuprofen (Ibu) Figure 6,
exogenous ligands characteristic for hydrophobic pockets
(Sudlow’s sites) I and II in HSA, respectively, could influence
Cu(II) binding at NTS, and, in particular MBS.

In these experiments we used HSA samples containing
1.75 mol equivalents of Cu(II) ions. According to the results
and discussion presented above, these samples contained
fully saturated NTS and one mole equivalent of Cu(II) in an
equilibrium with MBS, at about 80% saturation. The samples
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Figure 8: Comparison of titration curves for Cu(II) binding at MBS
obtained in the presence of 1 mol equivalents of Ibu (experimental
points, , and fits to the Kapp formula, ) and War (experimental
points, , and fits to the Kapp formula, ).

were titrated separately with War and Ibu. None of these
two substances possesses donor groups, which would can
effectively bind Cu(II) ions in solution. This notion was
confirmed by the absence of complex formation fingerprints
in UV-vis spectroscopy and circular dichroism (CD) spectra
(data not shown), and by the literature [20–22, 34, 35].

The HSA binding constants for War (3.3× 105 M−1) and
Ibu (2.7×106 M−1) [30, 36–38] are sufficiently high to assure
stoichiometric binding to their respective binding pockets in
0.5 mM HSA solutions—the addition of one equivalent of
ligand yields a 93% saturation for War and a 99% saturation
for Ibu. Figure 7 shows the titrations of 0.5 mM HSA with
War and Ibu in the presence of 1.75 mol equivalents of Cu(II)
ions. In the course of these titrations, we observed a specific
decrease of intensity of the MBS band. The band position
remained unchanged. The effect of Ibu was very subtle,
but that of War was clearly pronounced. Interestingly, the
linearity of the band intensity decrease was similar before and
after the stoichiometric binding point for both HSA ligands.

Figure 8 presents titrations of HSA with Cu(II) ions in
the presence of stoichiometric (1 mol equivalent) amounts
of War and Ibu, performed in a 100 mM Hepes buffer, pH
7.4. The Ibu titration yielded the log Kapp value of 4.49(5),
identical within the experimental error with that obtained in



6 Bioinorganic Chemistry and Applications

100 mM Hepes in the absence of Ibu (4.45(5), Table 1). The
presence of War had however a pronounced effect on Cu(II)
binding. A very low log Kapp value of 3.2(2) was obtained.
Therefore, the binding of War decreased the affinity of MBS
for Cu(II) by a factor of 20. The Cu(II) binding at NTS was
unaffected in both cases.

The effects presented in Figures 7 and 8 can be inter-
preted by taking into account the locations of hydrophobic
pockets. War binds specifically at site I, which is located in
subdomain IIA of HSA, while Ibu binds specifically at site II,
which is located in subdomain IIIA [1, 2, 31]. MBS is located
at the interface of domains IB and IIA, much closer to site I
than to site II, which is separated from MBS by a very large
crevice [32]. Based on the present data, we can speculate that
the binding of warfarin induced a conformational change
which decreased the accessibility of MBS. The absence of
CD spectral changes of the Cu(II)-MBS complex indicated,
however, that the geometry of the site itself was not affected.

4. Conclusion

The results presented above clearly indicate that the Cu(II)
binding properties of MBS of HSA can be influenced by
external ligands. The order of buffer affinities for the forma-
tion of ternary MBS-Cu(II)-Buffer complexes, phosphate >
Hepes > Tris, indicates that the interaction is not limited
to the binding with the metal ion. This notion is supported
by strong spectral changes induced specifically by Tris, which
clearly indicate the addition of the Tris nitrogen atom to the
coordination sphere of MBS-bound Cu(II) ion. The indirect
effect of warfarin indicates a specific negative control of MBS
binding of metal ions by site I ligands.

MBS is unlikely to carry Cu(II) physiologically but is
considered as a major transport site for Zn(II) ions in blood
plasma [18]. The interactions described in this paper are very
likely to be shared by MBS occupied by a Zn(II) ion, because
Cu(II) and Zn(II) binding modes are thought to be very
similar. Therefore, Zn(II) binding properties of MBS may be
modulated directly and indirectly by small molecules. This
physiologically important issue will be investigated in our
future studies.
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Received 11 December 2009; Accepted 26 February 2010

Academic Editor: Spyros Perlepes
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The present work comprises the recombinant synthesis of four metallothioneins (MTs) in metal-unsupplemented cultures and
the characterization of the recovered metal complexes by means of analytical and spectrometric techniques. The four MTs are
two Drosophila (MtnA and MtnB), one yeast (Crs5), and one mouse (mMT1) metallothionein isoforms. These four MTs exhibit
distinct metal binding preferences, from a clear Cu-thionein character to a definite Zn-thionein nature, respectively. Although in
all cases, the only metal ion present in the purified complexes is Zn2+, our results highlight an inherently different behaviour of
those two types of MTs, in conditions that would mimic their synthesis in physiological environments. Therefore, intrinsically
different roles can be hypothesized for the constitutively-produced MT peptides in the absence of any metal overload, depending
on their Zn- or Cu-thionein character.

1. Introduction

Metallothioneins (MTs) are a superfamily of small proteins,
ubiquitous and probably polyphyletic, which coordinate
heavy-metal ions through metal-thiolate bonds established
by their highly abundant cysteine residues [1]. Currently, and
since they were first reported in 1957 [2], MTs biological
structure and their contribution to a variety of physiological
processes in the most diverse organisms still remain a matter
of debate [3]. Besides their detoxifying properties, MTs
appear to be involved in Zn and Cu homeostasis, while
additionally they seem to participate in a myriad of processes
specific to each different group of organisms considered.

Apo-MTs (also called thioneins) are random coil
polypeptides, which only fold onto a definite 3D structure
upon metal coordination. This implies that MTs adopt
different 3D structures—the main determinant of protein
functionality-depending on the nature and number of the
metal ions that they coordinate in a given metal complex.

This is especially noteworthy because although the level
of expression of MT genes remains generally low in the
absence of metal induction, the possibility exists that some
organisms or tissues accumulate demetalated (without metal
ions) thionein peptides under definite conditions. In fact,
some years ago, it was claimed that the levels of thionein in
mammalian tissues under physiological conditions could be
significantly high enough to harbour important implications
for MT functionality in zinc and redox metabolism [4, 5].
However, native MT synthesis is extremely low unless the
corresponding gene is induced by the presence of a specific
metal ion or other stress conditions. This, in turn, practically
precludes the purification of native apo-forms, produced
in physiological conditions. This serious drawback can be
avoided by means of recombinant synthesis. Remarkably,
although this strategy has been widely used by many
authors to obtain metal-MT complexes of the most diverse
organisms, it has seldom been used to study MT synthesis in
physiological environments in the absence of metal surplus.
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Several years ago we set up an E. coli expression system
that enabled the biosynthesis of Zn2+-, Cd2+-, and Cu+-
MT complexes, equivalent to those natively synthesized, of
sufficient quantity and purity to permit analytical, spectro-
metric, and spectroscopic characterization, by growing the
corresponding recombinant bacteria in metal supplemented
media [6, 7]. In this work, we have adapted the same
synthesis rationale to study the metal binding abilities of
different MTs when produced in bacteria grown in standard
(i.e., nonmetal supplemented media), particularly in order to
determine the features of the zinc-complexes biosynthesized
in these conditions.

To perform this study we selected four Metallothioneins,
belonging to a broad spectrum of organisms: two Drosophila
(MtnA and MtnB), a yeast (Crs5), and a mouse (mMT1)
isoform (Table 1), because they exhibit distinct metal
binding preferences when considered in accordance with
our classification as Zn-thionein versus Cu-thionein [8].
We have recently revised this first classification scheme,
based on two discrete MT groups, and we now propose a
stepwise gradation between extreme Zn-thioneins and Cu-
thioneins that holds a continuum of intermediate forms
in terms of metal binding properties [9]. The results we
include in this paper clearly demonstrate, first, that all
MTs are able to some extent to capture and coordinate
Zn2+ ions present in standard (nonsupplemented) bacterial
growth medium (LB). But, secondly, it worths noting how
our results show that the average zinc content and the
precise Zn-MT complexes recovered for a given MT peptide
depend on its situation in our gradate classification, in other
words, on its Zn- versus Cu-thionein character. Therefore,
on the one hand this work sheds light on the behaviour
of MT polypeptides when there is no metal surplus in the
surrounding environment; and on the other hand, it adds a
new criterion to support our classification of MTs according
to their metal handling abilities.

2. Experimental

2.1. Synthesis of the Recombinant Metal-MT Complexes.
Recombinant syntheses of MTs (primarily as GST-MT
fusions) were achieved through expression of the corre-
sponding cDNAs cloned in pGEX vectors. Construction of
these plasmids is reported in detail in [7] for the mouse
MT1 isoform, [10] for the yeast S. cerevisiae Crs5 MT, and
[11, 12] for the D. melanogaster Mtn (or MtnA) and Mto (or
MtnB) isoforms, respectively. All the metal-MT complexes
analyzed in this work were purified from 1L cultures of
BL21 E. coli cells transformed with the corresponding pGEX-
MT plasmid, grown in standard LB (Luria-Bertani) broth
with 100 mg mL−1 ampicillin and no metal supplement,
except for the control condition, when 300 μM ZnCl2 was
added to the LB medium. GST-MT synthesis was induced
with isopropyl-1-thio-β-D-galactopyranoside (IPTG) at a
final concentration of 100 mM. After 2.5-hour induction,
cells were harvested by centrifugation. To prevent oxidation
of the metal-MT complexes, argon was bubbled in all the
steps of the purification following cell disruption. For protein

purification, cells were resuspended in ice-cold PBS (1.4 M
NaCl, 27 mM KCl, 101 mM Na2HPO4, and 18 mM KH2PO4)
0.5% v/v β-mercaptoethanol, disrupted by sonication, and
centrifuged at 12,000 g for 30 minutes. The GST-MT fusions
were purified from the recovered supernatant by gluthatione-
Sepharose 4B (GE Healthcare) batch affinity chromatog-
raphy incubating the mixture with gentle agitation for 60
minutes at room temperature. After three washes in PBS,
and due to the fact that the GST-MT constructs include
a thrombin recognition site, this protease was added (10 u
per mg of protein) and digestion was carried out overnight
at 23–25◦C. This allowed separation of the GST portion—
which remained bound to the gel matrix—from the MT
moiety (that eluted together with thrombin). Subsequently,
this eluate was concentrated using Centriprep Concentrators
(Amicon) (Millipore, Billerica, MA, USA) with a cut-off of
3 kDa and fractionated using FPLC, through a Superdex-75
column (GE Healthcare) equilibrated with 50 mM Tris-HCl,
pH 7.0, and run at 1 mL min−1. Fractions were collected,
and analysed for protein content by their absorbance at
254 nm. Aliquots of the protein-containing FPLC fractions
were analysed by 15% SDS-PAGE and stained by Coomassie
Blue. MT-containing samples were pooled and stored at
−70◦C until further characterization.

2.2. Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES). The recombinantly expressed MT complexes
were analyzed for element composition (S, Zn, Cd, and Cu)
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) on a Polyscan 61E spectrometer (Thermo Jarrell
Ash Corporation, Franklin, MA, USA) at appropriate wave-
lengths (S, 182.040 nm; Zn, 213.856 nm; Cd, 228.802 nm;
Cu, 324.803 nm). Samples were prepared either at “conven-
tional” (dilution with 2% HNO3 (v/v)) [13] or at “acidic”
(incubation in 1 M HCl at 65◦C for 5 minutes) conditions
[14]. MTs concentration in the recombinant preparations
was calculated assuming that the only contribution to their
S content was that made by the MT peptides.

2.3. Mass Spectrometry. Molecular mass determination was
performed by electrospray ionization mass spectrometry
equipped with a time-of-fly analyzer (ESI-TOF MS) using
a Micro Tof-Q Instrument (Brucker Daltonics Gmbh, Bre-
men, Germany) calibrated with NaI (200 ppm NaI in a
1 : 1 H2O:isopropanol mixture), interfaced with a Series
1100 HPLC pump (Agilent Technologies) equipped with
an autosampler, both controlled by the Compass Software.
The experimental conditions for analyzing MT samples
were: 20 μL of the sample was injected through a PEEK
long tube (1.5 m × 0.18 mm i.d.) at 40 μL/min under
the following conditions: capillary-counterelectrode voltage,
5.0 kV; desolvation temperature, 90–110◦C; dry gas, 6 L/min.
Spectra were collected throughout an m/z range from 800
to 2000. The liquid carrier was a 90 : 10 mixture of 15 mM
ammonium acetate and acetonitrile, pH 7.0. All the samples
were injected at least in duplicate to ensure reproducibility.
In all cases, molecular masses were calculated according to
the reported method [15].
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Figure 1: Deconvoluted ESI-TOF MS spectra of the recombinant Zn(II)-MT complexes obtained from the pGEX-MT expression system
with no zinc supplementation to the culture: (a) mouse MT1; (b) yeast Crs5; (c) D. melanogaster MtnB and (d) D. melanogaster MtnA. (e)
MtnB was also synthesized in zinc-enriched medium, to be used as a control.
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Table 1: Amino acid sequences of the four MT isoforms analyzed in this work. MtnA and MtnB are two Drosophila melanogaster isoforms.
Crs5 is a Saccharomyces cerevisiae MT and mMT1 is the mouse MT isoform 1. The GST-based expression system used for recombinant
synthesis added two N-terminal residues to these sequences (GS), which was previously shown not to influence the binding properties of
MT peptides [7], but it has to be considered for the calculation of their theoretical molecular masses (Table 2, Figure 1).

ESCGCASKKDGGCKCDSGCNCSGKTAQSACKCGSGCPCPMMtnA

KNSCCQDKPGNKCVCQCDKNCACNDGCKQASCQCNTGCGKCVMMtnB

CKECNCKSKECTCTTECKCKEGCSKCQPSGTSHDCKCKEGGSCSPLCTSGCHCSDKCCEGECDCIKVTMCrs5

ACCSCKESAGKCICGQACKACSMPCCSCCSKKCSNCKCEKCKCSGTCTCSGGTACSCNPDMmMT1

3. Results and Discussion

The four MTs studied in this work (Table 1) cover a
broad spectrum of organisms: from vertebrates—the mouse
mMT1 peptide—to invertebrates—two Drosophila (MtnA
and MtnB) peptides—and, unicellular eukaryotes—the yeast
Crs5 MT. Besides, they exhibit differential metal binding
abilities towards Zn2+ and Cu+, as evidenced by their
position in our Zn- versus Cu-thionein gradated classifi-
cation [9]. The overall results of this study are presented
in a comprehensive table (Table 2) for the sake of easy
comparison, but they are discussed independently below.
One of the MTs, Mtn-B, was also synthesised under excess
zinc conditions (300 μM in the culture medium), as a positive
control in relation to the nonsupplemented experiments. It is
extremely important to highlight that in all cases, the Cd and
Cu content of the preparations was also measured, but the
obtained values were always not significant. This is consistent
with the metal ion content reported for the intracellular
environment of E. coli cells, which has been estimated to
be about 0.1 mM for zinc while only in the 10-to-100 μM
range for copper [16], so Zn2+ ions are indeed the only ones
available for the nascent MT peptides.

The mMT1 isoform, one of the four encoded in the
mouse (mammalian) genomes, has for a long time been
the paradigm of divalent-metal binding MTs. Accordingly,
it is in the third position out of sixteen in our gradate
classification of Zn-thioneins, as shown in Table 3. This
means that the corresponding polypeptide has a high ability
to form complexes with divalent metal ions (Zn2+ and
Cd2+) so that these complexes are well folded and remain
steady in physiological conditions. Strikingly, recombinant
synthesis of mMT1 renders unique Zn7-mMT1 complexes
(Figure 1(a), Table 2), regardless of whether the bacterial
culture has been supplemented with zinc (300 μM) [7] or
not. This suggests an extreme proficiency of mMT1 not only
to form well-structured Zn-complexes when these metal ions
are in surplus, but also to capture the Zn2+ ions present
in a standard environment, which may be of significant
importance when considering its potential functions in
physiological conditions.

Crs5 is a Saccharomyces cerevisiae MT, nonhomologous
to the paradigmatic Cu-thionein Cup1 present in the same
yeast species. Despite initially being considered a secondary
copper-resistance agent, we showed that it determines sur-
vival under zinc overload, and furthermore, all the data
concerning its metal-binding abilities converged to define

the partial Zn-thionein character of Crs5 [10]. In fact, it
is located in a rather intermediate position in our Zn-
versus Cu-thionein ranking (10th position out of 16 MTs,
Table 3). When this MT is synthesized in the absence of Zn
overload, not only does the mean Zn-per-MT ratio diminish
from 5.7 to 4.2 (Table 2), but there is also a huge variety
of Zn-Crs5 species produced, as revealed by the ESI-MS
spectrum of the sample (Figure 1(b)). Besides the major
Zn4-Crs5 species, the preparation included other complexes,
exhibiting a wide range of stoichiometries, from the highest
value observed under zinc supplementation (Zn7-Crs) to the
major species recovered then [10] (Zn6- and Zn5-Crs5), as
well as other undermetalated (without metals) complexes,
from Zn3- to Zn1-Crs5. It is therefore clear that this MT is
able to coordinate some zinc ions from normal physiological
environments, but in this case, more than half of the
polypeptides encompass a zinc load lower than they would
in excess zinc conditions.

Finally, the two Drosophila MTs, MtnA and MtnB, served
to study the behaviour of Cu-thioneins, since they have
been characterized as the animal MTs that are most similar
to the paradigmatic Cup1 Cu-thionein [9]. Consequently
both polypeptides have been able to render homonuclear
Cu(I)-complexes upon recombinant synthesis in copper-
supplemented media [11, 12]. Despite these properties, Cu-
thioneins are able to fold into Zn2+-containing complexes
when produced under excess zinc as observed in the control
experiment (Figure 1(e), Table 2) and literature data [11,
12]. However, our current results provide evidence that
this is not the case in nonsupplemented media, since both
MtnA and MtnB are recovered mostly as apo-forms or Zn1-
Mtn complexes (Table 2). MS spectra of these preparations
(Figures 1(c) and 1(d)) reveal that both MT polypeptides
are severely undermetalated (without metals), with a high
abundance of complexes exhibiting a metal content far
below that they can attain as fully loaded species (Table 3).
Therefore, it has to be assumed that should these MTs be
present in a normal environment (i.e., with no metal ion
surplus), they would coordinate very few Zn2+ ions, if any.

The joint observation of these results leads to important
considerations. First, it is obvious that the levels of Zn(II)
concentrations normally present in the cell cytoplasm (esti-
mated in 0.1 mM for E. coli [16]) enable the building of
Zn-MT complexes, even in the absence of zinc overload.
This is extremely important for predicting the fate of the
native MT peptides translated in uninduced conditions, and
it would be in full agreement with the hypothesis that in basal
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Table 2: Metal-to-protein ratios and molecular masses of the recombinant Zn(II)-MT, complexes obtained from the pGEX expression
system with no metal supplementation to the culture, except in the Zn-MtnB used as a control (see Section 2). All the measurements have
been performed at least twice, from independently obtained samples.

MT protein
Zn/MT(a) Zn/MT(a) Zn-MT species(b)

mexp
(c) mth

(d)

(ICP-AES) (acidic ICP-AES) (ESI-MS)

mMT1 6.95 7.40 Zn7-mMT1 6605.5 6605.96

Crs5 4.20 4.61

Zn4-Crs5 7715.5 7718.92

Zn3-Crs5 · Zn5-Crs5 7654.5 · 7780.5 7655.53 · 7782.31

Zn2-Crs5 · Zn6-Crs5 7590.4 · 7844.5 7592.13 · 7845.70

Zn1-Crs5 · Zn7-Crs5 7525.0 · 7907.5 7528.75 · 7909.09

MtnB 2.04 2.40

apo-MtnB 4667.2 4669.34

Zn1-MtnB 4733.8 4732.73

Zn3-MtnB 4857.0 4859.51

Zn2-MtnB 4795.0 4796.12

Zn4-MtnB 4920.8 4922.9

MtnA 1.70 1.94
apo-MtnA · Zn1-MtnA 3996.4 · 4059.4 3997.49 · 4060.88

Zn2-MtnA 4121.2 4124.27

Zn3-MtnA 4186.4 4187.66

Zn-MtnB(e) 3.95 5.10
Zn4-MtnB 4922.0 4922.90

Zn3-MtnB 4850.2 4859.51

ICP-AES inductively coupled plasma atomic emission spectroscopy, ESI-MS electrospray ionization mass spectrometry.
(a)In all experiments Cd and Cu contents were also measured but their amount was always under detection limits.
(b)Species proposed according to the mass difference between holo-protein and apo-protein. Species in bold are the major components of the preparation.
(c)Experimental molecular masses. Measurements were always performed in duplicate. All corresponding standard deviations were always less than 1%.
(d)Theoretical molecular mass of the corresponding species.
(e)Control experiment: MtnB synthesized in Zn(II)-supplemented medium.

Table 3: Comparison of the Zn-MT complexes recovered from recombinant syntheses in Zn- and nonsupplemented culture media.

MT protein

Zn-MT species
recovered when
synthesized in
Zn-supplemented
media

Zn-MT species recovered
when synthesized in
nonsupplemented
media(a)

Mean Zn : MT molar
ratio, when
synthesized in
Zn-supplemented
media

Mean Zn : MT molar
ratio, when
synthesized in
nonsupplemented
media(b)

Situation in the
Zn-/Cu-thionein
gradation(c)

mMT1 Zn7-mMT1 [7] Zn7-mMT1 7.3 [7] 6.95 3/16

Crs5 Zn6-Crs5 · Zn5-Crs5
[10]

Zn4-Crs5 5.7 [10] 4.20 10/16

MtnA Zn4-MtnA [11] Apo-MtnA · Zn1-MtnA 3.5 [11] 1.70 14/16

MtnB Zn4-MtnB [12] Apo-MtnB 3.7 [12] 2.04 15/16
(a)In this work, only major species identified by ESI-MS are indicated.
(b)In this work, the mean Zn : MT value corresponding to the conventional ICP-AES value is indicated.
(c)The study in [9] includes 16 MT isoforms, classified from the most extreme Zn-thionein to the most extreme Cu-thionein character.

conditions, MTs exhibiting a clear Zn-thionein character are
synthesized inside cells as Zn2+-complexes, which undergo
the corresponding exchange reaction in the presence of
an excess of other metal ions [17]. However, the Zn-MT
species yielded by the synthesis in nonsupplemented media,
and their relation with those obtained from conventional
zinc-supplemented cultures, are highly dependent on the
type of MT considered, and precisely, on its Zn-thionein
character. Hence, the mouse MT1 isoform, a genuine Zn-
thionein, yields exactly the same result in both culture
conditions, showing its extreme ability to capture Zn2+ ions
from its physiological environment. On the other hand,
the genuine Cu-thioneins analyzed are almost unable to
yield Zn2+-containing complexes unless they are synthesized

under excess zinc, even rendering apo-forms or Zn1-MT as
major products (cf. results for MtnA and MtnB, Figure 1,
Table 2). Comparison of the synthesis in normal and zinc-
enriched media (Table 3), both regarding the mean Zn : MT
content ratio and the Zn2+-containing species recovered,
highlights that the higher the Zn-thionein character of a
MT peptide, the more similar will be the results of the
synthesis of Zn-MT complexes in both conditions. And, on
the contrary, the greater the Cu-thionein character, the more
different will be the species resulting from these syntheses,
to the point that Cu-thioneins are characterized by an
inherent incapacity to coordinate Zn2+ ions when present at
physiological concentrations. This means that Cu-thioneins,
if synthesized as the result of the constitutive expression of
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their genes (i.e., under no metal surplus), would remain
mainly as apo-peptides inside cells, but never as basal Zn2+-
containing complexes.

4. Conclusion

Comprehensive consideration of our data suggests that
the result of synthesizing different MTs in nonmetal-
supplemented media is highly dependent on their Zn- versus
Cu-thionein character. Although in all cases Zn2+-containing
complexes are produced, the former practically yields the
same Zn-MT species when recombinantly produced in zinc-
supplemented and in normal (nonsupplemented) medium,
while the latter is almost unable to coordinate Zn2+ unless
these metal ions are in clear surplus (300 μM in culture
media). These results may reflect an intrinsically different
role of these two types of MTs in physiological conditions,
as well as their well-assumed different role when they
are natively synthesized as a protective response to the
corresponding cognate-metal overload.
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Neuronal growth inhibitory factor (GIF), also known as metallothionein (metallothionein-3), impairs the survival and neurite
formation of cultured neurons. It is known that the α-β domain-domain interaction of hGIF is crucial to the neuron growth
inhibitory bioactivity although the exact mechanism is not clear. Herein, the β(MT3)-β(MT3) mutant and the hGIF-truncated
Δ33-35 mutant were constructed, and their biochemical properties were characterized by pH titration, EDTA, and DTNB
reactions. Their inhibitory activity toward neuron survival and neurite extension was also examined. We found that the Δ33-
35 mutant α-domain containing β-domain-like M3S9 cluster exhibits the function of α-domain with M4S11 cluster in hGIF. These
results showed that the stability and solvent accessibility of the metal-thiolate cluster in β-domain is very significant to the neuronal
growth inhibitory activity of hGIF and also indicated that the particular primary structure of α-domain is pivotal to domain-
domain interaction in hGIF.

1. Introduction

The pathological pattern of Alzheimer’s disease (AD) is
characterized by the progressive loss of neurons accompanied
by the formation of intraneural neurofibrillary tangles and
extracellular amyloid plaques [1]. One hypothesis postu-
lated that these symptoms are caused by an imbalance of
neurotrophic factors [2]. In 1988, Uchida and coworkers
established that brain extracts from AD patients stimulate
the neuron survival to a greater degree than normal brain
extracts, due to the loss of a human growth inhibitory
factor (hGIF) [3, 4]. It has also been reported that the
metallothionein-3 (MT3) level decreases in astrocytes in
lesioned areas of degenerative diseases such as Parkin-
son’s disease, amyothrophic lateral sclerosis, and progressive
supranuclear palsy [5]. Because of the high homogeneity
in primary structure with MT1/MT2, hGIF was classified
as a member of MT family and was also named hMT3
[6].

Metallothioneins (MTs) are low molecular weight, cys-
teinerich, and metal ion binding proteins. In mammalians,
four MT isoforms (MT1, MT2, MT3, and MT4) have been
identified [7]. The two major isoforms MT1 and MT2 are
found in most organs and can be rapidly induced by a
wide range of stimuli, such as metal ions and cytokines
[8, 9]. However, MT3 and MT4 are specifically expressed in
the central nervous system (CNS) and stratified squamous
epithelia, respectively, and have no response to these inducers
[7]. All of the mammalian MTs display two domains,
and each domain contains a metal-thiolate cluster: the
N-terminal β-domain contains a cluster of three metals
coordinated with nine cysteines; the C-terminal α-domain
contains a cluster of four metals coordinated with eleven
cysteines. The cluster structure, where the metal ions are
tetrahedrally coordinated by bridging and terminal cysteines,
is important for the function of MTs [10]. Unlike most
other metalloproteins, metallothionein can bind metals with
a high thermodynamic stability [11–13]. These properties
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are believed to enable MTs also to function in essential
trace metal homeostasis, detoxification of heavy metal ions
and oxidative stress response [14, 15], and so forth. Despite
the high similarities between the primary structures of MT-3
and mammalian MT-1/MT-2, the biological properties of
these three proteins differ. The most conspicuous feature is
that MT-3 but not MT-1/MT-2 exhibits a neuron growth
inhibitory activity in neuronal cell culture studies. This
activity of MT-3 has been reported for the native Cu4Zn3-
hGIF and recombinant Zn7-hGIF [16]. Further studies have
established that the inhibitory activity is mainly related
to the N-terminal β-domain, whereas the C-terminal α-
domain alone is found to be inactive [17, 18]. According
to our previous studies, it is indicated that the neuronal
growth inhibitory bioactivity of hMT3 is regulated by various
factors. For examples, both the single amino acid insert (Thr)
close to the N-terminus and a glutamate-rich hexapeptide
insert close to the C-terminus are pivotal to the bioactivity
of hGIF [6]. The CPCP motif is also key to the bioactivity;
maybe this motif is the specific binding site of hMT3 with
other biological molecules [17–19], the solvent accessibility
of the metal-thiolate cluster, which is closely associated
with the structure of the protein, and mutual accessibility
of metal-thiolate clusters with biologically sensitive small
molecules [20–23]. Moreover, domain-domain interactions
maybe play important roles in modulating the stability of
the metal-thiolate cluster and the conformation of the β-
domain, and so forth.

The earlier research showed that α-domain is very
significant to the biological function of the protein. We
proposed that the α-domain has a stabilizing effect to β-
domain in hGIF. However, the mechanism of this stabilizing
effect remains unclear. In 2003, Dr. Wenhao Yu in our lab
constructed C34M and C35S mutants of monkey metal-
lothionein and discovered that the newly formed α-domain
(residue 32 to 61) was able to combine with up to fourfold
of metal ions, although the domain had only nine cysteines
[24]. Besides, the number of cysteine in the α-domain of
sheep metallothionein (sGIF), which was found in 2002,
is nine, two less than other species which contain eleven
cysteines. Hence, by comparing the primary structure of
hGIF with sGIF, we constructed an hGIF Δ33-35 mutant
(Δ33-35 mutant, the fragment of 33SCC35 in hGIF was
removed, and it contains two M3S9 clusters as same as sGIF)
and a β(MT3)-β(MT3) mutant. The biochemical properties
of the mutants were characterized by pH titration, EDTA,
and DTNB reaction, and their bioactivity toward neuron
survival and neurite extension was also examined. We found
that in hGIF Δ33-35 mutant the truncated α-domain (also
named as β′-domain in this paper) contains M3S9 cluster
which is similar to the wild type hGIF β-domain, while it
exhibits the functions of α-domain with M4S11 cluster in
human growth inhibitory factor. The experimental results
showed that the stability and solvent accessibility of the
metal-thiolate cluster in the β-domain is very significant to
the neuronal growth inhibitory activity of hGIF and also
indicated that the particular primary structure of the α-
domain of hGIF is pivotal to domain-domain interaction in
hGIF.

2. Experimental

2.1. Reagents. Fusion expression vector pGEX-4T-2,
Escherichia coli strain BL21, glutathione Sepharose 4B,
Superdex-75, and Sephadex G-25 were purchased from
Amersham Pharmacia Biotech. The (deoxy-ribonucleoside
triphosphate) dNTP, T4 DNA ligase, and restriction
enzymes, BamH I and EcoR I, were purchased from New
England Biolabs. Pfu DNA polymerase, cell culture reagents,
isopropyl β-D-thiogalactoside (IPTG), and Triton-100
were purchased from Sangon (Shanghai, China). The
DNA gel extraction kit was purchased from Qiagen. 2,2′-
dithiodipyridine, 5,5′-dithiobis-(1-nitrobenzoic acid) (DTN
B), ethylenediamine tetraacetic acid (EDTA), and thrombin
were from Sigma (St. Louis, MO, USA). Neurobasal-A
medium and B27 serum-free supplements were purchased
from GIBCO-BRL (Gaithersburg, MD, USA). The other
reagents were of analytic grade.

2.2. Cloning, Expression, and Purification of hMT3 and Its
Variants. Human MT3 (hMT3) cDNA was prepared from
cells by reverse transcription followed by polymerase chain
reaction (PCR). The genes of the β(MT3)-β(MT3) mutant,
the hGIF Δ33-35 mutant, and the single β-domain of hMT3
were amplified by PCR method [25]. Each segment was
digested and cloned into vector pGEX-4T-2 as a BamH
I/EcoR I fragment and verified by DNA sequencing. The
expression and purification procedure for hMT3 and its
mutants were carried out as described in the instructions for
Glutathione-Sepharose 4B (GE healthcare life science) with
some modifications. Briefly, cultures of cells (50 mL) were
grown overnight in LB medium containing 100 mg mL−1

of ampicillin at 37◦C. This start culture was diluted 100-
fold into 500 mL of fresh 2·YTA, and the cells were induced
with 0.1 mM IPTG when an absorbance of 0.6–0.8 at 600 nm
was attained, followed by 1-hour growth before addition of
0.2 mM ZnSO4. The cells were harvested at OD600 value of
2.5, which was generally reached 3-4 hours after induction.
Then, under protection of mercaptoethanol, the GST fusion
protein was separated by affinity column of Glutathione
Sepharose 4B, which was washed by PBS until the absorbance
at 280 nm was less than 0.02. Then the fusion protein was
digested by thrombin for 14 hours at 25◦C in a cleavage
buffer (50 mM Tris-HCl, 150 mM NaCl, and 2.5 mM CaCl2,
pH 8.0). The elute containing thrombin and recombinant
hMT3 (tagged Gly-Ser in the N-terminus) cleaved from
the fusion protein was pooled, concentrated, and further
separated by a Superdex-75 gel filtration column equilibrated
with 10 mM Tris-HCl, 50 mM NaCl, pH 8.0. The main eluted
peak was concentrated, desalted, lyophilized, and stored at
−80◦C.

2.3. Protein Characterization and Reconstitution. The apo-
form of hMT3 and its variants were generated according to
literature [26] and fully Cd2+- or Zn2+-loaded proteins were
prepared by reconstitution under the protection of nitrogen
[26]. The concentration of MTs was assessed by reacting with
2, 2′-dithiodipyridine in 10 g L−1 SDS, 1 mM EDTA, and
12 mL L−1 acetate (pH 4.0), using ε324 = 19,800 M−1cm−1
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[27]. The content of metal ions in each protein was analyzed
by flame atomic absorption spectrophotometry (WFX-
110, BRAIC, Beijing, China). Electrospray ionization mass
spectrometry (ESI-MS) was used to measure the molecular
weights of hMT3 and its variants. Each protein was dissolved
in 1% formic acid (v/v) at a concentration of 10 ng mL−1.
The measurement was carried out on a Bruker Esquire 3000
electrospray mass spectrometer (Bruker Daltonics, Bremen,
Germany). The instrumental conditions were capillary volt,
4 kV; dry gas, 5 L min−1; nebulizer gas, 15 PSI; and infusion
flow rate, 3 μL min−1.

2.4. UV-Vis and Circular Dichroid Spectra. The UV-vis
absorption spectra were scanned from 200 to 400 nm on a
HP8453 UV-vis spectrophotometer (Hewlett-Packard, Palo
Alto, CA, USA) at room temperature using a 1.0 cm
quartz cuvette. CD spectra were measured in the range of
200–300 nm on a Jasco J-715 spectropolarimeter at room
temperature in phosphate buffer (10 mM Tris-HCl, 100 mM
KCl, pH 8.0).

2.5. pH Titration. The spectrophotometric pH titration
was performed according to the method of Winge and
Miklossy [10]. Briefly, 6-7 μM Cd2+-reconstituted proteins
were dissolved in 10 mM Tris-HCl, pH 8.0, containing
100 mM KCl and titrated with increasing amounts of 1 M
HCl. The progress of acidification was monitored at 250 nm
on the HP8453 UV spectrophotometer.

2.6. Reaction with EDTA and DTNB. The reactions of
Cd2+-reconstituted hMT3 and its mutants with EDTA were
investigated at 25◦C according to the method of Li et al.
[28]: 9 μM protein was reacted with 1.2 mM EDTA in 10 mM
Tris-HCl, pH 8.0, containing 100 mM KCl. To avoid the
absorbance of EDTA, the reaction was monitored at 265 nm
on the HP8453 UV spectrophotometer at 20-seocnd intervals
for 100 minutes. The reactions of Cd2+-reconstituted hMT3
and its mutants with DTNB were studied according to the
method of Shaw et al. [29]: 3.5 μM protein was reacted
with 1 mM DTNB in 10 mM Tris-HCl, pH 8.0, containing
100 mM KCl at 25◦C. The reaction was monitored at 412 nm
(ε412 = 13,600 mol−1cm−1) on an HP8453 UV spectropho-
tometer at 20-second intervals for 60 minutes.

2.7. Preparation of Rat Brain Extract. Rat brain extracts were
prepared as described previously [3]. Briefly, the whole brain
from adult male Hooded Wistar rat (∼200 g) was removed
and homogenized in one volume of Hanks buffer, followed
by centrifugation at 100× g. The supernatant was filter-
sterilized (0.22 μm filter, Millipore, Billerica, MA, USA).
The total protein concentration of freshly prepared rat
brain extract was determined by the Bradford method, and
brain extracts were used immediately at a concentration of
150 μg mL−1 [30].

2.8. Culture of Cerebral Cortical Cells. Cultures of cerebral
cortical cells were prepared as described previously [30, 31]
with slight modification. Briefly, cerebral cortices of Wistar

rat fetuses (day 18) were removed and cells were dissociated
mechanically by passing coarsely minced cortical tissues
gently and repeatedly through a pipette. Tissue debris was
removed by gently passing through a filter. Cells were washed
and suspended in a specific culture medium developed
for selective neuronal growth, consisting of Neurobasal-A
medium (GIBCO), 0.1% (f/c) B-27 supplement (GIBCO),
and 0.1 mM (f/c) L-glutamine (Sigma). Then the cells
were seeded on polylysine-coated 24-well culture plates at
a density of 1 × 105 cells/well. Cultures were maintained
in a 37◦C chamber under an atmosphere of humidified
air containing 5% CO2. Four hours later, the culture
medium was replaced with fresh medium containing with
150 μg mL−1 rat brain extract and 10–20 μg mL−1 proteins.
Cultures were maintained under the same conditions for
three days. To visualize neuronal cells, cultures were fixed
in 4% paraformaldehyde and then stained with trypan
blue. Finally, the neuron neurite length was determined
by measuring the distance between the end of the neurite
and the cell surface using the Leica Qwin program (Rueil
Malmaison, France) and at least 60 neurons with more than
100 neurites were recorded in each individual experiment.

3. Results and Discussion

DNA sequencing showed that all mutation genes were
successfully constructed, and the primary structure of hMT3
and its mutants were shown in Figure 1. After expression and
purification, the yields of recombinant proteins were about
9 mg L−1 culture. Since these proteins were cleaved from GST
fusion proteins by thrombin, they had an additional Gly-Ser
dipeptide in the N-terminus. However, the existence of the
additional dipeptide does not obviously affect the structure
and properties of the protein [31]. Their molecular weights
were confirmed by ESI-MS, and the measured molecular
weights were in good match with the theoretical values
(Table 1). According to previous studies, Cd2+ is considered
to be a useful probe of Zn2+ binding sites in MTs [32, 33],
providing a wealth of structural information on the Zn2+-
substituted MTs. Furthermore, the Cd2+-substituted MTs
show a number of advantages over the Zn2+-substituted
MTs, including a tendency toward higher oxidation stability,
pronounced and thus easier to detect and quantify LMCT
band, as well as the use of the 111Cd or 113Cd isotopes for
NMR experiments, and so forth. Thus, Cd2+ has frequently
been used as a substitute for Zn2+ in structural studies
of hMT3 [20, 23, 34, 35]. In the present studies, Cd2+-
reconstituted MTs were adopted in both spectroscopic and
metal-binding studies, while Zn2+-reconstituted MTs were
only used in bioassays, because Cd2+-MT is cytotoxic to the
neurons in the bioassays [17]. The metal contents of hMT3
and its variants were determined by flame atomic absorption
spectrophotometry and are listed in Table 1.

Figure 2(a) shows the UV-vis spectra of Cd2+-reconsti-
tuted hMT3 and its mutants, dissolved in 10 mM Tris-HCl,
pH 8.0, containing 100 mM KCl. All the spectra showed an
absorption shoulder at about 250 nm, which is the character
of ligand-to-metal charge transfer (LMCT) of Cd-S bond
[36]. The absorption at 280 nm was pretty low because
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Human GIF

Sheep GIF

Δ33-35 mutant

β(MT3)-β(MT3)

Removed fragment α-domain

β-domain Linker

Figure 1: Amino acid sequence alignments of sheep MT3, human MT3, and its mutants.
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Figure 2: The UV (a) and CD (b) spectra of Cd2+-reconstituted hGIF (blue line), the Δ33-35 mutant (green line), the β(MT3)-β(MT3)
mutant (black line), and the single β-domain of hGIF (red line). All proteins are dissolved in 10 mM Tris-HCl, 100 mM KCl (pH 8.0).

Table 1: Mass spectrometry analysis and metal contents of hGIF
and its mutants.

Protein Mw (calc.)a Mw (meas.)b Metal content

hGIF 7,071 7,070.7 7± 0.1

Δ33-35 mutant 6,778 6,778.6 6± 0.3

β(MT3)- β(MT3) 6,741 6,743.21 6± 0.2

Single β-domain 3,408 3,407.18 3± 0.2
a The theoretical molecular weight.
b The measured molecular weight.

of the absence of aromatic amino acids. According to the
experiment result, the absorption intensity at 250 nm is in
good line with the amount of Cd-S bond, indicating that the
measurement of metal contents is accurate.

CD spectrum is a common way to investigate the metal
center structure and protein secondary structure. In the
study of Metallothionein, CD is applied in the research of
the geometry and polypeptide folding secondary structure.
Figure 2(b) shows the CD spectra of hGIF, the �33-35
mutant, the β(MT3)-β(MT3) mutant, and the single β-
domain protein. The CD spectrum of hGIF agrees well with
reporters [20]. It is known that the two absorption peaks

((260 nm (+) and 240 nm (−)) located at the low-energy
region of Cd7-MT CD are signs of the formation of metal-
thiolate cluster, and the two peaks are very sensitive to the
variations of the structure of metal-thiolate cluster [13].
Compared to hGIF, the two peaks of the β(MT3)-β(MT3)
mutant diminished dramatically, and the wavelength is blue
shifted, making the shape of the β(MT3)-β(MT3) mutant
similar to that of the single β-domain. It is reasonable
by considering the previous research result that α-domain
contributes mainly to the CD spectrum of Cd7-MT while
β-domain has limited contribution. This is mainly because
the three metal atoms of the β-domain locate in the same
plane; therefore they are with high symmetry and contribute
to a small CD absorption. The N-terminal and C-terminal
of the β(MT3)-β(MT3) mutant both formed a three-metal
cluster and resulted in the weaker intensity of CD spectrum
absorption than that of hGIF. As for the �33-35 mutant, the
two peaks located in low-energy region blue shifted evidently
compared to hGIF. Besides, the Molar ellipticity of CD
spectrum of the �33-35 mutant decreases significantly, and
the shape of CD spectrum is closer to single β-domain. Thus,
it is very likely to form two three-metal clusters, M3S9, in the
�33-35 mutant [35]. However, there is clear distinction in
the shapes of CD spectra between the �33-35 mutant and
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Figure 3: UV absorbance at 250 nm of pH titration of Cd2+-
reconstituted hGIF (solid squares), the �33-35 mutant (open circles),
and the β(MT3)-β(MT3) mutant (solid triangles). All proteins are
dissolved in 10 mM Tris-HCl, 100 mM KCl, and pH 8.0.

the single β-domain, which demonstrates some discrepancy
existed in the β′-domain of the �33-35 mutant and the β-
domain of hGIF. Maybe the different distribution of the
cysteine in the peptide chain leads to the change of protein
folding patterns and the structure of metal-thiolate cluster,
eventually causing the change of CD spectrum.

In the experiment of pH titration, the concentration
of protons would increase with the decrease of pH. So,
protons would compete with thiolate ligand for binding to
Cd2+, which leads to the release of Cd2+from the Cd2+-
thiolate cluster, causing the declining of the characteristic
absorption at 250 nm. Hence, the UV absorbance at 250 nm
was recorded during the pH titration in order to investigate
the stability of the Cd-S clusters. According to our previous
study, the titration curve of hMT3 was not clearly divided
into two independent stages as it is difficult to tell one
stage from the other in the pH titration plot. It is indicated
that there is no sharp stability difference between the two
Cd-S clusters. According to Figure 3, there is an obvious
distinction between the pH titration curves of the β(MT3)-
β(MT3) mutant and hGIF. Due to lacking in α-domain in
the β(MT3)-β(MT3) mutant, the stability of Cd3S9 in the
β(MT3)-β(MT3) mutant begins to decrease from neutral
pH, while the stability of Cd3S9 begins to decrease from
pH 5 in �33-35 mutant and hGIF. This further proves that
α-domain can stabilize the β-domain effectively in hGIF.
Compared the pH titration curves of the �33-35 mutant
to the curves of hGIF, we found that the deletion of two
cysteines in α-domain did not influence the stability of the
Cd3S9 cluster to any obvious degree in hGIF. As we all
know, both the �33-35 mutant β′-domain and the β(MT3)-
β(MT3) mutant β-domain contain a Cd3S9 cluster, while
there is a Cd4S11 cluster in the hGIF α-domain. Interestingly,
the stabilizing function of Cd3S9 in β′-domain is more
similar to the Cd4S11 cluster in hGIF α-domain. This result
becomes reasonable when the primary structures of the β′-
domain and the hGIF α-domain are considered since they
have the same primary structure except for the removed
fragment (33SCC35). Thus, we suggest that probably it is

due to the particular primary structure of the α-domain
they contain, which stabilized the β-domain through the
hydrogen bond or hydrophobic interaction, that play an
important role in the domain-domain interaction as we
described in the previous study [21].

The reaction of MTs with EDTA reflects competition
between the sulfhydryl group and the exogenous ligand in
the binding of metal ions and is also used to investigate the
stabilities of metal-thiolate cluster [35]. Under pseudofirst-
order conditions (concentration of EDTA is 300 times that
of the MTs), this reaction for hMT3 and its mutants is
obviously biphasic, with a fast phase and a slow phase. The
observed rate constants were obtained by plotting ln (At −
A∞) versus time and are listed in Table 2. As shown in the
table, the velocity of β(MT3)-β(MT3) two-phase reaction
increased obviously, while that of the �33-35 mutant and
hGIF is similar in magnitude, which means that the stability
of the metal-thiolate cluster of the �33-35 mutant has no
considerable change compared to that of hGIF. This result
is consistent with the pH titration experiment result. Unlike
EDTA, DTNB can react with the nucleophilic sulfhydryl
groups in MTs. This reaction is closely related to the solvent
accessibility of the metal-thiolate cluster and usually is
biphasic for MTs [29]. According to Winge and coworkers,
the fast and slow phases may correspond to the reaction
of DTNB with the β-domain and the α-domain of MTs,
respectively [17]. The observed rate constants were obtained
by plotting ln (A∞ − At) versus time and these are also listed
in Table 2. As indicated, the fast reaction rate constant of
the β(MT3)-β(MT3) mutant was almost twice that of hMT3,
showing that the solvent accessibility of the Cd3S9 cluster in
the β-domain of the β(MT3)-β(MT3) mutant was greatly
enhanced. However, the fast reaction velocity of the �33-
35 mutant with DTNB is closer to that of hGIF, as well
as the slow reaction velocity. This means that the solvent
accessibility of the two Cd3S9 clusters in the �33-35 mutant
is similar to its counterpart in hGIF. In regards with the
results of EDTA and DTNB reactions, the Cd3S9 cluster in
the β′-domain of the �33-35 mutant, has the same stability
and solvent accessibility as the Cd4S11 cluster in the hGIF α-
domain. That means the structure of metal-thiolate cluster in
hGIF α-domain will not change dramatically after removing
two cysteines. Besides, compared to hGIF, the metal-thiolate
cluster in β(MT3)-β(MT3) mutant shows lower stability and
higher solvent accessibility. The most conspicuous difference
between the β(MT3)-β(MT3) mutant and the �33-35
mutant is that there is no particular amino acids sequence
in the β(MT3)-β(MT3) mutant as that in hGIF α-domain.
Thus, it once again proved that the primary structure of its
hGIF α-domain is important to the function, which is quite
in consistence with our pH titration experiment.

As mentioned above, Cd2+ recombinant protein is toxic
to nerve cells. Thus, Zn2+-recombinant protein is adopted
to test the physiological function. The nerve grow inhibiting
function of hMT3, the β(MT3)-β(MT3) mutant, and �33-
35 mutant was tested. As shown in Figure 4, the average total
length of hMT1g-treated neurites at three days was 203 ±
8μm. hMT3 significantly reduced the average neurite length
to 94±4μm. The average neurite lengths of β(MT3)-β(MT3)
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Table 2: Observed rate constants of reaction of MTs with EDTA and DTNB.

Protein Observed rate constants of reaction of MTs with EDTA Observed rate constants of reaction of MTs with DTNB

k f (×10−4 s−1) ks (×10−5 s−1) k f (×10−3 s−1) ks (×10−4 s−1)

hGIF 12.1± 0.3 4.2± 0.2 2.4± 0.1 9.1± 0.2

�33-35 12.5± 0.2 3.8± 0.2 2.5± 0.1 8.8± 0.2

β(MT3)-β(MT3) 28.7± 0.3 5.8± 0.3 4.4± 0.2 15.6± 0.2
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Figure 4: Effect of Zn2+-reconstituted hGIF, the �33-35 mutant,
and the β(MT3)-β(MT3) mutant on neurite extension in the
presence of adult rat brain extract (150 μg/mL) after 3 days,
determined by the average neurite length of 60 neurons. As a
comparison, the result of hMT1g (a human MT1 isoform where
the segment is 20KCK22) under the same conditions was also shown.
Error bars represent standard error values.

and �33-35 mutant-treated neurons were 150 ± 5 and 92 ±
3μm, respectively (the ± value represents the standard error
value). The neuronal growth inhibitory activity of hMT1g
and hMT3 well agrees with that reported previously [31, 35].
Moreover, the β(MT3)-β(MT3) mutant has apparent lower
inhibiting activity than that of hGIF. It would be much
lower, if taking the concentration of β-domain into account
that, the β(MT3)-β(MT3) mutant protein is two times more
active than that of equal molar hMT3 in the nerve growth
inhibition. However, the �33-35 mutant is similar to the
hGIF in neuronal growth inhibitory activity.

It has been reported that the neuronal growth inhibitory
activity of hMT3 mainly arises from its β-domain, while
the α-domain is not directly involved in neuronal growth
inhibitory activity [17]. However, the α-domain can affect
the function of β-domain though domain-domain interac-
tions do exist in MTs [21, 37–39], and it has been proved
in our previous work [21, 37]. Taking all the experimental
results together, for hGIF and its mutants, the stability
and solvent accessibility of the metal-thiolate cluster in N-
terminal β-domain are in good line with the bioactivity of
the whole protein; so they may be very important to the
neuronal growth inhibitory activity of hMT3. Probably, α-
domain can influence the stability and solvent accessibility

of the metal-thiolate cluster in β-domain through domain-
domain interaction, eventfully effecting the bioactivity of the
whole protein.

4. Conclusion

Considering the experimental result of EDTA, DTNB reac-
tion, and pH titration together with the neuronal growth
inhibitory activity, we proposed that the stability and solvent
accessibility of the metal-thiolate cluster in β-domain is
very significant to the neuronal growth inhibitory activity
in hGIF. Comparing the β-domain of the β(MT3)-β(MT3)
mutant and the β-domain of the �33-35 mutant, these two
mutants have different biological activities. It is precisely
because the �33-35 mutant has the β′-domain which
is similar to hGIF α-domain. This further demonstrates
that α-domain stabilizes β-domain via the domain-domain
interaction in hGIF, thus to regulate the physiological
activity. Moreover, in the present study, we found that
there was an obvious difference between the �33-35 mutant
and the β(MT3)-β(MT3) in spectroscopy and biochemical
properties. The β′-domain of the �33-35 mutant, which
contains M3S9 cluster, has the same metal-thiolate cluster as
the β-domain of β(MT3)-β(MT3) mutant and still reserves
the function of the M4S11 cluster of the hGIF α-domain. This
indicated that the removing of two conservative cysteines
does not lead to great changes of the metal-thiolate cluster in
the hGIF α-domain. Meanwhile, the β′-domain of the �33-
35 mutant is obviously different from the β-domain of the
β(MT3)-β(MT3) mutant in the stabilizing effect, of which
the most conspicuous difference is that the β′-domain of the
�33-35 mutant contains the primary structure of the hGIF
α-domain. But the β-domain of β(MT3)-β(MT3) mutant
contains the primary structure of the hGIF β-domain. That
indicated that the particular primary structure of α-domain
is pivotal to domain-domain interaction in hGIF. We believe
that our results will provide a step further toward better
understanding of the relationship between the structure of
metal-thiolate cluster and the bioactivity of this group of
fascinating molecules.
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The flexible ditopic ligand 3,3′-bipyridine (3,3′-bpy) has been reacted with a series of transition metal species (Ag+, Hg2+, cis-
a2M2+ (a = NH3 or a2 = en; M = Pt, Pd), trans-a2Pt2+ (a = NH3)) in an attempt to produce discrete cyclic constructs. While
Ag+ gave a polymeric structure {[Ag(3,3′-bpy)](ClO4) ·H2O}n (1), with all other metal entities cyclic structures were formed.
Interestingly, Hg(CH3COO)2 produced a dinuclear complex [Hg(3,3′-bpy)(CH3COO)2]2 · 3H2O (2), in which the two 3,3′-
bpy ligands adopt a cis-orientation of the coordinating pyridyl entities. With cis-(NH3)2Pt2+, a cyclic complex 4 was isolated
in crystalline form which, according to HRMS, is a trimer. With trans-(NH3)2Pt2+, different species are formed according to 1H
NMR spectroscopy, the nature of which was not established.

1. Introduction

The “molecular library” concept has proven highly efficient
in designing discrete supramolecular metal complexes by
combining di- or multitopic metal entities with rigid di-
or multitopic ligands [1, 2]. It is less straightforward if
ligands are flexible and can adopt, in principle, different
rotamer states. In its simplest form, this is the case when
two N-heterocyclic ligands are connected via a C–C bond.
Examples are, among others, 2, 2′-bipyridine (2, 2′-bpy),
3, 3′-bipyridine (3, 3′-bpy) and, 2, 2′-bipyrazine (2, 2′-bpz)
(Scheme 1). While 2, 2′-bpy, in the overwhelming number
of structures, acts as a chelating ligand with the two ring
N atoms in a cis-orientation, there are also rare cases
of 2, 2′-bpy adopting a bridging mode, hence being in
a transconfiguration or half-way between cis and trans-
[3]. It depends on the conformation of the ligand and
the geometry of the metal, what kind of construct/s is/are
formed. With 2, 2′-bpz, we have studied this question in
more detail and have characterized a number of discrete
molecular entities, which include a flat triangular struc-
ture, 3D triangular entities of different shapes (prism,
vase), as well as a tetranuclear open box [4, 5]. In all
these cases the N4/N4′ positions are involved in metal

coordination, occasionally complemented by addition of
metal chelation via N1/N1′, and influenced by counter
anions.

In principle, 3, 3′-bipyridine (3, 3′-bpy) metal complexes
should be able to reveal analogous topologies as 2, 2′-bpz,
with the advantage of higher basicities of the N donor atoms
(Figure 1). There are several reports in the literature on
polymeric structures containing cis- [6] and in particular
trans-arranged 3, 3′-bpy ligands [7], yet none with a discrete
molecular metallacycle. The only related examples are those
of trinuclear cycles containing three cis-a2MII units (a2

= diamine; M = Pd or Pt) and three 4,7-phenanthroline
ligands, which can be considered rigid analogous of 3, 3′-
bpy ligands with the two pyridine entities fixed in a cis-
orientation [8, 9]. Our interest in discrete cationic metallacy-
cles stems, among others, from their potential of interacting
noncovalently with DNA [10] or particular DNA secondary
structures such as DNA quadruplexes [11], as well as their
ability to act as hosts for anions [12, 13]. In the present study,
we have employed different transition metal ions and metal
entities which previously have been shown by others and
ourselves to produce discrete cyclic complexes, namely Ag(I),
Hg(II), enPd(II), cis-(NH3)2Pt(II) as well as trans-a2Pt(II) (a
= NH3) [14–16].
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2. Experimental

2.1. Synthesis Procedures. AgClO4 and Hg(CH3COO)2 were
of commercial origin. 3, 3′-bpy [17], PdCl2(en) [18], cis-
PtCl2(NH3)2[19], and trans-PtCl2(NH3)2 [20] were pre-
pared according to known literature procedures.

{[Ag(3,3′-bpy)] (ClO4)·H2O}n (1). To a solution of 3, 3′-
bpy (15.6 mg, 0.1 mmoL) in water (3 mL), an aqueous solu-
tion (2 mL) of AgClO4 (20.7 mg, 0.1 mmoL) was added. The
white precipitate which formed immediately was centrifuged
off and recrystallized from water (4 mL, 40◦C). Colorless
crystals were obtained after 2 d at room temperature. Yield:
30.5 mg (80%). Anal. Calcd (%) for C10H10AgClN2O5: C,
31.5; H, 2.6; N, 7.3. Found: C, 31.4; H, 2.6; N, 7.5.

[Hg(3,3′-bpy)(CH3COO)2]2·3H2O (2). An aqueous so-
lution (4 mL) of 3, 3′-bpy (15.6 mg, 0.1 mmoL) and
Hg(CH3COO)2 (31.9 mg, 0.1 mmoL) was stirred at room
temperature for 12 h. The solution is filtered and kept at
room temperature. After 3 d, colorless crystals were obtained.
Yield: 37.1 mg (74%). 2 was characterized by X-ray analysis.

[{Pd(en)(3,3′-bpy)}(NO3)2·H2O]n (3). An aqueous suspen-
sion (15 mL) of PdCl2(en) (47.4 mg, 0.2 mmoL) and AgNO3

(68 mg, 0.4 mmoL) was stirred in dark for 12 h. The resultant
AgCl precipitate was filtered off and 3, 3′-bpy (31.2 mg,
0.2 mmoL) was added to the filtrate. The solution was stirred
at 40◦C for 1 day and then concentrated to a volume of
4 mL by rotary evaporator. The solution was filtered and
kept at room temperature. After 4 d, light yellow powder
was recovered. Yield: 61 mg (66%). Anal. Calcd (%) for
(C12H18N6O7Pd)n (1-hydrate): C, 31.0; H, 3.9; N, 18.1.
Found: C, 30.8; H, 4.0; N, 18.0.

cis-[{Pt(NH3)2(3,3′-bpy)}(PF6)2·H2O]n (4). An aqueous
suspension (20 mL) of cis-PtCl2(NH3)2 (60 mg, 0.2 mmoL)
and AgNO3 (68 mg, 0.4 mmoL) was stirred in dark for 12 h.
The resultant AgCl precipitate was filtered off and 3, 3′-bpy
(31.2 mg, 0.2 mmoL) was added to the filtrate. The solution
was stirred at 60◦C for 3 d, then solid NH4PF6 (65.2 mg,
0.4 mmoL) was added to it and the solution was stirred at
60◦C for another day. The solution was concentrated to a
volume of 5 mL (pD = 3.20) and kept in an open beaker at
4◦C. After 5 d, colorless crystals were obtained. According to
MS, 4 represents a cyclic trimer, hence n = 3. Yield: 73 mg
(54%). Anal. Calcd (%) for C30H48N12O3P6F36Pt3: C, 17.3;
H, 2.3; N, 8.1. Found: C, 17.5; H, 2.6; N, 7.9.

2.2. X-Ray Crystal Structure Determination. X-ray crystal
data for 1 and 2 (Table 1) were recorded at 150 K with
an Xcalibur diffractometer equipped with an area detector
and graphite monochromated Mo Kα radiation (0.71073 Å).
Data reduction was done with the CrysAlisPro software
[21]. Both structures were solved by direct methods and
refined by full-matrix least-squares methods based on
F2 using SHELXL-97 [22]. All nonhydrogen atoms were
refined anisotropically. Hydrogen atoms (including water

molecules) were positioned geometrically and refined with
isotropic displacement parameters according to the riding
model. All calculations were performed using the SHELXL-
97 and WinGX programs [22, 23]. CCDC 763713 and 763714
contain the crystallographic data for compounds 1 and 2.

2.3. Instruments. Elemental (C, H, N) analysis data were
obtained on a Leco CHNS-932 instrument. The 1H NMR
spectra were recorded in D2O with tetramethylammo-
nium chloride (TMA) and sodium-3-(trimethylsilyl)-1-
propanesulfonate (TSP) as internal reference, on Bruker AC
200 and Bruker AC 300 spectrometers.

2.4. Electrospray Mass Spectrometry. The mass spectrum of
4 was recorded with an LTQ orbitrap (high resolution
mass spectrometer) coupled to an Accela HPLC-system
(consisting of Accela pump, Accela autosampler, and Accela
PDA detector), from Thermo Electron. The parameters for
HPLC were as follows: (i) Eluent A (0.1% formic acid in
H2O) and eluent B (0.1% formic acid in acetonitrile) with
mobile phase consisting of 50% A and 50% B, (ii) Flow
rate 250 μL/min, (iii) injection volume 5 μL, (iv) scan of
wavelength range from 200 to 600 nm. The parameters for
MS were as follows: (i) ionisation mode ESI (electrospray
ionization), (ii) source voltage 3.8 kV, Capillary voltage 41 V,
Capillary temperature 275◦C, tube lens voltage 140 V, (iii)
scanned mass range 150 m/z to 2000 m/z with resolution set
to 60000. Analysis was done by flow injection (without any
column).

2.5. Determination of pKa Values. The pKa values of 3, 3′-
bpy ligand were determined by evaluating the changes
in chemical shifts of bipyridine protons at different pD
values. pD values were measured by use of a glass electrode
and addition of 0.4 units to the uncorrected pH meter
reading (pH∗). The graphs (chemical shifts versus pD)
were evaluated with a nonlinear least-squares fit according
to Newton-Gauss method [24] and the acidity constants
(calculated for D2O) were converted to values valid for H2O
[25].

3. Results and Discussion
1H NMR Spectra of 3, 3′-Bipyridine. Figure 2 displays a
typical 1H NMR spectrum of the free ligand at pD 6.8. The
individual resonances show the expected coupling patterns
[17]. In the D2O spectrum, all resonances show splitting
due to long-range coupling. For example, the H2 signal is
split into a doublet due to coupling with H4 (1.5 Hz) and
additionally displays coupling with H5 (0.7 Hz). Upon proto-
nation, all resonances are downfield shifted, with H6 affected
most. pKa values for [3, 3′-bpyH]+ and [3, 3′-bpyH2]2+, as
determined by pD dependent 1H NMR spectroscopy, are 4.58
± 0.1 and 2.71 ± 0.1 (values converted to H2O), respectively.
These values compare with 4.3 and ca. 0.3 for 2, 2′-bpy, and
0.45 and –1.35 for 2, 2′-bpz, and reflect the higher basicity of
3, 3′-bpy as compared to two other ligands.
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Table 1: Crystallographic data for compounds {[Ag(3, 3′-bpy)](ClO4) ·H2O}n(1) and [Hg(3, 3′-bpy)(CH3COO)2]2· 3H2O (2).

1 2

Formula C10H10Ag1Cl1N2O5 C28H34Hg2N4O11

Formula weight (g moL−1) 381.52 1003.77

Crystal color and habit colorless prisms colorless prisms

Crystal size (mm) 0.20× 0.20× 0.10 0.15× 0.10× 0.05

Crystal system monoclinic triclinic

Space group P21/c P-1

a (Å) 9.7606(10) 8.5635(5)

b (Å) 7.3145(8) 9.2096(6)

c (Å) 19.572(2) 11.3262(6)

α (◦) 90 74.746(5)

β (◦) 119.148(9) 84.183(4)

γ (◦) 90 63.221(6)

V (Å
3
) 1220.4(2) 769.21(8)

Z 4 1

Dcalcd. (g cm−3) 2.077 2.167

F (000) 752 478

μ (mm−1) 1.888 10.034

No. reflections collected 2333 3572

No. reflections observed 1557 2969

Rint 0.0317 0.0359

No. parameters refined 172 208

R [I > 2σ(I)] 0.0331 0.0270

wR (all reflections) 0.0572 0.0453

Goodness-of-fit (GOF) 1.041 0.911

Δρmax and Δρmin (e Å
−3

) 0.941 and –0.517 1.078 and –1.283

GOF = [Σw(F2
o − F2

c )2/(No−Nν)]1/2; R = Σ‖Fo| − |Fc‖/Σ|Fo|; wR = [Σ(w(F2
o − F2

c )2)/Σw(F2
o )2]1/2.

1H NMR resonances of 3, 3′-bpy in D2O display a
moderate sensitivity on concentration, which is consistent
with intermolecular stacking. For example, when going from
0.0125 M to 0.125 M, upfield shifts are 0.06 ppm (H2),
0.03 ppm (H4), 0.05 ppm (H6), and 0.04 ppm (H5).

Ag+ and Hg2+ Coordination. Addition of Ag+ ions to an
aqueous solution of 3, 3′-bpy in D2O expectedly does not
reveal resonances due to individual species, but rather gives
only averaged signals of the free ligand and the various Ag
complexes as a consequence of fast exchange.

A similar situation applies to mixtures of 3, 3′-bpy
and Hg(II) acetate. The spectrum of the dinuclear Hg(II)
complex 2 has its 1H resonances (δ, ppm; D2O, pD 5.2)
at 8.97, 8.73, 8.44, and 7.88 as well as 2.02 (acetate). No
coupling of any of the 3, 3′-bpy resonances with the 199Hg
isotope is observed as in a previously reported case [26],
and a comparison of the shifts of 2 with those of the free
ligand at the same pD (downfields shifts of H2, 0.06 ppm;
H4, 0.06 ppm; H6, 0.09 ppm; H5, 0.13 ppm) does not permit
any conclusions regarding the bonding situation in solution.

The crystal structure of {[Ag(3, 3′-bpy)](ClO4) ·H2O}n
(1) reveals a polymeric structure rather than a discrete cyclic

structure as we had hoped for. The silver atom (Ag1) shows
a distorted octahedral coordination sphere (Figure 3(a)),
with two 3, 3′-bpy ligands at the apical positions (Ag1-
N1, 2.181(3) Å; Ag1-N11, 2.189(3) Å). The equatorial coor-
dination is completed by a water molecule (Ag1-O1w,
2.722(3) Å), two perchlorate counter anions (Ag1-O13,
2.773(4) Å; Ag1-O13′, 2.861(4) Å), and an argentophilic
interaction [27, 28] with a neighbor silver atom (Ag · · ·Ag,
3.3751(8) Å). Angles and distances involving the coordina-
tion sphere of Ag1 are listed in Table 2. The polymeric struc-
ture is assembled by coordination of additional silver units
to the bridging 3, 3′-bpy ligands of the apical positions, with
a –Ag–[N11-3, 3′-bpy-N21]–Ag– basic motif, which extends
along the [1 0 1] direction (Figure 3(b)). The 3, 3′-bpy lig-
ands adopt transconformations with a twist angle of 27.9(1)◦

between pyridine halves. The dihedral angle between two
pyridyl rings coordinated to Ag1 is 7.2(1)◦. The crystal pack-
ing is based on π − π stacking and argentophilic interactions
between polymer strands. An upper view of the ac plane
evidences the presence of voids in the structure (Figure 4(a)).
They are essentially rectangular tunnels along the b axis,
which house two sets of hydrogen bond-based perchlorate-
water polymers. These polymers are built by connecting
water molecules of crystallization and perchlorate anions.
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Table 2: Selected bond distances (Å) and angles (o) for compound 1.

Ag1-N1, 2.181(3) N1-Ag1-N11, 174.37(13) N11-Ag1-Ag1′, 76.06(9)

Ag1-N11, 2.189(3) O13-Ag1-Ag1, 157.52(8) N11-Ag1-O13, 87.31(11)

Ag1-Ag1, 3.3751(8) O1w-Ag1-O13, 168.17(10) N11-Ag1-O13′, 92.86(11)

Ag1-O1w, 2.722(3) N1-Ag1-Ag1′, 108.03(9) N11-Ag1 O1W 95.33(11)

Ag1-O13, 2.773(4) N1-Ag1-O13, 84.58(11) Ag1′-Ag1-O1w, 78.60(7)

Ag1-O13′, 2.861(4) N1-Ag1-O13′, 87.48(11) O1w-Ag1-O13, 83.13(10)

Bpy-rings, 27.86(7) N1-Ag1-O1w, 89.35(11) O13-Ag1-O13′, 85.22(10)

py-Ag-py′, 7.19(10) O13-Ag1-Ag1′, 113.22(7)

N N1 2
3

45

6

9 8.5 8 7.5

δ (ppm)

H2

H2
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1 2 3 4 5 6 7 8
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)
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Figure 2: (a) Low field section of 1H NMR spectrum of 3, 3′-bpy
(D2O, pD = 6.8) and pD dependence of individual resonances,
focusing splitting of the H2 resonances. (b) pD dependence of H2,
H4, H6, and H8 resonances of free 3, 3′-bipyridine.

Each O1w forms two hydrogen bonds with two perchlorate
anions: · · ·O14-Cl1-O12· · · (H1w)O1w(H2w) · · ·O14-
Cl1-O12· · · (Figure 4(b)). Distances and angles involving
O1w are O1w· · ·O12, 2.969(5) Å; O1w· · ·O14, 2.886(5) Å;
O12· · ·O1w· · ·O14, 119.5(2)◦.

The crystal structure of the dinuclear species [Hg(3,3’-
bpy)(CH3COO)2]2· 3H2O (2) is given in Figure 5. Unlike

in 1, in 2 the 3, 3′-bpy ligands adopt a cis-conformation of
the two pyridyl rings, with a twist angle of 30.4(2)◦, and act
as bridges between two mercury centers. The coordination
geometry of the Hg ion (Table 3) is distorted tetrahedral,
enclosing two 3, 3′-bpy entities (Hg1-N1a, 2.274(3) Å; Hg1-
N1b, 2.263(3) Å), and two chelating/semichelating acetates
(Hg1-O11, 2.490(3) Å; Hg1-O12, 2.392(3) Å; and Hg1-O21,
2.286(3) Å; Hg1-O22, 2.762(3) Å). Selected distances and
angles around mercury are listed in Table 3. Both 3, 3′-bpy
ligands and their bonded mercury atoms are almost coplanar
with a tendency towards a boat conformation (distance from
Hg1 to the plane defined by N1a, N1b, N1a′, N1b′ is 0.58 Å).

The disposition of the acetate ligands is worthy to
be discussed in more detail. Both ligands form a dihe-
dral angle of 79.23(16)◦ with each other. The ligand
containing O11,O12 is roughly coplanar with the pyridyl
rings (7.27(27)◦, 23.28(23)◦), whereas the ligand A2 (with
O21,O22) is roughly perpendicular (78.33(15), 72.81(14)◦).
Both are asymmetrically coordinated to Hg1, displaying
significant longer bond distances of those oxygen atoms
involved in hydrogen bonding: O1w· · ·O11, 2.802(5) Å
(Hg1-O11, 2.490(3) Å versus Hg1-O12, 2.392(3) Å) and
O1w· · ·O22, 2.757(4) Å (Hg1-O21, 2.286(3) Å versus Hg1-
O22, 2.762(3) Å). Further hydrogen bonding includes a
twofold O1w· · ·O2w (2.785(10) Å) connection. Besides
hydrogen bonding, the crystal packing includes π − π-
and anion–π-interactions. N1a-pyridyl rings are pairwise
π − π stacked (3.5 Å), and both rings are involved in an
additional anion–π-interaction with O11 (O11· · · centroid,
3.47 Å). Considering the latter, the formation of staggered
rows is observed, in which each molecule displays four
anion–π-interactions with neighbor molecules. Rows are
interconnected by π − π-stacking and hydrogen bonding.

Complexes with enPdII and cis-(NH3)2PtII. Reactions
of 3, 3′-bpy with [Pd(en)(H2O)2](NO3)2 and cis-
[Pt(NH3)2(H2O)2](NO3)2 (1 : 1 ratio) give products of
1 : 1 stoichiometry [{Pd(en)(3, 3′-bpy)}(NO3)2]n (3) and
cis-[{Pt(NH3)2(3, 3′-bpy)}(PF6)2]n (4) which, according to
1H NMR spectroscopy, are pure materials. Only single sets
of 3, 3′-bpy resonances are observed in both compounds,
indicating that both compounds must be cyclic. Chemical
shifts (δ, ppm; D2O, TMA as internal reference) are as
follows: 3, 9.15, 8.84, 8.27, 7.69 ppm (3, 3′-bpy) and 2.98
(en); 4, 8.99, 8.95, 8.23, 7.67 (3, 3′-bpy). When TSP was used
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Figure 3: (a) Detail of the coordination sphere of the silver atom in 1. (b) Polymeric motif between Ag1 and 3, 3′-bpy bridging ligands in 1.

Table 3: Selected bond distances (Å) and angles (o) for compound 2.

Hg1-N1a, 2.274(3) N1a-Hg1-N1b, 114.74(11) N1b-Hg1-O21, 115.85(11)

Hg1-N1b, 2.263(3) N1a-Hg1-O11, 88.58(11) O11-Hg1-O12, 53.82(11)

Hg1-O11, 2.490(3) N1a-Hg1-O12, 140.71(12) O11-Hg1-O21, 93.87(10)

Hg1-O12, 2.392(3) N1a-Hg1-O21, 103.25(12) O12-Hg1-O21, 91.53(11)

Hg1-O21, 2.286(3) N1b-Hg1-O11, 134.38(12) Bpy-rings, 30.43(16)

Hg1-O22, 2.762(3) N1b-Hg1-O12 89.72(12) py-Hg-py′, 30.43(16)

c

a

(a)

b

(b)

Figure 4: (a) Section of the packing pattern in 1 (excluding H2O
and ClO4

−), including voids along the b direction. (b) Water-
perchlorate hydrogen bonded polymer inserted along the packing
tunnels of 1.

as a reference, shifts differed by 0.1 ppm (3) and 0.09 ppm
(4), suggesting that the TSP anion interacts with the cations
of 3 and 4 [29]. Although 4 was isolated in microcrystalline
form, an X-ray structure determination proved impossible.

The high resolution MS of a sample of 4 was carried out
and confirmed a triangular structure (see (II) or (IV)
in Figure 1). The mass spectrum displayed peaks due to
[M–(PF6)]+: 1880.08114 (calcd. 1880.07904), (M–(PF6)2]2+:
867.55844 (calcd. 867.55828), and [M–(PF6)4]4+: 361.29666
(calcd. 361.29621). The HRMS spectrum of [M–(PF6)4]4+

is given in Figure 6 and compared with the simulated
spectrum.

Reaction with trans-[Pt(NH3)2(H2O)2]2+. Reaction of 3, 3′-
bpy with trans-[Pt(NH3)2(D2O)2](NO3)2 was carried out
with different ratios between 3, 3′-bpy and the Pt species
(10 : 1, 2 : 1, 1 : 1, 1 : 10) on the 1H NMR scale in D2O.
Without exception, the spectra displayed time-dependent
changes, but within 2-3 d at 50◦C, constant spectra were
obtained. Even then, however, resonances due to multiple
products were present. In the case of a large excess of ligand
over Pt (10 : 1), the spectrum reveals the presence of a
major species attributed to trans-[Pt(NH3)2(3, 3′-bpy)2]2+

and excess 3, 3′-bpy (Figure 7). The resonances of the free
3, 3′-bpy (L) were unambiguously identified by adding solid
3, 3′-bpy to the NMR sample. The two sets of pyridine
resonances of the coordinated 3, 3′-bpy ligands of the 1 : 2
complex are assigned on the basis of their relative intensities.
What strikes is that the H2 and H4 resonances of the free
ligand are very much broadened (cf. Figure 2(a)) and that
H2, H4, and H6 are upfield shifted by ca. 0.2, 0.08, and
0.14 ppm, respectively. As these shifts cannot be interpreted
with a pD effect, we propose that the presence of the 1 : 2-
Pt complex has an effect on the rotamer equilibrium of the
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Figure 5: (a) View of 2 with atom numbering scheme. (b) Side view
of 2, evidencing a boat conformation of the mercury atoms with
respect to the 3, 3′-bpy ligands.

free ligand. Consistent with this proposal, the two resonances
closest to the C3–C3 bond, hence H2 and H4, become quite
broad. Stacking interactions between free and coordinated
3, 3′-bpy could possibly account for this feature.

The 1H NMR spectrum of a 1 : 1 mixture of trans-
[Pt(NH3)2(D2O)2]2+ and 3, 3′-bpy displays four H2 (H2′)
singlets of different relative intensities at lowest field, and at
least for the H6 (H6′) resonances also four components can
be differentiated. Free 3, 3′-bpy is not detectable. It is obvious
that the self-assembly process of trans-(NH3)2PtII and 3, 3′-
bpy does not lead to a preferred single product, unlike in the
case of enPdII and cis-(NH3)2PtII.

4. Summary

The flexible ditopic ligand 3, 3′-bipyridine forms with
Hg(CH3COO)2 and cis-[Pt(NH3)2(H2O)2](PF6)2 discrete
di- and trinuclear cycles 2 and 4, respectively. The solid
state structure of the Hg(II) complex 2 is unique in that it
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Figure 6: HRMS spectrum of complex 4: Observed and calculated
pattern for [M–(PF6)4]4+.
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Figure 7: 1H NMR spectrum of mixture of trans-
[Pt(NH3)2(D2O)2]2+ and 3, 3′-bpy (L) in ratio 1 : 10 after
2 d, 50◦C, D2O, pD = 6.65. Main resonances are assigned to 1 : 2
complex and free ligand; minor resonances (∗) are not assigned.

represents the smallest possible entity of any cyclic complex.
It appears that the opening of the N1a-Hg-N1b angle to ca.
115◦ allows the dinuclear to be formed. A similar structure,
with the two 3, 3′-bpy ligands approximately coplanar, is
not to be expected for cis-a2PtII with its 90◦ bonding angle.
Consequently, 4 is a cyclic trinuclear compound. On the
NMR time scale, 2 is kinetically labile in aqueous solution,
but 4 is inert. We plan to further study 4 with regard to its
host-guest chemistry and its noncovalent interaction with
DNA.
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Novel ruthenium(III) complexes with histamine [RuCl4(dmso-S)(histamineH)]·H2 O (1a) and [RuCl4(dmso-S)(histamineH)]
(1b) have been prepared and characterized by X-ray structure analysis. Their crystal structures are similar and show a protonated
amino group on the side chain of the ligand which is not very common for a simple heterocyclic derivative such as histamine.
Biological assays to test the cytotoxicity of the compound 1b combined with electroporation were performed to determine its
potential for future medical applications in cancer treatment.

1. Introduction

Before the discovery of cisplatin and its successful use as
an anticancer agent in the 70s, metal complexes were rarely
considered useful for medical applications. Afterwards, new
cisplatin analogues (carboplatin, oxaliplatin) were developed
and introduced into clinical use [1–3]. The development
of platinum-drug resistance in cancer patients, the general
toxicity and severe side effects of platinum drugs however
required a different approach in the research of anticancer
metal complexes [2].

Complexes of different metals were prepared and tested.
Two ruthenium compounds, NAMI-A and KP1019 [4–6],
are currently among the most successful candidates to enter
the clinical practice. These two ruthenium(III) complexes
have an octahedral geometry and contain four in-plane
chlorido ligands as well as one dimethylsulfoxido and one
imidazolo (NAMI-A) or two indazolo ligands (KP1019) in
trans positions. The aforementioned compounds are the
chosen representatives of two larger classes of compounds
bearing nitrogen-bound aromatic heterocycles developed
by the Alessio and Keppler research groups, respectively
[4, 7, 8].

Histamine (4-(2-Aminoethyl)-1H-imidazole, see Scheme
2) is a molecule that performs various functions in the body,
the most important being the gastric acid secretion and
the triggering of the symptoms of an allergic reaction such
as vasodilatation, bronchoconstriction, bronchial muscle
contraction, pain, and itching.

Most of the metal complexes in use in current cancer
treatment have an intracellular target and the plasma mem-
brane can represent a considerable barrier. Electroporation
or electropermeabilization is a process where exposing cells
to specific electrical pulses results in temporary formation
of hydrophilic pores in the cell membrane. Thus temporally
increased cell permeability enables extracellular molecules
with otherwise hampered transmembrane transport to enter
the cells. Electroporation is used in a variety of biotechno-
logical and medical applications. It has been proven that
combining electroporation with chemotherapy potentiates
the cytotoxicity of drugs when the drugs’ efficacy is limited
by its uptake in the cell [9–13].

The aim of this study was to prepare and characterize
new ruthenium NAMI-type compounds, to test their in vitro
cytotoxicity and study the influence of electroporation on the
cytotoxic activity of the synthesized compounds.
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2. Experimental

2.1. Materials and Instruments. Ruthenium(III) chloride
hydrate, histamine dihydrochloride, and the solvents
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C2
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Figure 1: Asymmetric unit of the crystal structure of complex 1b.
The ellipsoids are shown at 50% probability.

(dimethylsulfoxide, concentrated hydrochloric acid, metha-
nol, ethanol, and acetone) were purchased by Sigma-Aldrich
and used without further purification.

2.1.1. Infrared Spectroscopy. Infrared spectra (ATR) were
recorded on a Perkin-Elmer Spectrum 100 spectrometer.
The measurements were made in the range from 4000 to
600 cm−1.

2.1.2. Electrospray Ionization Mass Spectrometry. Mass mea-
surements were run on a hybrid quadrupole time of flight
mass spectrometer Q-Tof Premier (Waters Micromass,
Manchester, UK), equipped with an orthogonal Z-spray
electrospray (ESI) interface.

Water sample solution was introduced directly through
syringe pump at a flow rate 5 μL/min. Compressed nitrogen
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Figure 2: The hydrogen bonds in the crystal structure of compound
1b. The ammonioethyl groups of the lower two asymmetric units
are omitted for clarity.

(99.999%, Messer Slovenia) was used as both the drying
and the nebulizing gas. The nebulizer gas flow rate was set
to approximately 20 L/h and the desolvation gas flow rate
to 600 L/h. A cone voltage of 30 V and a capillary voltage
of 2.9 kV were used in positive ion mode. The desolvation
temperature was set to 150◦C and the source temperature to
100◦C. The mass resolution of approximately 9500 fwhm was
used for determination of elemental composition with TOF
mass spectrometer. MS and MS/MS spectra were acquired in
centroid mode over an m/z range of 50–1000 in scan time
1 s and inter scan time 0.1 s. The detector potential was set
to 1850 V. Reproducible and accurate mass measurements at
approximate 10000 mass resolution were obtained using an
electrospray dual sprayer with leucine enkephalin ([MH]+ =
556.2771) as a reference compound, introduced into the
mass spectrometer alternating with a sample solution.

The data station operating software was Mass Lynx v. 4.1
(Micromass, Manchester).

Interpretation of peaks in mass spectra and identification
of particular fragment ions were confirmed with elemental
composition mass measurements of these ions at high
resolution.

2.1.3. CHN Elemental Analysis. Elemental analyses were
performed on a Perkin-Elmer Elemental analyzer 2400 CHN.

2.1.4. X-Ray Structure Analysis. X-ray diffraction data were
collected on a Nonius Kappa CCD diffractometer at 150 K
for compound 1a and at room temperature for compound

1b using graphite monochromated Mo-Kα radiation and
processed using DENZO [14] program. The structures
were solved using SIR92 [15]. A full-matrix least-squares
refinement on F magnitudes with anisotropic displacement
factors for all nonhydrogen atoms using SHELXL [16] was
employed. The drawings were prepared with the Mercury
program [17]. Hydrogen atoms were placed in geometrically
calculated positions and were refined using a riding model.

The crystallographic data for compounds 1a and 1b have
been deposited with the CCDC as supplementary material
with the deposition numbers CCDC 759890 and 759818,
respectively (see Supplementary Material available online at
doi:10.1155/2010/183097).

2.2. Syntheses. Syntheses of [RuCl4(dmso-S)(histamine-
H)]·H2O (1a) and [RuCl4(dmso-S)(histamineH)] (1b): the
synthesis of compounds 1a and 1b consists of two steps
(see Scheme 3). The first step is the preparation of a
ruthenium precursor P1 (dmso2H)[trans-RuCl4(dmso-S)2].
This compound was prepared according to the literature
[18]. 200 mg of P1 and 70 mg of histamine dihydrochloride
were dissolved in 15 mL of methanol and refluxed for 4
hours. After a slow evaporation of the solvent, only a few
red crystals of 1a were obtained. The X-ray structure analysis
showed the presence of a solvate water in a molecule.
Despite considerable effort, we were not able to obtain such
crystals again. Crystals of compound 1b were later obtained
by adding 15 mL of ethanol to the reaction mixture and
the solution was left to stand in an open flask. Overnight
snowflake-like crystalline orange solid formed. The crystals
were washed with cold acetone and diethylether and dried
at 50◦C for 30 minutes. Similar crystals although of lower
quality were obtained by addition of isopropanol, n-pentanol
or ethyl acetate, instead of ethanol, to the reaction mixture.

IR (ATR): 3226 (sh), 3115 (s), 2923 (w), 1597 (w), 1578
(w), 1504 (sh), 1480 (m), 1402 (m), 1231 (w), 1111 (sh), 1082
(s), 1016 (s), 968 (s), 934 (s), 928 (sh), 840 (s), 684 (w), 658
(m) cm−1.

CHN (only 1b): Calc. C 19,41%, H 3,72%, N 9,70%;
Found: C 19,78%, H 3,67%, N 9,49%.

ESI-MS (in H2O solution): m/z 361, 325, 299, 264.

2.3. Biological Activity Assays. Murine melanoma cell line
B16F1 (European Collection of Cell Cultures, UK) was tested
in vitro to determine cytotoxic effect of compound 1b in
combination with or without electroporation. B16F1 cell
suspension (22·106 cells/mL) was prepared in low conduc-
tive electroporation buffer (10 mM (Na2HPO4/NaH2PO4,
pH 7.4) with 1 mM MgCl2 and 250 mM sucrose). Differ-
ent concentrations of compound 1b were added to cell
suspension to reach final concentrations of 0.01, 0.1, and
1 mM. Immediately after incubation (<0.5 min), a drop of
cell suspension was placed between two flat parallel stainless-
steel electrodes 2 mm apart and a train of electric pulses
(8 pulses, 800 V/cm, 100 μs, 1 Hz) was applied with an
electroporator Cliniporator (Igea, Carpi, Italy). The same
procedure without electric pulses was used for cells exposed
to different concentrations of 1b without electroporation.
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O a

b

Figure 3: The packing in the crystal structure of compound 1a along the z axis.

Table 1: Crystal data and structure refinement for compounds 1a and 1b.

Compound 1a Compound 1b

Empirical formula C7H16Cl4N3O2RuS C7H16Cl4N3ORuS

Formula weight 449.16 g/mol 433.16 g/mol

Temperature 150(2) K 293(2) K

Wavelength 0.71073 Å 0.71073 Å

Crystal system Triclinic Monoclinic

Space group P 31 2 1 C 2/c

Unit cell dimensions a = 8.233 Å a = 14.4860(8) Å

b = 8.233 Å b = 7.8741(3) Å

c = 38.9269(3) Å c = 27.3464(15) Å

α = 90◦ α = 90◦

β = 90◦ β = 91.457(2)◦

γ = 120◦ γ = 90◦

Volume 2284.943(18) Å
3

3118.2(3) Å
3

Z 6 8

Density (calculated) 1.959 g/cm3 1.845 g/cm3

Absorption coefficient 1.864 mm−1 1.813 mm−1

F(000) 1338 1720

Crystal size 0.1 × 0.1 × 0.1 mm 0.08 × 0.05 × 0.05 mm

Theta range for data collection 3.26 to 28.71◦ 3.22 to 27.49◦

Reflections collected 7263 5747

Independent reflections 3830 [R(int) = 0.0166] 3501 [R(int ) = 0.0290]

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 3830/0/166 3501/0/172

Goodness-of-fit on F 2 1.068 1.080

Final R indices [I > 2 sigma(I)] Ra
1 = 0.0236, wRb

2 = 0.0571 R1 = 0.0500,wR2 = 0.1120

R indices (all data) R1 = 0.0261, wR2 = 0.0583 R1 = 0.0761,wR2 = 0.1229

Largest diff. peak and hole 1.229 and −0.686 e·Å3
1.098 and −0.560 e·Å−3

aR1 = ∑
(|Fo| − |Fc|)/

∑ |Fo|; bwR2 = {[w(F2
o − F2

c )
2
]/
∑

[wF2
o ]}1/2

In addition, we tested cytotoxic effect of 1b after prolonged
incubation time (60 min, without electroporation). Cell
viability was measured 72 h after treatment using the MTS-
based Cell Titer 96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA). Absorption at 490 nm

wavelength (A490) was measured with a spectrophotometer
Tecan infinite M200 (Tecan, Switzerland). Cell viability
(C.V.) of treated cells (tr) was calculated using the formula:
C.V. = (A490)tr/(A490)c × 100[%], taking the cell viability
of the control I as 100%. Statistical analysis was performed
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using One-Way ANOVA test and SigmaStat statistical soft-
ware (SPSS, Chicago, USA).

3. Results and Discussion

3.1. Synthesis and Crystal Structure. Several complexes of the
NAMI and KP families bearing nitrogen-bound simple hete-
rocycles or smaller biologically active molecules were already
synthesized and investigated for biological applications [4,
7, 19, 20]. Most of the NAMI analogues were synthesized
by mixing a suspension of P1 in acetone and adding the
equivalent amount of the ligand and then recrystallizing
the product either from hot acetone or other solvents. In
our case this synthetic route was not appropriate due to
the low solubility of compound 1b in acetone or other
solvents except in water and methanol. The reaction was thus
performed in methanol and another less volatile and less
polar solvent was added later. Similar crystals although of
lower quality were obtained by addition of isopropanol, n-
pentanol, or ethyl acetate instead of ethanol to the reaction
mixture. The crystals were cut and were suitable for X-
ray structure analysis. The experimental data is shown in
Table 1.

The asymmetric unit of compound 1b is shown in
Figure 1. Selected bond lengths and hydrogen bond short
contact distances are presented in Tables 2 and 3, respectively.

The crystal structure of compounds 1a and 1b does
not differ significantly from the other NAMI-type com-
pounds. Compounds 1a and 1b have a distorted octahedral
geometry with four in-plane chloride anions surrounding
the Ru(III) ion in addition to a sulfur atom from an S-
bonded dimethylsulfoxide molecule and a nitrogen atom
from the histamine molecule in axial positions. The main
difference to most of the NAMI-type compounds which
are anionic complexes is the protonated amino group on
the side chain of the histamine moiety (hence histamineH
is used in the formula) that gives compounds 1a and 1b
a neutral charge. This structural feature is however more
common in NAMI-type compounds with a purine derivative
as the nitrogen ligand [21]. The hydrogen atoms on the
amino group (H3A, H3B and H3C) form hydrogen bonds
with the four chloride atoms and the dmso oxygen. The
Cl2 chloride atom forms an additional hydrogen bond
with the hydrogen on the imidazole moiety (H2) which
results in a slightly longer Ru-Cl2 distance (see Tables 2
and 3 and Figures 1 and 2). Compound 1a exhibits an
additional hydrogen bond between the water molecule and
one of the chloride anions. It was not possible to locate
the positions of two hydrogen atoms bonded to oxygen in
a water molecule of the complex 1a by difference Fourier
maps.

Another interesting feature of the crystal structure of
compound 1a is the formation of channels along z axis where
the water molecules are located (see Figure 3).

3.2. Electrospray Ionization Mass Spectrometry. Compound
1b was also characterized by electrospray ionization mass
spectrometry. The peaks in the mass spectrum and their

Table 2: Selected bond lengths in compounds 1a, 1b and NAMI
[22](Na[RuCl4(S-dmso)(imidazole)]).

1a 1b NAMI

Ru–Cl1 2.355 (2) 2.359 (2) 2.3403 (9)

Ru–Cl2 2.364 (2) 2.364 (2) 2.3227 (8)

Ru–Cl3 2.356 (2) 2.343 (2) 2.3588 (9)

Ru–Cl4 2.358 (2) 2.356 (2) 2.3447 (8)

Ru–S 2.300 (2) 2.298 (2) 2.2956 (6)

Ru–N 2.096 (2) 2.097 (2) 2.081 (2)

Table 3: Selected hydrogen bond short contact distances in
compound 1b.

D–H · · ·A D–A (Å) angle DHA (◦)

N2–H2 · · ·Cl2 3.218 (6) 151

N3–H3A· · ·Cl2 3.331 (6) 138

N3–H3A· · ·Cl4 3.306 (6) 140

N3–H3B· · ·Cl1 3.308 (6) 149

N3–H3B· · ·Cl3 3.349 (6) 131

N3–H3C· · ·O1 2.889 (6) 172

Table 4: Main peaks in the ESI-MS spectrum of compound 1b and
respective assignments.

m/z fragment

264 RuCl(histamine)(OH)

299 RuCl2(histamine)(OH)

325 RuCl(dmso)(histamine)

361 RuCl2(dmso)(histamine)

respective assignments are presented in Table 4. The data
confirm a partial hydrolysis of the compound in water solu-
tion. Such behavior is usual for the NAMI-type compounds
which undergo a rather quick dissociation of two of the
chloride ligands and/or the dmso molecule [23].

3.3. Biological Activity. Previous studies have shown that
while NAMI-A is inactive against B16F1 cells in vitro, it
shows remarkable activity at relatively low concentrations
when combined with electroporation [24]. On the other
hand compound 1b shows no activity at any of the tested
concentrations (up to 1 mM) either by itself or in combina-
tion with electroporation.

As Dyson and Sava suggest [25], the cytotoxicity of a
compound as one of the main criteria in the preliminary
screenings when looking for a potential drug candidate
should be considered with some caution. NAMI-A for exam-
ple, showed remarkable antimetastatic properties despite
very low cytotoxicity. Further investigations of the biological
activity of the histaminic analogue and the study of the
interactions with different proteins are being planned.
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A new 1-D coordination polymer {[Mn6O2(O2CMe)10(H2O)4]·2.5H2O}∞ (1·2.5H2O)∞ and the cluster [Mn6O2(O2(O2CPh)10

(py)2(MeCN)(H2O)]·2MeCN (2·2MeCN) are reported. Both compounds were synthesized by room temperature reactions
of [Mn3(μ3-O)(O2CR)6(L)2(L′)] (R=Me, L= L′ = py, (1·2.5H2O)∞; R=Ph, L= py, L′ =H2O, 2·2MeCN) in the presence of 3-
hydroxymethylpyridine (3hmpH) in acetonitrile. The structures of these complexes are based on hexanuclear mixed-valent
manganese carboxylate clusters containing the [Mn4

IIMn2
III(μ4-O)2]10+ structural core. (1·2.5H2O)∞ consists of zigzag chain

polymers constructed from [Mn6O2(O2CMe)10(H2O)4] repeating units linked through acetate ligands, whereas 2·2MeCN
comprises a discrete Mn6-benzoate cluster.

1. Introduction

The synthesis of Mn clusters has attracted significant interest
due to their relevance to many areas including molecular
magnetism, catalysis, and bioinorganic chemistry [1, 2]. In
the bioinorganic area, extensive work has been carried out to
model the structure and catalytic activity of a tetranuclear
Mn cluster, which is present in the water oxidizing centre
(WOC) of Photosystem II [3–7]. As a result, a number of
oligonuclear high oxidation state Mn-carboxylate clusters
have been prepared [3, 5], some of which have been studied
for their ability to oxidize H2O to molecular O2 [3, 6,
7]. Furthermore, considerable effort has been expended
in order to prepare structural and reactivity models of
other Mn-containing enzymes, such as Mn catalases. These
studies have resulted in a number of oligonuclear Mn
complexes with oxo/alkoxo/hydroxo or carboxylate bridges,
some of which have proven to be very efficient catalytic
scavengers of H2O2 [8]. The synthesis of oligonuclear Mn
model compounds often involves preformed Mn carboxylate
clusters and coordination polymers as starting materials,
with the most popular ones being complexes based on the
[Mn3O]6+/7+ and the [Mn6O2]10+ units [3, 9–11]. Since the

various characteristics of the starting materials including
their structural core, carboxylate bridges, and terminal
ligation have a significant influence on the identity of the
reaction product, there is always a need for new additions
in the list of known metal precursor compounds.

Herein, we report the syntheses and the
crystal structures of the 1D coordination polymer
{[Mn6O2(O2CMe)10(H2O)4]·2.5H2O}∞ (1·2.5H2O)∞ and
the discrete cluster [Mn6O2(O2CPh)10(py)2(MeCN)(H2O)]
· 2MeCN (2 · 2MeCN), which both contain the
[Mn4

IIMn2
III(μ4-O)2]10+ structural core. Compound

2·2MeCN is a new addition in the family of structurally-
characterized Mn6-benzoate clusters [12, 13], whereas
(1·2.5H2O)∞ represents one of the few coordination
polymers based on hexanuclear Mn clusters [14–17].

2. Experimental

2.1. Materials. All manipulations were performed under
aerobic conditions using materials (reagent grade)
and solvents as received; water was distilled in-house.
[Mn3O(O2CMe)6(py)3]·py and [Mn3O(O2CPh)6(py)2(H2O)]
·0.5CH3CN were prepared as described elsewhere [18].
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2.2. Compound Preparation. {[Mn6O2(O2CMe)10· (H2O)4]
·2.5H2O}∞ (1·2.5H2O)∞: [Mn3O(O2CMe)6(py)3]·py (0.2 g,
0.24 mmol) was dissolved in MeCN (10 mL), and then
3 hmpH (0.05 g, 0.46 mmol) was added to the dark
brown solution. The resulting red-brown solution was left
under magnetic stirring for ∼50 minutes, filtered off, and
the filtrate was left undisturbed at room temperature.
After a few weeks, brown crystals of (1·2.5H2O)∞ suit-
able for X-ray crystallography were formed. The crystals
were collected by filtration, washed with MeCN (10 mL),
and Et2O (2 × 10 mL) and dried in vacuo. The yield
was ∼27% based on total Mn content. Anal. Calc. for
C20H43Mn6O28.5(1·2.5H2O)∞: C, 22.47; H, 4.05. Found: C
22.29; H 4.25%. IR data (KBr pellet, cm−1): ṽ = 3404 (m,br),
1582 (s), 1421 (s), 1371 (w), 1028 (m), 667 (s), 619 (s).

[Mn6O2(O2CPh)10(py)2(MeCN)(H2O)]·2MeCN
(2·2MeCN): [Mn3O(O2CPh)6(py)2(H2O)]·0.5CH3CN
(0.27 g, 0.24 mmol) was dissolved in MeCN (10 mL) and
then, 3 hmpH (0.05 g, 0.46 mmol) was added to the dark
brown solution. The resulting red-brown solution was left
under magnetic stirring for ∼45 minutes, filtered off and the
filtrate was left undisturbed at room temperature. After a
few weeks, brown crystals of (2·2MeCN) suitable for X-ray
crystallography were formed. The crystals were collected by
filtration, washed with MeCN (10 mL) and Et2O (2× 10 mL)
and dried in vacuo. The yield was ∼20% based on total Mn
content. Anal. Calc. for C86H71Mn6N5O23(2·2MeCN): C,
55.17; H, 3.82; N, 3.74. Found: C 54.98; H 3.91; N, 3.53%.
IR data (KBr pellet, cm−1): ṽ = 3398 (m,br), 1607 (s), 1570
(s), 1430 (s) 720 (s), 691 (m), 676 (m), 614 (m).

2.3. X-Ray Crystallography. Data were collected on an
Oxford-Diffraction Xcalibur diffractometer, equipped with a
CCD area detector and a graphite monochromator utilizing
Mo-Kα radiation (λ = 0.71073 Å). Suitable crystals were
attached to glass fibers using paratone-N oil and transferred
to a goniostat where they were cooled for data collection.
Unit cell dimensions were determined and refined by using
4714 (3.14 ≤ θ ≤ 30.42◦) and 23078 (3.07 ≤ θ ≤
31.25◦) reflections for (1·2.5H2O)∞ and 2·2MeCN, respec-
tively. Empirical absorption corrections (multiscan based
on symmetry-related measurements) were applied using
CrysAlis RED software [19]. The structures were solved by
direct methods using SIR92 [20] and refined on F2 using
full-matrix least squares with SHELXL97 [21]. Software
packages used: CrysAlis CCD [19] for data collection,
CrysAlis RED [19] for cell refinement and data reduction,
WINGX for geometric calculations [22], and DIAMOND
[23] and MERCURY [24] for molecular graphics. The non-
H atoms were treated anisotropically, whereas the aromatic
and methyl-hydrogen atoms were placed in calculated, ideal
positions and refined as riding on their respective carbon
atoms. The H atoms of water molecules could not be located.
Unit cell data and structure refinement details are listed in
Table 1.

2.4. Physical Measurements. Elemental analyses (C, H, N)
were performed by the in-house facilities of the University
of Cyprus, Chemistry Department. IR spectra were recorded

Table 1: Crystallographic data for complexes (1·2.5H2O)∞ and
(2·2MeCN).

1 2

Formulaa C40H86Mn12O57 C86H71Mn6N5O23

Mw 2138.33 1872.13

Crystal System Orthorhombic Triclinic

Space group P b c a Pı̄

a/Å 13.615(2) 14.4690(8)

b/Å 21.274(3) 15.8172(7)

c/Å 30.459(4) 18.636(2)

α/o 90 83.861(4)

β/o 90 86.750(4)

γ/o 90 83.463(4)

V/Å3 8822(2) 4208.8(4)

Z 4 2

T/K 100(2) 100(2)

λb, Å 0.71073 0.71073

Dc, g/cm−3 a 1.610 1.477

μ(Mo-Kα)/mm−1 1.750 0.950

Reflections
collected/unique(Rint)

38727/7727(0.1214) 46797/11574(0.0493)

Obs. refl. [I > 2σ(I)]. 3263 8550

R1%c 0.0474 0.0656

wR2d 0.0931 0.1608

Goodness of fit on F2 0.807 0.974

Δρmax/min/e Å−3 0.891/−0.409 1.434/−1.333
aIncluding solvent molecules and all hydrogen atoms (even the H atoms
of H2O). bGraphite monochromator. cR1 = Σ|Fo| − |Fc|/Σ|Fo|. dwR2 =
[Σ[w(F2

o − F2
c )

2
]/Σ[wF2

o )
2
]]1/2, w = 1/[σ2(F2

o) + (m · p)2 + n · p], p =
[max(F2

o , 0) + 2F2
c ]/3, and m and n are constants.

on KBr pellets in the 4000–400 cm−1 range using a Shimadzu
Prestige-21 spectrometer.

3. Results and Discussion

3.1. Syntheses. The goal of the described research is the
synthesis of multidimensional coordination polymers
composed of polynuclear Mn carboxylate clusters with
the use of hydroxymethyl-pyridine derivatives [e.g.,
4-hydroxymethyl-pyridine (4hmpH), 3-hydroxymethyl-
pyridine (3hmpH)] as bridging ligands. The initial result
from these investigations was a new hexanuclear Mn
complex [Mn6O2(O2CPh)10(4hmpH)3(MeCN)], which
contains the [Mn6O2]10+ structural core and terminal
4 hmpH ligands [12]. This compound was prepared from a
reaction of [Mn(O2CPh)2]·2H2O with 4hmpH in MeCN.
Various modifications of this reaction system that were
performed involved the use of preformed Mn clusters as
precursor compounds together with 3hmpH. Thus, the
reaction of [Mn3(μ3-O)(O2CR)6(L)2(L′)] (R = Me, L = L′

= py, (1·2.5H2O)∞;R = Ph, L = py, L′ = H2O, 2·2MeCN)
with 3hmpH in acetonitrile resulted in the isolation of
compounds (1·2.5H2O)∞ and 2·2MeCN, which however
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did not contain the 3hmpH ligands. The formation of (1)∞
and 2 is summarized in equations 1 and 2, respectively:

2n
[

Mn3O(O2CMe)6
(
py
)

3

]
+ 4nH2O + 2ne−

−→ [Mn6O2(O2CMe)10(H2O)4]n + 2nMeCO2
− + 6npy

(1)

2
[

Mn3O(O2CPh)6
(
py
)

2(H2O)
]

+ MeCN + 2e−

−→
[

Mn6O2(O2CPh)10
(
py
)

2(MeCN)(H2O)
]

+ 2PhCO2
− + 2py + H2O

(2)

As it will be discussed in detail below, the structures of
(1·2.5H2O)∞ and 2·2MeCN are very similar with one major
difference between them being the fact that (1·2.5H2O)∞
is a coordination polymer, whereas 2·2MeCN is a discrete
metal cluster. A possible explanation for this is that the
bulky PhCO2

− groups that are present in 2·2MeCN pre-
vent the polymerization of the Mn6 clusters, whereas in
(1·2.5H2O)∞there are only acetate ligands that are more
flexible and thus can easily bridge Mn6 units leading to a
polymeric species. We also note that the average oxidation
state of the final products (2.33) of the two reactions is lower
than that of the starting materials (2.66). Such a reduction
could be explained assuming that a disproportionation
reaction of the Mn3 starting materials takes place upon
their dissolution in MeCN in the presence of 3hmpH. Then,
the reduced species are aggregated to form (1·2.5H2O)∞
or 2·2MeCN and the products with Mn ions in higher
oxidation states remain in the solution. Similar reactions as
those leading to the isolation of (1·2.5H2O)∞or 2·2MeCN
were performed using 4hmpH or pyridine instead of 3hmpH
in the reaction mixtures. These reactions resulted in the
isolation of microcrystalline products that have not been
completely characterized so far, but seem to be different than
compounds (1·2.5H2O)∞ and 2·2MeCN (by comparisons of
infrared spectra). Reactions were also carried out by us in the
past, where no other reagent (e.g., pyridine or triethylamine)
was used besides the [Mn3O(O2CMe)6(py)3] precursor
compound and the solvent. In that case, an 1D coordination
polymer based on Mn3-carboxylate cluster linked by Mn2+

ions was isolated [25]. Therefore, 3hmpH seems to play an
important role in the formation of compounds (1·2.5H2O)∞
and 2·2MeCN, since different compounds are isolated in the
absence of 3hmpH. However, the exact role of 3 hmpH in the
assembly of these compounds is yet unidentified.

3.2. Crystal Structures. The structure of the repeating unit of
(1·2.5H2O)∞ is very similar to that of compound 2·2MeCN
(with the main differences between the two compounds
being the terminal ligation and the type of carboxylate
ligands) and thus, only the first one will be discussed in
detail. Selected interatomic distances for (1·2.5H2O)∞ and
2·2MeCN are given in Tables 2 and 3, respectively.

Compound (1·2.5H2O)∞ crystallizes in the orthorhom-
bic space group Pbca. Its repeating unit comprises the

Table 2: Selected interatomic distances (Å) for complex
(1·2.5H2O)∞.

Bond distances (Å)

Mn1· · ·Mn2 3.138(2) Mn3–O26 2.186(4)

Mn2· · ·Mn6 2.798(2) Mn3–O24 2.195(4)

Mn2· · ·Mn5 3.164(2) Mn3–O12 2.201(4)

Mn3· · ·Mn6 3.131(2) Mn4–O19 2.138(5)

Mn4· · ·Mn6 3.187(2) Mn4–O22 2.160(5)

Mn1–O7 2.130(5) Mn4–O6 2.173(5)

Mn1–O24 2.162(4) Mn4–O9 2.191(5)

Mn1–O3 2.164(5) Mn4–O25 2.240(4)

Mn1–O21 2.172(4) Mn4–O8 2.313(5)

Mn1–O1 2.176(4) Mn5–O20 2.125(5)

Mn1–O5 2.293(5) Mn5–O11 2.142(5)

Mn2–O25 1.883(4) Mn5–O18 2.193(5)

Mn2–O24 1.891(4) Mn5–O14 2.193(4)

Mn2–O4 1.943(4) Mn5–O23 2.207(4)

Mn2–O17 1.962(5) Mn5–O25 2.265(4)

Mn2–O5 2.229(4) Mn6–O24 1.892(4)

Mn2–O14 2.257(4) Mn6–O25 1.894(5)

Mn3–O2 2.143(4) Mn6–O10 1.931(4)

Mn3–O15 2.155(5) Mn6–O16 1.973(5)

Mn3–O13 2.163(5) Mn6–O8 2.202(4)

Mn6–O12 2.232(4)

Table 3: Selected interatomic distances (Å) for complex
(2·2MeCN).

Bond Distances (Å)

Mn1· · ·Mn2 3.133(2) Mn3–O22 2.206(3)

Mn2· · ·Mn6 2.8134(9) Mn3–N1 2.263(4)

Mn2· · ·Mn5 3.130(2) Mn3–O12 2.317(3)

Mn3· · ·Mn6 3.162(2) Mn4–O6 2.124(3)

Mn4· · ·Mn6 3.167(2) Mn4–O20 2.131(3)

Mn1–O1 2.121(3) Mn4–O9 2.154(3)

Mn1–O7 2.121(3) Mn4–O23 2.186(3)

Mn1–O3 2.145(3) Mn4–N2 2.287(4)

Mn1–O22 2.190(3) Mn4–O8 2.302(3)

Mn1–N3 2.250(5) Mn5–O19 2.155(3)

Mn1–O5 2.281(3) Mn5–O18 2.158(3)

Mn2–O22 1.872(3) Mn5–O23 2.176(3)

Mn2–O23 1.894(3) Mn5–O11 2.197(3)

Mn2–O17 1.936(3) Mn5–O21 2.226(3)

Mn2–O4 1.972(4) Mn5–O14 2.237(4)

Mn2–O5 2.239(3) Mn6–O22 1.889(3)

Mn2–O14 2.241(3) Mn6–O23 1.893(3)

Mn3–O2 2.127(4) Mn6–O10 1.951(4)

Mn3–O13 2.146(3) Mn6–O16 1.954(3)

Mn3–O15 2.151(3) Mn6–O12 2.202(3)

Mn6–O8 2.232(3)

hexanuclear cluster [Mn6O2(O2CMe)10(H2O)4] (Figure 1)
and totally 2.5H2O molecules of crystallization. Charge
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Table 4: Bond valence sum (BVS)a,b calculations for complexes
(1·2.5H2O)∞ and (2·2MeCN)

Complex 1 Complex 2

MnII MnIII MnIV MnII MnIII MnIV

Mn1 1.96 1.79 1.88 2.03 1.87 1.94

Mn2 3.20 2.92 3.07 3.21 2.94 3.08

Mn3 1.99 1.82 1.91 1.94 1.79 1.85

Mn4 1.86 1.70 1.79 1.96 1.81 1.87

Mn5 1.93 1.76 1.85 1.90 1.74 1.83

Mn6 3.21 2.94 3.09 3.22 2.94 3.09
aThe bold value is the one closest to the charge for which it was calculated.
bThe oxidation state is the nearest whole number to the bold value.
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Figure 1: A partially labeled plot of the repeating unit of (1)∞.
The yellow lines emphasize the [Mn4

IIMn2
III(μ4-O)2]10+ core. Color

code: MnII, green; MnIII, dark green; O, red; C, grey. H atoms are
omitted for clarity.

considerations, bond valence sum calculations (Table 4) and
inspection of metric parameters indicate that the cluster is
mixed-valent containing four MnII and two MnIII ions. The
[Mn4

IIMn2
III(μ4-O)2]10+ core of 1 has appeared several times

in the literature as will be discussed in detail below and can
be described as consisting of two edge-sharing (μ4-O)Mn4

tetrahedra. Such units are defined as anti-T1 tetrahedra (T1
is a structural unit having a cation at the center and four
anions at the apices of the tetrahedron) [26]. The common
edge of the two anti-T1 tetrahedra is formed by the two MnIII

ions, whereas the four MnII ions occupy the corners of the
[Mn4

IIMn2
III(μ4-O)2]10+ core. The peripheral ligation of the

Mn atoms is completed by 4 terminal H2O molecules (ligated
to the four MnII atoms) and 10 acetate ligands.

All Mn atoms are in distorted octahedral geometries. Five
of the intra-cluster acetate groups are μ2 with each of their

carboxylate oxygen atoms acting as terminal ligand for a
Mn center. Four acetate ligands are coordinated in η1 : η2 : μ3

fashion. The remaining carboxylate ligand bridges two MnII

atoms (Mn· · ·Mn distance = 4.7914(2) Å) of adjacent Mn6

clusters, thus resulting in the formation of a zigzag chain
structure (Figure 2). The chains are interacting through
hydrogen bonds (O· · ·O distances 2.7−2.9 Å) involving
the coordinated water molecules and carboxylate O atoms.
Thus, a two-dimensional hydrogen-bonded polymer with a
4-connected topology is formed (Figure 3). The hydrogen
bonds involving the lattice water molecules cannot be
identified with accuracy due to the positional disorder of
these molecules and thus, are not discussed here.

A representation of the structure of 2·2MeCN is given in
Figure 4. The structure of 2·2MeCN is very similar to that of
(1·2.5H2O)∞ with the main differences between them being
(i) the type of terminal ligands [4H2O for (1·2.5H2O)∞; 2
py, one MeCN and one H2O for 2·2MeCN] (ii) the type
of carboxylate groups (acetate for (1·2.5H2O)∞; benzoate
for 2·2MeCN) and (iii) their dimensionality [(1·2.5H2O)∞
is a coordination polymer, whereas 2·2MeCN is a discrete
metal cluster]. Regarding point (iii) we note that exami-
nation of the packing of 2·2MeCN revealed the existence
of intermolecular hydrogen bonding interactions (O· · ·O
distances 2.792(4) and 2.809(4) Å) involving the terminal
H2O molecule and two Obenzoate atoms of two neighboring
Mn6 molecules resulting in the formation of a dimeric
(2·2MeCN)2 aggregate.

The Mn6 unit that appears in (1·2.5H2O)∞ and
2·2MeCN, that is, the cluster [Mn6O2(O2CR)10(L)2(L′)
(L′′)] (R = Me, L = L′ = L′′ = H2O, 1; R = Ph, L = py, L′

= H2O, L′′ = MeCN, 2), has a structural motif found in
several hexanuclear Mn clusters and coordination polymers
[9, 12–16]. For example, we have recently reported the
discrete cluster [Mn6O2(O2CPh)10(4hmpH)3(MeCN)]
containing the [Mn4

IIMn2
III(μ4-O)2]10+ core and also

three terminal 4hmpH groups linked through their
Npyridine atom and a MeCN molecule [12]. In addition,
compound (1·2.5H2O)∞ is closely related to compound
{[Mn6O2(O2CEt)10(H2O)4]·2EtCO2H}∞ (3·2EtCO2H)∞,
recently published [14]. The main structural differences
between them lie in the type of carboxylate ligands in
these compounds, being acetate groups in (1·2.5H2O)∞
and propionate ligands in (3·2EtCO2H)∞ and also
in the type of the crystallization solvent molecules.
Other related examples to (1·2.5H2O)∞ comprise the
chain polymers [Mn6O2(O2CCMe3)10(thf)2(NIT-Me)]
[Mn6O2(O2CCMe3)10(thf)(CH2Cl2)(NIT-Me)] (thf = tetra-
hydrofuran, NIT-Me = 4,5-dihydro-1H- imidazolyl-3-oxide-1
-oxyl) [15] and [Mn6O2(O2CCMe3)10(HO2CCMe3)2(bpy)]
(bpy = 4,4′-bipyridine) [16].

4. Conclusions

We reported the syntheses and the crystal structures
of compounds (1·2.5H2O)∞ and 2·2MeCN, which are
based on the well-known [Mn6(μ4-O)2]10+ structural core.
Both compounds were prepared serendipitously in our
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Figure 2: Wireframe representation of the zigzag chain of (1)∞ viewed along a-axis. Mn, green; O, red; C, grey. H atoms are omitted for
clarity.

Figure 3: Wireframe representation of the layer formed by interchain hydrogen bonds in (1)∞. The hydrogen bonds are shown as dotted
blue lines. Mn, green; O, red; C, grey. H atoms are omitted for clarity.
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attempt to prepare polymeric species consisting of polynu-
clear Mn clusters linked through 3 hmpH. Compound
(1·2.5H2O)∞features a zigzag chain structure formed by
[Mn6(μ4-O)2(O2CMe)10(H2O)4] clusters linked via bridging
acetate ligands. This compound joins a family of coordina-
tion polymers based on the [Mn6(μ4-O)2]10+ unit, which
numbers only a few members. Furthermore, compound
2·2MeCN represents a new addition in the growing family
of Mn6-benzoate clusters. Further work may involve replace-
ment of the terminal solvent molecules in (1·2.5H2O)∞or
2·2MeCN by various bridging polytopic ligands, in order to
isolate higher dimensionality (2D, 3D) polymers. Multidi-
mensional coordination polymers consisting of oligonuclear
Mn clusters would be potential candidates for various
applications including gas storage and catalysis.

Acknowledgments

The authors thank the Cyprus Research Promotion Foun-
dation (Grant: ΔIΔAKTΩP/ΔIΣEK/0308/22), for financial
support of this research. Crystallographic data in CIF format
have been deposited at the Cambridge Crystallographic
Data Centre with CCDC no. 767225 [(1·2.5H2O)∞] and
767226 (2·2MeCN). Copies of this information can be
obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: +44-1223-336033;
e-mail: deposit@ccdc.cam.ac.uk). This work is dedicated
to Professor Nick Hadjiliadis in recognition of his great
contribution for the advancement of Bioinorganic and
Inorganic Chemistry, both in Greece and internationally, and
for his retirement

References

[1] R. H. Holm, P. Kennepohl, and E. I. Solomon, “Structural and
functional aspects of metal sites in biology,” Chemical Reviews,
vol. 96, no. 7, pp. 2239–2314, 1996.

[2] R. Bagai and G. Christou, “The Drosophila of single-molecule
magnetism: [Mn12O12(O2CR)16(H2O)4],” Chemical Society
Reviews, vol. 38, no. 4, pp. 1011–1026, 2009.

[3] S. Mukhopadhyay, S. K. Mandal, S. Bhaduri, and W. H. Arm-
strong, “Manganese clusters with relevance to photosystem II,”
Chemical Reviews, vol. 104, no. 9, pp. 3981–4026, 2004.

[4] J. Barber, “Photosynthetic energy conversion: natural and
artificial,” Chemical Society Reviews, vol. 38, no. 1, pp. 185–
196, 2009.

[5] A. Mishra, W. Wernsdorfer, K. A. Abboud, and G. Christou,
“The first high oxidation state manganese-calcium cluster:
relevance to the water oxidizing complex of photosynthesis,”
Chemical Communications, no. 1, pp. 54–56, 2005.

[6] W. Ruttinger and G. C. Dismukes, “Synthetic water-oxidation
catalysts for artificial photosynthetic water oxidation,” Chemi-
cal Reviews, vol. 97, no. 1, pp. 1–24, 1997.

[7] R. Brimblecombe, G. F. Swiegers, G. C. Dismukes, and L. Spic-
cia, “Sustained water oxidation photocatalysis by a bioinspired
manganese cluster,” Angewandte Chemie International Edition,
vol. 47, no. 38, pp. 7335–7338, 2008.

[8] A. J. Wu, J. E. Penner-Hahn, and V. L. Pecoraro, “Structural,
spectroscopic, and reactivity models for the manganese cata-
lases,” Chemical Reviews, vol. 104, no. 2, pp. 903–938, 2004.

[9] J. Kim and H. Cho, “Reductive coupling of trinuclear
[MnIIMnIII2 O] core to form hexanuclear [MnII

4 MnIII
2 O2] clus-

ter,” Inorganic Chemistry Communications, vol. 7, no. 1, pp.
122–124, 2004.

[10] C. Benelli, M. Murrie, S. Parsons, and R. E. P. Winpenny,
“Synthesis, structural and magnetic characterisation of a new



Bioinorganic Chemistry and Applications 7

Mn-Gd pivalate: preparation from a pre-formed hexanuclear
cluster,” Dalton Transactions, no. 23, pp. 4125–4126, 1999.

[11] R. Manchanda, G. W. Brudvig, and R. H. Crabtree, “High-
valent oxomanganese clusters: structural and mechanistic
work relevant to the oxygen-evolving center in photosystem
II,” Coordination Chemistry Reviews, vol. 144, pp. 1–38, 1995.

[12] T. C. Stamatatos, D. Foguet-Albiol, S. P. Perlepes, et al.,
“4-(hydroxymethyl)pyridine and pyrimidine in manganese
benzoate chemistry: preparation and characterization of hex-

anuclear clusters featuring the {MnII
4 MnIII

2 (μ4 −O)2}
10+

core,”
Polyhedron, vol. 25, no. 8, pp. 1737–1746, 2006.

[13] A. R. Schake, J. B. Vincent, Q. Li, et al., “Preparation, struc-
ture, and magnetochemistry of hexanuclear manganese oxide
complexes: chemically and thermally induced aggregation of
Mn3O(O2CPh)6(py)2(H2O) forming products containing the
[Mn6O2]10+ core,” Inorganic Chemistry, vol. 28, no. 10, pp.
1915–1923, 1989.

[14] C.-B. Ma, M.-Q. Hu, H. Chen, C.-N. Chen, and Q.-T.
Liu, “Aggregation of hexanuclear, mixed-valence manganese
oxide clusters linked by propionato ligands to form a one-
dimensional polymer [Mn6O2(O2CEt)10(H2O4)]n,” European
Journal of Inorganic Chemistry, no. 33, pp. 5274–5280, 2008.

[15] V. Ovcharenko, E. Fursova, G. Romanenko, and V. Ikorskii,
“Synthesis and structure of heterospin compounds based
on the [Mn6O2piv10]-cluster unit and nitroxide,” Inorganic
Chemistry, vol. 43, no. 11, pp. 3332–3334, 2004.

[16] K. Nakata, H. Miyasaka, K. Sugimoto, T. Ishii, K.-I. Sugiura,
and M. Yamashita, “Construction of a one-dimensional chain
composed of Mn6 clusters and 4,4′-bipyridine linkers: the first
step for creation of “nano-dots-wires”,” Chemistry Letters, no.
7, pp. 658–659, 2002.

[17] J. W. Choi, J. J. Park, M. Park, D. Y. Moon, and M. S.
Lah, “A 2D layered metal-organic framework constructed
by using a hexanuclear manganese metallamacrocycle as a
supramolecular building block,” European Journal of Inorganic
Chemistry, no. 35, pp. 5465–5470, 2008.

[18] J. B. Vincent, H.-R. Chang, K. Folting, J. C. Huffman,
G. Christou, and D. N. Hendrickson, “Preparation and
physical properties of trinuclear oxo-centered manganese
complexes of the general formulation [Mn3O(O2CR)6L3]0,+

(R = Me or Ph; L = a neutral donor group) and
the crystal structures of [Mn3O(O2CMe)6(pyr)3](pyr) and
[Mn3O(O2CPh)6(pyr)2(H2O)] · 0.5MeCN,” Journal of the
American Chemical Society, vol. 109, no. 19, pp. 5703–5711,
1987.

[19] Oxford Diffraction, CrysAlis CCD and CrysAlis RED, Version
1.171.32.15, Oxford Diffraction Ltd, Abingdon, Oxford, UK,
2008.

[20] A. Altomare, G. Cascarano, C. Giacovazzo, et al., “SIR92—a
program for automatic solution of crystal structures by direct
methods,” Journal of Applied Crystallography, vol. 27, p. 435,
1994.

[21] G. M. Sheldrick, SHELXL97-A Program for the Refinement
of Crystal Structure, University of Göttingen, Göttingen,
Germany.

[22] L. J. Farrugia, “WinGX suite for small-molecule single-crystal
crystallography,” Journal of Applied Crystallography, vol. 32,
no. 4, pp. 837–838, 1999.

[23] K. Brandenburg, DIAMOND. Version 3.1d, Crystal Impact
GbR, Bonn, Germany, 2006.

[24] C. F. Macrae, P. R. Edgington, P. McCabe, et al., “Mercury:
visualization and analysis of crystal structures,” Journal of
Applied Crystallography, vol. 39, no. 3, pp. 453–457, 2006.

[25] S. Zartilas, E. E. Moushi, V. Nastopoulos, A. K. Boudalis,
and A. J. Tasiopoulos, “Two new coordination polymers
containing the triangular [Mn3O(O2CR)6]0/+,” Inorganica
Chimica Acta, vol. 361, no. 14-15, pp. 4100–4106, 2008.

[26] X. Bu, N. Zheng, and P. Feng, “Tetrahedral chalcogenide clus-
ters and open frameworks,” Chemistry: A European Journal,
vol. 10, no. 14, pp. 3356–3362, 2004.



Hindawi Publishing Corporation
Bioinorganic Chemistry and Applications
Volume 2010, Article ID 125717, 8 pages
doi:10.1155/2010/125717

Research Article

pH-Potentiometric Investigation towards
Chelating Tendencies of p-Hydroquinone and Phenol
Iminodiacetate Copper(II) Complexes

Marios Stylianou,1 Anastasios D. Keramidas,1 and Chryssoula Drouza2

1 Department of Chemistry, University of Cyprus, 1678 Nicosia, Cyprus
2 Agricultural Production and Biotechnology and Food Science, Cyprus University of Technology, P.O. Box 50329, 3603 Lemesos, Cyprus

Correspondence should be addressed to Chryssoula Drouza, chryssoula.drouza@cut.ac.cy

Received 27 January 2010; Accepted 23 March 2010

Academic Editor: Spyros P. Perlepes

Copyright © 2010 Marios Stylianou et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Copper ions in the active sites of several proteins/enzymes interact with phenols and quinones, and this interaction is associated
to the reactivity of the enzymes. In this study the speciation of the Cu2+ with iminodiacetic phenolate/hydroquinonate ligands
has been examined by pH-potentiometry. The results reveal that the iminodiacetic phenol ligand forms mononuclear complexes
with Cu2+ at acidic and alkaline pHs, and a binuclear Ophenolate-bridged complex at pH range from 7 to 8.5. The binucleating
hydroquinone ligand forms only 2 : 1 metal to ligand complexes in solution. The pK values of the protonation of the phenolate
oxygen of the two ligands are reduced about 2 units after complexation with the metal ion and are close to the pK values for the
copper-interacting tyrosine phenol oxygen in copper enzymes.

1. Introduction

Copper ions in the active sites of proteins/enzymes mediate a
broad scope of chemical processes including electron trans-
fer, dioxygen uptake, storage, and transport and catalytic
conversions [1]. When surveying the known copper enzymes
and their functions, it is striking that their reactivity is typ-
ically linked to dioxygen or compounds directly synthesized
from O2-like phenols and quinones [2–7].

For example, copper proteins are involved in reversible
dioxygen binding in hemocyanin [8], two-electron reduction
to peroxide coupled to oxidation of substrates in amine
and galactose oxidases [9], biogenesis of novel metalloen-
zyme cofactors (e.g., topaquinone in amine oxidases) [10],
activation of hydroxylation in tyrosinase [11], and proton
pumping in cytochrome c oxidase [12].

Detailed study of the solid and solution chemistry of
Cu2+ phenolate/hydroquinonate complexes is essential for
better understanding of the coordination of the metal ion in
the enzymes and the mechanisms of the enzymatic catalysis.
Derivatives of phenol or hydroquinone containing nitrogen

[13–22] as donor atoms are the vast majority of the ligands
used to model the active site of the copper enzymes. Despite
the importance of phenolate/hydroquinonate chelating lig-
ands as models of copper enzymes, ligands with other than
nitrogen donor atoms such as aminocarboxylate derivatives
of phenols, have been much less studied. These ligands
exhibit very attractive features for modelling metal enzymes,
such as the highly solubility in aqueous solution, forming
stable complexes with metal ions and the similarity of the
donor groups to those in biological systems. In addition,
the one-electron oxidized p-semiquinone radical of the lig-
and 2,5-bis[N,N-bis(carboxymethyl)aminomethyl] hydro-
quinone (H6bicah) has been stabilized in aqueous solution
by ligation to metal ions [23] and thus serves as model for
the enzymes that operate via a p-semiquinone radical, acting
in one-electron transfer reactions, including cytochrome c
and copper amine oxidases. In previous pH-potentiometric
studies [24] of Cu2+ with the phenol iminodiacetate ligand
HBIDA (Scheme 1) the equilibrium calculations have been
performed assuming that all the species of Cu2+ with HBIDA
in solution at various pHs are mononuclear 1 : 1 and 1 : 2
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metal to ligand complexes. A recent detailed crystallographic
study [25] of the Cu2+-phenol iminodiacetate H4cacp, H4cah
and H6bicah (Scheme 1) complexes isolated at a pH range
2.0–9.0 has shown that binuclear Ophenolate-bridged Cu2+

complexes (Scheme 2) are also present in solution. It is
apparent that previous pH-potentiometric studies of these
systems should be repeated including also the dinuclear
species in the calculations.

Herein, we describe the pH-potentiometric studies of
Cu2+ with the iminodiacetate phenolate tripod ligands
H4cacp and H6bicah. In contrast to H4cacp, H6bicah
exhibits two metal ion binding sites bridged through the
hydroquinone moiety. The potentiometric study showed that
only the H4cacp ligand forms in solution Ophenolate-bridged
binuclear complexes, which is also in agreement with the
previous crystallographic study [25]. The pK values of the
protonation of the phenolate oxygen of the two ligands
reduced about 2 units after complexation with the metal ion
are close to the pK values for the copper-interacting tyrosine
phenol oxygen in copper enzymes, such as glyoxal oxidase
[26].

2. Experimental Section

2.1. Materials. Copper(II) acetate monohydrate, p-hydro-
quinone, 4-hydroxybenzoic acid, iminodiacetic acid, para-
formaldehyde, potassium chloride, and potassium hydrogen
phthalate were obtained from Aldrich. Sodium hydroxide
and hydrogen chloride were purchased from Merck. All
chemicals were reagent grade and used without further
purification.

2.2. Ligand Preparation. The ligands referred to this study
2,5-bis[N,N ′-bis(carboxymethyl)aminomethyl]-hydroquin-
one (H6bicah) and 2-[N,N ′-bis(carboxymethyl)amino-
methyl]-4-carboxyphenol (H4cacp) were synthesized based
on the Mannich type reaction reported in the literature
[27, 28]. The synthesis of the organic ligands (Scheme 1)
was performed under inert nitrogen atmosphere and
their purity was checked and confirmed by means of 1H-
NMR spectroscopy. 1H-NMR spectra were recorded on a
300.13 MHz Avance Brucker spectrometer.

2.3. Potentiometric Studies and Computational Data Analysis.
The potentiometric equilibrium measurements of H4cacp
and H6bicah ligands in the absence and in the presence
of metal ions were carried out with a JENWAY 3020 pH
meter fitted with an Ag-AgCl reference electrode in satu-
rated KCl solution. A glass electrode was calibrated as a
hydrogen concentration probe by titrating known amounts
of HCl with CO2-free NaOH solution, and the equivalence
point was determined by Gran’s method which yields the
standard potential E◦ of the electrode, using the GLEE
computational program [29]. The actual concentration
of NaOH (0.157 mol dm−3) was standardized by titration
with potassium hydrogen phthalate, and the HCl solution
(0.111 mol dm−3) was standardized by titration of the stan-
dard NaOH solution. The temperature was maintained at

298 K and the ionic strength of each experimental sample
was adjusted to 0.100 mol dm−3 with the addition of KCl-
supporting electrolyte. Typical concentrations of experimen-
tal solutions were 5.00 mmol dm−3 in ligand with molar
concentration of copper (II) ion half, equivalent, and twice
to that of the ligand. Degassed distilled water was used for
the preparation of the solutions and the oxygen and carbon
dioxide contamination of the reaction mixtures from the
atmosphere was avoided by continuous passing of purified
nitrogen gas in the reaction cell.

The proton association constants of H4cacp and H6bicah
ligands and the formation constants of 1 : 1 (H4cacp : Cu2+)
and 1 : 2 (H6bicah : 2Cu2+) metal-ligand systems were
obtained using the program TIRMET which is a computa-
tional program based on mass-balance and charge-balance
equations, written in our laboratory according to the basic
principles first reported by Martell and Motekaitis [30, 31].
In this program the input consists of the components and
their concentrations, the initial values of the equilibrium
constants for each species considered to be present, the
potentiometric equilibrium data determined experimentally,
and conditions of the potentiometric experimental proce-
dure (E◦, pKw = 13.78 at 298 K, γ = 0.78). The program sets
up simultaneous mass-balance equations for all components
at each neutralization value involving the concentration of
acid added to the assay and solves for each species present
in the pH region 2.00–10.0. Then, equilibrium constants
are varied in order to minimize the differences between the
calculated and observed values, resulting in the fitting of the
calculated results to the experimental curves. The concen-
tration stability constants, βpqr = [MpLqHr]/[M]p[L]q[H]r ,
were considered to be estimated according to the model
proposed by the computational program PSEQUAD [32].
The species considered present in the assays are those
expected to be formed according to established principles of
coordination chemistry including the formation of deproto-
nated and protonated metal chelates, respectively [24, 33–
35]. All potentiometric titrations were performed three times
for each system (about 100 data points each) in the pH range
2.00–10.0 without significant variation.

3. Results and Discussion

3.1. Ligands. Potentiometric titrations of phenol (H4cacp)
and p-hydroquinone (H6bicah) iminodiacetate derivatives
indicate stepwise protonation steps arising from their
characteristic functional groups, amine, carboxylates, and
phenolate, in the measurable pH range. The protonation
constants (overall stability protonation constants log β) are
listed in Tables 1 and 2, respectively, and their distribution
speciation diagrams are illustrated in Figure 1.

The pH-metric titration curve of H4cacp indicates three
major protonation steps due to the phenolate or the benzoic-
carboxylate oxygen group, the carboxylate oxygen group,
and the amino group with pKa values 8.47, 4.84, and 2.42,
respectively (Table 1). The low pKa (2.42) value attributed
to the amine nitrogen atom demonstrates intramolecular
hydrogen bonding between the deprotonated amino group
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Figure 1: Species distribution (% formation) for the phenol (a) and
p-hydroquinone (b) iminodiacetate ligands as a function of pH over
the range 2.00–10.0 at molar concentration 5.00 mmol dm−3 (25◦C,
I = 0.10 mol dm−3 KCl, pKw = 13.78, and γ = 0.78).

Table 1: Compositions, overall stability formation constants (log
β), and acidity constants (pKa) for the species formed inH4cacp and
Cu(II)-H4cacp system, over the pH range 2.00–10.0 thus obtained
from the potentiometric study (25◦C, I = 0.10mol dm−3 KCl,
pKw = 13.78, and γ = 0.78).

(p, q, r) Species log β pKa

(0, 1, 1) [H2cacp]2− 8.40± 0.01 8.47a

(0, 1, 2) [H3cacp]− 13.18± 0.04 4.84b

(0, 1, 3) [H4cacp] 15.56± 0.02 2.42c

(1, 1, −1) [Cu(Hcacp)(OH)]2− 8.17± 0.01

(2, 2, 0) [Cu2(Hcacp)2]2− 11.26± 0.02

(1, 1, 0) [Cu(Hcacp)(H2O)]− 14.58± 0.02

(1, 2, 2) [Cu(H2cacp)2]2− 17.62± 0.02

(1, 1, 1) [Cu(H2cacp)(H2O)] 22.94± 0.01
aPhenolate or aromatic carboxylate oxygen group, bcarboxylate oxygen
group, camine nitrogen group.

and the phenolic hydrogen. Such bonding stabilizes the
deprotonated form of the nitrogen and thus facilitates loss
of the hydrogen ion as shown by the lower pKa value which

is similar to that found for an analogue ligand [N-(o-
hydroxybenzyl)iminodiacetic acid] [24](HBIDA, Scheme 1)
(2.34) while for the nonphenolic, iminodiacetic acid (ida) the
corresponded value is 2.94 [33]

The pH-metric titration of the symmetric bis-substituted
iminodiacetate p-hydroquinone derivative H6bicah gave two
steps each one corresponding to two successive protonation
of the two phenolate oxygens and the two carboxylate groups
with pKa values 8.47 and 7.26, respectively (Table 2). It
was not possible to determine the pKa value for the amine
nitrogen group because this value was very low.

3.2. Cu(II)-H4cacp. The Cu(II)-H4cacp titration curves were
evaluated on the assumption of the formation of various
1 : 1, 1 : 2 and 2 : 1 metal to ligand species with different
protonation steps. The extensive crystallographic study of the
isolated complexes from solutions of Cu(II)-H4cacp at vari-
ous pHs reported by Stylianou et al. [25] was also used for
the better suggestion of the species in solution (Scheme 2).
The best fit with the experimental data (Figure 2(a)) was
obtained with the speciation model listed in Table 1. Species
distribution curves for the complexes formed in the Cu(II)-
H4cacp system as a function of pH are depicted in Figure 3.

Cu(II) ion forms with H4cacp three major mononuclear
species, the protonated [Cu(H2cacp)(H2O)] at pH below
5.0, the deprotonated [Cu(Hcacp)(H2O)]− at pH between
5.0 and 6.5 the mono-hydroxo species [Cu(Hcacp)(OH)]2−

at pH above 9.0 and a minor 1 : 2 metal to ligand
[Cu(H2cacp)2]2− species at pH 5.

The process from the deprotonated mononuclear species
to the protonated one, which corresponds to the consump-
tion of one H+ per molecule of complex equation (1), is
accompanied by a color change from green to blue attributed
to the protonation of the phenolic oxygen. The protonation
of the phenolic oxygen will result in weakening or non-
bonding of the Cu–OH(phenol) bond which is in agreement
with the color change (the mononuclear nonphenolic amino
acetate complexes of Cu2+ at acidic pHs exhibit blue color).
The crystallographic data of the complex isolated at pH 3.2
[25] confirm the weak interaction between the protonated
phenol oxygen atom and the metal ion [Cu–OH(phenol),
2.529(2) Å]:

OH

Cu Cu

O− +H+

(1)

The estimated pKa involved in this protonation step is
5.22 ± 0.02 and is comparable to that calculated by UV-
vis spectroscopic studies and was found to be 5.91 ± 0.05
[25]. The overall stability formation constants of complexes
[Cu(Hcacp)−] and [Cu(H2cacp)(H2O)] are greater than
those of the iminodiacetate copper (II) complexes [Cu(ida)]
(log β 10.42) and [Cu(H)(ida)] (log β 12.35) [33]. The
higher stability is ascribable to the coordination of the
phenolate oxygen atom. This is also supported by the X-ray
crystallographic studies which show that the deprotonated
form, even at low pHs, strongly interacts with the metal ion.
In addition, the planar configuration of the phenyl ring fixes
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Figure 2: Potentiometric titrations for the Cu(II)-H4cacp (1 : 1) and Cu(II)-H6bicah (2 : 1) systems (a) and (b), respectively) as a function of
pH over the range 2.00–10.0 at molar concentration 2.50 mmol dm−3 based on ligand (25◦C, I = 0.10 mol dm−3 KCl, pKw = 13.78, γ = 0.78,
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Figure 3: Species distribution (% formation relative to Cu2+)
in the Cu(II)-H4cacp system at equimolar concentration
(5.00 mmol dm−3) as a function of pH over the range 2.00–
10.0 (25◦C, I = 0.10 mol dm−3 KCl, pKw = 13.78, γ = 0.78).
The Cu(II) species are as follows: (a) [Cu(H2cacp)(H2O)], (b)
[Cu(H2cacp)2]2−, (c) [Cu(Hcacp)(H2O)]−, (d) [Cu2(Hcacp)2]2−,
and (e) [Cu(Hcacp)(OH)]2−.

the orientation of the flexible carboxylate groups in positions
favorable to chelating, especially in the case of the copper(II)
ion which forms stable complexes in an octahedral/or square
pyramidal coordination geometry pattern [36].

One very significant result of this potentiometric
titration study is the detection of the dimeric species
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Figure 4: Species distribution (% formation relative to Cu2+)
in the Cu(II)-H6bicah system with metal-to-ligand molar ratio
1 : 2 concentration (H6bicah 5.00 mmol dm−3) as a function of
pH over the range 2.00–10.0 (25◦C, I = 0.10 mol dm−3 KCl,
pKw = 13.78, and γ = 0.78). The Cu(II) species are as
follows: (a) [Cu2(H2bicah)(H2O)2], (b) [Cu2(Hbicah)(H2O)2]−,
(c) [Cu2(bicah)(H2O)2]2−, (d) [Cu2(bicah)(OH)(H2O)]3−, and (e)
[Cu2(bicah)(OH)2]4−.

[Cu2(Hcacp)2]2−. Previous potentiometric studies have pos-
tulated that the dimeric complexes are not favored in solu-
tion because of steric effects and electrostatic destabilization
which do not allow a dimerization process [35]. Harris et
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Table 2: Compositions, overall stability formation constants
(log β), and acidity constants (pKa) for the species formed in
H6bicah and Cu(II)-H6bicah system, over the pH range 2.00–
10.0 thus obtained from the potentiometric study (25◦C, I =
0.10 mol dm−3 KCl, pKw = 13.78, and γ = 0.78).

(p, q, r) Species log β pKa

(0, 1, 0) [H2bicah]4− 8.41± 0.02 8.47a

(0, 1, 2) [H4bicah]2− 13.40± 0.01 7.26b

(2, 1, −2) [Cu2(bicah)(OH)2]4− 11.57± 0.15

(2, 1, −1) [Cu2(bicah)(H2O)(OH)]3− 15.72± 0.11

(2, 1, 0) [Cu2(bicah)(H2O)2]2− 32.90± 0.16

(2, 1, 1) [Cu2(Hbicah)(H2O)2]− 39.33± 0.16

(2, 1, 2) [Cu2(H2bicah)(H2O)2] 45.52± 0.12
a Phenolate oxygen group, b carboxylate oxygen group.

al. had suggested the formation of a mononuclear phenolate
complex of Cu2+ and the phenol iminodiacetate ligand
HBIDA at pH above 6.0 (Scheme 1), but they have not
mentioned the possibility of dimeric binuclear species in
solution [24]. However, recently Stylianou et al. [25] have
isolated and crystallographically characterized the dimeric
species [Cu2(Hcacp)2]2− from aqueous solution at alkaline
pHs 8.0-9.0, indicating that such species are present in solu-
tion. In this complex the two Cu2+are bridged through the
deprotonated phenolate oxygen (Scheme 2). The speciation
diagram of Cu(II)-H4cacp system in Figure 3 shows that
[Cu2(Hcacp)2]2− is the major complex at pH range 7.0–
8.5 reaching a maximum of 20% of the total metal ion
concentration at pH 8.0 and an overall stability formation
constant 11.26± 0.02 equation (2).

OH

Cu
Cu

Cu
2 −O O− +2H+

(2)

3.3. Cu(II)-H6bicah. The Cu(II)-H6bicah titration curves
were evaluated on the assumption of the formation of
various 1 : 1 and 2 : 1 metal chelates with different proto-
nation steps. The best fit between the simulated curves
and the experimental data (Figure 2(b)) was obtained by
the speciation model listed in Table 2. Species distribution
curves for the complexes formed in the Cu(II)-H6bicah
system as a function of pH are depicted in Figure 4. In
contrast to H4cacp, H6bicah exhibits two metal binding
sites, thus, the ligand may ligate up to two metal ions. The
potentiometric study shows that the 1 : 1 species are unstable
and the equilibrium is favoured only to the formation of
2 : 1 metal to ligand complexes. In addition, the binucleating
ligand, H6bicah, exhibits larger steric hindrance than H4cacp
and thus does not form Ophenolate-bridged complexes with
Cu2+ in solution or in solid state. At pH above 9.5 the
di- and mono-hydroxo complexes [Cu2(bicah)(OH)2]4−

and [Cu2(bicah)(OH)(H2O)]3− are the major species with
stability formation constants 11.57 ± 0.15 and 15.72 ± 0.11,
respectively. The brown [Cu2(bicah)(H2O)2]2− is the major

species between pH 7.0 and 9.5 and the green monoproto-
nated [Cu2(Hbicah)(H2O)2]− at pH range 5.0 to 7.0. The
second phenol is protonated at pH below 5.0 resulting in
the formation of the blue neutral [Cu2(H2bicah)(H2O)2]
which has been previously characterized by single crystal X-
ray crystallography (Scheme 2) [25]. The two pKavalues for
the two equilibriums of the stepwise protonation of the two
phenolate oxygen atoms equation (3) have been calculated as
5.89 ± 0.10 and 6.43 ± 0.10 for pKa1 and pKa2, respectively.
These values are close to the values 6.25±0.08 and 7.19±0.08
for pKa1 and pKa2, respectively, found by spectrophotometric
studies [25]. These differences are observed because the
model used for the calculations in the spectrophotometric
studies was incomplete (only the equilibriums in (3) were
taken into account):

HO OH

OH

Cu

Cu

Cu

Cu

Cu

Cu

O OO

−H+

+H+

−H+

+H+

− 2−
pKa1

pKa2

(3)

The fact that there is almost 0.5 pK unit difference
between the two deprotonation steps indicates that the
electronic interaction between the two metal centres through
the hydroquinone bridge is significant.

A comparison between the overall stability constants of
the two ligands in this study shows that the bifunctional
ligand H6bicah forms more stable complexes than H4cacp
in solution. This extra stabilization is attributed to the
larger increase of entropy expected for the formation of
the binuclear Cu2+-H6bicah complexes compared to the
mononuclear Cu2+-H4cacp.

4. Conclusions

The speciation of Cu2+ with the iminodiacetic phe-
nol/hydroquinone ligands H4cacp/H6bicah in aqueous solu-
tion was investigated by pH-potentiometry. Ligand H4cacp,
at pH below 5.0 forms with Cu2+ the mononuclear 1 : 1
and 1 : 2 complexes. At higher pH the phenol proton is
deprotonated and at pH range 5.0–7.0 the major species
is the mononuclear 1 : 1 complex. However at pH 7.0-8.0
the formation of a binuclear complex takes place and it is
attributed to a Ophenolate-bridged complex. The binucleating
ligand H6bicah forms only 2 : 1 metal to ligand complexes
in the pH range 2.0 to 9.0. The major species are the
complete phenol protonated complex at pH below 4.5, the
monoprotonated at pH range 4.5 to 7.0, and the complete
phenol deprotonated species between pHs 7.0 and 9.0. The
H6bicah did not form binuclear Ophenolate-bridged complex
in solution probably due to steric hindrance originated from
the binucleating nature of the ligand. On the other hand, this
solution study shows that binuclear Ophenolate-bridged species
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must also be considered in speciation studies of Cu2+ ions
with mononucleating phenolate ligands such as H4cacp.
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The synthesis, NMR characterization, and X-ray crystallography of “lantern-shaped” platinum(III) complexes with four
pivaloamidate bridging ligands and two 9-ethylguanines (9-EtG) or 1-methylcytosines (1-MeC) in axial positions are reported:
cis-N2O2-[Pt2{HN=C(But)O}4(9-EtG)2](NO3)2 and cis-N2O2-[Pt2{HN=C(But)O}4(1-MeC)2](NO3)2. The last complex is, to the
best of our knowledge, the first dinuclear compound of platinum(III) with axially bound 1-MeC.

1. Introduction

The interest in dinuclear platinum(III) complexes is steadily
increasing because of their very interesting chemical proper-
ties. They contain a metal-metal single bond which is gener-
ally supported by two or four bridging ligands (the latter gen-
erally indicated as “lantern shaped” complexes) ([1–3] and
references therein). Only few exceptions with three bridging
ligands [4], or unsupported by covalent bridges [5, 6], have
been so far reported. Usually the bridging ligands form five-
member rings comprising the two platinum centers and a set
of three atoms providing a suitable bite, for example, NCO
[6–23] (including pyrimidine nucleobases), NCS, NCN, SCS,
OXO (X = C, S, P), or PXP (X = O, C) [24–29]. Some of these
dinuclear platinum(III) complexes have antitumor activity
[30–32] or have shown to act as catalysts for the oxidation of
olefins [2, 33, 34]. Dinuclear platinum(III) complexes have
equatorial and axial ligands [35]; these latter are invariably
more weakly bound, due to the strong trans labilizing
influence exerted by the intermetallic bond [5, 22]. In
previous works we have reported the synthesis and structural
characterization of “lantern-shaped” platinum(III) com-
plexes with acetamidate and pivaloamidate (HN=C(R)O−,
R = Me or But) bridging ligands and chloride, phosphine
or water axial ligands [22, 23]. We have now extended the

investigation to the case of axial ligands being purine and
pyrimidine nucleobases. In this paper we report the syn-
thesis and NMR characterization of pivaloamidate “lantern-
shaped” platinum(III) complexes with 9-ethylguanine (9-
EtG) and 1-methylcytosine (1-MeC). The two com-
plexes, cis-N2O2-[Pt2{HN=C(But)O}4(9-EtG)2](NO3)2 and
cis-N2O2-[Pt2{HN=C(But)O}4(1-MeC)2](NO3)2, have also
been characterized by X-ray crystallography.

2. Experimental

Physical Measurements. Elemental analyses were obtained
with an Elemental Analyzer mod. 1106 Carlo Erba instru-
ment. 1H, 13C, and 195Pt NMR spectra were recorded with a
DPX 300 Avance Bruker instrument. 1H and 13C chemical
shifts are referenced to TMS and 195Pt chemical shifts to
K2PtCl4 (1 M in water, δ = −1614 ppm).

2.1. Synthesis

2.1.1. Starting Materials. Reagent grade chemicals were used
as received. cis-N2O2-[Pt2{HN=C(But)O}4(NO3)2] was pre-
pared as already described in a previous work [23].
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2.1.2. cis-N2O2-[Pt2{HN=C(But)O}4(9-EtG)2](NO3)2 (1).
cis-N2O2-[Pt2{HN=C(But)O}4(NO3)2] (50.4 mg, 0.055
mmol) and 9-EtG (20.0 mg, 0.11 mmol) were dissolved in
methanol (40 mL) and the reaction solution stirred at 25 ◦C
for 6 hours. The solution was then taken to dryness under
reduced pressure and the obtained solid was triturated with
chloroform in order to remove unreacted reagents. The
suspension was centrifuged and the solid was separated
from the solution and dried in a stream of dry air. Anal.
calc. for C34H58N16O12Pt2·CHCl3·CH3OH: C, 30.35; H,
4.46; N, 15.73. Found: C, 30.87; H, 4.60; N, 16.18. 1H-NMR
(CD3OD, ppm): 8.20 (s, H8), 4.31 (q, CH2), 1.52 (t, CH3),
and 1.22 (s, But). The compound was obtained in crystalline
form (green crystals) from a methanol solution layered
under tetrahydrofurane (THF).

2.1.3. cis-N2O2-[Pt2{HN=C(But)O}4(1-MeC)2](NO3)2 (2).
cis-N2O2-[Pt2{HN=C(But)O}4(NO3)2] (129.0 mg, 0.14
mmol) and 1-MeC (35.3 mg, 0.28 mmol) were dissolved
in methanol (30 mL). The reaction mixture was stirred at
25 ◦C for 6 hours. The green solution was taken to dryness
under reduced pressure and the solid dried in a stream of
dry air. Anal. calc. for C30H54N12O12Pt2·H2O·CH3OH: C,
30.64; H, 4.98; N, 13.83. Found: C, 30.64; H, 4.65; N, 13.81.
1H-NMR (CD3OD, ppm): 7.83 (d, H6), 5.95 (d, H5), 3.45
(s, CH3), and 1.23 (s, But). The compound was obtained in
crystalline form (yellow crystals) from an ethanol solution
layered under 1,4-dioxane.

2.2. X-Ray Crystallography. Selected crystals of compounds 1
and 2 were mounted on a Bruker AXS X8 APEX CCD system
equipped with a four-circle Kappa goniometer and a 4K CCD
detector (radiation MoKα). For data reduction and unit cell
refinement the SAINT-IRIX package was employed [36].

For compound 1, that crystallizes from CH3OH/tetrahy-
drofurane incorporating a molecule of tetrahydrofurane
per molecule of compound (1·C4H8O), a total of 42660
reflections (Θmax = 25.18◦) were collected. For com-
pound 2, that crystallizes from CH3CH2OH/1,4-dioxane
incorporating two molecules of 1,4-dioxane per molecule
of compound (2·2C4H8O2), a total of 43490 reflections
(Θmax = 34.11◦) were collected. All reflections were
indexed, integrated, and corrected for Lorentz, polarization,
and absorption effects using the program SADABS [37].

The unit cell dimensions were calculated from all reflec-
tions and the structures were solved using direct methods
technique in the P 21/c space group.

The model was refined by full-matrix least-square meth-
ods. All non-hydrogen atoms were refined anisotropically,
except for atoms of tert-butyl group (disordered in the
case of 2) and of solvent of crystallization (disordered
tetrahydrofurane for 1 and disordered 1,4-dioxane for 2) that
required isotropic treatment in order to maintain satisfactory
thermal displacement parameters.

In the case of complex 1, the hydrogen atoms were
located by Fourier difference and refined isotropically except
for the hydrogen atoms of the tert-butyl groups that were
placed at calculated positions and refined given isotropic

parameters equal to 1.5 times the U(eq) of the atom to which
they are bound.

In the case of complex 2, all hydrogen atoms were placed
at calculated positions and refined given isotropic parameters
equivalent to 1.5 (methyl groups) or 1.2 (other groups) times
those of the atom to which they are attached.

All calculations and molecular graphics were carried out
using SIR2002 [38], SHELXL97 [39], PARST97 [40, 41],
WinGX [42], and ORTEP-3 for Windows packages [43].
Details of the crystal data are listed in Table 1. Selected bond
lengths and angles are listed in Table 2.

CCDC-762181 (1) and CCDC-762182 (2) are avail-
able. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk.

3. Results and Discussion

3.1. Synthesis and Characterization. 9-EtG and 1-MeC both
react with lantern shaped [Pt2{HN=C(But)O}4(NO3)2]
(which has a cis-N2O2 configuration on both platinum
subunits), in methanol, giving, respectively, compounds
1 and 2 in almost quantitative yields. The new formed
complexes exhibit single 195Pt NMR signals (−69.8 and
28.2 ppm for 1 and 2, respectively, solvent CD3OD + 10%
H2O), which are indicative of dinuclear Pt(III) species with
symmetrical capping of the axial sites (the precursor com-
plex, [Pt2{HN=C(But)O}4(NO3)2], resonates at −4.41 ppm
in CD3OD). The 1H-NMR spectrum in CD3OD + 10%
H2O of complex 1 exhibits a single set of signals for 9-EtG
with frequencies at 11.32, 8.17, 6.71, 4.29, and 1.51 ppm
assigned, respectively, to NH, H(8), NH2, CH2, and CH3

protons (corresponding signals of free 9-EtG fall at 10.85,
7.78, 6.30, 4.07, and 1.40 ppm, respectively). The 0.40 ppm
downfield shift of the 9-EtG H8 proton suggests that the
coordination occurs through N7. One set of signals is also
observed for the pivaloamidate ligands with resonance peaks
at 8.66 and 1.23 ppm assigned, respectively, to NH and tert-
butyl protons (the corresponding protons in the precursor
complex [Pt2{HN=C(But)O}4(NO3)2] resonate at 7.54 and
1.22 ppm, respectively). The deshielding of about 1 ppm
observed for the amidic protons of the pivaloamidate ligands
may be attributed to the interaction with the guanine base in
apical position (see following discussion).

The 1H-NMR spectrum of compound 2 in CD3OD
+ 10% H2O exhibits one set of signals for 1-MeC with
resonance peaks at 8.82 and 6.82 (these first two peaks
exhibiting a strong exchange peak in the 2D NOESY
experiment), 7.83, 5.95, and 3.45 ppm assigned, respectively,
to the two unequivalent aminic protons and to H(6), H(5),
and methyl group (corresponding signals of free 1-MeC
fall at 7.18 (broad singlet), 7.55, 5.85, and 3.35 ppm). The
unequivalence of the aminic protons in coordinated 1-MeC
is due to the partial double bond character of the C4–N4
linkage, which is reinforced by the metal coordination to
N3 [44, 45]. The average deshielding of the aminic protons
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Table 1: Crystal data and structure refinement parameters for [Pt2{HN=C(But)O}4(9-EtG)2](NO3)2·tetrahydrofurane (1·C4H8O) and
[Pt2{HN=C(But)O}4(1-MeC)2](NO3)2·2(1,4-dioxane) (2·2C4H8O2).

Crystal 1·C4H8O 2·2C4H8O2

Empirical formula C38H66N16O13Pt2 C38H70N12O16Pt2

Formula weight 1345.24 1341.24

Temperature (K) 293(2) 293(2)

Wavelength (Å) 0.71073 0.71073

Crystal system monoclinic monoclinic

Space group P 21/c P 21/c

a (Å) 9.7776(3) 10.6566(5)

b (Å) 14.8367(5) 15.8137(6)

c (Å) 18.8734(7) 15.5868(6)

β(◦) 98.54(1) 102.51(1)

Volume (Å3) 2707.5(2) 2564.5(3)

Z 2 2

Density (calculated) (Mg/m3) 1.650 1.737

Absorption coefficient (mm−1) 5.231 5.524

F(000) 1332 1332

Crystal size (mm3) 0.300× 0.150× 0.080 0.240× 0.210× 0.075

θ range for data collection (◦) 1.75 to 25.18 2.34 to 34.11

Index ranges −11 ≤ h ≤ 11,−17 ≤ k ≤ 17,−22 ≤ l ≤ 22 −16 ≤ h ≤ 16,−24 ≤ k ≤ 24,−23 ≤ l ≤ 23

Reflections collected 42660 43490

Independent reflections 4843 [R(int) = 0.0917] 10083 [R(int) = 0.0639]

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 4843/0/301 10083/0/291

Goodness-of-fit on F2 1.046 1.003

Final R indices [I > 2σ(I)] R1 = 0.0398, wR2 = 0.0906 R1 = 0.0469, wR2 = 0.1117

R indices (all data) R1 = 0.0614, wR2 = 0.1014 R1 = 0.0968, wR2 = 0.1390

Largest diff. peak and hole (e Å−3) 1.372 and −0.751 2.571 and −0.766

of 1-MeC, as a consequence of coordination to platinum,
is 0.64 ppm. However, while one proton, presumably that
pointing towards platinum, undergoes a very large deshield-
ing (1.64 ppm), the other proton undergoes a slight upfield
shift (0.36 ppm). The pivaloamidate ligands exhibit one
signal for the iminic proton at 8.05 ppm and one signal for
the tert-butyl groups at 1.23 ppm. The cross peak between
the signals at 8.05 and 1.23 ppm, observed in the 2D NOESY
spectrum, supports this assignment. Coordination of 1-MeC
in apical position causes a deshielding of the amidic protons
of the pivaloamidate ligands which is less than half that
observed for coordination of 9-EtG (0.51 as compared to
1.12 ppm).

3.2. X-Ray Diffraction Analysis

3.2.1. [Pt2{HN=C(But)O}4(9-EtG)2](NO3)2 (1). Complex 1
crystallizes incorporating one molecule of THF per molecule
of complex. The asymmetric unit comprises half molecule
of complex and half molecule of THF and the structure is
generated by inversion at the midpoint of the Pt–Pt bond
(Figure 1). Each platinum(III) atom has distorted octahedral

geometry with the N7 of 9-EtG and the second platinum
subunit in axial positions.

The Pt–Pt distance (2.4512(5) Å) is closer to that of
the analogous complex with axial chlorides ([Pt2{HN=
C(But)O}4Cl2], 2.448(2) Å) than to that of the com-
plexes with one or two axial triphenylphosphine ligand(s)
([Pt2{HN=C(But)O}4 (PPh3 )(H2O)](NO3 )2, 2.468(1) Å;
[Pt2{HN=C(But)O}4(PPh3)2](NO3)2, 2.504(1) Å) [22, 23].
Thus the Pt–Pt distance is influenced by the nature of the
axial ligands and an N7-coordinated guanine appears to exert
a trans influence similar to that of a chloride. The platinum
coordination squares are perfectly eclipsed (maximum twist
angle 1.5◦); such a conformation allows the greatest separa-
tion between the platinum atoms. The platinum atoms are
displaced from the equatorial coordination planes by 0.087 Å
towards the axial 9-EtG, such a displacement being a measure
of the strength with which the four bridging ligands pull
together the two metal centers.

The equatorial Pt–N [1.993(7)–1.996(6) Å] and Pt–O
distances [2.019(5)–2.035(5) Å] are in the range of those
reported for doubly and quadruply bridged dinuclear plat-
inum(III) [17, 22, 23, 46], four-coordinate platinum(II), and
six-coordinate platinum(IV) complexes [4].
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Table 2: Bond lengths [Å] and angles [◦] for [Pt2{HN=C(But)O}4 ·
(9-EtG)2](NO3)2·tetrahydrofurane (1·C4H8O) and [Pt2{HN=C(
But)O}4 (1-MeC)2 ](NO3 )2·2(1,4-dioxane) (2· 2C4H8O2).

Crystal 1·C4H8O 2·2C4H8O2

Pt–N1 1.993(7) 1.967(5)

Pt–N2 1.996(6) 1.982(5)

Pt–O2 2.019(5) 2.025(4)

Pt–O1 2.035(5) 2.011(4)

Pt–Pta,b 2.4512(5) 2.4523(4)

Pt–N7g 2.200(5)

Pt–N3c 2.230(5)

N1–Pt–N2 90.6(3) 92.0(2)

N1–Pt–O2 90.4(3) 88.2(2)

N2–Pt–O1 90.4(2) 88.4(2)

O1–Pt–O2 88.1(2) 90.9(2)

N1–Pt–N7g 97.7(2)

N2–Pt–N7g 94.3(2)

O1–Pt–N7g 87.4(2)

O2–Pt–N7g 90.4(2)

Pta–Pt–N7g 177.2(1)

N1–Pt–N3c 95.3(2)

N2–Pt–N3c 95.4(2)

O1–Pt–N3c 89.9(2)

O2–Pt–N3c 89.8(2)

Ptb–Pt–N3c 179.0(1)

Symmetry transformations used to generate equivalent atoms: (a)
−x,−y,−z + 1 for crystal 1·C4H8O and (b) −x,−y,−z for crystal
2·2C4H8O2.

As expected, the axial Pt(III)–N7 bond length (2.200(5) Å
in 1) is longer than those typically seen in 4-coordinate plat-
inum(II) and 6-coordinate platinum(IV) guanine complexes
(∼1.96–2.11 Å) [47–51]. The lengthening can be ascribed
to the strong trans influence exerted by the Pt–Pt bond.
We also notice that the Pt(III)–N7 bond is slightly
longer in 1 than in analogous dinuclear Pt(III) species
(e.g., 2.189(6) Å in ht-cis-[Pt2(NH3)4(1-Mec-N3,N4)2(9-
EtG)2](ClO4)4·5H2O (ht indicates the head-to-tail arrange-
ment of the two bridging 1-MeC ligands) [52], 2.187(6)
and 2.181(7) Å in ht-cis-[Pt2(NH3)4(1-Mec- N3,N4)2(9-
EtG)2](NO3)4·9H2O) [53]. We believe that the longer
Pt(III)–N7 bond observed in 1 can be ascribed to a stronger
trans influence exerted by the Pt–Pt bond, that in 1 is shorter
(2.4511(4) Å) than in the latter two complexes (2.587(1)
and 2.586(1) Å in ht-cis-[Pt2(NH3)2(1-Mec-N3,N4)2(9-
EtG)2](ClO4)4·5H2O [52] and in ht-cis-[Pt2(NH3)4(1-Mec-
N3,N4)2(9-EtG)2](NO3)4·9H2O, respectively) [53].

The guanine is nearly coplanar with a pivaloamidate
(C5g–N7g–Pt–N1 torsion angle of 16.4(7)◦); this allows the
formation of a strong hydrogen bond between the NH of
the amidate ligand and the O6 of guanine (N1· · ·O6g
= 2.80(1) Å, (N1)H1· · ·O6g = 2.07(9) Å, N1–H1· · ·O6g
= 166(9)◦). The resulting seven-member ring motif can
be defined as S(7) by Etter’s graph-set notation [54].

N2g

C2g
N3g

C4g

C9g2

C9g1
N9g

C8g

N7g

C5gO6g

C6g

N1g

N2Pt1

O1O2

N1

Figure 1: View of the [Pt2{HN=C(But)O}4(9-EtG)2]2+ complex
showing the atomic numbering scheme of most important atoms.
Displacement ellipsoids are drawn at 20% probability level.

The orientation of the guanine in 1 is very similar
to that found in the tetrabridged dirhodium(II) com-
plex [Rh2{O=C(CH3)O}2{HN=C(CF3)O}2(9-EtG)2] [55]
also containing a strong H-bond (N· · ·O6g = 2.94(2) Å,
(N1)H1· · ·O6g = 2.20(9) Å, N1–H1· · ·O6g = 158(1)◦).
It appears that a pivaloamidato ligand is as good as the
trifluoroacetamidato ligand in forming such an H-bond.

The crystal packing is mainly governed by two symmet-
rical hydrogen bonds involving N2 and N3 of two adjacent
guanines (N2g· · ·N3gii = 3.07(1) Å, (N2g)H21g· · ·N3gii =
2.22(1) Å, N2g–H21g· · ·N3gii = 175(1)◦; ii = −x+ 1,−y+
1,−z + 1), forming a centrosymmetric eight-member ring.
This ring motif can be defined as R2

2(8) by Etter’s graph-set
notation (Figure 2). These H-bonds allow the formation of
chains of complexes extending, alternatively, parallel to the
(110) and to the (110) directions. The angle between adjacent
chains is 66◦.

Different chains are linked by nitrate anions. The
nitrate anion is anchored to the guanine base through two
strong H-bonds (N1g· · ·O5 = 2.81(1) Å, (N1g)H1g· · ·O5
= 1.99(8) Å, N1g–H1g· · ·O5 = 173(7)◦; N2g· · ·O4 =
2.87(1) Å, (N2g)H22g· · ·O4 = 2.02(8) Å, N2g–H22g· · ·O4
= 171(1)◦) forming an eight-member ring (R2

2(8) according
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Figure 2: View of the H-bonds along the chains of
[Pt2{HN=C(But)O}4(9-EtG)2]2+ complexes.

to Etter’s graph-set notation). The same nitrate anion
forms a third hydrogen bond with the amidic NH of an
adjacent complex (N2i · · ·O3 = 3.18(1) Å, (N2)iH2i · · ·O3
= 2.49(8) Å, N2i–H2i · · ·O3 = 157(8)◦; i = x,−y + 1/2, z−
1/2) with an Etter’s graph-set motif of type D.

The THF solvent molecule is disordered, the oxygen atom
of 50% of the molecules pointing in the direction opposite
to that of the other 50% molecules. As a consequence
THF appears as a flat 1,4-dioxane-type molecule with the
two oxygens having occupancy factor 0.5 and the carbons
occupancy factor 1. The accuracy of the X-ray data is not
allowed to distinguish between carbon atoms belonging to
the differently oriented THF molecules.

3.2.2. [Pt2{HN=C(But)O}4(1-MeC)2](NO3)2 (2). Com-
pound 2 crystallizes incorporating two molecules of
1,4-dioxane per molecule of complex. The asymmetric unit
comprises half molecule of complex and one of dioxane and
the structure is generated by inversion at the midpoint of the
Pt–Pt linkage (Figure 3). Each Pt(III) atom has a distorted
octahedral geometry with the N3 of 1-MeC and the second
platinum subunit in axial positions.

The Pt–Pt distance (2.4523(4) Å) is very similar to the
analogous distance observed in compound 1. As for 1,
the platinum coordination squares are perfectly eclipsed
(maximum twist angle of 0.8◦), and the platinum atoms
are displaced from the equatorial coordination planes by
0.090 Å towards the axial cytosine. Also the equatorial Pt–
N [1.967(5) and 1.982(5) Å] and Pt–O distances [2.011(4)
and 2.025(4) Å] are in the range of those observed in
1 and reported for four-coordinate platinum(II) and six-
coordinate platinum(IV) complexes [4].

As expected, the axial Pt(III)–N3c bond length
(2.230(5) Å) is longer than that observed in 4-coordinate
platinum(II) and 6-coordinate platinum(IV) complexes
with cytosine (∼2.025–2.082 Å) [45, 47, 56–58]. It is to be
noted that the Pt–N3c distance is slightly longer than the
Pt–N7g distance observed in compound 1. The cytosine
plane bisects the angle between two adjacent pivaloamidate
planes forming a C2c–N3c–Pt–N1 torsion angle of 44◦. This
allows the formation of bifurcated hydrogen bonds between
N4 of 1-MeC and the O atoms of two amidate ligands
(N4c· · ·O1 = 2.92(1) Å, (N4c)H41c· · ·O1 = 2.30(1) Å,
N4c–H41c· · ·O1 = 130(1)◦; N4c· · ·O2 = 2.93(1) Å,
(N4c)H41c· · ·O2 = 2.31(1) Å, N4c–H41c· · ·O2 = 130(1)◦)

C1c C6c

C5c

C4c

N3c N4c
C2c

O2c

N1c

Pt1

O1

O2N1

N2

Figure 3: View of the [Pt2{HN=C(But)O}4(1-MeC)2]2+ complex
showing the atomic numbering scheme of most important atoms.
The tert-butyl groups are disordered and can occupy two different
positions; only one position is shown for clarity. Displacement
ellipsoids are drawn at 20% probability level.

[59]. Each nitrate anion (nitrate oxygens O6, O7, and
O8) is anchored to one 1-MeC through a hydrogen bond
(N4c· · ·O8 = 2.85(1) Å, (N4c)H42c· · ·O8 = 2.00(1) Å,
N4c–H42c· · ·O8 = 167(1)◦, Figure 4).

In the crystal packing, complex molecules are located
(with the inversion center) at the four corners and at
the center of face A. The crystal packing is mainly gov-
erned by hydrogen bonds between complexes and 1,4-
dioxane molecules. Each molecule of 1,4-dioxane (1,4-
dioxane oxygens O4 and O5) bridges two adjacent molecules
of complex (N2· · ·O4 = 2.98(1) Å, (N2)H2· · ·O4 =
2.19(1) Å, N2–H2· · ·O4 = 152(1)◦; N1i · · ·O5 = 3.02(1) Å
(N1i)H1i · · ·O5 = 2.25(1) Å, N1i–H1i · · ·O5 = 149(1)◦;
i = −x,−y + 1/2, z − 1/2). In this way each molecule
of complex is surrounded by four molecules of dioxane
connecting the former complex to the four adjacent complex
molecules on face A (Figure 4).

The tert-butyl groups are disordered and each set of
three methyl groups can occupy two different positions, each
position with occupancy factor 0.5. Also the 1,4-dioxane
solvent molecules are disordered. The position is fixed for
the two oxygen atoms while the four carbon atoms can
occupy two different positions each one with occupancy
factor 0.5. In each case the 1,4-dioxane molecule adopts a
chair conformation.
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a
c

b

Figure 4: View of the crystal packing along the a direction for
[Pt2{HN=C(But)O}4(1-MeC)2](NO3)2·2(1,4-dioxane). Since the
tert-butyl groups and the dioxane molecules are disordered, only
one occupation site is shown for clarity.

4. Conclusions

The coordination of 9-EtG and 1-MeC to the axial sites of
quadruply bridged dinuclear species of platinum(III) has
been established. The complexes are stable in solution as
well as in the solid state. Complex 1 is one of the few
examples of dinuclear platinum(III) species with axially
bound guanines, while complex 2 is, to the best of our
knowledge, the first compound of this type (axially bound
1-MeC). The axial Pt–N3 bond in 2 is 0.010 Å longer
than the axial Pt–N7 bond in 1. Since the Pt–Pt core is
very similar in the two cases, we argue that the longer
distance found in 2 is indicative of a weaker binding of
1-MeC as compared to 9-EtG. Previous attempts to bind
1-MeC in the axial positions of a dinuclear platinum(III)
complex, (e.g., cis-[Pt2(NH3)4(1-Mec- N3,N4)2XY]Zn, X
and Y stand for axial ligands of different types and Z
stands for counteranion(s)) have been unsuccessful [52]. In
contrast our dinuclear Pt(III) core, with four pivaloamidate
bridging ligands, readily binds nucleobases, comprising 1-
MeC, forming stable compounds. It is possible that the
presence in the equatorial platinum coordination plane of
groups with good H-bond donor/acceptor properties, and
therefore able to establish additional bonds with the apical
ligands, gives a decisive contribution to the formation of
such complexes. H-bond interaction causes, in the case of
1, a downfield shift of the pivaloamidate amidic proton
by 1.12 ppm and, in the case 2, a downfield shift of one
aminic proton of 1-MeC by 1.64 ppm. In the latter case
the H-bond is bifurcated and the 1-MeC aminic proton,
(N4c)H41c, interacts, simultaneously, with the oxygen atoms
of two cis pivaloamidate ligands. In principle, the 1-MeC
could form, in addition to the H-bond described above,
also an H-bond between the 1-MeC oxygen, O2c, and the
pivaloamidate amidic protons; such an H-bond, however,
does not form or is extremely weak (downfield shift of the

amidic proton of only 0.51 ppm as compared to 1.12 ppm
observed in compound 1). A possible cause of weakness of
the latter H-bond is the dihedral angle of 45◦ between 1-
MeC and pivaloamidate planes; such an angle is optimal
for the bifurcated H-bond involving the aminic group but
is detrimental for a potential H-bond involving the 1-MeC
oxygen. In fact it appears that, while a proton can interact
with two oxygens (bifurcated H-bond), one oxygen can only
interact with one proton (regular H-bond as observed in
compound 1).

“Lantern shaped” platinum(III) complexes have been
shown, by Cervantes and coworkers, to be endowed with
antitumor activity (e.g., [Pt2(2-mercaptopyrimidine)4Cl2]
and [Pt2(2-mercaptopyridine)4Cl2]) [30–32]. It will be
worth investigating the antitumor activity of our amidate
complexes for which we have shown a greater propensity to
form adducts with nucleobases in apical positions.
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[17] B. Lippert, H. Schöllhorn, and U. Thewalt, “Additive trans
influences of the axial ligand and metal-metal bond in a
diplatinum(III) complex leading to an asymmetric structure
with penta- and hexacoordination of the two metals,” Journal
of the American Chemical Society, vol. 108, no. 3, pp. 525–526,
1986.
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The antioxidative activity of ferrocenes bearing either 2,6-di-tert-butylphenol or phenyl groups has been compared using DPPH
(1,1-diphenyl-2-picrylhydrazyl) test and in the study of the in vitro impact on lipid peroxidation in rat brain homogenate and
on some characteristics of rat liver mitochondria. The results of DPPH test at 20◦C show that the activity depends strongly upon
the presence of phenolic group but is improved by the influence of ferrocenyl fragment. The activity of N-(3,5-di-tert-butyl-
4-hydroxyphenyl)iminomethylferrocene (1), for instance, was 88.4%, which was higher than the activity of a known antioxidant
2,6-di-tert-butyl-4-methylphenol (BHT) (48.5%), whereas the activity of N-phenyl-iminomethylferrocene 2 was almost negligible
−2.9%. The data obtained demonstrate that the compounds with 2,6-di-tert-butylphenol moiety are significantly more active than
the corresponding phenyl analogues in the in vitro study of lipid peroxidation in rat brain homogenate. Ferrocene 1 performs
a promising behavior as an antioxidant and inhibits the calcium-dependent swelling of mitochondria. These results allow us to
propose the potential cytoprotective (neuroprotective) effect of ditopic compounds containing antioxidant 2,6-di-tert-butylphenol
group and redox active ferrocene fragment.

1. Introduction

Oxidative stress has been found to play a critical role in
numerous disease conditions including neurodegeneration
[1–3].

The antioxidative defense system in living organism
regulates a disturbance in the prooxidant-antioxidant bal-
ance and protects the cell damage induced by high level of
oxidative stress. Among the classes of well-known natural
antioxidants-vitamins E group, ascorbic acid, glutathione,
and so forth, α-tocopherol and its synthetic analogues,
sterically hindered phenols, are of particular importance
[4]. The substituted 2,6-dialkylphenols are widely used as
inhibitors of free radicals formation in the oxidative destruc-
tion of natural and synthetic substrates. The mechanism
of their physiological action is associated with the stable
phenoxyl radicals’ formation in the process of hydrogen atom
abstraction by highly reactive peroxyl radicals of lipids [5].

The goal of this study was to optimize the effect
of 2,6-di-tert-butylphenol and to increase the stability of

the corresponding phenoxyl radicals responsible for their
antioxidative activity. The approach based on modification
of phenolic antioxidants via incorporation of ferrocenyl
moiety in their molecules seems to be a promising one.
Previously we have reported the synthesis, electrochemical
characteristics, and ESR study of novel ferrocenes with redox
active 2,6-di-tert-butylphenol fragments (compounds 1,3)
[6]. These compounds exhibit the properties of multistep
redox systems, and the intramolecular electron transfer
between two redox active sites of the molecule (the phenol
and ferrocene groups) was observed. The high stability
of phenoxyl radical species formed in the oxidation is in
agreement with a certain degree of electronic delocalization
over the molecule.

On the other hand, the ferrocene derivatives show a wide
spectrum of physiological activity [7–9].

The incorporation of ferrocene into an anticancer drug
tamoxifen, a selective estrogen receptor modulator, contain-
ing phenol was reported. The activity of these novel ferrocene
derivatives (ferrocifens) was found to be associated with the
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proton-coupled electron transfer between ferrocenium ion
and phenol group that occurs in their oxidized species [10–
12].

The antioxidative activity in scavenging of superoxide
radical-anion O•−

2 and HO• radical was observed for recently
synthesized ferrocenes containing nitroxides radicals as
substituents [13].

As it has been reported earlier, diselenides having redox-
active ferrocenyl units show peroxidase-like antioxidant
activity mimicking selenoenzyme glutathione peroxidase
that protects the cell membranes from oxidative damage
[14].

In our previous study, we have observed the modulation
of the antioxidative effect of metalloporphyrins bearing 2,6-
di-tert-butylphenol pendants by the metal nature [15].

In this study we compared the antioxidative activity of
1–6 presenting the pairs of compounds bearing either 3,5-
di-tert-butyl-4-hydroxyphenyl or phenyl substituents linked
to the ferrocene by various spacers (Figure 1).

2. Materials and Methods

2.1. Ferrocenes. N-(3,5-di-tert-butyl-4-hydroxyphenyl)-imi-
nomethylferro-cene (1), N-phenyl-iminomethylferrocene
(2), N-(3,5-di-tert-butyl-4-hydroxybenzyl)-iminomethylfer-
rocene (3), N-benzyliminomethylferrocene (4), (3,5-di-tert-

butyl-4-hydroxyphenyl)-3-ferrocenylpropen-2-on (5), and
phenyl-3-ferrocenylpropen-2-on (6) were synthesized as
described previously [6, 16].

2.2. DPPH Radical Scavenging Activity. The free radical-
scavenging activity was evaluated using the stable radical
DPPH, according to the method described by Brand-
Williams et al. [17] with a slight modification.

Each compound was tested for antioxidant activity
against DPPH radical at a molar 1 : 1 ratio. One mL of
antioxidant solution in methanol was added to 1 mL of
DPPH solution in methanol so that the final DPPH and
antioxidant concentration can be 0.1 mM. The samples
were incubated for 30 minutes at 20◦C in methanol and
the decrease in the absorbance of DPPH solution was
measured at 517 nm, using a Thermo Evolution 300 BB
spectrophotometer. The results were expressed as scavenging
activity, calculated as follows:

Scavenging activity, % =
[

(A0 − A1)
A0

]
× 100. (1)

The concentration of antioxidant needed to decrease
50% of the initial substrate concentration (EC50) is a
parameter widely used to measure the antioxidant effect [18].
For determination of EC50, the values of DPPH solution
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absorbance which decrease after 30 minutes were used. The
EC50 values were calculated graphically by plotting scaveng-
ing activity against compound concentration. Different sam-
ple concentrations (0.01, 0.02, 0.05, and 0.1 mM) were used
in order to obtain kinetic curves and to calculate the EC50

values. The lower EC50 means the higher antioxidant activity.

2.3. Rat Brain Homogenates (RBH) and Rat Liver Mitochon-
dria (RLM) Preparation. On the day of the experiment, adult
Wistar male rats fasted overnight were euthanized in a CO2-
chamber followed by decapitation. The procedure was in
compliance with the Guidelines for Animal Experiments at
Institute of Physiologically Active Compounds of Russian
Academy of Sciences.

The brains were rapidly removed and homogenized in
0.12 M HEPES/0.15 M NaCl, pH 7.4 buffer (HBS) (10 mg/gr
wet weight) and used immediately for assay.

Mitochondria were isolated from homogenates of livers
of adult Wistar strain rats, fasted overnight, in a 5 mM
HEPES buffer, pH 7.4, containing 210 mM mannitol, 70 mM
sucrose, and 1 mM EDTA, by conventional differential cent-
rifugation [19].

Protein concentrations in RBH and RLM were deter-
mined by the biuret assay using bovine serum albumin as a
standard [20].

2.4. Fe3+-Induced Lipid Peroxidation Assay. The extent of
lipid peroxidation (LP) was estimated by the levels of
malondialdehyde measured using the thiobarbituric acid
reactive substances (TBARS) assay. Isolated mitochondria
are metabolically active and tightly coupled as shown by
respiratory control ratio values, which were about 4 with
glutamate-malate as substrate as measured by mitochondrial
oxygen consumption at Oroboros oxygraph (Anton Paar,
Austria) in a medium containing 10 mM KH2PO4 (or
NaH2PO4), 60 mM KCl, 60 mM Tris, 5 mM MgCl2, 110
mannitol, and 0.5 mM EDTA-Na2, pH 7.4.

Study of compounds influence on LP of the RBH was
carried out at 30◦C for 40 minutes in 0.25 mL of the RBH
in HBS (2 mg of protein ·mL−1) in the presence or absence
of compounds or vehicle (DMSO). LP was induced by using
Fe3+ (0.5 mM Fe(NH4)(SO4)2) as an oxidizing agent [21].
Then 0.25 mL aliquots were mixed with 0.5 mL thiobarbi-
turic acid (TBA) medium containing 250 mM HCl, 15%
trichloroacetic acid, and 3 mM TBA, heated at 95◦C for 15
minutes, cooling at 4◦C then probes centrifuged (10 minutes
at 10 000 g) and the supernatants transferred into 96-plate
and absorbance was measured at 530–620 nm at the Wallac
Victor 1420 Multilabel Counter (PerkinElmer Wallac).

All the experiments were performed using four indepen-
dent experiments with different brain homogenate prepara-
tions. Data are normalized to control probe with oxidant as
100% and blank probe with diluent but without oxidizing
agent. Preliminary experiments were done in the absence
of compounds interaction with thiobarbituric acid. The
values are expressed as mean% ± SD. The concentrations of
ferrocenes giving half-maximal inhibition (IC50) of LP were
determined by dose-effect analysis.
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Figure 2: Scavenging activity for compounds 1–6 in DPPH test
(MeOH, 20◦C, 100 μM).

2.5. Mitochondrial Swelling Assay. Mitochondrial swelling
caused by influx of solutes through open mitochondrial
permeability transition (MPT) pores results in an increase in
light transmission (i.e., a reduced turbidity). This turbidity
change offers a convenient and frequently used assay of
the MPT by measurement of absorbance in mitochondrial
suspensions. The MPT induced by Ca2+ was monitored
by absorbance changes at 540 nm in a Beckman DU 640
spectrophotometer in 1 mL of buffer A plus 0.8 μM rotenone,
5 mM succinate, 1 mM KH2PO4, and 0.5 mg protein of
isolated liver mitochondria at 30◦C and continuous stirring
[19]. Swelling rate is quantified as ΔA540/min/mg, calculated,
in all cases, from a tangent to the steepest portion of the plot
of A540 versus time.

2.6. Measurement of Mitochondrial Membrane Potential. The
same experimental conditions were used for the assessment
of alterations of the mitochondrial membrane potential,
except that safranine was included in incubation medium
at a final concentration of 10 μM and succinate was added
after the compound. This concentration of safranine was
determined before hand as the optimal compromise between
signal/baseline ratio and interference of safranine itself with
swelling induced by Ca/Pi (safranine tended to enhance
Ca/Pi-induced swelling at concentrations above 20 μM)
[19]. Changes in the status of the MPT pore are assessed
spectrophotometrically at 524 versus 554 nm in a Beckman
DU 640 spectrophotometer at 30◦C and continuous stirring.

3. Results and Discussion

We have compared the antioxidative activity of 1–6 pre-
senting the pairs of compounds bearing either 3,5-di-tert-
butyl-4-hydroxyphenyl or phenyl substituents linked to the
ferrocene by various spacers (Figure 1).

The scavenging activity has been studied in the process
of hydrogen atom transfer to the stable free radical DPPH



4 Bioinorganic Chemistry and Applications

120

100

80

60

40

20

0
0.01 0.1 1 10

Compound concentration (μM)

T
B

A
R

S
(%

)

100

1 2
3 4
5 6

Figure 3: The relative content of TBARS in the lipid peroxidation
of rat brain homogenates as nonenzymatic process in the presence
of 10 μM 1–6 (0.5 mM Fe(NH4)(SO4)2).
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Figure 4: Influence of 0.1 mM ferrocenes 1 and 2 on mitochondrial
swelling and transmembrane potential (the values were determined
and expressed as % of control).

[22]. The results of DPPH test at 20◦C show that the
activity depends strongly upon the presence of phenolic
group in the presented pairs of compounds. The activity
of 1, for instance, was 88.4% that is higher than that
of a known antioxidant 2,6-di-tert-butyl-4-methylphenol
(BHT) (48.5%) whereas the activity of 2 bearing phenyl
substituent was almost negligible −2.9% (Figure 2). The
values of scavenging activity of compounds 3, 5 were lower,
and in the case of 3 the decrease in activity was more
pronounced. Evidently the activity extent of the compounds
tested depends on their molecular structures. The HO-group
of 2,6-di-tert-butylphenol is the key site in the molecule that
is involved in hydrogen transfer to DPPH. However, despite
the presence of ferrocene moiety in all the compounds

Table 1: The values of IC50 in the antioxidative activity assay in rat
brain homogenates for compounds 1–6.

Compound IC50 μM (0.5 mM Fe(NH4)(SO4)2)

1 3.7 ± 1.0

2 70.4 ± 11.1

3 47.3 ± 2.4

4 100 ± 15.0

5 3.9 ± 1.8

6 47.8 ± 1.6

they differ significantly containing linkers of various length
and conjugation ability (–CH=N–, 1; –CH=N–CH2–, 2; –
CH=CH–C(O)–, 3). The decrease of conjugation in their
molecules containing either CH2 or CO groups in linkers
leads to the decrease of metal influence on the stability
of radicals formed as it has been observed previously [6].
However, it should be mentioned that the activity of 3
is much higher than that of 5 with N atom possessing a
lone electron pair in linker that improves the influence of
ferrocene moiety.

To compare the activity of compounds under investi-
gation with that of widely known antioxidant parameter,
EC50 was determined for the more efficient ferrocene 1 and
2,6-d-tert-butyl-4-methylphenol (BHT). EC50values after 30
minutes of experiment at 20◦C for 1 and BHT are 34.6 and
105.4 μM, respectively. Therefore, the result obtained shows
a more pronounced effect of ferrocenyl derivative of 2,6-di-
tert-butylphenol.

In order to study the antioxidant effect of ferrocenes 1–
6 in biologically significant in vitro test system, we have
investigated the compounds influence on Fe3+-induced per-
oxidation of brain homogenate lipids (LP) as a nonenzymatic
process by addition of (NH4)Fe(SO4)2. The level of LP was
followed by the accumulation of products that reacted with
thiobarbituric acid—TBARS. The samples of Wistar strain
rats homogenates were divided as following: one control
homogenate and samples of homogenate with addition
of compounds under investigation. TBARS concentrations
were determined in homogenates by measuring the intensity
of the solution color at 530 nm using UV-VIS spectroscopy
[23].

The data of antioxidative activity assay of 1–6 presenting
the pairs of compounds bearing either 3,5-di-tert-butyl-4-
hydroxyphenyl or phenyl substituents linked to the ferrocene
by various spacers are shown in Figure 3. The IC50 values are
summarized in Table 1.

The data of antioxidative activity assay of ferrocenes 1–
6 indicate the influence of 2,6-di-tert-butylphenol group as
it was observed in DPPH test. Ferrocene 1 performs an
effective inhibitory action in concentrations range at 10–
100 μM (Figure 3, curve 1). The decrease in peroxidation
level is more that 10%.

In contrast to DPPH test, the data of this assay reveal the
antioxidant activity of all studied compounds. These results
allow us to suggest that the ferrocene moiety participates
in antioxidative potential of these compounds. However,
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the compounds 1, 3, 5 bearing 2,6-di-tert-butylphenol are
significantly more active than the corresponding phenyl ana-
logues. This effect is most obvious at concentration 10 μM
of compounds (Figure 3). Moreover, at this concentration
some pro-oxidant effect of compounds 2 and 4 could be
observed. This fact might be associated with the influence of
iron center in the molecules of ferrocenes that participates in
redox processes and therefore promotes the peroxidation.

The involvement of ferrocene group in the peroxidation
process might be associated with the oxidation of Fe2+ to
Fe3+ in the oxidative medium that leads to the formation
of ferrocenium cation. As it was proved earlier [24] fer-
rocenium cations react easily with molecular oxygen and
produce reactive peroxy radical cations. On the other hand,
in the presence of antioxidant, namely BHT, ferrocenium
cation can be stabilized due to the reduction that takes
place between the cation and antioxidant. The principal
consequence of this electron/proton coupled reaction is the
reversibility of ferrocene/ferrocenium redox system. This
fact might support the proposition of the intramolecular
redox process in ferrocene species containing 2,6-di-tert-
butylphenol fragment (compounds 1, 3, 5).

To study proapoptotic/antiapoptotic effect of ferrocene
1 with 2,6-d-tert-butylphenol group which shows the more
promising activity in both tests and to compare it with
the effect of its analog 2 bearing phenyl substituent, we
have investigated the influence of these compounds on
two main characteristics of mitochondria: calcium-induced
mitochondrial swelling (SW) that represents the mitochon-
drial permeability pores opening (which causes cell death),
and mitochondrial membrane potential.

It was shown that at concentration 0.1 mM ferrocenes
1 and 2 slightly depolarize the mitochondria (up to 25%)
(Figure 4). On the other hand, these compounds inhibit
the calcium-dependent swelling of mitochondria and this
effect could not be the consequence of the depolarisation
only. In both cases the effects on mitochondrial swelling and
mitochondrial membrane potential obtained for ferrocene
1 are less pronounced that for 2. These data allow us to
propose the potential cytoprotective (neuroprotective) effect
of compounds studied.

4. Conclusion

The antioxidative activity of ferrocenes bearing either 2,6-di-
tert-butylphenol or phenyl groups, studied using DPPH test,
depends strongly upon the presence of phenol group and the
conjugation between penoxyl radical formed and ferrocene
unit. The compounds 1, 3, 5 bearing 2,6-di-tert-butylphenol
are significantly more active than the corresponding
phenyl analogues in the in vitro lipid peroxidation in rat
brain homogenate. N-(3,5-di-tert-butyl-4-hydroxyphenyl)-
iminomethylferrocene (1) performs a promising behavior as
an antioxidant and inhibits the calcium-dependent swelling
of mitochondria. The results allow us to propose the
potential cytoprotective (neuroprotective) effect of ditopic
compounds containing antioxidant 2,6-di-tert-butylphenol
group and redox active ferrocene fragment.

Abbreviations

BHT: butylated hydroxytoluene
(2,6-di-tert-butyl-4-methylphenol)
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LP: lipid peroxidation
MPT: mitochondrial permeability transition
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RLM: rat liver mitochondria
TBA: thiobarbituric acid
TBARS: thiobarbituric acid reactive substances.
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Four cationic ruthenium(II) complexes with the formula [Ru(η5-C5H5)(PPh3)2]+, with L = 5-phenyl-1H-tetrazole (TzH)
1, imidazole (ImH) 2, benzo[1,2-b;4,3-b′] dithio-phen-2-carbonitrile (Bzt) 3, and [5-(2-thiophen-2-yl)-vinyl]-thiophene-2-
carbonitrile] (Tvt) 4 were prepared and characterized in view to evaluate their potentialities as antitumor agents. Studies by
Circular Dichroism indicated changes in the secondary structure of ct-DNA. Changes in the tertiary structure of pBR322 plasmid
DNA were also observed in gel electrophoresis experiment and the images obtained by atomic force microscopy (AFM) suggest
strong interaction with pBR322 plasmid DNA; the observed decreasing of the viscosity with time indicates that the complexes
do not intercalate between DNA base pairs. Compounds 1, 2, and 3 showed much higher cytotoxicity than the cisplatin against
human leukaemia cancer cells (HL-60 cells).

1. Introduction

The driving force for the studies of metal-based drugs in the
treatment of cancer has been certainly the enormous impact
of cisplatin. This platinum complex continues to be applied
in 50%–70% of all cancer patients, usually in combination
with other drugs [1]. Nevertheless, the undesirable side-
effects of cisplatin, its inactivity against many cancer cell
lines and tumors metastasis [2] has stimulated the search
for new effective drugs, in the field of nonplatinum-based
anticancer drugs [3–5]. Although the promising results for
compounds derived of several metals such as titanium [6],
iron [7], gold [8], gallium [9], and tin [10], it appears that the
ruthenium derivatives occupy already a prominent position

due to success of [ImH][trans-RuCl4(DMSO)Im], NAMI-A,
[ImH][trans-RuCl4Im2] (Im = imidazole) and (Hind)[trans-
RuCl4(ind)2], and KP1019, (ind = indazole) in progressing
through clinical trials [11–13]. The main drawback of
the coordination compounds concerning clinical trials has
been related to their instability and complicated ligand
exchange chemistry. Thus, organometallic field appeared as
an attractive field to provide organoruthenium complexes as
suitable drug candidates. Under this perspective, the studies
already reported are quite promising, in some families of
ruthenium η6-arene derivatives which were found active
against hypotoxic tumor cells [14, 15], in vitro breast and
colon carcinoma cells [16, 17], inhibition of the growth of the
human ovarian cancer cells line A2780 [18], and mammary
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cancer cell line [19]. Studies on π-arene compounds have
been recently reviewed [20, 21]. Although the literature is
scarce in studies concerning ruthenium η5-cyclopentadienyl
(RuCp) derivatives, it appears of interest the results already
found for compounds containing the “CpRu(CO)” fragment
and pyridocarbazole derived ligands which revealed to be
potent and selective inhibitors for protein kinases GSK-3 and
Pim-1 [22].

Our approach in this field has been the study of
compounds derived of “RuCp” containing N-heteroaromatic
sigma coordinated ligands [23] and CpRu(η6-arene) where
the structures of the η6-arene ligands were based on two or
three fused rings [24]. Our studies by AFM revealed a strong
interaction with the plasmid pBR322 DNA. The obtained
images showed compaction, supercoiling and kinks in the
DNA forms. Circular Dichroism and viscosity measurements
on ct-DNA also indicated that the complexes interact
with the double helix. Compounds 1, 2, and 3 showed
much higher cytotoxicity than the cisplatin against human
leukaemia cancer cells (HL-60 cells). The compound 4 gave
a lower IC50 value than cisplatin at 24 hours and a similar
value at 72 hours. Moreover, some other CpRu compounds
previously studied showed also significant effect of toxicity in
Lovo and MiaPaCa cells in the nanomolar range [23].

2. Results and Discussion

Our continuing studies on the family of [Ru(η5-C5H5)(PP)]+

fragment containing complexes in view of studies of cytotox-
icity led us to the synthesis of two new cationic complexes of
the type [Ru(η5-C5H5)(PPh3)2 L]+ where the metal atom is
σ bound to the donor nitrogen atom of the heteroaromatic
ligands L = 5-phenyl-1H-tetrazole (TzH) and imidazole
(ImH).

Having in mind that different structures of the coor-
dinated molecule L, can lead to different interactions with
DNA, two other known compounds were also prepared
and studied. One of these compounds presents the ligand
L as a wide planar system based on a thiophene-benzene-
thiophene ortho-fused rings structure, namely, benzo[1, 2-
b; 4, 3-b′]dithio-phen-2-carbonitrile [25] (Bzt), while the
ligand of the other compound is based on a long planar
structure, namely, [5-(2-thiophen-2-yl)-vinyl]-thiophene-2-
carbonitrile (Tvt) [26].

The complexes [Ru(η5-C5H5) (PPh3)2 L][PF6] with L =
5-phenyl-1H-tetrazole (1) and imidazole (2) were prepared
by the general method of halide abstraction of [Ru(η5-
C5H5)(PPh3)2Cl] with thallium hexafluorophosphate in the
presence of the adequate ligand (Scheme 1). The starting
material [Ru(η5-C5H5)(PPh3)2Cl] was prepared according
to the literature [27] and the mentioned ligands were used
as purchased. Compounds [RuCp(PPh3)2(Bzt)][PF6] 3 and
[RuCp(PPh3)2(Tvt)][PF6] 4 and the corresponding ligands
were prepared and characterised following our previous
publications [25, 26].

Compounds were obtained in good yields and recrystal-
lized by slow diffusion of diethyl ether in dichloromethane
solutions. The new compounds were fully characterized by

FT-IR, 1H, 13C, and 31P NMR spectroscopies; elemental
analyses were in accordance with the proposed formulations.

2.1. Spectroscopic Studies. The main feature on the 1H NMR
chemical shifts of the coordinated ligands is a general
trend of shielding of the protons of the heteroaromatic
rings with special relevance for the proton adjacent to the
N coordinated atom. This effect, also observed on other
related compounds [28], might be due to the influence
of the organometallic moiety on the ring current of the
heteroaromatic ligands.

Interestingly, compound 2 shows one signal at 11.53 ppm,
integrating perfectly for one proton and attributed to the
NH proton of imidazole which, in the same solvent, could
not be found in the free imidazole. This observation is
in good agreement with the observed shielding on the
other protons of the heteroaromatic ring upon coordination.
Accordingly, 13C NMR spectra showed a general deshielding
up to 13.6 ppm on the carbons of the coordinated ligand, this
effect being more pronounced on compound 2.

The 31P NMR spectra revealed equivalency of both P
atoms of the phosphines, with a singlet at ∼42 ppm, with the
expected deshielding upon coordination to the metal centre,
and the septet relative to the counter ion PF6

− at −144 ppm.
The FT-IR spectra typically showed the characteristic

bands of the Cp and Ph aromatic rings in the region 3040–
3080 cm−1, and the characteristic bands of the PF6 anion at
840 and 560 cm−1.

2.2. Electrochemical Studies. The electrochemical properties
of the ligands and the new Ru(II) complexes 1 and 2
were examined by cyclic voltammetry in acetonitrile and
dichloromethane solutions (1 × 10−3 M) using 0.2 M tetra-
butylammonium hexafluorophosphate (TBAPF6) as sup-
porting electrolyte. The redox potentials measured at the
scan rate of 0.2 V/s are reported in Table 1. The electrochem-
ical behaviour of complexes 3 and 4 was already reported
[25, 26].

The cyclic voltammogram of TzH ligand is characterized
by one irreversible redox process at Epa = −0.69 V with
the corresponding reductive wave at Epc = −0.99 V in
acetonitrile, being these values of −0.50 V and −0.80 V,
respectively, in dichloromethane. Due to the insolubility
of ImH in dichloromethane, its electrochemistry was only
studied in acetonitrile and revealed two irreversible pro-
cesses, one oxidation at Epa = +1.42 V without the cathodic
counterpart and one reduction at Epc = −0.88 V without the
corresponding anodic complement.

Both complexes were electroactive in the sweep range
±1.8 V and displayed one-electron quasi-reversible coupled
redox wave in dichloromethane solution, as showed in
Figure 1. The oxidative couple exhibited by the complexes
1 and 2 with E 1/2 at 1.24 and 1.06 V, respectively, is attributed
to the Ru(II)/Ru(III) redox process in accordance with our
earlier results in some analogous ruthenium compounds
[25, 26, 29], these values being lower than those found
for complexes 3 and 4. At negative potentials, it was not
found any redox process that could be related with the
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Table 1: Electrochemical data for the [RuCp(PPh3)2L)][PF6] (L = TzH, ImH) complexes and the free ligands in dichloromethane and
acetonitrile.

Dichloromethane

Compound Epa (V) Epc (V) E 1/2 (V) ΔEa (mV) Ic/Ia

TzH −0.50 −0.80 — — —

ImHb — — — — —

1 1.27 1.21 1.24 60 1.0

2 1.10 1.02 1.06 80 1.0

Acetonitrile

Compound Epa (V) Epc (V) E 1/2 (V) ΔEa (mV) Ic/Ia

TzH −0.69 −0.99 — — —

ImH
1.42 — — — —

— −0.88 — — —

1
1.22 — — — —

0.86 — — — —

— −0.70 — — —

2
1.25 — — — —

0.92 — — — —

— −0.47 — — —
aΔE = Epa − Epc; bInsoluble in dichloromethane.

Table 2: IC50 values of ruthenium compounds, and cisplatin against HL-60 cells.

Complex
IC50 (μM)
72 hours

IC50 (μM)
24 hours

[Ru(η5-C5H5)(PPh3)2TzH]+ 1 0.69 ± 0.16 0.95 ± 0.15

[Ru(η5-C5H5)(PPh3)2ImH]+ 2 0.53 + 0.05 0.57 + 0.09

[Ru(η5-C5H5)(PPh3)2Bdt]+ 3 0.94 + 0.085 1.46 + 0.25

[Ru(η5-C5H5)(PPh3)2Tvt]+ 4 2.26 + 0.53 5.89 + 0.67

CDDP 2.15 + 0.1 15.61 + 1.15

ligands. During the electrochemical study of complex 1 some
passivation occurred at the platinum electrode, probably due
to any potential-induced polymerisation processes in this
solvent, originated by the ligand.

The electrochemical behaviour of the studied complexes
in acetonitrile was quite different. The cyclic voltammograms
were characterised by one first irreversible oxidation process
at Epa = 0.86 V and Epa = 0.92 V for complexes 1 and 2
appearing a second irreversible oxidation process at Epa =
1.22 V for complex 1 and Epa = 1.25 V for complex 2.

By analogy with the electrochemistry run in dichloro-
methane, this second anodic wave was attributed to the
oxidation RuII/RuIII for the present studied complexes. In
order to identify the species responsible for the first oxidation
process, some additional experiments were carried out. It
was postulated that the most likely candidate would be the
cationic complex [RuCp(PPh3)2(NCMe)]+, originated in the
electrochemical cell, by substitution of the 5-phenyl-1H-
tetrazole and imidazole ligands by the acetonitrile coordina-
tive solvent.

Experiments in the nmr tube, with a sample solution
of compound 2 in CD3CN revealed a slow substitution
of the imidazole ligand by the solvent. In effect, only few

hours later a significant amount of the new compound
was found in the 1H and 31P NMR nmr spectra, being
a conversion of about 90% found only 72 hours later.
Although this slow substitution process is not likely to occur
at the electrochemistry time scale, the electrochemistry of
compound [RuCp(PPh3)2(NCMe)][PF6], prepared in the
bench for this purpose, was studied in the same experimental
conditions of compounds 1 and 2 to discard this hypothesis.
The voltammogram only revealed one oxidative process
occurring at ∼ Epa = 1.48 V, attributed to the oxidation
RuII/RuIII.

Although no further experiments were carried out, it
seems that one possible explanation for the waves occurring
at Epa = 0.86 V and Epa = 0.92 V for complexes 1 and 2,
can be an irreversible oxidation occurring at the coordinated
ligands.

The ligand-based reduction waves were found at Epc =
−0.70 V and −0.47 V for complexes 1 and 2, respectively,
while for the corresponding free ligands the values were
Epc = −0.99 V and −0.88 V. Thus, the corresponding poten-
tials were in the order TzH < ImH < 1 < 2, with the ruthe-
nium complexes showing the most facile reductions. The
stability of the pair RuII/RuIII showed by the electrochemical
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Table 3: Percentage of HL-60 cells in each state after treatment with metal complexes at IC50 concentration for 24 hours of incubation.

Treatment (IC50 24 hours μM) % vital cells (R1) % apoptotic cells (R2) % dead cells (R3) % damaged cells (R4)

Control 91.1 4.8 3.9 0.2

CDDP 55.0 40.7 3.6 0.7

[Ru(η5-C5H5)(PPh3)2TzH]+ 1 74.7 19.9 5.0 0.4

[Ru(η5-C5H5)(PPh3)2ImH]+ 2 62.6 29.8 7.3 0.3

[Ru(η5-C5H5)(PPh3)2Bdt]+ 3 60.0 20.8 13.3 5.9

[Ru(η5-C5H5)(PPh3)2Tvt]+ 4 51.4 18.1 21.0 9.5

Ru
Ph3P

Ph3P

LRu
Ph3P

Ph3P

Cl + L

N

H
N

N

N
NHN

S
S

N S

S N

L = TzH (1) L = ImH (2)

L = Bzt (3) L = Tvt (4)

[PF6]

Scheme 1: Reaction scheme for the synthesis of the [Ru(η5-C5H5)(PPh3)2(L)][PF6] complexes 1–4 and the structures of the ligands L.
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Figure 1: Cyclic voltammogram of compound 2 in dichlorometh-
ane at sweep rate of 200 mV/s.

studies carried out in dichloromethane suggests the possible
existence of Ru(III) analogues of compounds 1 and 2which
interest might be their potentiality as bio reductive prodrugs.

3. Biological Activity

3.1. Circular Dichroism. In Figures 2(a)–2(d), the circular
dichroism spectra of the compounds at several molar ratio

ruthenium complex DNA are showed. After 24 hours of
incubation at 37◦C, changes in molar ellipticity can be
observed for the complexes 1, 2, 3, and 4. These changes
in the wavelength and the ellipticity of free DNA indicate
modifications on the secondary structure of DNA as con-
sequence of the interaction of the complexes with DNA. In
spite of the substitution of ligands by N atoms of DNA bases
could be possible, the most probable hypothesis is to consider
weak interactions of the ligands with DNA through hydrogen
bonds.

3.2. Atomic Force Microscopy (AFM). AFM pictures of DNA
pBR322, and DNA incubated with the complexes 1–4 are
shown in Figures 3–6.

The AFM image (Figure 3) corresponding to DNA
incubated with compound 1 in comparison with free DNA
shows typical modifications in the DNA forms, supercoiling,
kinks and compaction. Compound 2 (Figure 4) also modifies
DNA forms, although the appearance of kinks is more
evident. In the case of compounds with the ligands Bzt
and Tvt, compounds 3 and 4 (Figures 5 and 6, resp.) the
interaction with DNA is stronger. In the case of compound
3, the first image shows some DNA forms affected by
supercoiling and kinks. In the two other images only a few
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Figure 2: Circular Dichroism spectra of ct-DNA incubated with the complexes at molar ratios 0.1, 0.3, and 0.5, at 37◦C for 24 hours (a)
complex 1, (b) complex 2, (c) complex 3, and (d) complex 4.

forms can be observed but in them strong modification can
be appreciated. Finally, in the case of compound 4, the image
shows several DNA forms with kinks and microfolds. These
modifications in comparison to the free pBR322 indicate
that the four compounds interact with DNA. Additional
measurements of the variation of viscosity with time at
constant temperature show a decreasing of the viscosity,
what allow us to conclude that there is not intercalation of

the ligands between base pairs of DNA. (See supplementary
material available online at doi: 10.1155/2010/963834.)

3.3. Electrophoretic Mobility. The influence of the com-
pounds on the tertiary structure of DNA was determined
by its ability to modify the electrophoretic mobility of the
covalently closed circular (ccc) and open (oc) forms of
pBR322 plasmid DNA. Figure 4 shows, from right to left, the
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Figure 3: AFM image of the (a) free plasmid pBR322 DNA, and (b) plasmid pBR322 DNA incubated with the complex [RuCp
(PPh3)2(TzH)][PF6] 1 ri = 0.5.
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Figure 4: AFM image of the plasmid pBR322 DNA incubated with
the complex [RuCp(PPh3)2(ImH)][PF6] 2 ri = 0.5.

mobility of the native pBR322 plasmid DNA and the plasmid
DNA incubated with cisplatin as a reference, and with the
compounds 1–4. The behavior of the gel electrophoretic
mobility of pBR322 plasmid and DNA ruthenium com-
pounds adducts show changes compatible with the AFM
images. In the pattern corresponding to the pBR322 plasmid
DNA (lane 6) a clean difference between the OC and CCC
bands can be observed. In lane 5, the typical coalescence
of the two bands for cisplatin is evident. In the zone
between OC and CCC bands in lanes 1–4 corresponding to
the DNA incubated with ruthenium complexes, new bands
(lane 4, compound 4) or one continuous band (lanes 1–
3, compounds 1–3) appear indicating the presence of DNA
forms with different mobility in agarose gel.

3.4. Cytotoxicity of the Ruthenium Complexes against HL-60
Cells. The effect of the ruthenium complexes was examined
on human leukaemia cancer cells (HL-60) using the MTT

assay, a colorimetric determination of cell viability during
in vitro treatment with a drug. The assay, developed as an
initial stage of drug screening, measures the amount of MTT
reduction by mitochondrial dehydrogenase and assumes that
cell viability (corresponding to the reductive activity) is
proportional to the production of purple formazan that
is measured spectrophotometrically. A low IC50 is desired
and implies cytotoxicity or antiproliferation at low drug
concentrations.

The drugs tested in this experiment were cisplatin,
[Ru(η5-C5H5)(PPh3)2TzH]+ 1, [Ru(η5-C5H5)(PPh3)2 ImH]+

2,[Ru(η5-C5H5)(PPh3)2 Bdt]+ 3, and [Ru(η5-C5H5)(PPh3)2

Tvt]+ 4.
Cells were exposed to each compound continuously for

a 24 hours or a 72 hours period of time and then assayed
for growth using the MTT endpoint assay. Figure 8 shows
the dose-response curves of these drugs in terms of the drug
effect on the growth of the HL-60 cells. The IC50 values of
complex 1, complex 2, complex 3, complex 4 and cisplatin
for the growth inhibition of HL-60 cells were summarized in
Table 2.

All of these ruthenium complexes exhibited antitumor
effect against HL-60 cells. It was notable that complex 4
exerted the least potent effect among all the complexes, but
this effect is better than that of cisplatin at 24 hours and the
IC50 are very similar at 72 hours. The cytotoxicities displayed
by 1, 2, and 3 were comparable with 3 slightly over 1 and 2.

3.5. Quantification of Apoptosis by Annexin V Binding and
Flow Cytometry. We have also analysed by Annexin V-PI
flow cytometry whether complexes 1, 2, 3, and 4 are able to
induce apoptosis in HL-60 cells after 24 hours of incubation
at equitoxic concentrations (IC50 values). Annexin V binds
phosphatidyl serine residues, which are asymmetrically dis-
tributed towards the inner plasma membrane but migrate to
the outer plasma membrane during apoptosis [30].

As it can be seen in Table 3, all metal complexes induce
cell death mainly by apoptosis. Complexes 1 and 2 are



Bioinorganic Chemistry and Applications 7

0

1

2

0 1 2

(μm)

(μ
m

)

(a)

0

1

2

0 1 2

(μm)

(μ
m

)

(b)

0

1

2

0 1 2

(μm)

(μ
m

)

(c)

Figure 5: Three AFM images (different 2 × 2 μm areas on mica sufarce) of the plasmid pBR322 DNA incubated with the complex
[RuCp(PPh3)2(Bzt)][PF6] 3 ri = 0.5.

less toxic than complexes 3 and 4, the first two complexes
induced less necrotic or damage cells at IC50 treatment.

4. Conclusion

The complexes were tested for potential antitumor activity
against the human promyelocytic leukemia cell line HL-
60 using a MTT assay. The four complexes tested possess
excellent antitumor activities, with IC50 values lower than
that of cisplatin. It cannot be discarded that one of the
targets of the antitumor process would be the DNA, because
interaction of the four compounds with DNA(ct-DNA or
pBR322 plasmid DNA) has been demonstrated by CD,
Electrophoretic mobility, and AFM studies.

5. Experimental Protocols

All the syntheses were carried out under dinitrogen atmo-
sphere using current Schlenk techniques and the solvents

used were dried using standard methods [31]. The starting
material [Ru(η5-C5H5)(PPh3)2Cl] was prepared following
the method described in the literature [27]. Compounds
[RuCp(PPh3)2(Bzt)][PF6] 3 and [RuCp(PPh3)2(Tvt)][PF6]
4 were previously characterised [25, 26]. FT-IR spectra were
recorded in a Mattson Satellite FT-IR spectrophotometer
with KBr pellets; only significant bands are cited in text.
1H-, 13C-, and 31P-NMR spectra were recorded on a
Bruker Advance 400 spectrometer at probe temperature.
The 1H and 13C chemical shifts are reported in parts
per million (ppm) downfield from internal Me4Si and the
31P NMR spectra are reported in ppm downfield from
external standard, 85% H3PO4. Elemental analyses were
obtained at Laboratório de Análises, Instituto Superior
Técnico, using a Fisons Instruments EA1108 system. Data
acquisition, integration and handling were performed using
a PC with the software package EAGER-200 (Carlo Erba
Instruments). Electronic spectra were recorded at room
temperature on a Jasco V-560 spectrometer in the range of
200–900 nm.
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Figure 6: AFM image of the plasmid pBR322 DNA incubated with
the complex [RuCp(PPh3)2(Tvt)][PF6] 4 ri = 0.5.
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Figure 7: Agarose gel electrophoretic mobility of DNA pBR322
treated with compounds 1 (lane 1); compound 2 (lane 2);
compound 3 (lane 3); compound 4 (lane 4); cisplatin (lane 5) and
DNA pBR322 (lane 6).
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Figure 8: Inhibitory effects of complexes 1, 2, 3 and 4 on tumor cell
proliferation in vitro.

5.1. Synthesis of [CpRu(PPh3)2(TzH)][PF6] (1).

N

N

NHN

1

2

3

4

5

6

1′

To a suspension of [CpRu(PPh3)2Cl] (0.73 g; 1 mmol)
in THF : CH2Cl2 (3 : 1) was added 5-phenyl-1H-tetrazole
(0.15 g; 1.1 mmol) followed by the addition of TlPF6 (0.35 g;
1 mmol). The orange mixture was slightly warmed at 35◦C
during 30 minutes and turned yellow. The precipitate of
TlCl was removed by cannula-filtration and the solvent
evaporated. The yellow oil residue was treated with n-
hexane and the obtained solid was recrystallized from
dichloromethane/ethyl ether. Yield: 80 %.

1H NMR [CDCl3, Me4Si, δ/ppm]: 7.70 [d, 2, H2 +
H6(TzH); J2,6= 7.7 Hz]; 7.50–7.44 [m, 3, H3 + H4+
H5(TzH)]; 7.35 [t, 6, Hpara (PPh3)]; 7.24 [t, 12, Hmeta

(PPh3)]; 7.17 [d, 12, Horto (PPh3) ]; 4.46 [s, 5,ηη5-C5H5].
13C NMR [CDCl3, δ/ppm]: 156.95 (C1, TzH); 136.82

(Cq, PPh3); 134.07 (C4, TzH); 132.16 (CH, PPh3); 130.26 (C3

+ C5, TzH); 129.70 (CH, PPh3); 125.45 (CH, PPh3); 128.07
(C2 + C6, TzH); 127.72 (C1, TzH); 83.47 (C5H5).

31P NMR [CDCl3, δ/ppm]: 41.9 [s, PPh3]; −144.1 [sept,
PF6

−].
FT-IR [KBr, cm−1]: 3057 (wm); 2984 (w); 2913 (w);

2836 (w); 2760 (w); 2699 (w); 2609 (wm); 2550 (w); 2481
(w); 1608 (w); 1563 (wm); 1481 (m); 1434 (ms); 1410 (m);
1312 (w); 1185 (w); 1163 (w); 1089 (ms); 997 (m); 840
(s); 745 (ms); 697 (s); 557 (ms); 521 (S); 496 (ms); UV-
Vis. in CH2Cl2, λmax /nm (ε/M−1cm−1): 250 (21176), 348
(7603); Elem. Anal. Found: C 58.93; H 4.21; N 5.70; Calc.
for C48H41N4P3F6Ru; C, 58.72; H, 4.21; N, 5.71.

5.2. Synthesis of [CpRu(PPh3)2(ImH)][PF6] (2).

N NH
1

2
3

45

To a solution of [CpRu(PPh3)2Cl] (0.20 g; 0.275 mmol)
in dichloromethane (25 mL), imidazole was added (0.02 g;
0.3 mmol) followed by the addition of TlPF6 (0.11 g;
0.3 mmol). The reaction was carried out at room tempera-
ture with vigorous stirring during 14 hours with the change
of colour from orange to yellow. The precipitate of TlCl was
removed by cannula-filtration and the solvent evaporated.
The product was washed with n-hexane and recrystallized
from dichloromethane/ethyl ether. Yield: 70%.

1H NMR [(CD3)2CO, Me4Si,δ/ppm]: 11.53 [s, 1,
NH(Im)]; 7.46 [t, 6, Hpara (PPh3)]; 7.37 [t, 12, Hmeta (PPh3)];
7.23 [d, 12, Hortho (PPh3)]; 4.57 [s, 5, η5-C5H5], H2 + H4 +
H5 (Im) obscured by PPh3.13C NMR [(CD3)2CO, δ/ppm]:
144.2 (C2, Im); 135.5 (C4 +C5, Im); 133.61 (PPh3); 133.55
(PPh3); 133.50 (PPh3); 130.0 (PPh3); 128.42 (PPh3); 128.38
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(PPh3); 128.33; 117.8 (Im); 82.6 (Cp); 31P NMR [(CD3)2CO,
δ/ppm]: 42.04 (s, PPh3); −144.04 (sept, PF6

−).
FT-IR [KBr, cm−1]: 3056 (w); 2955 (w); 1480 (m); 1434

(s); 1089 (m); 999 (w); 840 (s); 745 (s); 696 (S); 557 (s); 522
(s).

UV-Vis. in CH2Cl2, λmax/nm (ε/M−1cm−1): 248 (21200),
273 (8162), 348 (3285); Elem. Anal. Found: C, 58.19; H, 4.68;
N, 3.16. Found for C44H39N2P3F6Ru: C, 58.47; H, 4.35; N,
3.10.

5.3. Electrochemical Experiments. Cyclic voltammograms of
ligands and complexes were obtained using a EG and
G Princeton Applied Research Model 273A potentio-
stat/galvanostat monitored with a personal computer loaded
with Electrochemistry PowerSuite v2.51 software from
Princeton Applied Research at room temperature. A three-
electrode configuration small capacity cell was equipped
with a platinum-disk working electrode (1.0 mm diameter),
a silver-wire pseudo-reference electrode connected by a
Lugging capillary and a platinum wire auxiliary electrode.
The electrochemical experiments were performed in 0.2 M
solutions of TBAPF6 in dichloromethane or acetonitrile,
under a nitrogen atmosphere and the redox potentials were
measured using ferrocene as the internal standard. The redox
potential values were quoted relative to the SCE by using
the ferrocenium/ferrocene redox couple (Ep/2 = 0.46 or
0.40 V versus SCE for dichloromethane or acetonitrile, resp.)
[32].

The supporting electrolyte was purchased from Aldrich
Chemical Co., recrystallized from ethanol, washed with
diethyl ether and dried under vacuum at 110◦C for 24
hours. Reagent grade acetonitrile and dichloromethane were
dried over P4O10 and CaH2, respectively, and distilled under
nitrogen atmosphere before use.

5.4. Biological Assays

5.4.1. DNA Interaction Studies

Circular Dichroism. All compounds were dissolved in an
aqueous solution (prepared with milli-Q water) of 4%
DMSO (2 mg compound/5 mL). The stock solutions were
freshly prepared before use. The samples were prepared by
addition of aliquots of these stock solutions to the appro-
priate volume of Calf Thymus DNA in a TE buffer solution
(50 mM NaCl, 10 mM tris-(hydroxymethyl)aminomethane
hydrochloride (Tris-HCl), 0.1 mM H4edta, pH 7.4) (5 mL).
The amount of complex added to the DNA solution was
designated as ri (the input molar ratio of Ru to nucleotide
and it is calculated with formula

ri = m×Mnucl × Am

C ×Mr ×V
, (1)

where m = mass of the compound (μg); Mnucl = medium
nuclear mass per nucleotide (330 g/mol); C = concentration
of the DNA solution (μg/ml); Mr = molecular mass of each
compound (g/mol); V = total volume of each sample (5 mL).
As a blank, a solution in TE of free native DNA was used. The
CD spectra of DNA in the presence or absence of complexes

(DNA concentration 20 μg/mL, molar ratios ri = 0.10, 0.30,
0.50) were recorded at room temperature, after 24 hours
incubation at 37◦C, on a JASCO J-720 spectropolarimeter
with a 450 W xenon lamp using a computer for spectral
subtraction and noise reduction. Each sample was scanned
twice in a range of wavelengths between 220 and 330 nm.
The CD spectra drawn are the average of three independent
scans. The data are expressed as average residue molecular
ellipticity (θ) in degrees·cm2·dmol−1.

Viscosity Measurements. Viscosity experiments were carried
out with an AND-SV-1 viscometer in a water bath using a
water jacket accessory and maintained the constant temper-
ature at 25◦C. A range of 200–370 μL of 5 mM solutions of
the different compounds were added in 2 mL of 100 mM ct-
DNA solution. The flow time was measured by a digital stop
watch.

Atomic Force Microscopy (TMAFM). DNA pBR322 was
heated at 60◦ for 10 minutes to obtain OC form. Stock
solution was 1 mg/mL in a buffer solution of HEPES (4
mM Hepes, pH 7.4/2 mM MgCl2). Each sample contained
1 μL of DNA pBR322 of concentration 0.25 μg/μL for a
final volume of 40 μL. The amount of drug added is also
expressed as ri. AFM samples were prepared by casting a
3-μL drop of test solution onto freshly cleaved Muscovite
green mica disks as the support. The drop was allowed to
stand undisturbed for 3 minutes to favour the adsorbate-
substrate interaction. Each DNA-laden disk was rinsed with
Milli-Q water and was blown dry with clean compressed
argon gas directed normal to the disk surface. Samples
were stored over silica prior to AFM imaging. All Atomic
Force Microscopy (AFM) observations were made with
a Nanoscope III Multimode AFM (Digital Instrumentals,
Santa Barbara, CA). Nano-crystalline Si cantilevers of 125-
nm length with a spring constant of 50 N/m average ended
with conical-shaped Si probe tips of 10-nm apical radius and
cone angle of 35◦were utilized. High-resolution topographic
AFM images were performed in air at room temperature
(relative humidity < 40%) on different specimen areas of
2 × 2 μm operating in intermittent contact mode at a rate of
1–3 Hz.

Gel Electrophoresis of Ruthenium Complexes-pBR322. pBR
322 DNA aliquots (0.25 μg/mL) were incubated in TE buffer
(10 mM Tris.HCl, 1 mM EDTA, pH = 7,5) at molar ratio
ri = 0.50 for electrophoresis study. Incubation was carried
out in the dark at 37◦C for 24 hours. 4 μL of charge marker
were added to aliquots parts of 20 μL of the compound-DNA
complex. The mixture was electrophoresedin agarose gel (1%
in TBE buffer, Tris-Borate-EDTA) for 5 hours at 1.5 V/cm.
Afterwards, the DNA was dyed with ethydium bromide
solution (0.75 μg/mL in TBE) for 6 hours. A sample of free
DNA was used as control. The experiment was carried out in
an ECOGEN horizontal tank connected to a PHARMACIA
GPS 200/400 variable potential power supply and the gel
was photographed with an image Master VDS, Pharmacia
Biotech.
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5.5. Tumor Cell Lines and Culture Conditions. The cell line
used in this experiment was the human acute promyelocytic
leukaemia cell line HL-60 (American Type Culture Collec-
tion (ATCC)). Cells were routinely maintained in RPMI-
1640 medium supplemented with 10% (v/v) heat inactivated
foetal bovine serum, 2 mmol/L glutamine, 100 U/mL peni-
cillin, and 100 μg/mL streptomycin (Gibco BRL, Invitrogen
Corporation, Netherlands) in a highly humidified atmo-
sphere of 95% air with 5% CO2 at 37◦C.

Cytotoxicity Assays. Growth inhibitory effect of ruthenium
complexes on the leukaemia HL-60 cell line was measured by
the microculture tetrazolium, [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, MTT] assay [33]. Briefly,
cells growing in the logarithmic phase were seeded in 96-
well plates (104 cells per well), and then were treated with
varying doses of ruthenium complexes and the reference
drug cisplatin at 37◦C for 24 or 72 hours. For each of the
variants tested, four wells were used. Aliquots of 20 μL of
MTT solution were then added to each well. After 3 hours,
the colour formed was quantified by a spectrophotometric
plate reader at 490 nm wavelength. The percentage cell
viability was calculated by dividing the average absorbance
of the cells treated with a platinum complex by that of the
control; IC50 values (drug concentration at which 50% of
the cells are viable relative to the control) were obtained by
GraphPad Prism software, version 4.0.

In Vitro Apoptosis Assay. Induction of apoptosis in vitro by
ruthenium compounds was determined by a flow cytometric
assay with Annexin V-FITC by using an Annexin V-FITC
Apoptosis Detection Kit (Roche) [30]. Exponentially grow-
ing HL-60 cells in 6-well plates (5 × 105 cells/well) were
exposed to concentrations equal to the IC50 of the ruthenium
drugs for 24 hours. Afterwards, the cells were subjected to
staining with the Annexin V-FITC and propidium iodide.
The amount of apoptotic cells was analyzed by flow cytome-
try (BD FACSCalibur).
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The cytochrome c nitrite reductase (ccNiR) from Desulfovibrio desulfuricans ATCC 27774 is able to reduce nitrite to ammonia in
a six-electron transfer reaction. Although extensively characterized from the spectroscopic and structural points-of-view, some of
its kinetic aspects are still under explored. In this work the kinetic behaviour of ccNiR has been evaluated in a systematic manner
using two different spectrophotometric assays carried out in the presence of different redox mediators and a direct electrochemical
approach. Solution assays have proved that the specific activity of ccNiR decreases with the reduction potential of the electronic
carriers and ammonium is always the main product of nitrite reduction. The catalytic parameters were discussed on the basis
of the mediator reducing power and also taking into account the location of their putative docking sites with ccNiR. Due to the
fast kinetics of ccNiR, electron delivering from reduced electron donors is rate-limiting in all spectrophotometric assays, so the
estimated kinetic constants are apparent only. Nevertheless, this limitation could be overcome by using a direct electrochemical
approach which shows that the binding affinity for nitrite decreases whilst turnover increases with the reductive driving force.

1. Introduction

Cytochrome c nitrite reductase (ccNiR) is involved in the
pathway called dissimilatory nitrate reduction to ammonia,
thereby playing an important part in the biogeochemical
nitrogen cycle. This enzyme catalyzes the six-electron reduc-
tion of nitrite (NO2

−) to ammonia (NH4
+) (1) and its

existence has been demonstrated in bacterial strains from
almost every taxonomic branch. However, the best studied
ccNiRs were isolated from proteobacteria that belong to
subdivisions γ (ex: Escherichia coli) [1], δ (ex: Desulfovibrio
desulfuricans ATCC 27774) [2], or ε (ex: W. succinogenes or
Sulfospirillum deleyianum) [3, 4]. The reaction mechanism
has been particularly well studied in Wolinella succinogenes.
The proposed model was based on the crystallographic
observation of reaction intermediates and suggests that

nitrite is reduced to ammonia without the release of nitric
oxide, hydroxylamine, or any other intermediate [5]:

NO2
− + 8H+ + 6e− ←→ NH4

+ + 2 H2O (1)

In addition to nitrite, some ccNiRs were shown to
reduce other substrates like nitric oxide, hydroxylamine, o-
methylhydroxylamine [6], or sulphite [7, 8].

The physiological form of the enzyme is believed to be
a double trimer of 2 NrfA and 1 NrfH subunits [9]. The
catalytic subunit NrfA is a periplasmic membrane-associated
pentaheme cytochrome c where the short distances between
hemes allow a fast and efficient electron transfer. The active
site has been reported as an unusual lysine-coordinated
high-spin heme [4, 10]. NrfH is a small membrane-bound
cytochrome comprising four c-type heme groups and it
serves a double purpose. On one hand, it anchors the
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catalytic subunits to the membrane: in D. desulfuricans, NrfH
and NrfA form a strong complex that is only completely
dissociated in the presence of SDS [11]. On the other hand,
it serves as a quinol oxidase, transferring electrons from the
quinone pool to the catalytic subunits [11, 12].

Kinetic studies of ccNiR have been largely based on
classical spectrophotometric methods using methyl viologen
(MV) as an electron source [1, 2, 6–8, 13, 14]. Although these
protocols provide a satisfactory turnover, the investigation
of the enzyme behaviour requires a more systematic study.
The use of a variety of artificial electron donors, with
different redox potentials or ionic charges, might shed light
on electron entry points and donor-protein interactions and
provide rigorous criteria to establish new reliable protocols.
However, practical details on the experimental conditions
(mediator concentration should not be limiting, subtraction
of noncatalytic reactions, etc.) are rarely taken into account.
Moreover, the list of available redox mediators is not long:
besides being suitable electron carriers to the enzyme, they
must also have chromophore groups that enable the reaction
monitoring by UV-Vis spectrophotometry.

Searching in another direction, Protein Film Voltamme-
try is a promising alternative to the conventional methods
used in kinetic studies. In this technique, an extremely
small amount of a redox protein is adsorbed onto a solid
electrode as an electroactive film. By applying a driving
force (potential difference) the protein molecules exchange
electrons directly with the electrode surface and the resultant
current flow is recorded as a function of the electrode
potential. In the case of an enzyme, and in the presence
of its substrate, the catalytic process results in a steady-
state electron flow whose detection allows instantaneous
measurement of turnover rates. The electrode itself works
as the redox partner of the enzyme; as so, no electron
shuttle species or cosubstrates are mediating the process
and no inhibition or interference reactions are expected
[14]. Pyrolytic graphite (PG) electrodes have shown to
be very suitable for the direct electrochemical study of
redox proteins. Nonetheless, following immobilization on
the electrode surface, enzymes may retain or not their
catalytic properties [15–18].

The aim of our work was to compare and discuss
different experimental approaches to assess nitrite reductase
activity, thereby contributing to the development of an
efficient method, applicable in a broad range of experimental
conditions. The kinetic behaviour of ccNiR was studied by
two spectroscopic techniques and also by electrochemical
assays, according to the experimental designs depicted in
Figure 1.

For the spectroscopic techniques several redox mediators
were used, namely, MV, Diquat (DQ), Phenosafranine (PS),
Anthraquinone-2-sulphonate (AQS), and Indigo Carmine
(IC).

This preliminary work could be quite relevant for the
mechanistic study of nitrite reduction by ccNiR [19] as well
as for paving the way towards the construction of new nitrite
biosensors. In fact, several proposals of D. desulfuricans
ccNiR- based nitrite biosensors were recently made, using
different electronic mediators (MV and AQS) for enzyme
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Figure 1: Reaction schemes for solution (a) and electrochemical (b)
assays of ccNiR activity.

activation [20–24]. In order to find the optimal conditions
for biosensor operation and to make a consistent comparison
between the analytical properties of the proposed systems,
one should fully control the correspondent homogeneous
enzymatic kinetics.

2. Experimental

2.1. Reagents. The multihemic nitrite reductase (ccNiR)
(1.0 mg · mL−1) was purified from D. desulfuricans ATCC
27774 cells as previously described [11] and stored in
0.1 mol·L−1 phosphate buffer, pH 7.6, at−20◦C. The protein
concentration was determined with the Bicinchoninic Acid
Protein Assay Kit (Sigma) using horse heart cytochrome c
(Sigma) as standard.

1,1′-dimethyl-4,4′-bipyridinium dichloride (methyl
viologen, MV), hydroxylamine, n-(1-naphtil)ethyl-
enediamine, and phenol were purchased from Sigma.
Sodium nitroprusside, 3,7-diamino-5-phenylphenazinium
chloride (phenosafranine, PS), 5,5′-indigo sulfonic acid
disodium (indigo carmine, IC), deiquat monohydrate
(diquat, DQ), anthraquinone-2-sulphonate (AQS), sodium
dithionite, potassium chloride, sodium nitrite, ammonium
chloride, disodium hydrogen phosphate, sodium dihydrogen
phosphate, and sulphanilamide were all from Merck.
Hydrochloric acid was from Riedel-de-Haen. All chemicals
were of analytical grade.

2.2. Enzymatic Measurements

2.2.1. Discontinuous Assay. This assay involved two steps:
the enzymatic conversion of nitrite to ammonia followed by
the quantitative determination of both nitrite and ammonia
present in the reaction mixture. For the enzymatic step,
a 1 mL assay was prepared containing 0.2 M phosphate
buffer pH 7.6, 0.5 mM sodium nitrite, 0.5 mM of mediator
(0.25 mM in the case of PS, AQS, and IC), and appropriately
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diluted enzyme. In order to obtain comparable results, the
mediator concentrations were levelled to provide the same
reducing equivalents, since PS, AQS, and IC supply 2 elec-
trons per molecule and the other mediators are one electron
donors (when dithionite reduced). The reaction was initiated
by the addition of 0.5 mM of sodium dithionite (in buffer
solution), and after a particular incubation period (from 2 to
10 minutes) at 37◦C, the reaction was stopped by oxidation
of dithionite through vigorous stirring. The quantification
of nitrite and ammonia was performed by the Griess [25]
and indophenol blue [2, 26] methods, respectively. In control
experiments performed without enzyme, using inactivated
enzyme and without substrate, no ammonia formation (or
nitrite consumption) was detected. One unit of enzyme
activity is defined as the amount of enzyme that catalyzed
the reduction of 1 μmol of nitrite per minute.

2.2.2. Continuous Assay. Kinetic data was obtained by mon-
itoring the reoxidation of the mediators used as electron
sources for enzyme turnover. The assay mixtures were pre-
pared in a septum-stoppered quartz cell containing 0.16 mM
of the mediators (except for PS-0.08 mM) and properly
diluted ccNiR. Total cell volume was 2.5 mL completed with
0.2 M phosphate buffer, pH 7.6. The cell was purged with
argon for 10 minutes before starting the reaction, while it was
incubated at 37◦C. Then, an appropriate volume of sodium
dithionite was added into the cell with a syringe (typically ca.
20 μL to achieve a final concentration in the cell of 0.16 mM,
or 10 μL when using PS) to reduce the mediators. The total
volume could slightly vary from assay to assay due to some
dithionite degradation following the solution deoxygenation
step (the complete reduction of the mediators was assured by
controlling the absorbance of their reduced forms).

The absorbance was measured for 30 seconds to establish
a baseline (the rate of mediator non-enzymatic reoxidation,
to be subtracted from nitrite reduction rates) and the
reaction was subsequently started by the addition of nitrite
stock solutions (1 and 10 mM). Kinetic measurements were
made by following the rate of the change in light absorption
of the mediators (604 nm for MV (ε604 nm = 13.6 mM·cm−1),
460 nm for DQ (ε460 nm = 2.7 mM · cm−1) and 540 nm
for PS (ε540 nm = 18.4 mM · cm−1)) in the presence of
nitrite. Control assays performed in the absence of nitrite
or enzyme showed little or no bleaching of the reduced
mediators. Absorbance was measured with a Diode array
spectrophotometer (Agilent Technologies 8453A UV-Vis).
Kinetic parameters KM and kcat were determined using the
software Graph Pad Prism 4.

2.2.3. Electrochemical Assays. Chronoamperometry experi-
ments (electrode potential was stepped and the current was
measured) were performed with an Autolab electrochemical
analyzer (PGSTAT12, Eco Chemie) under the control of
GPES software (Eco Chemie). Electrode rotation was driven
with an electrode rotator also controlled by GPES. The
experiments were performed with a speed rotation of
600 rpm. A three-electrode cell configuration, composed
of a silver/silver chloride reference electrode (Ag/AgCl),

a platinum wire counter electrode, and a PG working
electrode, was used. All potentials were quoted against
NHE (+197 mV Ag/AgCl). The experiments were carried at
37◦C in a single compartment cell containing 20 mL of
supporting electrolyte (0.1 mol · L−1 phosphate buffer, pH
7.6). Solutions in the electrochemical cell were purged with
argon before measurements and the argon atmosphere was
maintained during the experiments by continuously flushing
the cell. Protein films were prepared by depositing a 10 μL
drop of enzyme solution on the electrode surface. After 10
minutes, the electrode was washed with buffer and placed
in the electrochemical cell. The protein surface coverage as
estimated by the integration of the cyclic voltammogram of
ccNiR obtained in the absence of nitrite was ca. 4 pmol ·
cm−2. The electrode response to nitrite was evaluated by
successively adding small volumes of nitrite stock solutions
(1, 10 and 100 mM), while continuously recording the
activity. Control experiments showed no detectable faradaic
current in the absence of ccNiR.

2.3. Molecular Docking Simulations. The atomic coordi-
nates of D. desulfuricans ccNiR were obtained from the
Brookhaven Protein Data Bank (entry 1OAH.pdb) [10].
Mediator structures were obtained from PubChem database
(entries 15939 (MV), 6795 (DQ), 65733 (PS), 8551 (AQS),
and 5284351 (IC)). The atomic coordinates of the mediators
and ccNiR were used as input files for the docking algorithm
PatchDock [27, 28], which creates potential complexes sorted
according to shape complementarity criteria. The obtained
complexes are sorted by a scoring function that considers
both geometric fit and atomic desolvation energy. A root
mean square deviation clustering of 4 Å is then applied to
the complexes to discard redundant solutions. With this
algorithm, the native result is typically found in the top 100
solutions and often among the top 10. The top 20 solutions
obtained in this study were very similar to each other. Thus,
to avoid presenting confusing pictures we decided to show
only the first 5. Structure manipulation was done with the
UCSF Chimera package [29].

3. Results and Discussion

3.1. Mediated Spectrophotometry. In the early stage of
this study we investigated the influence of the electron
donor in product formation. In particular, we intended
to check if nitrite is directly converted to ammonia and
no intermediates are accumulated during the course of
the enzymatic reaction. We thus used a simple fixed-time
method (single point), in which direct measurements of
the reaction substrate and product were made [2]. In
Figure 2(a) nitrite consumption and ammonia formation
curves, traced in the presence of methyl viologen, diquat,
phenosafranine, anthraquinone-2-sulphonate, and indigo
carmine, are represented. Comparing the ammonia and
nitrite contents we could confirm 100% conversion with all
the mediators, except for indigo carmine (75%) as shown in
Figure 2(b). The latter has the highest reduction potential
tested (−145 mV); thus, we can speculate that the reaction
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Figure 2: (a) Progression curves for ammonia (filled symbols)
and nitrite (open symbols) for ccNiR reaction, in the presence of
equivalent electron concentrations of dithionite reduced mediators
at 37◦C. MV (��); DQ (�♦); PS ( ); AQS ( ) and IC (X ).
Enzyme concentration was 0.7 nM for MV, DQ, and PS assays, 7 nM
for AQS, and 14 nM for IC. (b) Nitrite to ammonia conversion
percentages in the presence of each mediator.

is not complete and less reduced intermediates or products
other than ammonium may be formed. No further studies
were performed to corroborate this result, since efficient
quantitation methods for reaction intermediates have yet to
be established [7].

The specific activity of ccNiR for nitrite and hydrox-
ylamine was determined with all mediators, also using
this discontinuous method. ccNiR hydroxylamine reduc-
ing activity was obtained by determining the amount of
ammonia produced in the assay (hydroxylamine conversion
percentages were not calculated, given that this substrate
was not quantified). As shown in Figure 3, the activities
for nitrite were at least 10 times greater than the activities
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Figure 3: ccNiR specific activities determined with an equivalent
electron concentration of the mediators and with a saturating nitrite
( ) and hydroxylamine ( )) concentration. Incubation time was
4 minutes, that is, within the period of ammonia production at a
linear rate. Dithionite was used as reducing agent. All assays were
performed at 37◦C. Enzyme concentration was 0.7 nM for MV, DQ
and PS assays, 7 nM for AQS, and 14 nM for IC.

for hydroxylamine, thus confirming nitrite as the specific
substrate for ccNiR. Specific activity values were found to
decrease with the potential of the electron carrier, indicating
methyl viologen (the lowest potential mediator) as the most
suitable electron donor for ccNiR. Activities are in the range
found for ccNiRs from other organisms [1, 2, 6, 8, 31].

Molecular docking studies were performed to evaluate
the interaction between ccNiR and the redox mediators
(Figure 4). From the best five solutions obtained with the
molecular docking algorithm PatchDock [27, 28] we could
validate MV as a convenient mediator for ccNiR reduction,
since it interacts with a region closer to the electron transfer
heme groups of the protein. In contrast, the highest potential
mediators IC and AQS, which provided the lowest specific
activities for nitrite reduction, interact with the enzyme in
the interface between the two catalytic subunits, distant from
any electron transfer hemes. Most of the top five solutions
found for PS and DQ were also located in regions distant
from the heme clusters, with the exception of DQ that has
one putative docking site close to the catalytic heme.

The kinetic parameters for nitrite reductases are usually
determined using the spectroscopic continuous method
assay, in which the rate of reoxidation of a viologen cosub-
strate gives an indirect measurement of enzyme activity [1, 6,
8, 13]. Although time-consuming, this type of method offers
advantages relatively to the discontinuous assay applied
above, since it allows direct tracking of the progress curve
of the reaction, therefore making it relatively easy to estimate
initial rates, spot any deviations from the initial linear phase
of the reaction, and detect anomalous behaviours [32]. For
this study, only the three lowest potential mediators (MV,
DQ, and PS) were selected. The initial rates of ccNiR reaction
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(c) (d)

(e)

Figure 4: Interaction complexes of ccNiR with the mediators (a) MV, (b) DQ (c) PS, (d) AQS, and (e) IC. First five solutions are obtained
with the molecular docking algorithm PatchDock. Heme groups are depicted in black and mediators are represented in ball and stick form.

were calculated from the changes in absorbance over time.
In other words, the initial rate of mediator reoxidation,
upon nitrite injection, was calculated by taking the first-
derivative of the first part of the progression curve, thus
considering a pseudo-1st-order reaction. In some cases the
initial linear portion of the assay was sufficiently prolonged
to allow the calculation of the initial rate reaction just by
plotting a tangent to the first part of the assay curve, therefore
considering a zero-order reaction rate.

An important consideration that must be drawn from
the obtained results is that the reactions are not taking place
at saturating mediator levels. The initial reaction velocities
measured over a range of concentrations of MV, DQ, and PS,
within the normal parameters used in spectroscopic assays
(absorbance values between 0.5 and 2) were influenced by
the mediator concentration (results not shown). Electron
delivering from reduced electron donors is probably rate-
limiting in this type of assay. This is not surprising since
the need of six electrons per substrate molecule associated
to the high catalytic rates of ccNiR demands a great supply
of reducing equivalents. Therefore, the amount of electron

donor in the reaction vessel should be increased, but
this involves experimental challenges. The concentration of
coloured mediators, such as MV and DQ (reduced forms),
is always limited by the validity range of the Lambert-Beer’s
law; the absorbance eventually reaches such high levels that
the apparatus no longer responds linearly to the increasing
concentrations. Problem solving could have been provided
by the nonabsorbing reduced form of phenosafranine, but its
low solubility constituted another obstacle. Without a perfect
option, and with the aim of obtaining a set of comparable
kinetic data, we decided to level the concentration of
the reducing equivalents that each mediator supplies (cf.
experimental section). The obtained results are shown in
Figure 5. In the presence of varying substrate concentrations
the nitrite reducing activity follows a Michaelis-Menten
profile for all mediators.

The apparent KM and turnover numbers were calculated
from data fitting to the Michaelis-Menten equation (Table 1).
Although kinetic parameters are in the same order of
magnitude, there is no coherent variation of the catalytic
constant with the potential. In particular, the electronic
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Table 1: Kinetic parameters for nitrite reduction catalysed by D. desulfuricans ccNiR obtained by the continuous spectrophotometric and
the amperometric assays.

Homogeneous Electrochemical

Mediator/ Potential (vs NHE) KM
app (μM) kcat

app (s−1) kcat/KM (s−1 · μM−1) KM (μM) kcat(s−1)∗ kcat/KM (s−1 · μM−1)

Phenosafranine/−255 mV 2.7± 0.4 79± 3 29 9.2± 0.1 120± 1 13

Diquat/−350 mV 6.4± 0.6 1064± 23 166 28.1± 0.4 382± 2 14

Methyl viologen/−440 mV 15.0± 3.6 738± 45 49 33.3± 0.7 762± 4 23
∗Turnover number was determined according to [30].
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Figure 5: Enzyme activities determined using equivalent electron
concentrations (0.16 mM) of MV (�), DQ (�), PS ( ), at 37◦C,
over increasing nitrite concentrations. The solid lines represent the
simulations to the Michaelis-Menten equation. Enzyme concentra-
tion was 0.6 nM for MV, 1.5 nM for DQ, and 7.4 nM for PS assays.

carrier that gave the highest kcat value is diquat, which has
an intermediate reduction potential. This indicates a clear
influence of the mediator nature on the measured activities,
determined by other aspects than the reduction potential.
Perhaps the electron transfer rate from DQ to the protein
is much faster, enabling higher turnovers. In fact, according
to the docking studies, DQ may interact differently with
ccNiR, having some chances to deliver electrons directly to
the catalytic site (Figure 4).

The high kcat value for DQ was also unexpected since
in the discontinuous assay, the highest specific activity was
observed for MV. A possible explanation can come from
the fact that anaerobic conditions were maintained in the
continuous method, but not in the discontinuous. As a result,
in the latter assay the concentration of the reduced species is
not properly controlled, as it is in the continuous mode (e.g.,
incomplete diquat reduction). This brings our attention to
the artefacts that can be generated by indirect enzymatic
assays based on measurements of electronic carriers.

The binding affinity for nitrite decreased consistently
with the reduction potential (KM rise). Possibly, in a fully
reduced state the protein may adopt a structural conforma-
tion that somewhat diminishes the affinity for nitrite.

3.2. Direct Electrochemistry. The alternative method for
determining nitrite reductase activity relied on a heteroge-
neous electron transfer reaction using an electrochemical
technique. Herein ccNiR was adsorbed on the surface of a
PG electrode that delivered electrons directly to the enzyme,
thus converting it to its active state (Figure 1(b)). Due to the
high activity of multihemic nitrite reductases it is difficult
to eliminate mass-transport limitations in these experiments
[15, 33]. An electrode rotation speed of 600 rpm was used in
this work, which corresponds to 95% of the limiting current
(not affected by mass transport). This was considered as a
sufficient reflection of the steady-state activity of ccNiR. In
this way, we were also able to avoid turbulence and flow
irreproducibility generated at high electrode rotation speeds,
by eddy currents and vortices forming around the edges of
the revolving electrode [34].

The ccNiR activity for nitrite was determined by amper-
ometric titration (Figure 6) using potentials equivalent to
the ones provided by the redox mediators used in the
spectroscopic assays (−440 mV for MV, −350 mV for DQ,
and −255 mV for PS). In this way, in spite of varying the
protein reduction level, the experimental conditions are fully
comparable.

ccNiR films on the PG electrode exhibited turnovers
equivalent to those measured in the solution assays (Table 1).
Hence, the catalytic activity of the biofilm was greatly
maintained. More importantly, the expected trend of increas-
ing kcat with the electrode reductive driving force was
here observed. This should be related to the use of the
same electron delivering system (PG electrode) at the three
operating potentials, thus eliminating any variability coming
from the use of different electronic mediators.

The Michaelis-Menten constants were slightly higher
than those obtained in the solution assays. This may reflect a
small effect of enzyme adsorption or mass transport. Yet, the
binding affinity for nitrite also decreases with the reduction
potential. Nonetheless, if one considers the kcat/KM factor,
the catalytic efficiency increases slightly with the reducing
power regardless of the experimental approach.

4. Conclusions

The kinetic properties of ccNiR were studied using different
methods. One of our goals was to study the influence of
the electron donor of the reaction on the homogeneous
kinetic parameters of ccNiR. As shown, below a sufficient
reducing power (E < −250 mV), nitrite was always converted
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Figure 6: (a) Amperomograms of PG electrodes with immobilized
ccNiR, in the presence of increasing amounts of nitrite, recorded
at (a) −440 mV, (b) −350 mV, and (c) −255 mV. (b) Michaelis-
Menten fittings to the calibration curves performed at −440 mV
(�),−350 mV (�), and −255 mV ( ). The assays were carried out
at 37◦C with an electrode rotation speed of 600 rpm. The solid lines
represent the Michaelis-Menten simulations of enzyme kinetics.

stoichiometrically to ammonia. However, the chemical struc-
ture of the electronic carrier may have a certain impact on
ccNiR activity, most likely at the level of the mediator-protein
interaction and the subsequent intermolecular electron
transfer. Apparently, the enzyme has a greater affinity for
diquat than for the others mediators.

Methyl viologen was confirmed as the most suitable
electron donor, since it provided the highest specific activity
for nitrite. Moreover, it was the mediator that interacted
more closely with the electron transfer hemes of ccNiR, as
observed in the molecular docking studies.

We also conclude that we could not avoid the nonsatu-
rating mediator conditions when using spectrophotometric
techniques. As so, rate-limiting by electron donors is a
pending issue and only apparent kinetic constants could

be assessed. It should be stressed that this topic has not
been considered in previous works. Thus, data presented
in the literature should be evaluated carefully, taking into
consideration the experimental conditions. Although the
present study does not provide a way to determine real
parameters describing the homogeneous kinetics, it indicates
electrochemistry as a good alternative to techniques depend-
ing on chromophore mediators.

Our future plans should cover the study of ccNiR’s inter-
action with substrates other than nitrite and hydroxylamine.
A systematic study of enzyme inhibition, the influence of
pH, ionic strength, and temperature should be very useful
to understand the kinetic mechanism of ccNiRs and for
developing a robust electrochemical biosensor.
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lation and characterization of cytochrome c nitrite reductase
subunits (NrfA and NrfH) from Desulfovibrio desulfuricans
ATCC 27774. Re-evaluation of the spectroscopic data and
redox properties,” European Journal of Biochemistry, vol. 270,
no. 19, pp. 3904–3915, 2003.

[12] M. L. Rodrigues, T. F. Oliveira, I. A. C. Pereira, and M. Archer,
“X-ray structure of the membrane-bound cytochrome c
quinol dehydrogenase NrfH reveals novel haem coordination,”
EMBO Journal, vol. 25, no. 24, pp. 5951–5960, 2006.

[13] T. V. Tikhonova, A. Slutsky, A. N. Antipov et al., “Molecular
and catalytic properties of a novel cytochrome c nitrite reduc-
tase from nitrate-reducing haloalkaliphilic sulfur-oxidizing
bacterium Thioalkalivibrio nitratireducens,” Biochimica et
Biophysica Acta, vol. 1764, no. 4, pp. 715–723, 2006.

[14] T. A. Clarke, P. C. Mills, S. R. Poock et al., “Escherichia coli
cytochrome c nitrite reductase NrfA,” Methods in Enzymology,
vol. 437, pp. 63–77, 2008.

[15] H. C. Angove, J. A. Cole, D. J. Richardson, and J. N. Butt,
“Protein film voltammetry reveals distinctive fingerprints of
nitrite and hydroxylamine reduction by a cytochrome c nitrite
reductase,” Journal of Biological Chemistry, vol. 277, no. 26, pp.
23374–23381, 2002.

[16] J. D. Gwyer, H. C. Angove, D. J. Richardson, and J. N. Butt,
“Redox-triggered events in cytochrome c nitrite reductase,”
Bioelectrochemistry, vol. 63, no. 1-2, pp. 43–47, 2004.

[17] J. D. Gwyer, D. J. Richardson, and J. N. Butt, “Inhibiting
Escherichia coli cytochrome c nitrite reductase: voltammetry
reveals an enzyme equipped for action despite the chemical
challenges it may face in vivo,” Biochemical Society Transac-
tions, vol. 34, no. 1, pp. 133–135, 2006.

[18] C. Léger and P. Bertrand, “Direct electrochemistry of redox
enzymes as a tool for mechanistic studies,” Chemical Reviews,
vol. 108, no. 7, pp. 2379–2438, 2008.

[19] J. Heinecke and P. C. Ford, “Mechanistic studies of nitrite reac-
tions with metalloproteins and models relevant to mammalian
physiology,” Coordination Chemistry Reviews, vol. 254, no. 3-4,
pp. 235–247, 2010.

[20] M. G. Almeida, C. M. Silveira, and J. J. G. Moura, “Biosens-
ing nitrite using the system nitrite redutase/Nafion/methyl
viologen—a voltammetric study,” Biosensors and Bioelectron-
ics, vol. 22, no. 11, pp. 2485–2492, 2007.

[21] H. Chen, C. Mousty, S. Cosnier, C. Silveira, J. J. G. Moura, and
M. G. Almeida, “Highly sensitive nitrite biosensor based on
the electrical wiring of nitrite reductase by [ZnCr-AQS] LDH,”
Electrochemistry Communications, vol. 9, no. 9, pp. 2240–2245,
2007.

[22] M. Scharf, C. Moreno, C. Costa et al., “Electrochemical,
studies on nitrite reductase towards a biosensor,” Biochemical
and Biophysical Research Communications, vol. 209, no. 3, pp.
1018–1025, 1995.

[23] S. Da Silva, S. Cosnier, M. G. Almeida, and J. J. G. Moura,
“An efficient poly(pyrrole-viologen)-nitrite reductase biosen-
sor for the mediated detection of nitrite,” Electrochemistry
Communications, vol. 6, no. 4, pp. 404–408, 2004.

[24] Z. Zhang, S. Xia, D. Leonard et al., “A novel nitrite biosensor
based on conductometric electrode modified with cytochrome
c nitrite reductase composite membrane,” Biosensors and
Bioelectronics, vol. 24, no. 6, pp. 1574–1579, 2009.

[25] J. D. Nicholas and A. Nason, “Determination of nitrate and
nitrite,” Methods in Enzymology, vol. 3, pp. 981–984, 1957.

[26] R. L. Searcy, N. M. Simms, J. A. Foreman, and L. M. Rergouist,
“A study of the specificity of the Berthelot colour reaction,”
Clinica Chimica Acta, vol. 12, no. 2, pp. 170–175, 1965.

[27] D. Duhovny, R. Nussinov, and H. Wolfson, “Efficient unbound
docking of rigid molecules,” in Proceedings of the 2nd Workshop
on Algorithms in Bioinformatics(WABI ’02), R. Guigo and D.
Gusfield, Eds., vol. 2452 of Lecture Notes in Computer Science,
Springer, Rome, Italy, 2002.

[28] D. Schneidman-Duhovny, Y. Inbar, R. Nussinov, and H. J.
Wolfson, “PatchDock and SymmDock: servers for rigid and
symmetric docking,” Nucleic Acids Research, vol. 33, no. 2, pp.
W363–W367, 2005.

[29] E. F. Pettersen, T. D. Goddard, C. C. Huang et al., “UCSF
Chimera—a visualization system for exploratory research and
analysis,” Journal of Computational Chemistry, vol. 25, no. 13,
pp. 1605–1612, 2004.

[30] M. G. Almeida, C. M. Silveira, B. Guigliarelli et al., “A needle
in a haystack: the active site of the membrane-bound complex
cytochrome c nitrite reductase,” FEBS Letters, vol. 581, no. 2,
pp. 284–288, 2007.

[31] I. A. C. Pereira, J. LeGall, A. V. Xavier, and M. Teixeira,
“Characterization of a heme c nitrite reductase from a non-
ammonifying microorganism, Desulfovibrio vulgaris Hilden-
borough,” Biochimica et Biophysica Acta, vol. 1481, no. 1, pp.
119–130, 2000.

[32] K. F. Tipton, “Principles of enzyme assay and kinetic studies,”
in Enzyme Assays: A Practical Approach, Oxford University
Press, Oxford, UK, 1993.

[33] J. D. Gwyer, D. J. Richardson, and J. N. Butt, “Diode or tunnel-
diode characteristics? Resolving the catalytic consequences
of proton coupled electron transfer in a multi-centered
oxidoreductase,” Journal of the American Chemical Society, vol.
127, no. 43, pp. 14964–14965, 2005.

[34] P. M. S. Monk, Fundamentals of Electroanalytical Chemistry,
John Wiley & Sons, New York, NY, USA, 2002.



Hindawi Publishing Corporation
Bioinorganic Chemistry and Applications
Volume 2010, Article ID 149149, 11 pages
doi:10.1155/2010/149149

Research Article

Antineoplastic Activity of New Transition Metal Complexes of
6-Methylpyridine-2-carbaldehyde-N(4)-ethylthiosemicarbazone:
X-Ray Crystal Structures of [VO2(mpETSC)] and [Pt(mpETSC)Cl]

Shadia A. Elsayed,1 Ahmed M. El-Hendawy,2 Sahar I. Mostafa,3 Bertrand J. Jean-Claude,4

Margarita Todorova,4 and Ian S. Butler1

1 Department of Chemistry, McGill University, Montreal, QC, Canada H3A 2K6
2 Chemistry Department, Faculty of Science, Mansoura University, Damietta 34517, Egypt
3 Chemistry Department, Faculty of Science, Mansoura University, Mansoura, Egypt
4 Department of Medicine, Royal Victoria Hospital, Montreal, QC, Canada H3A 1A1

Correspondence should be addressed to Ian S. Butler, ian.butler@mcgill.ca

Received 14 March 2010; Accepted 14 April 2010

Academic Editor: Spyros Perlepes

Copyright © 2010 Shadia A. Elsayed et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

New complexes of dioxovanadium(V), zinc(II), ruthenium(II), palladium(II), and platinum(II) with 6-methylpyridine-2-
carbaldehyde-N(4)-ethylthiosemicarbazone (HmpETSC) have been synthesized. The composition of these complexes is discussed
on the basis of elemental analyses, IR, Raman, NMR (1H, 13C, and 31P), and electronic spectral data. The X-ray crystal structures
of [VO2(mpETSC)] and [Pt(mpETSC)Cl] are also reported. The HmpETSC and its [Zn(HmpETSC)Cl2] and [Pd(mpETSC)Cl]
complexes exhibit antineoplastic activity against colon cancer human cell lines (HCT 116).

1. Introduction

Interest in thiosemicarbazone chemistry has flourished for
many years, largely as a result of its wide range of uses,
for example, as antibacterial, antifungal, chemotherapeutic,
and bioanalytical agents [1–6]. One particular area of
thiosemicarbazone chemistry that has been increasing in
importance recently involves biologically active metal com-
plexes of thiosemicarbazone-based chelating (NNS) agents.
As the coordination of the metal ions to thiosemicarbazones
improves their efficacy and improve their bioactivity [6].
In this concept, zinc(II), palladium(II), and platinum(II)
complexes of pyridine-2-carboxaldehyde thiosemicarbazone
and substituted pyridine thiosemicarbazone were tested
against human cancer breast and bladder cell lines and
found to be selectively cytotoxic to these malignant cell
carcinoma [7, 8]. We have previously studied the chemother-
apeutic potential of a series of Mo(VI), Pd(II), Pt(II), and
Ag(I) complexes with N,O; N,S and O,O-donors. These
complexes were found to display significant anticancer
activity against Ehrlich ascites tumor cell (EAC) in albino

mice [9–12]. Copper(II) complexes of 6-methylpyridine-
2-carbaldehyde and its N(4)-methyl, ethyl, and phenyl
thiosemicarbazones have been reported as well as their
activity against pathogenic fungi [13]. In this paper, we
report the synthesis and spectroscopic characterizations of
new complexes of 6-methylpyridine-2-carbaldehyde-N(4)-
ethylthiosemicarbazone (HmpETSC, Figure 1) with V(V),
Zn(II), Ru(II), Pd(II), and Pt(II). The X-ray crystal struc-
tures of [VO2(mpETSC)] and [Pt(mpETSC)Cl] have been
reported. Also, the anticancer activity of HmpETSC and its
Zn(II) and Pd(II) complexes toward colon cancer human cell
lines has been tested.

2. Experimental

All reagents were purchased from Alfa/Aesar and Aldrich.
[RuCl2(PPh3)3] was prepared as previously reported in
[14]. Infrared spectra were recorded using a Nicolet
6700 Diamond ATR spectrometer in the 200–4000 cm−1

range. Raman spectra were recorded on in Via Renishaw
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Figure 1: Structure of 6-methylpyridine-2-carbaldehyde-N(4)-
ethylthiosemicarbazone (HmpETSC).
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Figure 2: Structure of [VO2(mpETSC)] with numbering scheme.

spectrometer using 785 nm laser excitation. NMR spectra
were recorded on Varian Mercury 500 MHz spectrometer
in DMSO-d6 with TMS as reference. Electronic spectra
were recorded in DMF using Hewlett-Packard 8453 Spec-
trophotometer. Elemental analyses and X-ray crystallogra-
phy were performed in Université De Montréal. The human
cancer cell lines were obtained from the American Type
Culture Collection (ATCC catalog number): HCT116 human
colorectal carcinoma (CCL-247). Cells were maintained
in Roswell Park Memorial Institute (RPMI-1640) medium
(Wisent Inc., St-Bruno, Canada) supplemented with 10%
FBS, 10 mM HEPES, 2 mM L-gutamine, and 100 μg/mL
penicillin/streptomycin (GibcoBRL, Gaithersburg, MD). All
assay cells were plated 24 hours before drug treatment.

2.1. Preparation of the Ligand: 6-Methylpyridine-2-carboxal-
dehyde-N(4)-ethylthiosemicarbazone (HmpETSC). 6-Meth-
ylpyridine-2-carboxaldehyde (1.21 g, 10 mmol) in ethanol
(10 cm3) was added to N(4)-ethylthiosemicarbazide (1.19 g,
10 mmol) in ethanol-water solution (V/V 1 : 1, 80 cm3)
followed by the addition of drops of glacial acetic acid. The
reaction mixture was refluxed for 3 hours. The precipitate
obtained was filtered off, washed with water and ethanol,

and recrystallized from ethanol then dried in vacuo. m. p.
= 201◦C. Elemental analytical calculation for C10H13N4S: C,
54.0, H, 6.4; N, 25.2; S, 14.4% found C, 54.0, H, 6.3; N, 25.1;
S, 14.2%.

2.2. Preparation of the Complexes

2.2.1. [VO2(mpETSC)]. To a solution of HmpETSC (0.044 g,
0.2 mmol) in acetonitrile (10 cm3), [VO(acac)2] (0.053 g,
0.2 mmol) was added. The reaction mixture was refluxed for
1 hour. Upon cooling the yellowish green solution, orange
precipitate was obtained. It was filtered off, washed with
ethanol, and dried in vacuo. The brown crystals suitable for
X-Ray crystallography were obtained by a slow evaporation
of a solution of the complex in acetonitrile. The yield was
50% (based on the metal). Elemental analytical calculation
for C10H13N4O2SV: C, 39.5; H, 4.3; N, 18.4; S, 10.5% found
C, 39.4; H, 4.0; N, 18.2; S, 10.3%.

2.2.2. [Zn(HmpETSC)Cl2]. A methanolic solution (10 cm3)
of HmpETSC (0.044 g, 0.2 mmol) was added to ZnCl2
(0.027 g, 0.2 mmol) in methanol (10 cm3). The reaction
mixture was refluxed for 2 hours, and the off-white product
obtained was filtered off, washed with methanol, then dried
in air. The yield was 35% (based on the metal). Elemental
analytical calculation for C10H14Cl2N4SZn: C, 33.5; H, 3.9;
N, 15.6; S, 8.9% found C, 33.7; H, 3.7; N, 15.5; S, 8.8%.

2.2.3. [Ru(PPh3)2(mpETSC)2]. A hot ethanolic solution of
HmpETSC (0.044 g, 0.2 mmol) was added to [RuCl2(PPh3)3]
(0.1 g, 0.1 mmol). Et3N (0.02 cm3, 0.2 mmol) was then added
and the reaction mixture was refluxed for 2 hours. The red
brown solution was filtered and upon reducing the volume
by evaporation a brown solid was isolated. It was filtered
off, washed with ethanol and ether. The yield was 33%
(based on the metal). Elemental analytical calculation for
C56H56N8P2RuS2: C, 63.0; H, 5.3; N, 10.5; S, 6.0% found that
C, 62.8; H, 5.1; N, 10.4; S, 5.8%.

2.2.4. [Pd(mpETSC)Cl]. A solution of K2[PdCl2] (0.1 g,
0.3 mmol) in water (2 cm3) was added to HmpETSC
(0.066 g, 0.3 mmol) in methanolic solution of KOH (0.018 g,
0.3 mmol; 15 cm3). The reaction mixture was stirred at room
temperature for 24 hours. The orange precipitate was filtered
off, washed with water methanol, and finally air-dried. Yield
was 60% (based on metal). Elemental analytical calculation
for C10H13ClN4PdS: C, 33.1; H, 3.6; N, 15.4; S, 8.8% found
C, 33.4; H, 3.2; N, 15.2; S, 8.5%.

2.2.5. [Pt(mpETSC)Cl]. An aqueous solution (3 cm3) of
K2PtCl4 (0.042 g, 0.1 mmol) was added dropwise to a
methanolic solution of HmpETSC (0.022 g, 0.1 mmol;
15 cm3). The reaction mixture was stirred overnight at room
temperature. Upon evaporation of the solvent, fine red
crystals were observed. These were suitable for single crystal
X-ray crystallography. Yield was 25% (based on metal).
Elemental analytical calculation for C10H13ClN4PtS: C, 26.6;
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Figure 3: Hydrogen bonding interaction in the lattice of [VO2(mpETSC)].

H, 2.9; N, 12.4; S, 7.1% found C, 26.8; H, 2.8; N, 12.1; S,
6.9%.

2.3. X-Ray Crystallography. The crystal structure were mea-
sured on The X-Ray Crystal Structure Unit, using a Bruker
Platform diffractometer, equipped with a Bruker MART
4 K Charger-Coupled Device (CCD) Area Detector using
the program APEX II and a Nonius Fr591 rotating anode
(Copper radiation) equipped with Montel 200 optics. The
crystal-to-detector distance was 5 cm, and the data collection
was carried out in 512 × 512 pixel mode. The initial unit
cell parameters were determined by the least-squares fit of
the angular setting of strong reflections, collected by a 10.0
degree scan in 33 frames over three different parts of the
reciprocal space (99 frames total). One complete sphere of
data was collected.

The crystals of [VO2(mpETSC)] and [Pt(mpETSC)Cl]
were mounted on the diffractometer, and the unit cell
dimensions and intensity data were measured at 200 K.
The structures were solved by the least-squares fit of the
angular setting of strong reflections based on F2. The relevant
crystal data and experimental conditions along with the final
parameters are reported in Table 1.

2.4. Antineoplastic Testing. In the growth inhibition assay,
HCT116 cells were plated at 5,000 cells/well in 96-well flat-
bottomed microtiter plates (Costar, Corning, NY). After 24-
hour incubation, cells were exposed to different concentra-
tions of each compound continuously for four days. Briefly,
following HmpETSC and its Zn(II) and Pd(II) complexes
treatment, cells were fixed using 50 μl of cold trichloroacetic
acid (50%) for 60 minutes at 4◦C, washed with water, stained
with 0.4% sulforhodamine B (SRB) for 4 hours at room

temperature, rinsed with 1% acetic acid, and allowed to dry
overnight [15]. The resulting colored residue was dissolved
in 200 μl Tris base (10 mM, pH 10.0), and optical density
was recorded at 490 nm using a microplate reader ELx808
(BioTek Instruments). The results were analyzed by Graph
Pad Prism (Graph Pad Software, Inc., San Diego, CA), and
the sigmoidal dose response curve was used to determine
50% cell growth inhibitory concentration (IC50). Each point
represents the average of two independent experiments
performed in triplicate.

3. Results and Discussion

3.1. Synthesis and Physical Properties of the Complexes. The
preparative reactions for the complexes can be represented
by the following equations:

VO(acac)2 + HmpETSC
CH3CN,T−−−−−→ [

VO2
(
mpETSC

)]
ZnCl2 + HmpETSC

MeOH,T−−−−−→ [
Zn
(
HmpETSC

)
Cl2
]

[Ru(PPh3)3Cl2] + HmpETSC
EtOH/Et3N,T−−−−−−−→[
Ru(PPh3)2

(
mpETSC

)
2

]
K2PdCl4 + HmpETSC

H2O/MeOH,T−−−−−−−−→ [
Pd
(
mpETSC

)
Cl
]

K2PtCl4 + HmpETSC
H2O/MeOH,T−−−−−−−−→ [

Pt
(
mpETSC

)
Cl
]

All the complexes are microcrystalline or amorphous pow-
der, stable in the normal laboratory atmosphere, and slightly
soluble in common organic solvent but completely soluble in
DMF and DMSO.
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Table 1: Crystal data and structure refinement for VO2(mpETSC) and Pt(mpETSC)Cl.

[VO2(mpETSC)] [Pt(mpETSC)Cl]

Empirical formula C10H13N4 O2SV C10H13ClN4PtS

Formula weight 304.24 451.84

Temperature 200 K 150 K

Wavelength 1.54178 Å 1.54178 Å

Crystal system Monoclinic Monoclinic

Space group P21/c P21/n

Unit cell dimensions

a(Å), α (◦) 8.5583(2), 90o 12.9824(2), 90

b(Å), β (◦) 13.4934(3), 03.679(1)o b = 7.0655(1). 94.454(1)0

c(Å), γ (◦) 11.2697(3), 90o c = 13.6601(2), 90

Volume (Å3) 1264.52(5) (Å3) 1249.22(3) (Å3)

Z, Density (calculated) g/cm3 4; 1.598 g/cm3 4; 2.402 g/cm3

Absorption coefficient 8.122 mm−1 24.402 mm−1

F(000) 624 848

Crystal size 0.26 × 0.10 × 0.06 mm 0.12 × 0.08 × 0.02 mm

Theta range for data collection (◦) 5.20 to 72.30◦ 4.53 to 72.13

Index ranges −10 ≤ h ≤ 10, −16 ≤ h ≤16, −13 ≤ l ≤ 13 −15 ≤ h ≤ 15, −8 ≤ k ≤ 8, −16 ≤ l ≤ 16

Reflections collected 16371 15858

Independent reflections 2468 [Rint = 0.033] 2442 [Rint = 0.045]

Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents

Max. and min. transmission 0.6143 and 0.3013 0.6138 and 0.3359

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 2468/0/169 2442/0/157

Goodness-of-fit on F2 1.150 1.065

Final R indices [I>2sigma(I)] R1 = 0.0318, wR2 = 0.0881 R1 = 0.0277, wR2 = 0.0951

R indices (all data) R1 = 0.0326, wR2 = 0.0887 R1 = 0.0307, wR2 = 0.0993

Extinction coefficient 0.00036(6)

Largest diff. peak and hole 0.414 and −0.711 e/Å3 1.579 and −1.242 e/Å3

Table 2: Infrared and Raman spectral data of HmpETSC and its complexesa.

Compound v(NH) v(HC=N) v(C=C) v(N=CS) v(N–N) v(CS) v(M– N) v(M–S) v(M–Cl)

HmpETSC
3267 1589 1530 — 992 812 — — —

1607 1579 1006 824

[VO2(mpETSC)]
3214 1652 1613 1576 1017 787 427 926b

1651 1570 1586 1019 754 427 343 937b

[Zn(HmpETSC)Cl2]
3290 1625 1596 1009 805 466

1626 1598 1009 793 427 317 300

[Ru(PPh3)2(mpETSC)2] 3383 1572 1528 1479 999 788 465

[Pd(mpETSC)Cl]
3286 1608 1582 1572 1008 784 454

1617 1580 1570 1022 787 462 345 297

[Pt(mpETSC)Cl]
3322 1607 1580 1570sh 1020 779 424

1609 1584 1564 1009 779 421 330 306
aRaman data are in bolds, bv(O=V=O) sym and asym.

3.2. Infrared and Raman Spectra. The infrared and Raman
spectral assignments of the ligand, HmpETSC, and its
reported complexes are listed in Table 2. HmpETSC has the
characteristic thioamide moiety (-HN-C(S)NHEt), which
can be present in either thione or thiol form (Figure 1)
[16, 17]. The IR and Raman spectra of HmpETSC show

the absence of absorption band in 2500–2600 cm−1 region
indicating the presence of the free HmpETSC in thione
form [18]. HmpETSC shows a strong IR band at 1589 cm−1,
observed at 1607 cm−1 in the Raman, which is corresponding
to the azomethine, v(HC=N), group [13, 19]. In the spectra
of the complexes, the shift of this band to higher frequency
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Figure 4: Structure of [Pt(mpETSC)Cl] with numbering scheme.

is observed, suggesting the participation of azomethine
nitrogen in the coordination to metal ions [20, 21]. This
feature is further supported by the shift of v(N-N) band in
the free ligand (at 992 and 1006 cm−1 in IR and Raman,
respectively) to higher frequencies upon complexation [18,
22]. On the other hand, the participation of the deprotonated
thiol sulfur in coordination was indicated by the shift of
the IR band at 812 cm−1 (at 824cm−1 in the Raman) in
the free ligand to lower frequencies in the complexes [19,
23]. This view is supported by the absence of v(N(3)H)
vibration with the observation of new band near 1570 cm−1

in the complexes which may assign to v(N(3)=C) [24].
Furthermore, the coordination of pyridine nitrogen atom is
indicated through the positive shift of the ring deformation
band in HmpETSC near 582 and 586 cm−1 in the IR
and Raman spectra, respectively [25]. Both IR and Raman
spectral data suggest mononegative tridentate (N, N, S−)
behavior of mpETSC−. In case of [Zn(HmpETSC)Cl2], the
v(N(3)H) band is observed at lower wave number as the
thione sulfur participates in coordination [26]. Also, there
is no shift observed in the pyridine ring deformation mode,
that is, HmpETSC acts as a neutral bidentate ligand through
both thione sulfur and azomethine nitrogen atoms [25].

The spectra of the complexes show that new bands in the
IR and Raman near 450 cm−1may assign to v(M-N) [27].
Also, the far IR and Raman spectra show new bands near
325 and 300 cm−1 can be assigned to v(M-S) and v(M-Cl),
respectively [9, 10].

In the 940–920 cm−1 region the IR spectrum of the com-
plex [VO2(mpETSC)] shows two strong bands characteristic
of the cis-VO2 moiety [28, 29].

The presence of the coordinated PPh3 in the complex
[Ru(PPh3)2(mpETSC)2] is confirmed by the appearance of
the characteristic v(P-Cph) and δ(C-CH) band at 1085 and
720 cm−1, respectively [30].

3.3. NMR Spectra. Table 3 shows the 1H-NMR spectral data
of HmpETSC and its reported complexes in DMSO-d6

(see Figure 1 for numbering scheme) which are in a great
agreement with those reported in the literature [13, 31, 32].
In the spectrum of free HmpETSC, the singlet observed at δ
11.62 ppm assigned to N(3)H is disappeared in the spectra
of the complexes indicating that the coordination takes
place through the deprotonated thiol sulfur atom [33]. In
[Zn(HmpETSC)Cl2], this band is observed at δ 11.63 ppm,
confirming the data observed in the IR and Raman spectra
that the coordination of HmpETSC to Zn(II) occurs through
the thione sulfur atom [34]. As expected. the singlet observed
at δ 8.02 ppm in the free ligand assigned to the azomethine
H(7)C=N proton shows downfield shift in the complexes (δ
8.22–8.71 ppm), due to the involvement of azomethine nitro-
gen in coordination [16, 33]. The spectrum of HmpETSC
shows singlet at δ 8.66 ppm assigned to the thioamide N(4)H
proton, this signal is shifted upfield upon complexation [32,
34]. This feature may be due to the sequence of establishment
of hydrogen bonds formation [35, 36]. The spectrum of
HmpETSC exhibits triplet and quartiplet signals at δ1.14 and
3.58 ppm assigned to H(10) and H(9), respectively. Also, the
pyridine protons appear in δ 7.22–8.059 ppm region [33].
As expected, these protons are shifted downfield complexes
(except in case of [Zn(HmpETSC)Cl2]) due to the decrease
in the electron density caused by electron withdrawal by
the metal ions from the sulfur, azomethine nitrogen, and
pyridine nitrogen atoms.

13C-NMR assignments of the HmpETSC and its com-
plexes are listed in Table 4 and are in agreement with the
reported data [13]. The spectrum of the free ligand shows
number of resonances at δ 14.98, 24.49, 38.81, 117.69,
123.78, 137.14, 142.74, 153.18, 158.28, and 177.28 ppm,
assigned to C(10), C(11), C(9), C(5), C(3), C(4), C(7),
C(6), C(2), and C(8), respectively. In the complexes, the
resonances of the carbon atoms adjacent to the coordination
sites (C(7), C(8), C(2), and C(6)) are shifted downfield
relatively to their positions in the free ligand [37, 38]. This
feature may be due to an increase in current brought about by
coordination to azomethine nitrogen, pyridine nitrogen, and
deprotonated thiol sulfur atoms [25, 39]. In the spectrum of
[Zn(HmpETSC)Cl2] complex, the resonances arising from
C(6), C(2) are more or less in the same positions as in the free
ligand indicating that HmpETSC acts as a neutral bidentate
ligand through thione sulfur and azomethine nitrogen atoms
[25].

The 31P-NMR spectrum of [Ru(PPh3)2(mpETSC)2]
shows a sharp singlet at δ 52.48 ppm, suggesting the presence
of the two PPh3 groups in trans-configuration [30].

3.4. Electronic Spectra. The electronic spectrum of
HmpETSC shows bands at 340 and 300 nm assigned to
π → π∗ and n → π∗ of the azomethine and pyridine ring
transitions, respectively [40, 41]. In the complexes, both
transitions undergo blue shifts indicating the coordination
via the azomethine and pyridine nitrogen atoms [42].

The electronic spectra of [M(mpETSC)Cl] (M(II) = Pd,
Pt) show that two bands near 475 and 330 nm can be assigned
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Figure 5: Hydrogen bonding interaction in the lattice of [Pt(mpETSC)Cl].

Table 3: 1H-NMR spectral data of HmpETSC and its complexes.

Compound H(3)
(d)

H(4)
(t)

H(5)
(d)

H(7)CH=N
(s)

H(9)
(q)

H(10)
(t)

Me(py)
(s)

N(3)H
(s)

N(4)H
(s)

HmpETSC 8.06 7.71 7.22 8.02 3.58 1.14 2.45 11.62 8.67

[VO2(mpETSC)] 7.56 8.11 7.67 8.58 3.32 1.12 2.48 — 8.19

[Zn(HmpETSC)Cl2] 8.02 7.73 7.23 8.71 3.58 1.13 2.46 11.63 8.67

[Ru(PPh3)2(mpETSC)2] 7.55 7.45 7.38 8.63 3.34 0.88 2.38 — —a

[Pd(mpETSC)Cl] 7.55 7.95 7.38 8.22 3.23 1.07 2.49 — 7.95

[Pt(mpETSC)Cl] 7.55 8.55 7.46 8.22 3.31 1.08 2.48 — 7.98
a Overlapped with Ph protons.

Table 4: 13C-NMR spectral data of HmpETSC and its complexes.

Compound C(2) C(3) C(4) C(5) C(6) C(HC=N) (C(C=S)) C(9) C(10) C(11)

HmpETSC 158.28 123.78 137.14 117.69 153.18 142.74 177.28 38.81 14.98 24.49

[VO2(mpETSC)] 163.16 127.39 142.76 123.26 153.75 149.43 175.46 39.82 14.85 26.34

[Zn(HmpETSC)Cl2] 158.01 124.01 137.59 118.06 152.82 142.22 177.25 38.83 14.94 24.07

[Ru(PPh3)2(mpETSC)2] 157.32 127.08 137.82 117.45 155.44 143.41 183.48 36.37 15.94 24.94

[Pd(mpETSC)Cl] 163.54 127.87 140.56 123.52 157.64 149.90 178.56 41.85 14.74 25.70

[Pt(mpETSC)Cl] 164.02 129.06 140.61 123.56 157.88 146.54 180.45 40.55 14.92 25.93
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Table 5: Selected bond lengths and bond angles for [VO2(mpETSC)].

bond lengths (Å) Bond angles (◦)

V(1)–O(1) 1.6145(12) O(2)–V(1)–S(8) 96.73(5)

V(1)–O(2) 1.6356(12) N(1)–V(1)–S(8) 151.43(4)

V(1)–N(1) 2.1333(14) N(7)–V(1)–S(8) 76.48(4)

V(1)–N(7) 2.1651(13) C(8)–S(8)–V(1) 100.39(6)

V(1)–S(8) 2.3800(5) C(2)–N(1)–C(6) 118.72(14)

S(8)–C(8) 1.7472(17) C(2)–N(1)–V(1) 125.52(11)

N(1)–C(2) 1.351(2) C(6)–N(1)–V(1) 115.75(11)

N(1)–C(6) 1.361(2) C(7)–N(7)–N(8) 116.94(13)

N(7)–C(7) 1.287(2) C(7)–N(7)–V(1) 116.04(10)

N(7)–N(8) 1.3708(17) N(8)–N(7)–V(1) 127.01(10)

N(8)–C(8) 1.322(2) C(8)–N(8)–N(7) 111.43(13)

N(9)–C(8) 1.339(2) C(8)–N(9)–C(9) 124.07(16)

N(9)–C(9) 1.454(2) N(1)–C(2)–C(3) 120.41(16)

C(1)–C(2) 1.494(2) N(1)–C(2)–C(1) 119.13(15)

C(2)–C(3) 1.398(2) C(3)–C(2)–C(1) 120.45(15)

C(3)–C(4) 1.379(3) C(4)–C(3)–C(2) 120.71(15)

C(4)–C(5) 1.390(2) C(3)–C(4)–C(5) 118.81(16)

C(5)–C(6) 1.385(2) C(6)–C(5)–C(4) 118.35(16)

C(6)–C(7) 1.451(2) N(1)–C(6)–C(5) 122.94(16)

C(9)–C(10) 1.509(3) N(1)–C(6)–C(7) 115.08(14)

C(5)–C(6)–C(7) 121.98(15)

N(7)–C(7)–C(6) 117.71(14)

N(8)–C(8)–N(9) 118.62(15)

N(8)–C(8)–S(8) 124.50(12)

N(9)–C(8)–S(8) 116.87(13)

N(9)–C(9)–C(10) 112.49(17)

O(1)–V(1)–O(2) 107.64(7)

O(1)–V(1)–N(1) 96.08(6)

O(2)–V(1)–N(1) 101.30(6)

O(1)–V(1)–N(7) 113.29(6)

O(2)–V(1)–N(7) 139.07(6)

N(1)–V(1)–N(7) 75.37(5)

O(1)–V(1)–S(8) 99.35(5)

Table 6: Bond lengths [Å] and angles [◦] related to the hydrogen
bonding for [VO2(mpETSC)].

D-H ..A d(D-H) d(H..A) d(D..A) <DHA

N(9)–H(9) O(2) no. 1 0.82(2) 2.30(2) 2.994(2) 144(2)

Symmetry transformations used to generate equivalent atoms: no. 1 −x + 1,
and y − 1/2, −z + 3/2.

to 1A1g → 1B1g and 1A1g → 1Eg transitions, respectively, in
square planar configurations [9–12].

The electronic spectrum of the diamagnetic
[RuII(PPh3)2(mpETSC)2] shows bands at 532, 354, and
393 nm (1A1g → 1T1g, 1A1g → 1T2g, and ligand (p-dp)
transitions, respectively). These are attributed to a low-spin
octahedral geometry around Ru(II) [10–12].

The electronic spectrum of the diamagnetic
[VO2(mpETSC)] shows that two bands at 440 and 360 nm

may be assigned to MLCT and n-π∗ transitions, respectively
[43].

3.5. X-Ray Crystallography. The structure of the complexes
[VO2(mpETSC)] and [Pt(mpETSC)Cl], together with the
atoms numbering scheme adopted is shown in Figures 2,
3, 4, and 5, respectively. The selected bond distances and
bond angles of the complexes are listed in Tables 5, 6, 7,
and 8, respectively. The complexes [VO2(mpETSC)] and
[Pt(mpETSC)Cl] are crystallized in monoclinic lattice with
space group symmetry P21/c and P21/n, respectively.

The X-ray crystal structure of [VO2(mpETSC)] shows
that the vanadium(V) atom has a distorted square pyramidal
environment in which mpETSC− is coordinated to the
metal ion as a tridentate chelating agent binding via the
deprotonated thiolat sulfur S(8), the azomethine nitrogen
N(7), and pyridine nitrogen N(1) atoms, yielding two five-
membered chelate rings (Figure 2) with bond distances
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Table 7: Selected bond lengths and bond angles for the [Pt(mpETSC)Cl] complex.

bond lengths (Å) Bond angles (◦)

Pt(1)–N(7) 1.979(5) C(8)–S(1)–Pt1 95.02(11)

Pt(1)–N(1) 2.116(3) C(2)–N(1)–C(6) 118.6(3)

Pt(1)–S(1) 2.2533(8) C(2)–N(1)–Pt1 132.4(2)

Pt(1)–Cl(1) 2.3178(15) C(6)–N(1)–Pt1 109.0(2)

S(1)–C(8) 1.757(3) C(7)–N(7)–N(8) 121.8(5)

N(1)–C(2) 1.350(4) C(7)–N(7)–Pt1 116.1(4)

N(1)–C(6) 1.370(5) N(8)–N(7)–Pt1 121.9(3)

N(7)–C(7) 1.287(8) C(8)–N(8)–N(7) 113.4(4)

N(7)–N(8) 1.365(6) C(8)–N(9)–C(9) 127.1(3)

N(8)–C(8) 1.333(5) N(1)–C(2)–C(3) 120.3(3)

N(9)–C(8) 1.331(4) N(1)–C(2)–C(1) 119.7(3)

N(9)–C(9) 1.449(4) C(3)–C(2)–C(1) 120.0(3)

C(1)–C(2) 1.494(4) C(4)–C(3)–C(2) 121.1(3)

C(2)–C(3) 1.400(5) C(3)–C(4)–C(5) 118.4(3)

C(3)–C(4) 1.370(5) C(6)–C(5)–C(4) 119.1(3)

C(4)–C(5) 1.389(5) N(1)–C(6)–C(5) 122.3(3)

C(5)–C(6) 1.381(5) N(1)–C(6)–C(7) 116.5(4)

C(6)–C(7) 1.426(8) C(5)–C(6)–C(7) 121.2(4)

C(9)–C(10) 1.491(5) N(7)–C(7)–C(6) 117.7(6)

N(9)–C(8)–N(8) 116.8(3)

N(9)–C(8)–S(1) 118.8(3)

N(8)–C(8)–S(1) 124.4(3)

N(9)–C(9)–C(10) 113.1(3)

N(7)–Pt1–N(1) 80.15(16)

N(7)–Pt1–S(1) 85.25(14)

N(1)–Pt1–S(1) 165.40(8)

N(7)–Pt1–Cl1 174.13(12)

N(1)–Pt1–Cl1 105.02(8)

S(1)–Pt1–Cl1 89.57(4)
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0 20 40 60 80 100 120
0

20

40

60

80

100

Concentration (μM)

C
on

tr
ol

(%
)

[Zn(HmpETSC)Cl2]
[Pd(mpETSC)Cl]
[HmpETSC]

Figure 6: Antineoplastic activity in human colon carcinoma
HCT116 cells by a growth inhibition SRB assay after 96-hour treat-
ment of HmpETSC, [Zn(HmpETSC)Cl2], and [Pd(mpETSC)Cl].

(V-N(1), 2.1333(14) Å, V-N(7), 2.1651(13) Å, and V-S(8),
2.3800(5) Å). The other two sites are occupied by oxo ligands

Table 8: Bond lengths (Å) and angles (◦) related to the hydrogen
bonding for [Pt(mpETSC)Cl].

D-H ..A d(D-H) d(H..A) d(D..A) <DHA

N(9)–H(9) CL1 no. 1 0.88 2.62 3.372(3) 143.6

Symmetry transformations used to generate equivalent atoms: no. 1 x+ 1/2,
−y + 3/2, and z + 1/2.

Table 9: Antineoplastic activity in human colon tumor cell lines
(HCT116) by growth inhibition SRB assay after 96-hour treatment.

Compound HmpETSC [Zn(HmpETSC)Cl2] [Pd(mpETSC)Cl]

IC50, μM 14.59 16.96 20.65

SD 0.81 0.46 1.60

O(1) and O(2) in cis-configuration. The O(1) occupies the
basal position with mpETSC− donor while the O(2) occupies
the apical position (V-O(1), 1.6145(12) Å and V-O(2),
1.6356(12) Å) [42]. In the present complex [VO2(mpETSC)],
the bond distances C(8)-N(8), 1.322(2) Å and C(7)-N(7),
1.287(2) Å are not intermediate between single and double
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bonds, but they are closer to double bonds. Also, the N(7)-
N(8), 1.322(2) Å bond length is very close to a single
bond (Table 5). Moreover, the C(8)-S(8) bond length in the
complex (1.7472(7) Å) is intermediate between a C-S double
bond (1.62 Å) and a C-S single bond (1.82 Å), indicating
that this bond maintains a partial double-bond charac-
ter [42]. The bond angles data, N(1)-V-N(7), 75.37(5) ◦;
N(7)-V-S(8), 76.48(4)◦, O(2)-V-S(8), 96.73(5)◦, O(1)-V-
O(2), 107.64(7)◦, O(1)-V-N(1), 96.08(6)◦, indicate that the
complex has a distorted square pyramidal geometry, which
may be attributed to the restricted bite angles of mpETSC−

[44, 45]. The network structure is stabilized by the inter-
molecular hydrogen bonding interaction, N(9)H. . . . . ..O(2)
bond (Table 6, Figure 3).

In case of [Pt(mpETSC)Cl], mpETSC− is also coor-
dinated platinum(II) in the same tridentate manner, and
chloride atom has taken up the fourth coordination site
on Pt(II) in planar configuration (Figure 4). The bond
lengths, Pt-N(1), 2.116(8) Å, Pt-N(7), 1.979(5) Å, Pt-S(1),
2.2533(8) Å, Pt-Cl(1), 2.3178(3) Å, in the complex are
longer than those found in other reported square-planar
platinum(II) complexes with N,S-donors [34–36, 42]. The
data show that [Pt(mpETSC)Cl] has short N-N and long
C-S bond lengths (Table 7) compared with other reported
complexes. The bond angles of N(1)-Pt-S(1), 165.40(8)◦ and
N(7)-Pt-Cl(1), 174.13(12)◦ are deviated substantially from
that expected for a regular square-planar geometry. The
monomer units of this complex are linked together into
polymeric net chain through N(9)H. . ...Cl intermolecular
hydrogen bonds as shown in Table 8 and Figure 5 [46].

3.6. Antineoplastic Activity. HmpETSC, [Zn(HmpETSC)Cl2],
and [Pd(mpETSC)Cl] were tested for their antineoplas-
tic activity against the human colon tumor cell lines
(HCT 116). The three compounds exhibited remarkable
growth inhibitory activities with mean IC50 values of 14.59,
16.96, and 20.65 μM, respectively (Table 9 and Figure 6). 2-
Formy and 2-acetylpyridine-N(4)-ethylthiosemicarbazones
and their complexes [M(f4Et)2] and [M(Ac4Et)2] (M(II)
= Pd, Pt, f4Et, Ac4Et = 2-formy and 2-acetylpyridine-
N(4)-ethylthiosemicarbazone) have been tested in a panel
of human colon, breast, and ovary tumor cell lines and
were found to exhibit very remarkable growth inhibitory
activities with mean IC50values of 0.9–0.5 nM [47]. It is clear
that the complexation of f4Et and Ac4Et in [Pd(f4Et)2],
[Pd(Ac4Et)2], [Pt(f4Et)2], and [Pt(Ac4Et)2] modified their
activities towards the tumor cells [47]. The complex
[Zn(HmpETSC)Cl2] exhibits much better antineoplastic
activity against HCT 116 compared to [Pd(mpETSC)Cl]
which is more active than [Pt(mpETSC)Cl]. The substitution
and modes of chelations of HmpETSC in the complexes
[Zn(HmpETSC)Cl2] and [Pd(mpETSC)Cl] are different
than both f4Et and Ac4Et in the reported Pd(II) and Pt(II)
complexes [48]. As reported, cis-N2 and cis-S2 configuration
in the complexes [M(f4Et)2] and [M(Ac4Et)2] (M(II) =
Pd, Pt) display their significant antitumor activity [46,
49]. Also, in the [Zn(HmpETSC)Cl2], HmpETSC acts as
a neutral bidentate chelating agent which is different than

its behavior (mononegative tridentate) in [Pd(mpETSC)Cl].
Furthermore, the presence of the intermolecular hydrogen
bonds in the later complex may reduce its antineoplastic
activity [48].

4. Conclusion

The aim of this report is to study the structure and antineo-
plastic activity of 6-methylpyridine-2-carbaldehyde-N(4)-
ethylthiosemicarbazone (HmpETSC) and its complexes with
dioxovanadium(V), zinc(II), ruthenium(II), palladium(II),
and platinum(II). The X-ray crystal structure of the com-
plexes [VO2(mpETSC)] and [Pt(mpETSC)Cl] was reported.
HmpETSC behaves as mononegative tridentate through the
pyridine nitrogen, azomethine nitrogen and the deproto-
nated thiol sulfur atoms except in case of Zn(II) complex, it
behaves as a neutral bidentate through azomethine nitrogen
and thione sulfur atoms. HmpETSC and its Zn(II) and Pd(II)
complexes show antineoplastic activity against the human
colon tumor cell lines (HCT 116).
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In order to elucidate aspects of the mechanism of the hydrolytic enzyme urease, theoretical calculations were undertaken on a
model of the active site, using density functional theory. The bridging oxygen donor that has been found in the crystal structures
was determined to be a hydroxide ion. The initial coordination of urea at the active site occurs most likely through the urea
oxygen to the nickel ion with the lowest coordination number. This coordination can be made without much gain in energy. The
calculations also showed that weak coordination of one of the urea amine nitrogen atoms to the second nickel atom is energetically
feasible. Furthermore, a proposed mechanism including a tetrahedral intermediate generated by hydrolytic attack on the urea
carbon by the bridging hydroxide was modeled, and the tetrahedral intermediate was found to be energetically unfavorable relative
to terminal coordination of the substrate (urea).

1. Introduction

The hydrolytic enzyme urease is responsible for the catalytic
decomposition of urea to volatile ammonia and carbon
dioxide [1]. The enzyme releases ammonia and carbamate,
which in turn spontaneously generate the products. The
enzyme was studied early [2] and has generated interest
for several reasons. It has been suggested to play a role
in bacteria-induced ulcers [3, 4], and its activity has also
been found to have implications in agriculture through the
volatilization of urea—a commonly used fertilizer—that is
generated by the enzyme [5]. Urease was also the first enzyme
to be found to be dependent on nickel for its function [6],
which has made it an interesting target site for bioinorganic
model chemists [7].

The protein structure of urease from Klebsiella aerogenes
was first solved in 1995 in [8], and since then several other
structures of the enzyme, with or without bound inhibitors
have been determined [9–12], including structures from
Bacillus pasteurii [10–12] and Helicobacter pylori [13]. The
active site contains two nickel ions with an interatomic
distance of about 3.5 Å (Figure 1). The ions are bridged by a
carbamylated lysine and an oxygen donor. In addition to the
bridges, one of the nickel ions (Ni1) is coordinated by two
histidines and a water molecule. The coordination of Ni2 is

similar to the one of Ni1 and includes two histidine residues,
a water molecule and a terminally bound aspartate.

A number of proposals have been made regarding
possible reaction mechanisms. Consensus has been reached
regarding the initial coordination of urea to the active site,
which has been suggested to occur through the urea oxygen
attacking the vacant coordination site on Ni1 (Figure 2), but
there are divergent proposals regarding the subsequent steps.
The initially suggested mechanism involves the attack on the
urea carbon by a hydroxide that is terminally bound to Ni2.
This leads to an intermediate that bridges the two metals and
can release ammonia to form products [14, 15]. Based on
the structure of an inhibitor complex, Benini et al. [12, 16]
suggested a mechanism involving a secondary coordination
of one of the urea nitrogen atoms to Ni2, which positions
the substrate for an attack from the bridging hydroxide
(water). The bridging coordination of the urea substrate was
supported by Pearson et al. [17], but these investigators have
suggested that the nucleophile is not the bridging hydroxide,
but rather a water/hydroxide coordinated to Ni2.

A few computational studies on the mechanism of urease
have been published during the past decade. These include
molecular mechanics studies by Zimmer [18, 19] and Smyj
[20] and DFT studies by Merz et al. [21, 22]. The latter
density functional study was carried out at the B3LYP
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Figure 1: Schematic depiction of the structure of the active site of
Bacillus pasteurii urease [11].

level and modeled the entire direct coordination sphere of
the dinickel site with the coordinated amino acid residues
truncated so that the full functional group (imidazole (His),
carbamate (carbamylated Lys) and carboxylate (Asp)) were
represented. This study aimed to discern between the two
proposed mechanisms that involve a bridging substrate [16,
17], but it also evaluated the original suggestion that urea
is terminally coordinated. For the mechanism involving a
bridging intermediate, the density functional study indicated
that the bridging hydroxide is the actual nucleophile, but it
was found that the rate determining transition states of these
mechanisms and that involving a terminally coordinated
urea molecule were very similar and that it was not possible
to discriminate between these mechanisms on the basis
of the calculations. In more recent molecular dynamics
and quantum mechanical simulations, Estiu and Merz [23,
24] have detected initial coordination modes of urea that
involve either terminal coordination to Ni1 or a bridging
coordination with coordination of the urea carbonyl moiety
to Ni1 and simultaneous hydrogen-bonding interaction with
one of the amine nitrogens with the bridging hydroxide,
depending on the protonation state of surrounding amino
acid residues.

In this paper, we wish to present DFT-based calculations
that have been carried out in order to study the urease
mechanism. The structure of the active site after initial
urea coordination has been modeled. The theory involving
an attack by the bridging oxygen donor has been tested.
Activation data from the literature, which list energies of
activation to circa 50 kJ/mol [25, 26] were compared with
the energy differences between the starting structure and
identified intermediates.

2. Results and Discussion

Because of the computational expense of the DFT method, a
survey was done to find the smallest dependable model on
which to base the rest of the study. Three model systems
were investigated. The smallest system contained only the
atoms within three to four bonds from the metal ions.
The second contained all atoms of the coordinating amino
acid residues up to and including the α-carbons. The third
model system also included some nonbonded residues in
close vicinity. As starting structure, the native urease crystal
structure from Bacillus pasteurii (PDB code 2UBP) was

used [11]. In the model survey, the structure from the
protein was extracted and then geometrically minimized. A
possible intermediate structure with urea bond to Ni1 was
also studied. The result showed that all the structures gave
very similar results, both geometrically and in the difference
of energy between the two studied models. This result
indicated that the smallest of the models was suitable for the
study. In the chosen model, only metal-bound ligands were
included. The histidine residues were modeled as imidazoles,
the aspartate residue was capped as a methyl group at
the β-carbon while the carbamylated lysine was terminated
similarly at the ε-carbon (Figure 1). The remaining ligands
were left unchanged.

2.1. Determining the Resting Structure. Since the informa-
tion provided by X-ray crystallography, especially protein
crystallography, may be insufficient to accurately determine
the presence and location of hydrogen atoms, different
depictions of the nature of the bridging oxygen donor have
been published [28–30]. As a part of preparing a suitable
starting structure for the study, three different bridging
ligands were considered, namely, O2− (1a), OH− (1), and
H2O (1b). In order to avoid hydrogen bonding to the
bridging ligand, which could by itself drastically change the
energy of the structure, the aspartate ligand was turned away
from the nickel center by rotating it 135◦ counterclockwise
around the Ni–O bond. To allow comparison between the
different structures throughout the study, the energy of the
substrates (urea and water) and further on the intermediate
compounds were added to the resulting energy of each
calculated structure. In calculating the contributing energies,
the energy of a “free” proton was needed. Due to the many
histidines conveniently located around the active site, the
energy of a proton was determined by the energy difference
of a protonated histidine and a neutral histidine, which
were both calculated independent of the urease model.
The result from the calculations can be seen in Table 1.
In the comparison of the different possible oxygen donors,
the structure with the lowest energy (by a comfortable
margin) was the hydroxide-bridged complex (structure 1).
The energies of structure 1a and 1b were 101 and 33 kJ/mol
higher than for structure 1, respectively. The identity of
the bridging hydroxide ligand is in agreement with the
computational results obtained by Suárez et al. [21]. If
the bridging ligand was water and the aspartate side chain
was allowed to point towards the bridging ligand, a proton
transfer from the water to the aspartate occurred during the
geometry optimization. This observed proton transfer is an
indirect confirmation of the instability of the model complex
1b. The overall structure of the energetically favoured model
complex 1 is very similar to the published X-ray structure.
The interatomic distance is slightly shorter (3.48 versus 3.6 Å
in 2UBP), and the site also differs in the orientation of the
rotated aspartate.

2.2. Coordination of Urea. In order to determine the mode of
interaction as urea coordinates to the active site of urease, a
docking experiment between the optimized model complex
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Figure 2: Schematic depiction of two proposed mechanisms for urease, A [11] and B [15].

Table 1: Energy results from the calculation of the resting structure.

Structure Calculated energy
(Hartree)

Added small
molecules

Adjusted energy
(Hartree)

Relative energy
(kJ/mol)

1 (OH) −13.6629 Urea and water −15.9521 0

1a (O) −13.6446 Urea, water and H+ −15.9134 101.

1b (H2O) −13.6300
Urea, water and

−H+ −15.9395 32.9

1 and urea was carried out. A series of optimizations were
performed moving urea from a distant position outside the
active site and stepwise closer until a binding interaction was
attained. Initially, urea was placed in the plane of the nickel
ions and the carbamylate oxygen atoms, approximately 5.5 Å
from the site. In order not to favor coordination to a specific
nickel, the distance between the carbamylate carbon atom
and the urea oxygen was chosen as the progressive distance.
In the first optimization, this distance was 8 Å. After a
number of iterations, which did not always result in the
most favorable structure, the optimization was stopped, and
the distance was shortened. This process was carried out

repeatedly until urea was bound. The qualitative result was
that urea stayed in a relatively centered position during the
approach but as it came closer to the active site, it migrated
towards Ni1, where it finally settled in a binding interaction
with nickel. The urea coordinated through its oxygen atom
in trans position to the carbamylated lysine on Ni1. Another
effect of the stepwise optimization was that the water-Ni1
bond distance increased until finally water was released. The
water molecule was omitted from the structure, which was
reoptimized to structure 2 (Figure 3). The final urea to nickel
distance is 2.12 Å. Compared to structure 1, the internuclear
distance is approximately the same (3.47 versus 3.48 Å).
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Table 2: Energy results from the calculation of the first coordination of urea.

Structure
Calculated energy

(Hartree)
Added small

molecules
Adjusted energy

(Hartree)
Relative energy

(kJ/mol)

2 (Ni1 trans) −14.8816 2 water −15.9376 0

2a (Ni1 cis) −14.3368 3 water −15.9209 82.0

2b (Ni2) −14.8821 2 water −15.9381 36.7

Figure 3: Structure of complex 2—depicting the initial coordina-
tion of urea. The program Molden(see [27]) was used to generate
the graphics.

Figure 4: Structure of complex 3. One of the urea nitrogen atoms
is coordinated to Ni2, thus replacing the water molecule on Ni2.

No major rearrangements are in other words needed in the
binding of urea.

To test the viability of complex 2 as the first bound
interaction between the urease active site and the substrate,
some other possible structures were tested. The first one was
coordination by urea trans to one of the histidines on Ni1,
replacing the bound water (structure 2a). A second alter-
native model was achieved by replacing the water molecule
on Ni2 by coordinated urea (structure 2b). The resulting
energies are shown in Table 2. The two alternative structures
are both disfavored by more than 30 kJ/mol relative to 2; this

is a significant energy difference comparable to ΔH‡ for the
whole reaction.

2.3. Tetrahedral Intermediate. In order to assess the possibil-
ity of a tetrahedral intermediate in the catalytic reaction of
urease [16], a number of probable intermediates along the
proposed pathway were studied. The choice of intermediates
was based on what could be gathered from the suggested
pathway and chemical intuition. Starting from 2, the search
for the most favorable configuration for complex 3, in which
one of the urea nitrogen atoms coordinates to Ni2, was
done using a similar approach as in the two earlier cases.
The distance between the closest urea nitrogen atom and
Ni2 was fixed and shortened stepwise. During the approach,
the Ni2-water distance grew longer until the water molecule
was finally omitted and the structure with Ni2 and one
of the urea nitrogen atoms within binding distance was
optimized. The optimized structure for complex 3 is shown
in Figure 4. One of the nitrogen atoms has approached Ni2
to a bonding interaction. This replaces the water molecule on
Ni2.

Starting from 3, a nucleophilic attack on the bridging
substrate was modeled by shortening the distance between
the urea carbon atom and the bridging oxygen (Figure 5).
The direct approach was again determined by stepwise
optimizations. During the approach, the O–H bond in the
bridging hydroxyl group was lengthened, and the proton
was removed in the final optimized structure (4). Complex
5 was obtained by protonating the uncoordinated urea
nitrogen atom in order to facilitate the release of ammonia.
This lengthened the carbon nitrogen distance, but the
intermediate was kept without completely removing the
ammonia molecule. In complex 6, involving the dissoci-
ation of ammonia to yield carbamate, the ammonia was
completely removed (deleted) from the structure, and the
structure of the resultant complex was optimized. The
remaining structures were based on the resting state, 1. The
differences between complexes 1, 7, and 8 are the molecules
that are added to get the comparable energy. In complex
7, which involves the dissociation of carbamate, which
gets protonated, and recoordination of water, the released
carbamic acid and the previously released ammonia are
added in order to obtain a comparable energy. The released
carbamic acid is then assumed to spontaneously break down
to carbon dioxide and ammonia, which are added in the
optimization of complex 8.

The energies of the proposed intermediates and inter-
nuclear distances are summarized in Table 3. A graphical
representation of the modelled reaction pathway is shown in
Figure 5. There was a moderate increase in energy of about
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Figure 5: A reaction diagram showing the calculated energies of the intermediates found in the computational simulation of the urease
reaction with the structures and added small molecules in boxes below (see text for detailed description of the intermediates).

Table 3: Energy results from the calculation of the mechanism involving a tetrahedral intermediate (mechanism A, Figure 2).

Structure Calculated energy
(Hartree)

Added small
molecules

Adjusted energy
(Hartree)

Relative energy
(kJ/mol)

1 −13.6629 urea and water −15.9521 0

2 −14.8816 2 water −15.9376 38.0

3 −14.3532 3 water −15.9373 38.9

4 −14.3315 3 water and one H+ −15.8951 150

5 −14.3150 3 water −15.8991 139

6 −13.6828
ammonia and 3

water
−15.8981 142

7 −13.6629
ammonia and
carbamic acid

−15.9505 −33.9

8 −13.6629
2 ammonia and
carbon dioxide

−15.9451 18.3

40 kJ/mol before and after binding urea. Rather surprisingly,
the formation of the ensuing coordination of one of the
nitrogen atoms to Ni2 (structure 3) did not lead to any larger
energy change. The bridging coordination of urea was only
disfavored over the terminally bound state by approximately
0.9 kJ/mol. However, it should be noted that the transition
state is not studied and may be significantly higher. The Ni–
Ni distance is again very similar, 3.47 Å. The effect on the
urea molecule was also rather small. The C–N distance was
1.37 Å for the nitrogen coordinated to nickel, while the free
nitrogen carbon bond was found to be approximately 1.35 Å.
The distances in 2 were both about 1.36 Å. The geometry

around the coordinated nitrogen had also shifted from
a nearly planar structure, which is typical for urea, to
a clear sp3 hybridized configuration. The optimized Ni–
N(urea) distance is rather long (2.51 Å), suggesting a weak
interaction. The Ni1–O(urea) bond distance was more or less
unchanged.

The formation of 4 was found to require a fair amount
of energy, as a large movement within the dinuclear site was
needed to form the tetrahedral intermediate. The bridging
oxygen donor between the two metals moved away from the
nickel atoms and was positioned within bonding distance to
the urea carbon. The Ni–O(phenolate) distance in structure
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Figure 6: Structure of complex 4—the tetrahedral intermediate.
The bridging hydroxide and the urea have moved closer together
so that a bond is formed. This was found to release the proton
associated with the hydroxide bridge.

3 was 2.01 (Ni1) and 2.04 (Ni2) Å and in structure 4, 2.07
(Ni1) and 2.16 Å (Ni2), respectively. In 4, the partial double
bond character of the C–N bonds in urea has disappeared
and the hybridization of the carbon is clearly sp3. The C–
N bonds are longer, 1.46 and 1.51 (see Figure 6) versus 1.37
and 1.35 Å in structure 3. The nickel atoms have moved away
from each other, and the internuclear distance is now 3.66 Å.
The coordination of the bridging hydroxide has pulled urea
closer to the dinuclear site, and the bonded Ni–N(urea)
distance is shortened from 2.51 Å in 3 to 2.09 Å in 4. The
energy difference to go from structure 3 to 4 has been
calculated to 111 kJ/mol. Considering that a transition state
will lie higher in energy, it may be argued that the modeled
reaction pathway is not likely to be a part of the mechanism
of urease, which was earlier found to have an activation
energy of 50 kJ/mol.

The protonation of the uncoordinated urea nitrogen
atom, to start the dissociation of ammonia, relieved some
of the energy in structure 4. The energy for the resultant
structure 5 is about 11 kJ/mol lower than in the previous
structure. The protonated nitrogen moves away from the
product carbon and was in the optimized state 1.70 Å from
the carbon, which is about 0.20 Å further than in structure 4.
The geometry around the carbon has again started to become
more planar. This has led to a strain that is relayed to the
nickel ions, which have moved even further apart. The Ni–
Ni distance was determined to 3.80 Å, which is a fairly long
distance for this site. The move towards a completely planar
product continued in structure 6, in which ammonia was
formally removed. This again pushes the nickel ions apart
to 3.92 Å and adds energy to the structure. The energy for
structure 6 is 142 kJ/mol higher than in the resting state. This
energy is relieved in complex 7 and 8 when the product is
released and water is recoordinated.

As seen in Figure 5, the energy needed for the suggested
pathway exceeds the empirically determined activation
energy of 50 kJ/mol. Even if one assumes a large uncertainty
in the calculated energies, they indicate that the tetrahedral
intermediate is not a part of the urease mechanism. The
activation energy for the calculated mechanism is expected
to exceed 150 kJ/mol.

3. Conclusions

The binding and hydrolysis of urea at the active site of urease
has been modeled. The resting state of the enzyme (active
site) has been calculated. The calculations indicate that the
bridging oxygen donor is a hydroxide ion; this structure is
101 and 32.9 kJ/mol more stable than the corresponding oxo-
or water complexes. In agreement with previous inorganic
model studies [31, 32] and proposed mechanisms [15–
17, 21], the calculation further suggested that urea initially
binds through its oxygen atom to Ni1 in the active site. The
coordination was directed to the trans position relative to the
carbamylated lysine, and the water ligand of the resting state
was released.

A study of the proposed mechanism involving a tetra-
hedral intermediate based on the bridging hydroxy group
(mechanism A, Figure 2) was carried out. In the study,
four additional possible intermediates were studied. It was
found that it is energetically possible to coordinate one of
the urea nitrogen atoms to Ni2, but further transformation
including the formation of a tetrahedral intermediate based
on the bridging hydroxyl group is energetically unfavourable.
Published empirical data gives activation energies of about
50 kJ/mol while the calculations indicate that 150 kJ/mol
would be needed to reach the tetrahedral intermediate.
Further studies involving computational modelling of the
alternative mechanism involving nucleophilic attack by a
terminally bound hydroxide on terminally bound urea
(mechanism B, Figure 2) will be undertaken, and detection
of transition states for the different mechanisms will be
investigated.

Computational Details

The density functional calculations were performed with
the Amsterdam Density Functional (ADF) program, version
2003.01 [33–37], using an uncontracted triple-ξ STO basis
set with frozen cores and an added polarization function.
The implementation of the local density approximation
(LDA) uses the standard Slater exchange term [38] and
the correlation term due to Vosko, Wilk, and Nusair [39].
Geometries were optimized at the LDA level using analytical
energy gradients within a spin-restricted formalism [36].
Total binding energies were calculated at the LDA geometries
using Becke’s 1988 [40] and Perdew’s 1986 [41] gradient-
corrected functionals for exchange and correlation, respec-
tively. In all calculations a COSMO type solvent correction
was applied by assuming a solvent dielectric constant of 4,
mimicking internal protein conditions. Default convergence
criteria were employed throughout. The calculations were
carried out on the Lund University supercomputer facility
LUNARC.
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The synthesis and characterization of the silver(I) chloride complex of formula {[AgCI(CMBZT)(TPTP)2]·(MeOH)} (1) (CMBZT
= 5-chloro-2-mercaptobenzothiazole, TPTP = tris(p-tolyl)phosphine) is described. Also the structure of the hydrate derivative
{[AgCI(TPTP)3]·(0.5·H2O)} (2) of the corresponding known anhydrous silver complex (Zartilas et al., 2009), and the polymorph
3 of the known [AgI(TPTP)3] complex (Zartilas et al., 2009) were determined and compared with the known ones. In addition,
the structure of the known one silver(I) cluster {[AgI(TPTP)]4} (4) (Meijboom et al., 2009) was re-determined at 120(2) K
and possible Ag-Ag interactions were analyzed. The compounds 1–4 were characterized by X-ray crystallography at r.t (1) and
120 K (2–4). All these complexes and {[(Et3NH)+]2 · [Ag6(μ3-Hmna)4(μ3-mna)2]2− · (DMSO)2 · (H2O)} (5) (Hmna = 2-
mercaptonicotinic acid) were evaluated for cytotoxic and anti-inflammatory activity. The in vitro testing of cytotoxic activity
of 1–5 against leiomyosarcoma cancer cells (LMS), were evaluated with Trypan Blue and Thiazolyl Blue Tetrazolium Bromide or
3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assays. The flow cytometry assay for complex 1 and showed
that at 15 μM of 1, 62.38% of LMS cells undergo apoptosis, while 7% of LMS cells undergo cell necrosis. The antitumor activity of
3 is comparable with that of its reported polymorph (Zartilas et al., 2009). The anti-inflammatory, activity of complexes 1–3 and
5 was also studied. The activity towards cell viability was 2 > 3 > 5 > 1 > 4, while the order of the inhibitory activity in cell growth
proliferation follows the order, 2 > 3 > 1 > 4 > 5. The anti-inflammatory activity on the other hand is 1 > 2 > 5 > · · · > 3.

1. Introduction

Silver(I) complexes with sulfur containing ligands exhibit a
wide range of applications in medicine, in analytical chem-
istry and in the polymer industry [1–5]. The biomedical
applications and uses of silver(I) complexes are related to
their antibacterial action [6, 7] which appears to involve
interaction with DNA [8]. Silver sulphadiazine is a topical
anti-infective, used worldwide for dermal injuries, approved
by the US Food and Drug Administration [9]. It has a broad
antibacterial spectrum including virtually all microbial
species likely to infect the burn wound [9]. Recently, Ag(I)

complexes have also been studied for their antitumor activity
[10–12]. The results showed that [AgBr(TPTP)3] complex
possessed the strongest activity against leukemia (L1210),
human T-lymphocyte (Molt4/C8 and CEM) and LMS cells
[12]. The exact mechanism of the anti-tumor action of Ag(I)
compounds is still unknown. It is well known, however, that
many drugs which inhibit the growth of tumor cells act either
by interfering with DNA bases and/or nucleotides or with
the metalloenzymes that are necessary for the rapid growth
of malignant cells [13, 14]. Thus, the molecular design
and structural characterization of silver(I) complexes is an
intriguing aspect of bioinorganic chemistry and metal-based
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drugs research [15, 16]. The ability of silver(I) complexes to
adopt geometries with variable nuclearities and structural
diversity also makes the study of silver(I) chemistry very
attractive [3–5, 17]. This self-assembly process between
metal ions and ligands is known to depend on steric and
interactive information stored in the ligand and is governed
by the metal ions through the demands of their coordination
geometry [18, 19]. Recently, a new type of aromaticity, due
to a cyclical delocalization of d as well as (d-p) π-type
orbital electron density instead of the usual p orbitals on
metal-ligand rings, has been reported [20–29], which may
introduce greater stability to the higher-order structures.

This paper, reports the synthesis of the new mixed ligand
silver(I) chloride complex with the heterocyclic thioamide 5-
chloro-2-mercaptobenzothiazole (CMBZT, C7H4ClNS2) and
tri(p-tolyl)phosphine (TPTP, C21H21P) (Scheme 1) of for-
mula {[AgCl(CMBZT)(TPTP)2]·(MeOH)} (1). The hydrate
{[AgCl(TPTP)3]· (0.5·H2O)} (2) of the known anhydrous
silver complex [10] and a polymorph, 3, of the known
[AgI(TPTP)3] complex [10, 30] were also isolated. The
crystal structure of 4 {[AgI(TPTP)]4} has been previously
reported at 100(2) K [31] but we have extended our
studies here in the determination of its quasiaromaticity,
which results in strong Ag–Ag interactions and thus greater
stability, using data collected at 120 K. Complexes 1–4
and the known silver(I) cluster {[{[(Et3NH)+]2·[Ag6(μ3-
Hmna)4(μ3-mna)2]2−·(DMSO)2·(H2O)} (5) (H2MNA = 2-
mercaptonicotinic acid, C6H5NO2S) [32] were tested for
their in vitro cytostatic activity against leiomyosarcoma
cancer cells from Wistar rats. Finally, the anti-inflammatory
activity of complexes 1–3 and 5 were also evaluated and the
results correlated with those of their anti-tumor activity.

2. Results and Discussion

2.1. General Aspects. Complex 1 was synthesized by heating
at 50◦C an acetonitrile/methanol solution of silver(I) chlo-
ride, TPTP and CMBZT in 1 : 2 : 1 molar ratio (reaction I):

AgCl + 2TPTP + CMBZT

CH3CN/MeOH−−−−−−−−→
50◦C

[
AgCl(CMBZT)(TPTP)2(MeOH)

]
(1)

(I)

Complexes 2–4 [10, 30, 31] were synthesized by heating,
under reflux, a toluene solution of silver(I) halides with
TPTP in the appropriate molar ratio. Finally, the water
soluble cluster 5 was prepared according to methods reported
previously [32]. Complex 1 was characterized first by
elemental analyses and spectroscopic methods. Crystals of
complexes 1–3 are stable in air but were kept in darkness.
Complexes 1–3 were soluble in MeCN, CHCl3, CH2Cl2
DMSO, DMF and CH3OH, while complex 4 is slightly
soluble in DMSO. Complex 5 is highly soluble in water, in
DMSO and in DMF.

2.2. Vibrational Spectroscopy. The vibrational thioamide
bands I and II, appear at 1496 and 1305 cm−1 in the IR

spectra of complex 1 and lie at lower wavenumbers com-
pared to the corresponding vibrational bands of the free
ligands CMBZT, observed at 1504 and 1313 cm−1 [33].
Thioamide bands III-IV were observed at 1040–918 cm−1

in the spectra of the free ligand C–P and appear at 1026
and 905 cm−1, respectively, in the spectra of 1. The bands
at 1093 cm−1 in the IR spectra of 1 and 2–4 are assigned
to the symmetric vibrations of the ν(C–P) bond [10].
Those at 515, 509 cm−1 1, 515, 509 cm−1 2, 516, 505 cm−1 3
and 516, 505 cm−1 4 are assigned to the antisymmetric
vibrations of the ν(C–P) bond [10]. The corresponding ν(C–
P) bands of the free tri-p-tolylphosphine ligand are found
at 1089 cm−1 for the symmetric vibration and at 516 cm−1,
505 cm−1 for the anti-symmetric vibration. The bands at
169, 179, 125 and at 127 cm−1 in the Far-IR spectra of
complexes 1–4 were assigned to the vibrations of the Ag–
X bonds (X = Cl, I), respectively, [10]. The vibration at
248 cm−1 in the spectra of 1 is attributed to the Ag–S bonds
[34].

2.3. Crystal and Molecular Structure of {[AgCl(CMBZT)
(TPTP)2] · (MeOH) (1) and Structural Properties of {[AgCl
(TPTP)3]·(0.5·H2O)} (2) and [AgI(TPTP)3] (3). We have
recently reported the crystal structure of the dehydrated
complex [AgCl(TPTP)3] at 293 K [10]. The structure of
{[AgCl(TPTP)3]·(0.5·H2O)} (2), described here, has been
determined at 120 K. The structure of [AgI(TPTP)3] (3),
determined at 120 K, is a new polymorph of the complex
reported previously at 293 K and 140 K [10, 30]. Strong Ag–
Ag interactions, due to quasiaromaticity calculated, were
found in the structure of complex 4 re-determined at 120 K

(With Ag–Ag bond distance of 3.1182(3) ´̊A) (Figure 3).
The crystal structures of complexes 1-2 are shown in

Figures 1 and 2, while selected bond lengths and angles for 1–
3 are given in Table 1 in comparison with those found in [10].

Two P atoms from the TPTP ligands, one S from CMBZT
and one Cl atom form the tetrahedral arrangement around
the Ag ion in complex 1. The two Ag–P bond lengths are

Ag1–P1 = 2.4357(18) ´̊A and Ag1–P2 = 2.5013(16) ´̊A which
correspond closely with those found in [Ag(PPh3)(L)Br]2

(PPh3 = triphenylphosphine and L = 2 pyrimidine-2-thione)

where Ag(1)-P(1) = 2.4390(7) ´̊A [34] and in [Ag2X2(l-S-
pySH)2(PPh3)2] (X = Cl, Br and l-S-pySH = pyridine-2-

thione) where the Ag–P bond distances are 2.435(1) ´̊A and

2.441(1) ´̊A, respectively, [35].

The Ag–S bond distance in 1 (Ag1-S32 = 2.6486(16) ´̊A)
is longer than the corresponding bond distances reported for
the terminal Ag-S bonds found in [Ag(PPh3)(L)Br]2 (PPh3=
triphnylphosphine and L = 2 pyrimidine-2-thione) (Ag(1)-

S(1) = 2.5548(9) ´̊A [34]) and in [Ag2X2(μ-S-pySH)2(PPh3)2]
(X = Cl, Br and μ-S-pySH = pyridine-2-thione) (Ag-Sterminal

are 2.583(1) ´̊A and 2.608(1) ´̊A, resp., [35]). The Ag–S bond
distance in 1 is closer to the bond length of bridging
Ag-S bonds measured in [Ag2X2(μ-S-pySH)2(PPh3)2] (X
= Cl, Br and μ-S-pySH = pyridine-2-thione) (Ag-Sbridging

are 2.721(1) ´̊A and 2.631(1) ´̊A, resp., [35]). This might be
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Figure 1: (a) ORTEP diagram of the crystal structure of complex
1. (b) Intramolecular interactions (N33· · ·Cl4, S31· · ·O1S and
O1S· · ·Cl4) in 1.

due to intramolecular contact S31· · ·O1S (i) = 3.240(6) ´̊A
(Figure 1(b)) (the symmetry transformation used to gener-
ate the equivalent atoms for (i) = −x,−y, 1− z).

The Ag1-Cl4 bond distance in 1 is 2.6736(13) ´̊A and is
longer than the corresponding Ag-Cl bond distance found
in [Ag2Cl2(μ-S-pySH)2(PPh3)2] (pySH = pyridine-2-thione)

(Ag-Cl = 2.530(1) ´̊A [35]). This is due to the participation of
the Cl atom in two strong hydrogen bonding interactions,

one inter-molecular (N33· · ·Cl4 = 3.083(4) ´̊A) and one
intramolecular (O1S· · ·Cl4 = 3.147(5) ´̊A) (Figure 1(b)).
The hydrogen bonding interactions which involve the O
atom of the methanol lead to the formation of a dimer
(Figure 1(b)).

The bond angles around the Ag atom show variations
from those in an ideal tetrahedron and range from P1-Ag1–
P2 = 129.05(5)◦ to P2-Ag1-Cl4 = 95.13(5)◦ (see Table 1).

The refinement of the absolute structure of 2 showed that
it consists of a mixture of enantiomers with ratio 0.81 : 0.19.
Significant differences between the bond distances and angles
of complex 2 at 120 K and the anhydrous form at 293
were observed and the values are also given in Table 1 for
comparison. Although, the Ag–P bond lengths are shortened
by decreasing the temperature (Table 1), the Ag-Cl bond
distance remains unchanged (Table 1). This is attributed to
the formation of a strong hydrogen bonding interaction

involving the Cl atom in 2 (H1B[O1]· · ·Cl1 = 2.42(10) ´̊A,
O1-H1B· · ·Cl1 = 150(18)◦) (Figure 2(b)), in contrast to the
case of the dehydrated complex [AgCl(TPTP)3], where no
such bonds are formed.

The crystal structure of complex 3 determined at 120 K
(this work) is a new polymorphic form of the corresponding
structures determined at 140 K and 293 K [10] (120 K:
monoclinic in space group C2/c with a = 22.7429(10) ´̊A,

b = 11.0093(3) ´̊A, c = 44.8281(18) ´̊A, β = 102.9780(10)◦,
and at 140 K. At 293 K: triclinic in space group P-1 with

(140 K) a = 11.0058(5) ´̊A, b = 11.4509(5) ´̊A, c = 22.9459(8) ´̊A,
α = 99.461(3)◦, β = 91.648(3)◦, γ = 106.350(4)◦ [10]. The
general trend in complex 3 is the increasing of bond lengths;
by increasing of temperature, for example the average Ag–
P bond lengths in the various polymorphs are: at 120 K

(new polymorph) 2.511 ´̊A, at 140 K (old polymorph) 2.537 ´̊A

and at 293 K (old polymorph) 2.547 ´̊A. More important
changes were observed in the bond angles between the three
polymorphs (see Table 1).

Strong Ag–Ag interactions exist in the structure of
complex 4, consisted of four silver(I) ions bridged by μ3-
iodide ions, forming a prismatic core (Figure 3) and are
described here for the first time (both Ag–Ag = 3.1182(3) Å),
with the Ag–Ag bond distances being shorter than the sum
of their van der Waals radii (4.20–4.74 Å [36]) indicating a
d10-d10 interaction.
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Ag1 Cl1

P1
P2

P3

O1

(a)

Ag1

O1

Cl1
Cl1

O1
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Figure 2: (a) ORTEP diagram of the crystal structure of complex 2. (b) Packing diagram and hydrogen bonding interactions (Cl1· · ·O1)
in 2.

2.4. Computational Studies. A computational study utilizing
the method of nucleus-independent chemical shifts (NICS)
was employed for 4 in order to verify the Ag–Ag bonding
interactions. Theoretical as well as experimental evidence of
aromaticity in all-metal systems [20–29, 37–39] has attracted
immense attention. This type of molecule contains either
an aromatic cycle completely composed of metal atoms [40]
or ligand-stabilized aromatic clusters with the ligands being
either terminal or bridging adjacent metal atoms [41, 42].
In addition, aromatic clusters involving d-orbitals in pseudo-
octahedral and in tetrahedral three-dimensional metal cages
were comprehensively studied by the use of DFT methods
[43]. In this work, we extend our study of aromaticity applied
to laboratory data [10, 29] by means of magnetic criteria,
using the method of nucleus-independent chemical shifts
(NICS) proposed by Corminboeuf et al. in 1996 [21] to assess
the aromatic character of cyclic structures. The calculated
NICS indexes were obtained by calculating the negative
isotropic value of the absolute NMR shieldings at the Ag4I4

cluster centre (P1) and at distances ranging from −3.0 to
+3.0 Å in all three dimensions with a step of 1.0 Å resulting in
19 ghost atoms plus one ghost atom located at the centre (P2)
of the plane delimited by the three nearest Ag atoms (NICS-
3Ag) (Figure 3(a)). Significantly negative (i.e., magnetically
shielded) NICS values (in ppm) indicate aromaticity while
small (close to zero) NICS values represent non-aromaticity.

The variation of NMR shieldings along the three C2 axes
with the distance from the cluster barycentre is illustrated in
Figure 3(b). The inner region is shielded up to −11.4 ppm
at a distance of ±1 Å whereas NICS(0) is –7.1 ppm. The
corresponding value for benzene, at the same level of theory,
is −9.0 ppm. The results are indicative of diatropic regions
attributed to the electron delocalization of d or (d-p) π-type
orbital electron density between the four Ag and I atoms
[10, 25, 26, 29, 44] which also justifies the equalization of
the Ag–I bonds in the homometallic cluster. The symmetrical
fluctuations of the NICS values as well as the similar ones

obtained along X and Y axes are explained by the S4

symmetry motif adopted by the Ag4I4 fragment. Lower NICS
values are found along the Z axis due to the weak bonding
interaction between the two Ag atoms sited at 3.539 Å apart;
this distance is closer to the twice the van der Waals radius
for silver (4.20–4.74 Å [36]). NICS-3Ag value is −7.3 ppm,
consistent with the above results. This quasi aromaticity
results in strong Ag–Ag interactions and in higher stability
of the Ag4I4 core.

2.5. Biological Tests

2.5.1. Cytotoxicity. Complexes 1–4 and the water sol-
uble silver(I) cluster of formula {[(Et3NH)+]2·[Ag6(μ3-
Hmna)4(μ3-mna)2]2−·(DMSO)2·(H2O)} (5) (H2MNA = 2-
mercaptonicotinic acid, C6H5NO2S) [32], were tested for
their in vitro cytotoxic activity against leiomyosarcoma
cancer cells (LMS) (mesenchymal tissue) from the Wistar rat,
polycyclic aromatic hydrocarbons (PAH, benzo[a]pyrene)
carcinogenesis. The cell viability and the cell growth pro-
liferation activities were evaluated with Trypan Blue and
Thiazolyl Blue Tetrazolium Bromide (MTT) assays, respec-
tively. The IC50 values for cell viability are: 8 ± 0.39 μM (1),
0.8 ± 0.08 μM (2), 1.5 ± 0.06 μM (3), 13.2 ± 0.42 μM (4)
and 4.5 ± 0.23 μM (5). Thus, the order of the complexes
activity towards cell viability is 2 > 3 > 5 > 1 > 4, indicating
that complex 2 is the strongest one. The IC50 values for
cell growth proliferation are: 13.7 ± 3.06 μM (1), 1.3 ±
0.2 μM (2), 2.9 ± 0.31 μM (3), 21.2 ± 1.93 μM (4) and 40.3
± 2.62 μM (5). The order of the inhibitory activity of the
complexes in cell growth proliferation is 2 > 3 > 1 > 4
> 5. Thus, the chloride containing complex 2 showed the
strongest activity against LMS cells. The IC50 value for cell
viability determined for 2 is similar to the corresponding
value found for the de-hydrated complex (0.7 μM) [10].
However, the IC50 value for cell viability determined for
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Figure 3: (a) The C2 axes in the Ag4I4 core of the cluster 4, along
which NICS values have been calculated. (b) Plot of the NICS values
calculated along the three C2 axes.

3 varies significantly (twofold) from the corresponding
value found for its polymorphic form (0.8 μM) [10]. The
higher IC50 value in cell viability found for 4 (13.2 μM)
compared with the corresponding ones for 1–3 (0.8–8 μM)
might be attributed to the high stability of 4 due to the
quasiaromaticity detected (see above).

The activities of complexes 2, 3, and 5, against cells
viability are comparable to that of cisplatin, with the
corresponding (IC50) value for cisplatin against LMS cells
being 4-5 μM [12]. However, the inhibitory activities of
complexes 1–4, on the cells growth proliferation are higher
than that of cisplatin, with IC50 value against LMS cells being
25 μM.

It is noteworthy to mention that none of the complexes
1–5 showed any activity on cell growth proliferation of MRC-
5 cells (normal human fetal lung fibroblast).

2.5.2. Flow Cytometry. A flow cytometry assay was used to
quantify apoptotic or necrotic cells treated with compound 1.

Treated and untreated LMS cells were stained with Annexin
V-FITC and Propidium Iodide (PI). Figure 4, shows the
dose-dependent cytotoxic response in LMS cells through
apoptosis when treated with 1. Compared to untreated LMS
cells which showed a total of 9.22% of background cell
death, the cells treated with complex 1 at 8 μM showed
10.37% apoptosis (early apoptotic cells (Ann+/PI−) and
late apoptotic cells (Ann+/PI+)) and 1.20% necrosis. When
LMS cells were treated with 12 μM of 1, the cell death was
increased to 29.37% apoptosis (early and late apoptotic cells)
and 3.84% necrosis. At higher than the IC50 concentration
of 1 (15 μM), 62.38% of LMS cells were early and late
apoptotic cells and 7.05% were necrotic. Thus, 1 causes a
dose-dependent cytotoxic response in LMS cells through
apoptosis. Although, no direct comparison can be made due
to the different cell lines used, the apoptosis of HeLa cells
induced by 33.75 μM solution of organogold(III) complexes
containing the “pincer” iminophosphorane ligand (2-C6H4-
PPh2=NPh) of formula [Au{κ 2-C,N-C6H4(PPh2=N(C6H5)-
2}Cl2] is 23.3% [45], in contrast to the 62.38% of 1 against
LMS cells, which might indicate stronger interaction of 1
with DNA.

2.5.3. Anti-Inflammatory Activity. Apoptotic cell death
requires interaction of the complexes with DNA, which
results into antimicrobial activity and to the burn wound
recovery of the complexes [9]. Complexes 1–3 and 5 were
tested for their anti-inflammatory activity. Figure 5 shows
the changes of the burnt surface of animals after 21 days
treatment with solvent (glyceryl trioctanoate) and complexes
1–3 and 5 in contrast to the burnt surface at 0 days, in
comparison with the corresponding value for the untreated
animals (control). The animals of the control group showed
7.38% decrease of the burnt surface, while the animals of
the solvent group showed 15.67% decrease of the burnt
surface. Furthermore, animals of the group treated with 1,
2 and 5, showed 51.33%, 39.32% and 26.76% decrease of the
burnt surface, respectively. Therefore, the order of the anti-
inflamatory activity caused by silver(I) complexes is 1 > 2 >
5 > · · ·> 3. Thus, the chloride containing complexes 1 and 2
were found to decrease the burnt surface most effectively. The
mixed ligand Ag(I) with phosphine and the thione CMBZT,
complex 1, showed the strongest anti-burn activity which
might be due to the synergistic effect of the chlorine and
thioamide ligands.

3. Conclusions

Silver(I) halide complex 1 was synthesized and characterized
by single crystal X-ray diffraction analysis. Complex 2 X-
ray crystal structure on the other hand, showed that it
deferred from the structure of complex [AgCl(TPTP)3] [10]
containing a water molecule. The re-determination of the
the structure of [AgI(TPTP)3] (3) determined at 120 K is a
new polymorphic form of the complex reported previously
at 293 K and 140 K [10]. A computational study using
the method of nucleus-independent chemical shifts (NICS)
showed that the Ag4I4 core of complex 4 exhibits strong
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Figure 4: Flow cytometry assay summary results for LMS cells, treated with various concentrations of 1 (8, 12, and 15 μM) for 48 hours of
incubation, in comparison with the untreated cells (control).

quasiaromaticity, which at the inner region is shielded up
to −11.4 ppm, resulting in the formation of strong Ag–Ag
bonds.

The results of testing complexes 1–5, for their in vitro
cytotoxic activity against leiomyosarcoma cancer cells (LMS)
(mesenchymal tissue) from the Wistar rat, polycyclic aro-
matic hydrocarbons (PAH, benzo[a]pyrene) carcinogenesis,
showed that the chloride containing complex 2 had the
strongest activity against LMS cells. The order of the
complexes activity towards cell viability is 2 > 3 > 5 > 1 >
4, while the order of the inhibitory activity of the complexes
in cell growth proliferation is 2 > 3 > 1 > 4 > 5. The IC50

value for cell viability determined for 2 is similar to the
corresponding value found for the de-hydrated complex
[10]. However, the IC50 value for cell viability determined
for 3 (crystallized in monoclinic, C2/c space group), varies
significantly (twofold) from the corresponding value found
for its polymorphic form (crystallized in triclinic, P-1 space
group) [10]. The low biological activity of 4 might be
attributed to its high stability due to the quasiaromaticity
detected. The type of cell death in the case of complex 1 was
also evaluated by use of a flow cytometric assay.

The results showed that 1 causes a dose-dependent
cytotoxic response in LMS cells through apoptosis. Apoptotic
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Figure 5: Change of the burnt surfaces after 21 days treatment with
the solvent and complexes 1–3 and 5 in contrast to the burnt surface
at 0 days.

cell death requires interaction of the complexes with DNA,
which results into their antimicrobial activity and to the burn
wound recovery [9].

The chloride containing complexes 1 and 2 were also
found to decrease the burnt surface most effectively. The
order of the anti-inflamatory activity caused by silver(I)
complexes is 1 > 2 > 5 > · · ·> 3. The mixed ligand Ag(I)
with phosphine and the thione CMBZT, complex 1, showed
the strongest anti-inflammatory activity which might be due
to the synergistic effect of the chloride and thioamide ligands.
Among complexes 1–3 and 5, complex 2, which showed
the strongest activity against cells viability and the highest
inhibitory activity against cells proliferation, also found to
exhibit strong burn wood recovery activity.

4. Experimental

4.1. Materials and Instruments. All solvents used were of
reagent grade. Silver(I) chloride and Silver(I) iodide were
prepared by mixing aqueous solutions of AgNO3 with
the appropriate amount of NaCl and NaI (Merck or
Aldrich), respectively. The precipitates were filtered off and
dried in darkness. Tri-p-tolyl-phosphine and 5-chloro-2-
mercaptobenzothiazole (Fluka, Aldrich) were used with no
further purification. Melting points were measured in open
tubes with a Stuart Scientific apparatus and are uncorrected.
IR spectra in the region of 4000–370 cm−1 were obtained
from KBr discs, while far-IR spectra in the region of 400–
30 cm−1 were obtained from polyethylene discs, with a
Perkin-Elmer Spectrum GX FT-IR spectrophotometer.

4.2. Synthesis and Crystallization of {[AgCl(CMBZT)
(TPTP)2]·(MeOH)} (1), {[AgCl(TPTP)3]·(0.5·H2O)} (2),
[AgI(TPTP)3] (3) and {[AgI(TPTP)]4} (4). Complex 1
was synthesized as follows: A solution of 0.202 g CMBZT
(0.5 mmol) in 10 ml methanol was added to a suspension
of 0.072 g AgCl (0.5 mmol) and 0.304 g TPTP (1 mmol)
in 10 ml acetonitrile and the mixture was stirred for
1 hour at 50◦C. The clear solution was filtered off and the
filtrate was kept in darkness. After a few days a pale yellow
powder was precipitated. Crystals of complex 1 suitable
for X-ray crystallographic analysis were obtained from a
toluene/chloroform solution. Complexes 2–4 were prepared

by heading toluene solutions of the appropriate amounts of
silver(I) halides with TPTP under reflux for 3 hours. The
clear solutions were filtered off and the filtrates were kept
in darkness. Colorless crystals of complexes 2–4 suitable
for X-ray crystallographic analysis were grown from the
filtrates.

1: Yield: 44%; m.p: 178–181◦C; {[C49H46P2AgCl2NS2]
·(CH3OH)} (MW = 985.7); elemental analysis:
found C = 60.75%, H = 5.21%, N = 1.39%, S =
6.87%; calcd: C = 60.92%, H = 5.11%, N = 1.42%,
S = 6.50%. MID-IR (cm−1) (KBr): 3013, 2915, 1496,
1305, 1093, 1026, 802, 658, 515, 509, Far-IR (cm−1)
(polyethylene): 248, 169.

2: Yield: 80%; m.p: 199–205◦C; {[C63H63P3AgCl]·(0.5
H2O)} (MW = 1065.4); elemental analysis: found C
= 70.55%, H = 6.24%; calcd: C = 70.43%, H = 6.09%.
MID-IR (cm−1) (KBr): 3013, 2911, 1093, 800, 516,
509, Far-IR (cm−1) (polyethylene): 179.

3: Yield: 83%; m.p: 145–152◦C; {C63H63P3AgI} (MW
= 1147.8); elemental analysis: found C = 65.30%, H
= 5.87%; calcd: C = 65.92%, H = 5.53%. MID-IR
(cm−1) (KBr): 3008, 2915, 1093, 802, 516, 505, Far-
IR (cm−1) (polyethylene): 125.

4: Yield: 56%; m.p: 278–283◦C; {C84H84P4Ag4I4}
(MW = 2156.5); elemental analysis: found C =
46.28%, H = 3.88%; calcd: C = 46.79%, H = 3.92%.
MID-IR (cm−1) (KBr): 3013, 2911, 1095, 802, 516,
505, Far-IR (cm−1) (polyethylene): 127.

4.3. X-Ray Structure Determination. X-ray diffraction data
from the crystals of 1 were collected on a KUMA KM4CCD
four-circle diffractometer [46] with a CCD detector, using
graphite-monochromated MoKα radiation (λ = 0.71073Å)
at 293(2) K. Unit cell parameters were determined by a
least-squares fit [47]. All data were corrected for Lorentz-
polarization effects and absorption [47, 48]. The structure
was solved by direct methods using SHELXS-97 [49] and
refined by a full-matrix least-squares procedure on F2 with
SHELXL-97 [49]. All non-hydrogen atoms were refined
anisotropically while hydrogen atoms were located at cal-
culated positions and refined using a “riding model” with
isotropic displacement parameters based on the equivalent
isotropic displacement parameter (Ueq) of the parent atom.

X-ray diffraction data from the crystals of 2 and 3
were collected on a Bruker APEXII CCD diffractometer
and data from crystals of 4 were collected on a Bruker
CCD diffractometer, both at the window of a Bruker FR591
rotating anode (λ = 0.71073 Å) at 120(2) K. The data
collections were driven by COLLECT [50] and processed
by DENZO [51]. Absorption corrections were applied using
SADABS [52]. The structures of 2 and 3 were solved using
SHELXS-97 [49] while that of 4 was solved in SIR2004 [53]
and all three structures were refined in SHELXL-97 [49]. All
non-hydrogen atoms were refined anisotropically. In 2 there
is a water molecule present in the structure at 50% occupancy
for which the hydrogen atom positions were located in the
electron density. The remaining hydrogen atoms of 2 and all
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Table 2: Crystal data and structure refinement details for complexes 1–4.

1; 293 K 2; 120 K 3; 120 K 4; 120 K

Empirical formula C50H50AgCl2NOP2S2 C63H64AgClO0.5P3 C63H63AgIP3 C84H84Ag4I4P4

Fw 985.7 1065.4 1147.8 2156.5

Temperature (K) 293(2) 120(2) 120(2) 120(2)

Cryst. System Triclinic Orthorhombic Monoclinic Tetragonal

Space group P1 Pna21 C2/c I41/a

a, Å 11.226(4) 20.2646(4) 22.7429(10) 24.0727(2)

b, Å 13.659(5) 26.0074(5) 11.0093(3) 24.0727(2)

c, Å 18.227(7) 10.5020(2) 44.8281(18) 13.8592(2)

α, deg 98.97(3) 90 90 90

β, deg 98.08(3) 90 102.9780(10) 90

γ, deg 113.97(4) 90 90 90

V, Å3 2457.4(16) 5534.86(19) 10937.5(7) 8031.34(15)

Z 4 4 8 4

ρcalcd, g cm−3 1.332 1.279 1.394 1.783

μ, mm−1 0.7 0.5 1.1 2.6

R, wR2 [I > 2σ(I)], 0.0458, 0.1279 0.0598, 0.1073 0.0723, 0.2064 0.0299, 0.0773

those in 3 and 4 were refined using a “riding model” in a
similar manner to those in structure 1. For structure 2 the
refined absolute structure parameter was 0.19 (3), indicating
that the structure consists of a mixture of enantiomers with
ratio 0.81 : 0.19. Significant crystal data are given in Table 2.

Supplementary data are available from CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK, (e-mail: deposit@ccdc
.cam.ac.uk), on request, quoting the deposition numbers
CCDC 715884 (1), 717733 (2), 717734 (3) and 717735 (4),
respectively.

4.4. Computational Details. Calculations based on the
molecular geometry acquired via X-ray diffraction methods
were carried out with the Gaussian03W program package
[54]. Magnetic shielding tensors for a ghost atom placed at
different interior and near exterior positions of the Ag4I4

cluster were computed using the gauge-independent atomic
orbital (GIAO) DFT method [55–57] within the B3LYP
level of theory. Nucleus independent chemical shift (NICS)
values were estimated with the B3LYP function using the Los
Alamos ECP plus double zeta (LANL2DZ) basis set for the
Ag atoms and the 6-311G(d,p) for all the others.

4.5. Biological Tests

4.5.1. Trypan Blue Assay. A trypan blue dye exclusion assay
was used to determine cell viability. A cell suspension
was prepared using brief trypsinization (250 μL of trypsin-
incubation at 37◦C, 95% O2, 5% CO2). An equal volume of
PBS was added and the suspension was mixed with 500 μL
of 0.4% Trypan blue solution and left for 5 minutes at
room temperature. The stained (dead) cells and the total
cells per square of the cell chamber were counted using
Neubauer cytometer after 24 hours of incubation with
different concentrations of complexes 1–4 and 5.

4.5.2. MTT Assay. Cell growth inhibition was analyzed using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromid (MTT) assay. LMS cells cultured on 96-well plates
were washed with PBS. A solution containing different
concentrations of complexes 1–4 and 5 was then added. After
incubation for 24 hours, 50 μl of MTT was added in each
well from a stock solution (5 mg/ml), and incubated for an
additional 4 hours. Blue formazans were eluted from cells by
adding 50 μl of DMSO under gentle shaking and absorbance
was determined at 570 nm (subtract background absorbance
measured at 690 nm) using a microplate spectrophotometer
(Multiskan Spectrum, Therno Fisher Scientific, Waltham,
USA).

4.5.3. Flow Cytometry. LMS cells were seeded onto six-well
plates at a density of 6 × 104 cells per well and incubated
for 24 hours before the experiment. Cells were washed with
PBS, treated with media containing various concentrations
of 1 in DMSO (8, 12 and 15 μM) and incubated for 48 hours.
Supernatants and cells collected were centrifuged and cell
pellets were suspended in calcium buffer 1× at a rate 105

cells/100 μl. Cells were stained with Annexin (BD 556420)
and Propidium Iodide (Sigma P4864) in a dark room for 15
minutes. DNA content was determined on a FACScan flow
cytometer (Partec ML, Partec GmbH, Germany). Percentage
of apoptotic, necrotic and decompensate cells were calculated
over all viable cells (100%).

4.6. Anti-Inflammatory Activity

4.6.1. Substances Preparation. The complexes 1–3 and 5 were
dissolved in Glyceryl trioctanoate minimum 99% (from
Sigma-T9126), to a concentration of 2 × 10−4 M and the
solutions were kept at 4◦C during the experiment.
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4.6.2. Animal Preparation. All animals were anaesthetized
with 1 ml of anaesthetic cocktail (50 mgr/10 ml Midazolame,
50 mgr/10 ml Ketamine, Sodium Chloride 0.9% at a ratio
1.5/0.5/3) given into the peritoneal. After anaesthetization
and 5 cm2 of skin removal, all animals were burnt for
5 seconds at a specific area by candescent steely stamp.
This stamp had been put over a Bunsen lamp for at least
10 minutes. The average of the total burnt surface area
represented 1.6% of the total body surface. The burnt area
was cleaned by a sterilized dry paper and impressed on a
clear paper by a permanent marker, in order to estimate the
burnt surface area. A planimeter was also used to determine
the burnt surface.

After burning, the animals were separated into 6 groups
(6 animals in each group). The first group was the control
group (CG) in which the 6 animals had no treatment. The
second group was the solvent group (SG), in which all the
animals were treated only with the glyceryl trioctanoate as
solvent. The other 4 groups were the experiment groups
(EG1-EG4), in which animals were treated with the solutions
of the complexes in glyceryl trioctanoate. The treatment was
performed by inducted 1.75 ml/day solutions over the burnt
area. The treatment was continued for 20 days for all groups.
At the 21st day the final burnt surface areas were estimated.

4.6.3. Animals and Its Treatment. Female Wistar rats (36),
aged 5 months and weighting almost 190 gr were reared
in the laboratory in community cages at controlled room
temperature (20 ± 2◦C), with controlled lighting (12 h light/
12 h dark). Standard Wistar rat diet and water ad libitum
were used in all the experiments.

Experiments on animals were handled with human
care in accordance with the National Institutes of Health
guidelines and the European Union directive for the care and
the use of laboratory animals (Greek presidential decree No.
160 1991).
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Bisphosphonates are biologically relevant therapeutics for bone disorders and cancer. Reaction of γ-chlorobutyric acid,
phosphorus acid, and phosphorus trichloride without the use of solvent gave the tetrahydrofuranyl-2,2-bisphosphonate sodium
salt (Na2H2L). The Na2H2L was isolated, characterized in solution by 1H, 13C, and 31P NMR spectroscopy and in solid state by
single X-Ray crystallography. The crystal structure showed that the Na2H2L forms in the crystal infinite two-dimensional sheets
stacked one parallel to the other. A comparison of the chelating properties of H2L2− with similar hydroxyl bisphosphonate ligands
shows that the strength of the Na–O(furanyl/hydroxyl) bond is directly related to the total charge of the ligand anion.

1. Introduction

Bisphosphonates (BPs) represent a very important class of
compounds known for their medicinal and other properties
[1, 2]. In contrast to the naturally occurring pyrophosphate
P-O-P group, these compounds contain a characteristic P-
C-P bridge, which is chemically and enzymatically nonhy-
drolyzable. BPs exhibit specific affinity towards bone, which
makes them an excellent therapeutic for bone resorption
diseases (especially osteoporosis, Paget’s disease, tumour
induced osteolysis, hypercalcemia originated from malig-
nancy) by inhibition of farnesyl diphosphate synthase (FPPS)
and for bone tumour caused by metastatic breast tumours
[3–5]. The biological activity of bisphosphonates has been
found to be dependent on the structure [6], lipophilicity
[7], and bone binding affinity [8] of the compounds. For
example, the structure of the side chain of bisphosphonates is
important in determining the potency of individual bispho-
sphonates in biological models, and this includes a potential
role for the side chain in modulating bone binding. The
presence and position of an oxygen or nitrogen atom within
the side chain of bisphosphonates are directly related to their
relative potency and bone binding affinity. In general, the

oxygen/nitrogen containing bisphosphonates exhibits high
bone binding affinities, which might be expected to reduce
efficacy. However, some of these molecules are very potent
and the difference in potency has been attributed to the
inhibition of FPPS. Therefore, the structural characterization
of bisphosphonates is very important tool for the elucidation
of the mechanisms of the bone binding and biological
activity and for the design of new, more potent compounds.

Herein, we report the synthesis, solution character-
ization, and crystal structure of the sodium salt of
tetrahydrofuranyl-2,2-bisphosphonate (Na2H2L). In the
crystal the compound forms, the unusual for bisphos-
phonates, two-dimensional parallel sheets arrangement. A
comparison of the chelating properties of H2L2− with
similar hydroxyl bisphosphonate ligands shows that the Na–
O(furanyl/hydroxyl) bond length increases as the charge
of the ligand decreases. Thus, the weak Na–O(furanyl)
interaction is attributed to the −2 charge of the ligand.

2. Materials and Methods

2.1. Materials. The chemicals obtained from commercial
sources were reagents grade and used as received. Solvents
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were freshly distilled and water was doubly distilled. γ-
Chlorobutyric acid, phosphorus acid, and D2O were pur-
chased from Sigma-Aldrich. Sodium hydroxide and phos-
phorus trichloride were purchased from Merck. Ethyl alcohol
and methyl alcohol were bought from BDH. The synthesis
was performed in inert Argon atmosphere.

2.2. Synthesis and Crystallization of Tetrahydrofuranyl-2,2-
Bisphosphonic Acid Disodium Salt (Na2H2L). A mixture of
γ-chlorobutyric acid (7.12 g, 58.1 mmol), phosphorus acid
(3.38 g, 41.2 mmol), and phosphorus trichloride (10.9 g,
79.4 mmol) was heated slowly to reach the temperature 80◦C
over an hour under constant flow of argon. The two-phase
mixture was refluxed for 4 hours at 80◦C and the viscous
yellow mass was stirred vigorously for 10 hours at 60◦C.
Precooled water (125 mL) was added slowly to the mixture
under stirring as evolution of gaseous HCl was observed.
The water (110 mL) was constantly removed by distillation
from the orange reaction mass. Another 150 mL of water was
added to the mixture and allowed to cool down slowly to
room temperature (25◦C). The pH of the reaction mixture
was adjusted to 3 by careful addition of 4 M NaOH solution.
Absolute ethyl alcohol (150 mL) was poured slowly to the
resulting yellow solution in order to induce crystallisation.
White solid was formed after 12 hours stirring at 25◦C
and collected by filtration. The yellow filtrate was again
treated with ethyl alcohol (100 mL) to obtain another batch
of white solid. Total three batches were collected and for
the crude product the yield was calculated to be 9.75 g,
(65% based on γ-chlorobutyric acid). Crystallisation was
performed by layering concentrated aqueous solution (pH
= 4.2) of Na2H2L with methyl alcohol. Samples for NMR
measurements were prepared by dissolution of the crystals
in D2O. The atoms have been numbered according to the
numbering in Scheme 1. 1H NMR δ(D2O, ppm): 3.90 (t,
2JH,H = 6.7 Hz, two protons H(4)); 2.30 (m, 2JH,H = 6.7 Hz,
3JH,P = 16.0 Hz, two protons, H(2)); 1.99 (p, 2JH,H = 6.7 Hz,
two protons H(3)). 13C NMR δ(D2O, ppm): 81.3 (t, 1JC,P =
144 Hz), C(1); 70.3, C(4); 30.2, C(3); 26.8 (t, 2JC,P = 2.26 Hz),
C(2). 31P NMR δ(D2O, ppm): 21.9 (t, 3JH,P = 16.0 Hz). Anal.
Calcd. for C4H8Na2O7P2 (f.w.: 276.02): C, 17.41; H, 2.92.
Found: C, 17.38; H, 2.89.

2.3. NMR Studies. The one-dimensional 1H, 13C, and 31P
spectra were recorded in a 300 MHz Avance Bruker spec-
trophotometer at 300.13 MHz for 1H, 121.46 MHz for 31P,
and 75.47 MHz for 13C with a 5 mm multinucleus probe at
ambient temperature (25◦C) in D2O solution. A 30◦-pulse
width and 1-second relaxation delay were applied for 1H,
31P, and 13C NMR spectra.

2.4. X-Ray Crystallography. Crystal data, details of data
collection, and refinement of crystal structure of Na2H2L are
provided in Table 1. The intensity data for the compound
were collected at 100 K on an XCalibur III 4-cycle diffractome-
ter, equipped with a CCD camera detector. The experimental
data were collected using Mo Kα radiation (λ = 0.7107 Å) at a
crystal-to-detector distance 60 mm. The structure was solved
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Scheme 1: Synthetic methodology for synthesis of Na2H2L along
with the numbering scheme of C-atoms for NMR peak assignments.

Table 1: Crystallographic and experimental data for compound
Na2H2L.a, b

Empirical formula C4H6Na2O7P2

Formula mass 274.01

Crystal system Triclinic

Space group P-1

a/Å 6.327 (5)

b/Å 6.967 (5)

c/Å 11.805 (5)

α/◦ 93.067 (5)

β/◦ 96.222 (5)

γ/◦ 113.594 (5)

V/Å3 471.4 (5)

Z 2

Dc/g cm−3 1.930

Absorption coefficient/cm−1 0.564

F (000) 276

θ range for data collection/◦ 3.7788–62.3061

−7 ≤ h ≤ 7

Ranges for h, k, l −8 ≤ h ≤ 7

−11 ≤ h ≤ 13

Reflections collected/unique 2384/1451

Rint 0.0218

Data/restraints/parameters 3667/0/171

GOF on F2 1.158

a, b in weighting scheme 0.1390/0.0668

Final R/Rw indices (I > 2σ(I)) 0.0572/0.2162

Final R/Rw indices (all data) 0.0827/0.2288
aAll structures determined at T = 100 K using Mo Kα radiation (λ =
0.71073 Å).
bR = Σ‖Fo| − |Fc‖/Σ|Fo|, wR = [Σw(|Fo|2 − |Fc|2)/Σw|Fo|2]

1/2
, GOF =

[Σ[w(F2
o − F2

c )
2
]/(n− p)]

1/2
, w = 1/[σ2(F2

o ) + (aP)2 + bP], where P =
(F2

o + 2F2
c )/3.

by direct methods using the programs SHELXS-86 and
refined anisotropically (nonhydrogen atoms) by full-matrix
least squares on F2 [9, 10]. The H atoms were calculated
geometrically and refined with riding model with isotropic
displacement parameters. The programs ORTEP-3 [11] and
Diamond-3 were used for diagrams and WINGX [12] was
used to prepare material for publication.
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3. Results and Discussion

3.1. Synthesis. Compound Na2H2L has been synthesized by
heating at 80◦C the mixture of γ-chlorobutyric acid, phos-
phorus acid, and phosphorus trichloride (Scheme 1). This
molecule has been previously synthesized by Kieczykowski et
al. [13] following a similar procedure by heating the mixture
at 65◦C in methanesulfonic acid. However, the product
isolated from that reaction had always been contaminated
with the methanesulfonate salt and the yield of the reaction
was less than 30%. In contrast, the reaction without the use
of solvent gave pure product and yield more than 60%. Upon
completion of the reaction, it is quenched with water. The
product was crystallized by addition of ethanol in an aqueous
solution of Na2H2L at pH 3.0. It is worth to notice that the
isolated compound is the disodium salt of the bisphospho-
nate anion although it has been isolated at pH lower than that
of the monosodium salt (pH 4.3) by Kieczykowski et al. This
difference is attributed to the different methodology used for
the crystallization of the product.

3.2. Solution Characterization. The molecule was charac-
terized in aqueous solution by 1H, 13C, and 31P NMR
spectroscopy. The J coupling constants were used to confirm
the assignments made by the NMR spectra. The 31P NMR
spectrum gave one triplet due to the coupling (3JHP =
16.0 Hz) of phosphorus nuclei with the two H(2) protons at
21.9 ppm. This chemical shift is close to the chemical shifts
of other hydroxyl bisphosphonates such as etidronate (L1,
Scheme 2) (22.9 ppm) [14]. The 13C spectrum of Na2H2L
showed a triplet assigned to C(1). The splitting of this peak
is assigned to the strong coupling of C(1) with the two
phosphorus atoms (1JCP = 144.0 Hz). The weak coupling of
C(2) with the two phosphorus nuclei (2JC,P = 2.26 Hz) gives
a triplet feature for this peak that can be easily distinguished
from the peak assigned to C(3). The 1H NMR spectrum
exhibits a triplet for H(4) protons (due to the coupling with
the two H(3) protons), a quintuplet for H(3) (due to the
coupling with the two H(2) and two H(4) protons), and a
multiplet for H(2) (due to the coupling with the two H(3)
protons and the two P atoms).

3.3. X-Ray Crystallographic Structure. The molecular struc-
ture of Na2H2L is shown in Figures 1 and 2(a). Crys-
tallographic data are provided in Table 1. Tables 3 and
4 contain the interatomic bond lengths and angles of
Na2H2L. The bisphosphonate anion in the structure of
Na2H2L possesses an overall −2 charge, thus two of the
phosphonate oxygen atoms are deprotonated (P–O−), two
have protons attached (P–OH), and two form double bond
with phosphorous (P=O). Both phosphorous atoms exhibit
distorted tetrahedral geometries. The P–O bond lengths are
close to 1.50 Å for the P-O(deprotonated) and 1.57 Å for
the P–OH(protonated). Although the P–OH bonds can be
located very easily by inspection of the bond distances, the P–
O− and P=O cannot be distinguished because of the charge
delocalization over the −O–P=O groups. The bond angles
around P(1), P(2) range from 104.0(4) to 116.4(3)◦. The O–
P–O angles involving the two unprotonated oxygen atoms
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Scheme 2: Molecular structures of etidronate, pamidronate, and
alendronate and abbreviations used in the document.
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Figure 1: ORTEP representation of the main structural motif
observed in Na2H2L. Ellipsoids are drawn at the 50% probability
level.

are the largest ones in both phosphonate groups. The two
phosphorus centers are fairly close (3.087(3) Å), due to their
bisectional positions relative to C(1) on the furanyl ring
(P(1)–C(1)–P(2) = 114.7(5)◦). The P...P distance is a little
larger than the distance (3.035(3) Å) observed in the crystal
structure of nitrogen containing respective molecule, the
pyrrolidine-2,2-diylbisphosphonic acid [15].

The coordination sphere is different for each of the two
sodium atoms (Figures 3(a) and 3(b)). The Na(1) exhibits
a distorted octahedral environment defined by O(5), O(4),
O(2), O(6), O(3), and O(3′). The Na(2) exhibits a capped
octahedral geometry with the O(1), O(2), O(3), O(5), O(6),
and O(6′) to define an octahedron and the O(7) added to the
triangular face defined by O(1), O(3), and O(6). The Na–O
bond distances range between 2.327(7) and 2.872(7) Å with
the Na(2)–O(7) to exhibit the longest bond distance. The
sodium-centered octahedrons and capped octahedrons form
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Table 2: Selected bond lengths (Å) for Na2H2L.

C(1)–O(1) 1.48 (2) P(1)–O(2) 1.571 (8)

C(1)–C(2) 1.50 (2) P(1)–O(3) 1.499 (7)

C(2)–C(3) 1.59 (3) P(1)–O(4) 1.499 (5)

C(3)–C(4) 1.50 (4)

C(4)–O(1) 1.42 (2) P(2)–O(5) 1.507 (7)

C(1)–P(1) 1.834 (9) P(2)–O(6) 1.493 (7)

C(1)–P(2) 1.833 (7) P(2)–O(7) 1.567 (7)

Na(1)–O(2) 2.625 (7) Na(2)–O(1) 2.79 (2)

Na(1)–O(3) 2.335 (7) Na(2)–O(2) 2.494 (8)

Na(1)–O(3′) 2.671 (8) Na(2)–O(3) 2.371 (7)

Na(1)–O(4) 2.449 (8) Na(2)–O(5) 2.405 (7)

Na(1)–O(5) 2.480 (7) Na(2)–O(6) 2.423 (8)

Na(1)–O(6) 2.327 (7) Na(2)–O(6′) 2.458 (6)
aStandard deviations are given in parentheses.
bSymmetry operations: x, y, z; −x, −y, −z.

Table 3: Selected bond angles (◦) for Na2H2L.

O(2)–P(1)–O(3) 110.7 (3) O(5)–P(2)–O(6) 115.1 (3)

O(2)–P(1)–O(4) 105.5 (3) O(5)–P(2)–O(7) 110.1 (4)

O(3)–P(1)–O(4) 116.4 (4) O(6)–P(2)–O(7) 109.3 (4)

C(1)–P(1)–O(2) 105.2 (4) C(1)–P(2)–O(5) 108.6 (4)

C(1)–P(1)–O(3) 110.9 (4) C(1)–P(2)–O(6) 109.2 (4)

C(1)–P(1)–O(4) 107.4 (4) C(1)–P(2)–O(7) 104.0 (4)

O(1)–C(1)–P(1) 106.5 (6) O(1)–C(1)–P(2) 105.2 (6)

C(2)–C(1)–P(1) 107.9 (8) C(2)–C(1)–P(2) 110.7 (8)

O(1)–C(1)–C(2) 112.0 (9) P(1)–C(1)–P(2) 114.6 (5)

C(1)–O(1)–C(4) 105 (1) C(1)–C(2)–C(3) 100 (1)

O(1)–C(4)–C(3) 107 (2) C(2)–C(3)–C(4) 103 (2)
aStandard deviations are given in parentheses.
bSymmetry operations: x, y, z; −x, −y, −z.

Table 4: Selected bond lengths for Na+ and Ca2+ bisphosphonate complexes. The L, L1, L2, L3 bisphosphonates are according to Scheme 2.

Compound Charge of
bisphosphonate anion

M–Ohydroxy/furanyl/Å
Shortest

M–Ophosporyl/Å
Longest

M–Ophosporyl/Å
References

Na2H2L (−2) 2.79 (1) 2.327 (7) 2.873 (8) This work

CaH2L1 (−2) 2.608 (2) 2.352 (1) 2.608 (2) [16]

NaH3L1 (−1) 2.470 (4) 2.230 (4) 2.447 (4) [17]

NaH3L1 (−1) 2.463 (2) 2.293 (3) 2.444 (2) [18]

CaH2L2 (−2) a 2.288 (1) 2.387 (1) [19]

Na2H2L2 (−2) 2.828 (3) 2.274 (3) 2.691 (3) [20]

NaH3L2 (−1) 2.537 (2) 2.261 (2) 2.438 (2) [21]

CaH2L3 (−2) a 2.304 (1) 2.345 (1) [22]

a Non bonding distance above 3
′

Å.

an edge-sharing linear array directed along the axis (1,1,0)
of the crystal (Figure 3(a)). These arrays are connected to
each other with the diphosphonate anions (Figure 3(b))
forming infinite 2D sheets. The two-dimensional networks
are stacked one over the other along axis c (Figure 3(c)).

The distance between the mean planes defined from the
atoms of two successive sheets is 11.668(5) Å. This distance
is actually the length of the c axis. The furanyl rings are
located above and below the 2D structures insulating the
sodium ions in each layer. It is possible that this unusual for
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Figure 2: (a) Stick representation of H2L2− showing the connectiv-
ity with sodium ions. (b) Stick representation of Na2H2L showing
the coordination environment of sodium ions.

diphosphonates two-dimensional structure is induced by the
hydrophobic furanyl rings which prevent any electrostatic
interlayer interactions.

A recent study [23] has shown that bisphosphonates
binding strength can be calculated by summarizing the
interactions of the phosphonate groups, the side chain
groups, the hydroxyl group, and the hydrophobic group of
the ligand with the bone surface. Most importantly, it has
been found that although the−OH group is necessary for the
strong binding of phosphonates on the bone, the interaction
of the −OH with the bone surface is weak. Selected bond
lengths of Na+–O/Ca2+–O of similar tetrahydrofuranyl-2,2-
bisphosphonate compounds extracted from their crystal
structure are shown in Table 4. The comparison shows
that the chelating properties of the ligands are in good
agreement with their binding properties on bone surface.
Thus, the bond distances between the donor oxygen atoms
of bisphosphonate ligand and the cations might give an
estimation of the bisphosphonates bone binding strength.
The (Na+/Ca2+)–O(phosphoryl) bond distances are similar,

Na1

Na1
Na1

Na2

Na1Na2

Na2

Na2

Na1

(a)

(b)

(c)

Figure 3: (a) Sodium-centered polyhedral connected to each other
to form linear arrays along axis (1,1,0). (b) Connection of the
linear sodium arrays with bisphosphonate anions to form two
dimensional sheets. (c) Two layers stacked one parallel to the other
along axis c.
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within the range 2.261 to 2.873 Å, suggesting that the
interaction of all phosphonate groups with the bone is of
similar strength for all ligands. In all crystal structures of the
calcium salts of the bisphoshonates, except the structure of
etidronate, the metal ion is ligated only to the phosphonate
oxygen atoms. The charge of the ligand in all calcium
structures is −2. In contrast, the Na+ ions have been found
to be ligated both to the phosphonate and the hydroxyl
oxygen in the structures of the sodium salts of the respective
ligands. However, the Na+–O bond length is much shorter
in the structures of monoanion bisphosphonate structures
(∼2.5 Å) than in the respective dianions (∼2.8 Å) including
Na2H2L. Apparently, this bond length comparison indicates
that the Na+–O(hydroxyl/furanyl) bond strength is directly
dependent on the total charge of the bisphosphonate ligand;
the bond length increases by decreasing the charge of the
ligand. In addition, the weak interaction of hydroxyl group
with the bone [23] also suggests that the total charge of the
ligand that binds the bone surface is −2.

The Na+–O bond distances found in the crystal structure
of Na2H2L are close to the respective bond distance of
Na2H2L2 (L2 = pamidronate, Scheme 2) showing that the
contribution of these bonds for bone binding is similar [20].
However, the tetrahydrofuranyl side chain does not contain
any group that will contribute to the bone binding, thus it
is expected that H2L2− will be a weaker bone binder than
H2L12−, H2L22−, and H2L32− (Scheme 2).

4. Conclusions

The tetrahydrofuranyl-2,2-bisphosphonic acid has been pre-
pared with an efficient method without the use of solvent,
producing pure product in high yield over 60%. The crystal
structure of the complex showed that the disodium salt of
bisphosphonate crystallizes forming two-dimensional sheets
stacked parallel one over the other.

The results of this study show that the crystallographic
characterization of a widely used class of drug molecules,
the bisphosphonate salts, provide important information on
their biological activity (bone binding, FPPS inhibition),
and can be used for the design of new more active
molecules. The bisphosphonates binding strength with bone
can be calculated by summarizing the interactions of the
phosphonate groups, the side chain groups, the hydroxyl
group, and the hydrophobic group of the ligand with the
bone surface. The crystallographic data of the Na+/Ca2+ salts
of bisphosphonate show that the interaction of the –OH
group with the metal ions is weak which is in agreement with
the results from a recent study [23] on the interaction of the
bisphosphonates with bone surface. Furthermore a compar-
ison of Na+/Ca2+ bisphosphonate structures shows that the
strength of the Na–O(hydroxyl/furanyl) bond reduces with
the decrease of the total bisphosphonate anion charge.
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The novel diphenyltin(IV) compound [Ph2(HyFoSc)Sn] (2), where H2HyFoSc (1) is 3-hydroxy-2-formylpyridine semicarbazone,
was prepared and characterized by vibrational and NMR (1H, 13C) spectroscopy. The structure of [Ph2(HyFoSc)Sn] was confirmed
by single-crystal X-ray crystallography. The doubly deprotonated ligand is coordinated to the tin atom through the enolic-oxygen,
the azomethine-nitrogen, and phenolic-oxygen, and so acts as an anionic tridentate ligand with the ONO donors. Two carbon
atoms complete the fivefold coordination at the tin(IV) center. Intermolecular hydrogen bonding, C–H → π, and π → π
interactions combine to stabilize the crystal structure. Compounds 1 and 2 have been evaluated for antiproliferative activity in
vitro against the cells of three human tumor cell lines: MCF-7 (human breast cancer cell line), T24 (bladder cancer cell line), A549
(nonsmall cell lung carcinoma), and a mouse fibroblast L-929 cancer cell line.

1. Introduction

Organotin compounds are of interest in view of their
considerable structural diversity [1]. Increasing interest in
organotin(IV) chemistry has arisen in the last few decades
and is attributed to their significantly important biological
properties. Several di- and tri-organotin species have shown
potential as antineoplastic and antituberculosis agents [2–
5]. The binding ability of organotin compounds towards
DNA depends on the coordination number and nature of
groups bonded to the central tin atom. The phosphate group
of DNA-sugar backbones usually acts as an anchoring site
and DNA base-nitrogen binding is extremely effective and
this often results in the stabilization of the octahedrally
coordinated tin center. Recent studies have showed that low
doses of organotins can exhibit antitumoral activity and have
suggested a mode of action via a gene-mediated pathway in

the cancer cells, opening a new research subarea on organotin
compounds [6].

Thio- and semicarbazones (TSC) possess a wide range of
bioactivities, and their chemistry and pharmacological appli-
cations have been extensively investigated. The more signifi-
cant bioactivities of a variety of semicarbazones (antiproto-
zoa, anticonvulsant) and thiosemicarbazones (antibacterial,
antifungal, antitumoral, antiviral) and their metal complexes
have been reviewed together with proposed mechanisms of
action and structure-activity relationships [7, 8]. Casas et al.
[9] have surveyed structural aspects of main group metal
complexes of semicarbazones and thiosemicarbazones. The
survey shows that heterocyclic and nonheterocyclic TSC’s are
very versatile coordination agents with these elements [9].

Following our interest in the chemistry and pharma-
cological properties of thiosemicarbazones [10–17] and
towards organotins [18–21], herein, the preparation and
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spectroscopic characterization of a novel semicarbazone
and a novel diphenyl organotin compound derived from
the reaction of SnPh2O with 3-hydroxy-2-formylpyridine
semicarbazone H2HyFoSc (1) are described with the final
goal of developing new biologically active pharmaceuticals.
The results of the cytotoxic activity of 1, SnPh2O, and of the
organotin compound (2) against the cells of three human
cancer cell lines: MCF-7 (human breast cancer cell line),
T24 (bladder cancer cell line), A549 (non-small cell lung
carcinoma), and a mouse fibroblast L-929 cancer cell line are
also reported. To our knowledge, this is the first report of
synthesis of 1 and 2.

2. Experimental

2.1. General and Instrumental. The reagents (Aldrich, Merck,
Sigma) were used as supplied while the solvents were
purified according to standard procedures. Melting points
were determined in open capillaries and are uncorrected.
Infrared and far-infrared spectra were recorded on a Perkin–
Elmer Spectrum GX FT IR System spectrophotometer using
KBr pellets (4000–400 cm−1) and nujol mulls dispersed
between polyethylene disks (400–40 cm−1). The 1H, 13C
NMR spectra were recorded on a Bruker AC-300 MHz
and on a Varian 600 MHz spectrometer. The spectra were
acquired at room temperature (298 K). The chemical shifts
are reported in ppm with respect to the references (external
tetramethylsilane (TMS) for 1H and 13C NMR). Elemental
analyses were carried out by the microanalytical service of
the University of Ioannina, Greece.

2.2. Synthesis

2.2.1. 3-Hydroxypyridine-2-carbaldehyde Semicarbazone
(1). Commercially available 3-hydroxy-(2-hydroxymethyl)
pyridine hydrochloride was oxidized with MnO2, prepared
by heating MnCO3 for 12 h at 300◦C, according to [22, 23]
to afford 3-hydroxypyridine-2-carbaldehyde as a yellow
powder, yield 62%, and m.p. 77◦C. The aldehyde (2 mmol)
in EtOH (6 mL) was then reacted with a solution of
semicarbazide hydrochloride (2 mmol) in H2O (3 mL) at
80◦C for 2 h. Then, the mixture was kept in a refrigerator
overnight. The resulting yellow powder was filtered off and
recrystallized from EtOH. The powder was washed with cold
EtOH and dried in vacuo over silica gel at 40–50◦C for 4 h to
afford 1 as a yellow powder, yield 75%, and m.p. 230◦C. UV-
Vis for 1 (DMF) λ/nm (logε): 383 (2.78); 330 sh (3.48); 320
(3.50). IR cm−1: 3275 m, 3208 m (ν(OH)); 3147 s, 3080 m,
2920 (ν(NH2, NH)); 1664 (ν(C=O)), 1583 s (ν(C=N)); 1322
(ν(C–O)); 916 s (ν(NN)). 1H-NMR (DMSO-d6): δ 12.36 (br,
NH), 11.23 (s, C3–OH), 8.05 (d, H4), 7.80 (t, H5), 8.35 (d,
H6), 8.14 (s, H7), 6.75 (br, NH2); 13C-NMR: δ 131.4 (C2),
154.0 (C3), 126.4 (C4), 126.4 (C5), 133.70 (C6), 134.7 (C7),
155.9 (C8=O). Anal. calc. for C7H8N4O2 (180.0 g mol−1): C
46.7, H 4.5, N 31.10; found: C 46.6, H 4.3, N 31.3%.

2.2.2. [Ph2(HyFoSc)Sn] (2). Diphenyltin(IV) oxide (0.578 g,
2.0 mmol) and 3-hydroxypyridine-2-carbaldehyde semicar-
bazone (0.360 g, 2.0 mmol) in benzene (100 mL) were

refluxed for 24 h under azeotropic removal of H2O (Dean-
Stark trap). The resulting clear solution was concentrated
in vacuo to a small volume. The oily product was chilled
and triturated with distilled diethyl ether (Et2O) to give
a yellow solid. The yellow powder was recrystallized from
distilled ether and was dried in vacuo over silica gel. Yield
24%; m.p. 209◦C. UV-Vis for 2 (DMF) λ/nm (logε): 388br
(3.87); 331 sh (4.15); 320 (4.18). IR cm−1: 3144 s, 3065 m,
(ν(NH2)); 1664 (ν(C=O)), 1542 s (ν(C=N)); 1283 (ν(C–O));
997 s (ν(NN)) 339 sh, 321 ms (ν(SnC)); 446 sh (ν(SnNC=N));
284 mw (ν(SnOC=O)); 248 mw (ν(SnO)). 1H-NMR (DMSO-
d6): δ 7.30 (d, H4), 7.36 (t, H5), 8.15 (d, H6), 8.20 (s, H7),
6.74 (br, NH2), 7.95 (s, Ho), 7.45, 7.57 (m, Hm,p). 13C-NMR:
δ 137.5 (C2), 153.2 (C3), 128.0 (C4), 128.2 (C5), 138.0 (C6),
139.5 (C7), 155.8 (C8=O), 134.7 (Co), 127.7 (Cm), 127.2
(Cp). Anal. calc. for C19H16N4O2Sn (451.0 g mol−1) C, 50.6;
H, 3.6; N, 12.4; Found: C, 50.4; H, 3.7; N, 12.3%. Crystals
suitable for X-ray analysis were obtained by slow evaporation
of a freshly distilled diethyl ether solution of 2.

2.3. X-Ray Crystallography. Crystal data are given in Table 1,
together with refinement details. All measurements were per-
formed on a Kuma KM4CCD kappa-axis diffractometer with
graphite-monochromated MoKα radiation (λ = 0.71073 Å).
The data were corrected for Lorentz and polarization effects.
An analytical absorption correction was applied to the data
using a multifaceted crystal model [24]. Data reduction
and analysis were carried out with the Kuma Diffraction
(Wroclaw) programs. The structure was solved by direct-
methods and refined by a full-matrix least-squares method
on all F2 data using the SHELXL97 [25]. Nonhydrogen atoms
were refined with anisotropic displacement parameters; all
hydrogen atoms were located from different Fourier maps.
The C-bound H atoms were refined with the riding model
approximation, while the N-bound H-atoms were freely
refined isotropically. Molecular graphics were performed
with PLATON 2004 [26].

Crystallographic data for 2 have been deposited with the
Cambridge Crystallographic Data Centre, CCDC, 634269 for
compound 3. Copies of this information may be obtained
free of charge from The Director, CCDC, 12, Union Road,
Cambridge CB2 1EZ [FAX +44(1223)336-033] or e-mail
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk.

2.4. Antiproliferative Assay In Vitro

Compounds. Test solutions of the tested compounds
(1 mg/mL) were prepared by dissolving the substance in
100 μL of DMSO completed with 900 μL of tissue culture
medium. Afterwards, the tested compounds were diluted
in culture medium to reach the final concentrations of 100,
50, 10, 1, and 0.1 ng/μL. The solvent (DMSO) in the highest
concentration used in the test did not reveal any cytotoxic
activity.

Cells. The cell lines are maintained in the Cell Culture
Collection of the University of Ioannina. Twenty-four hours
before addition of the tested agents, the cells were plated
in 96-well plates at a density of 104 cells per well. The
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Table 1: X-ray crystal data and structure refinement for 2.

Empirical formula C19H16N4O2Sn

Formula weight 451.05

Temperature (K) 100(2)

Crystal system Monoclinic

Space group P21/n

Crystal size (mm) 0.17× 0.20× 0.23

a (
′̊
A) 10.5498(6)

b (
′̊
A) 12.5794(7)

c (
′̊
A) 13.9477(8)

β (◦) 103.594(5)

Volume (
′̊
A3) 1799.2(2)

Z 4

Dcalcd (g cm−3) 1.665

Absorption coefficient (mm−1) 1.441

θ range for data collection (◦) 3.0–36.6

Reflections collected 29597

Independent reflections (Rint) 8324 (0.056)

Data/parameters 8324/243

Goodness-of-Fit (F2) 0.857

Final R indices (I > 2σ(I)) 0.037

wR 0.062

Maximum and minimum residuals (e· ′̊A−3) 1.03/−0.74

MCF-7 cells were cultured in the D-MEM (Modified Eagle’s
Medium) medium supplemented with 1% antibiotic and
10% fetal calf serum. L-929 cells were grown in Hepes-
buffered RPMI 1640 medium supplemented with 10%
fetal calf serum, penicillin (50 U/mL), and streptomycin
(50 mg/mL). A-549 cells were grown in F-12K Ham’s
medium supplemented with 1% glutamine, 1% antibi-
otic/antimycotic, 2% NaHCO3, and 10% fetal calf serum.
The cell cultures were maintained at 37◦C in a humid atmo-
sphere saturated with 5% CO2. Cell numbers were counted
by the Trypan blue dye exclusion method. MCF-7, L-929, and
A-549 cells were determined by the sulforhodamine B assay
[27], while T24 cells by the MTT assay [28].The in vitro tests
were performed as described previously [29].

3. Results and Discussion

3.1. Synthesis. Compound 1 was synthesized by means of
the Heinert–Martell reaction (Scheme 1) [22]. The corre-
sponding diorganotin compound 2 was prepared by reacting
diorganotin(IV) oxide with the semicarbazone in benzene
solution in a 1 : 1 molar ratio.

3.2. Crystal Structure of 2. A perspective view of 2, together
with the atom-labelling scheme, is given in Figure 1 and
selected bond lengths and angles are given in Table 2.

The doubly deprotonated ligand is coordinated to
the tin atom through the enolic-oxygen, azomethine-
nitrogen, and phenolic-oxygen atoms. Two carbon atoms
complete the fivefold coordination at the diorganotin(IV)

fragment. Analysis of the shape determining angles using
the approach of Addison et al. [30] yields τ = 0.54 (τ
= 0.0 and 1.0 for SPY and TBPY geometries, resp.).
The metal coordination geometry is therefore described
as distorted trigonal bipyramidal with the O(2) and O(1)
atoms occupying the apical positions around the tin
atom.

The dianionic, tridentate ONO ligand has a ZEZ config-
uration, Figure 1. The coordinated part of the ligand is made
of three rings, two chelates Sn(1)O(2)N(1)N(2)C(4) (I) and
Sn(1)O(1)N(1)C(1)C(2)C(3) (II) and one heterocyclic ring
(III). The dihedral angles between the planes of the rings
I and II, I and III are 7.17(7) and 10.32(9), respectively,
indicating that the ligand as a whole deviates from planarity.
The C(3)–N(1) bond length is 1.298(3) Å and is close to the
distance of a double bond (1.28 Å). The deprotonation of
the N(2)H group produces a negative charge, which is delo-
calized in the C(3)–N(1)–N(2)–C(4) moiety. The distortion
from the ideal trigonal-bipyramidal configuration is shown
by the O(1)–Sn(1)–O(2) angle of 156.78(6)◦, which deviates
from the ideal value of 180◦, due in part to the ligand con-
straint. All the metal-donor bond distances, Table 2, are sim-
ilar to other organotin complexes presented in the literature
[18–21].

The polar hydrogen atoms on N(3) participate in two
intermolecular hydrogen bonds. The monomers of 2 are
connected into dimers by a pair of cooperative hydrogen
bonds [see Table 3 for geometric parameters describing these
interactions]. Further, adjacent dimers are connected by C–
H· · ·N contacts, as illustrated in Figure 2. The presence of
additional C–H→ π and π → π contacts further stabilizes
the crystal structure.

3.3. Spectroscopic Studies. In the IR spectrum of H2HyFoSc
(1), the strong bands at 3147 and 3088 cm−1 are assigned
to the asymmetric and symmetric modes of terminal NH2,
respectively. The ν(NH) band appears at 2920 cm−1. The
strong broad band at ca. 2650 cm−1 is assigned to the
ν(NH· · ·O) and ν(OH· · ·O) mode due to strong intra-
or intermolecular hydrogen bonding. The absence of the
ν(NH) stretching motion at 2 is indicative of deprotonation
of the amide proton. The strong broad band at ca. 2650 cm−1

at 2 is probably due to the ν(NH· · ·N) intermolecular
hydrogen bonds as confirmed by X-ray crystallography. The
coordination of the azomethine-N atom to the tin center
was suggested in the IR spectrum by a shift of the ν(C=N)
band to a lower frequency, along with the occurrence of a
ν(N–N) band to higher frequency [12, 13, 16]. An IR band
at 1322 cm−1 for 1 was assigned to ν(C–O). This band was
found to be shifted to 1283–1289 cm−1, in the spectrum of
2, which indicates the coordination of this O atom. The low
energy of the ν(C=O) vibration in the spectra of 1, that is,
1664 cm−1, is indicative that the carbonyl O-atom is involved
in hydrogen bonding. The replacement of the hydrogen by
the metal atom does not shift this band to lower frequency.
Coordination of the imine nitrogen is also consistent with
the presence of a band at 446 cm−1, assignable to ν(Sn–N).
Bands at 284 and 248 cm−1 are assigned to ν(Sn–Oc=o) and
ν(Sn–Oc−o), respectively [18–21].
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Scheme 1: The reaction scheme for synthesis of 1 and 2.

Table 2: Selected bond lengths (Å) and angles (◦) for complex 2.

Sn(1)–O(1) 2.073 (2) O(1)–Sn(1)–O(2) 156.78(6)

Sn(1)–O(2) 2.152(2) O(1)–Sn(1)–N(1) 84.71(6)

Sn(1)–N(1) 2.166(2) O(1)–Sn(1)–C(8) 98.51(7)

Sn(1)–C(8) 2.115(2) O(1)–Sn(1)–C(14) 95.64(7)

Sn(1)–C(14) 2.121(2) O(2)–Sn(1)–N(1) 73.14(6)

O(1)–C(1) 1.326(2) O(2)–Sn(1)–C(8) 95.84(7)

O(2)–C(4) 1.297(2) O(2)–Sn(1)–C(14) 91.13(7)

N(1)–N(2) 1.388(2) N(1)–Sn(1)–C(8) 110.80(7)

N(1)–C(3) 1.298(3) N(1)–Sn(1)–C(14) 123.88(7)

N(2)–C(4) 1.329(3) C(8)–Sn(1)–C(14) 124.44(8)

N(3)–C(4) 1.338(3) Sn(1)–O(1)–C(1) 132.5(2)

N(4)–C(2) 1.361(3) Sn(1)–O(2)–C4 113.6(2)

N(4)–C(7) 1.330(3) Sn(1)–N(1)–N(2) 116.2(2)

Table 3: Geometric parameters for hydrogen bonds and for C–H—π and π · · ·π interactions in 2.

D H A H· · ·A D· · ·A

N(3) –H(3A) · · ·N(4)(i) 2.29(2) 3.070(3) 175(3)

N(3) –H(3B) · · ·O(2)(ii) 2.07(3) 2.925(2) 183(4)

C(3) –H(3) · · ·N(2)(i) 2.34(2) 3.280(3) 170(3)

C(19) –H(19) · · ·O(2) 2.51(2) 3.087(3) 119

C–H(I)→Cg(J)(a) H–Cg C–Cg ∠C–H–Cg

C(7) –H(7)→Cg(5)(iii) 2.76 3.619(2) 151

C(12) –H(12)→Cg(5)(iv) 2.86 3.722(3) 152

Cg(I)→Cg(J)(a) Cg–Cg(b) β(c) CgI–Perp(d) CgJ–Perp(e)

Cg(3)→Cg(4)(v) 3.824(2) 10.55 3.7122(8) 3.759(2)

Cg(4)→Cg(3)(iv) 3.823(2) 10.55 3.759(2) 3.7121(8)
(a)Where Cg(3), Cg(4), and Cg(5) are referred to the centroids N(4)C(1)C(2)C(5)C(6)C(7), C(8)–C(14), and C(14)–C(19); (b)Cg–Cg is the distance between
ring centroids; symmetry transformations, (i) 2 − x, 1 − y, −z; (ii) 1 − x, 1 − y, −z; (iii) 1 + x, y, z; (iv) −1/2 + x, 1/2 − y, −1/2 + z; (v) 1/2 + x, 1/2 − y,
1/2 + z; (c)Where β is the angle Cg(I)→Cg(J) or Cg(i)→Me vector and normal to plane I (◦); (d)CgI–Perp is the perpendicular distance of Cg(I) on ring J;
(e)CgJ–Perp is the perpendicular distance of Cg(J) on ring I.
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Table 4: The antiproliferative activity in vitro of H2HyFoSc and its organotin complex 2 (expressed as ID50 (μM)) against MCF-7, T-24,
A-549, and L-929 cancer cell lines.

Compounds L-929 A-549 T-24 MCF-7

[H2HyFoSc] (1) n.a 175.0 n.a. 164.0

[Ph2(HyFoSc)Sn] (2) 1.19 0.086 n.a. 8.65

[Ph2SnO] 10.73 47.10 n.a 3.46

Cisplatin 0.69 1.53 41.7 8.00
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Figure 1: Molecular structure of the diorganotin complex 2.
Thermal ellipsoids are drawn at the 40% probability level.
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Figure 2: Arrangement of the intermolecular hydrogen bonds in 2.
Thermal ellipsoids are drawn at the 40% probability level.

1H- and 13C-NMR Spectra. In the 1H-NMR spectrum of 1,
the N(3)-H resonance at δ 12.30 and C–OH at δ 11.23 ppm
indicates that these H atoms are involved in hydrogen
bonding, Figure 3. In the 1H-NMR spectrum of 2, the formyl
H-atom H–C(7) was shifted downfield upon coordination,
which indicates variations in the electron density at position
7. Deshielding of carbons C4, C5, and C7 is observed in
complexes, which is related to the electrophilicity of the tin
atom. A σ-charge donation from the C–O and N donors to
the tin center removes electron density from the ligand and
produces this deshielding which will attenuate at positions
remote from the tin center, Figure 4.
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C4
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155 150 145 140 135 130 125

ppm (t1)

(b)

Figure 3: 1H NMR (a) and 13C NMR (b) spectrum of the ligand
(1).

3.4. Pharmacology. Antiproliferative Activity In Vitro. Pd(II)
and Pt(II) complexes of 2-carbaldheyde thiosemicarbazone,
HFoTsc, were found to be active in vivo against leukemia
P388 cells and Pt(II) complexes of N4-ethyl 2-formyl and
2-acetylpyridine thiosemicarbazones showed cytotoxicity
and were found to be able to overcome the cisplatin-
resistance of A2780/Cp8 cells [10–16]. Also, Zn(II) com-
plexes of 2-carbaldheyde thiosemicarbazone, HFoTsc, and
2-acetylpyridiene thiosemicarbazone, HAcTsc, were found
active against the MCF-7 (human breast cancer cell line), T24
(bladder cancer cell line), and a mouse L-929 (a fibroblast-
like cell line cloned from strain L) [29]. Compounds 1 and 2
and the organotin oxide precursor of 2 were tested for their
anti-proliferative activity in vitro against the cells of three
human cancer cell lines: MCF-7 (human breast cancer cell
line), T24 (bladder cancer cell line), A549 (non-small cell
lung carcinoma), and a mouse fibroblast L-929 cell line [see
Table 4 for a summary of the cytotoxicity data].

The IC50 values for H2HyFoSc (1) against the MCF-7
and A-549 cell lines are 164 and 175 μM, respectively, while
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Figure 4: 1H NMR (a) and 13C NMR (b) spectrum of the complex
(2).

against the L-929 and T-24 cell lines IC50 are >555 μM.
Thus, 1 is considered as nonactive against these tested cell
lines. Compound 2 is also considered nonactive against
T24 cell line. The IC50 values for 2 against the L-929 and
MCF-7 cell lines are 1.19 and 8.65 μM, respectively. These
values are in the same range as observed for cisplatin and
Ph2SnO, indicating that the observed cytotoxicity is probably
due to the cytotoxicity of Ph2SnO. Compound 2 may then
be considered as a vehicle for activation of the Ph2SnO
as the cytotoxic agent. The IC50 value for 2 against A-
549 is 0.086 μM and therefore 2 is significantly more active
compared to Ph2SnO (47.1 μM) and cisplatin (1.53 μM),
respectively. Compound 2 is thus 547.7 and 17.8 times more
cytotoxic than the Ph2SnO and cisplatin, respectively, against
this cell line. Thus, 2 exhibits selectivity and is considered
as an agent with potential antitumor activity against A-549
tumor cell line and can therefore be a candidate for further
stages of screening in vitro and/or in vivo.
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Two new compounds that consist of the linear trinuclear manganese(II) cation [Mn3(O2CMe)4(py)8]2+ cocrystallizing with
different counteranions (I3

−, [1]; ClO4
−, [2]) are reported. Complex 1 was prepared from the reaction of [Mn(O2CMe)2]·4H2O

with I2 in MeCO2H/py, whereas complex 2 was isolated from the reaction of [Mn3O(O2CMe)6(py)3]·py with [Mn(ClO4)2]·6H2O
in MeCN/py. The crystal structures of both compounds were determined by single crystal X-ray crystallography. Magnetic
susceptibility studies that were performed in microcrystalline powder of 1 in the 2–300 K range revealed the presence of
antiferromagnetic exchange interactions that resulted in an S = 5/2 ground spin state.

1. Introduction

Oligonunuclear Mn carboxylate clusters have attracted sig-
nificant interest since they have been located in the active
site of metalloenzymes [1] and also often have interesting
and sometimes novel magnetic properties [2]. Undoubtedly,
the most well-known oligonuclear cluster that appears in
biological systems is the tetranuclear Mn complex that is
present in the active site of photosystem II and is respon-
sible for the light driven oxidation of water to molecular
dioxygen [3–7]. Other Mn compounds observed in the
active sites of metalloenzymes involve mononuclear (e.g.,
in Mn-superoxide dismutases) [8] and dinuclear (e.g., in
Mn-catalases) complexes [8, 9]. In all those compounds,
the ligation of the Mn ions is provided mainly by O-
and N-donor atoms from the various aminoacid residues
present in the metalloproteins. In order to prepare functional
and structural models of the Mn compounds that are
present in metalloenzymes, efforts have been centered on
the synthesis and study of manganese carboxylate complexes
with various chelating N-donor ligands, such as 2,2′-
bipyridine (bpy) [10–13], 1,10-phenanthroline (phen) [10,
14–16], and 2-(2-pyridyl)benzimidazole [17]. As a result a

plethora of dinuclear, trinuclear and tetranuclear manganese
compounds containing carboxylato groups or/and nitrogen-
donor ligands have been prepared and characterized [4, 7,
10–30]. Such complexes are of significant interest not only
as potential functional and structural models of the metal
clusters present in Mn-containing metalloenzymes but also
as precursors for the isolation of new model compounds. In
particular, trinuclear Mn compounds have attracted signif-
icant attention since they appear as discrete metal clusters
with various topologies including linear [10–26], triangular
[27], V-shaped [28], and so forth, clusters and also as
building blocks in multidimensional coordination polymers
[29]. Linear trinuclear manganese (II) clusters with various
molecular formulas such as [Mn3(O2CR)6(L)2] [10–20]
and [Mn3(O2CR)4(L′)2] [21–23] have been prepared with
several types of carboxylates, bidentate (L), and tridentate or
tetradentate (L′) chelates and also terminal ligands.

Herein, we report the synthesis, structural characteriza-
tion, and magnetic properties of a new linear manganese(II)
cation, [Mn3(O2CMe)4(py)8]2+ which cocrystallizes with
two different counteranions (I3

−, [1] and ClO4
−, [2]). The

cation of 1 and 2 represents the first linear trinuclear MnII

unit that contains only carboxylate and pyridine ligands and
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Table 1: Crystallographic data for complexes 1 and 2.

1 2

Formula(a) C48H52Mn3N8O8I6 C48H52Mn3N8O16Cl2

Mw 1795.20 1232.70

Crystal System Monoclinic Monoclinic

Space group P21/n P21/n

a/Å 15.2694(7) 21.7552(5)

b/Å 13.8883(4) 11.0081(2)

c/Å 15.2919(6) 23.4535(4)

β/◦ 109.041(5) 107.917(2)

V /Å3 3065.5(2) 5344.3(2)

Z 2 4

T/K 100(2) 100(2)

λ(b), Å 0.71073 0.71073

Dc, g/cm−3 1.945 1.532

μ (Mo Ka)/mm−1 3.682 0.874

Refl. collected/unique (Rint) 23443/7336 (0.0455) 34188/9376 (0.0733)

Obs. refl. [I > 2σ(I)]. 5655 4469

R1%(c) 0.0285 0.0382

wR2(d) 0.0640 0.0636

Goodness of fit on F2 0.952 0.736

Largest diff. peak/hole/e−/Å−3 1.172/−1.043 0.366/−0.298
(a)

Including counteranions. (b)Graphite monochromator. (c)R1 = Σ‖Fo| − |Fc‖/Σ|Fo|. (d)wR2 = [Σ[w(Fo2 − Fc
2)

2
]/Σ[wFo2)

2
]]1/2, w = 1/[σ2(Fo2) +

(m · p)2 + n · p], p = [max(Fo2, 0) + 2Fc2]/3, and m and n are constants.

a rare example of a linear MnII
3 cluster that is stabilized

with carboxylate and terminal ligands without containing
any polydentate chelates [30].

2. Experimental

2.1. Materials. All manipulations were performed under
aerobic conditions using materials (reagent grade) and
solvents as received; water was distilled in-house. [Mn3O
(O2CMe)6(py)3]·py was prepared as described elsewhere
[27]. Warning: Although we encountered no problems, appro-
priate care should be taken in the use of the potentially
explosives perchlorate anion.

2.2. Syntheses of Compounds

2.2.1. [Mn3(O2CMe)4(py)8](I3)2 [1]. Solid I2 (2.07 g, 8.16
mmol) was added to the yellowish solution of [Mn
(O2CMe)2]·4H2O (2.00 g, 8.16 mmol) in MeCOOH/py
(10/20 mL). The resulting red-brown solution was left under
magnetic stirring for ∼45 minutes, filtered off and the
filtrate was left undisturbed at room temperature. After
a few weeks, dark brown crystals of 1 suitable for X-ray
crystallography were formed. The crystals were collected by
filtration, washed with MeCOOH/py (5/10 mL) and dried in
vacuum. The yield was ∼60% based on total Mn content. A
sample for crystallography was maintained in contact with
the mother liquor to prevent the loss of interstitial solvent.
Anal. Calc. for C48H52Mn3N8O8I6 [1]: C, 32.11; H, 2.92; N,
6.24. Found: C 31.89; H 2.79; N 6.10%. IR data (KBr pellet,

cm−1): ν̃ = 3435 (m), 3059 (m), 1599 (s), 1580 (s), 1564 (s,
br), 1483 (m), 1441 (s, br), 1350 (m), 1215 (m), 1151 (m),
1067 (m), 1038 (m), 1005 (m), 752 (m), 700 (s), 683 (m),
650 (m), 629 (m).

2.2.2. [Mn3(O2CMe)4(py)8](ClO4)2 [2]

Method A. To a solution of [Mn3O(O2CMe)6(py)3]·py
(0.294 g, 0.345 mmol) in MeCN/py (10/2 mL) was added
Mn(ClO4)2·6H2O (0.125 g, 0.345 mmol) and pdH2 (0.10
mL, 0.105 g, 1.38 mmol) and the mixture was left under
magnetic stirring for ∼30 minutes. The resulting dark red-
brown slurry was filtered off and the dark red-brown filtrate
was left undisturbed at room temperature. After few weeks
yellow crystals appeared, suitable for X-ray structural deter-
mination. The crystals were isolated by filtration, washed
with a copious amount of MeCN/py, and dried in vacuum;
yield, ∼20% based on total ClO4

− content. A sample for
crystallography was maintained in contact with the mother
liquor to prevent the loss of interstitial solvent. Anal. Calc. for
C48H52Mn3N8O16Cl2 [2]: C, 46.77; H, 4.25; N, 9.09. Found:
C 46.63; H 4.09; N 8.95%.

Method B. Method A was repeated in a mixture of MeCN/py
(10/4 mL) without using H2pd. The yield was ∼9% based on
on total ClO4

− content.

2.3. X-Ray Crystallography. Data were collected on an
Oxford-Diffraction Xcalibur diffractometer, equipped with a
CCD area detector and a graphite monochromator utilizing
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Figure 1: A partially labeled plot of the cation of 1. Color code: Mn, purple; O, red; N, green; C, grey. H atoms are omitted for clarity.

Mo-Kα radiation (λ = 0.71073 Å). Suitable crystals were
attached to glass fibers using paratone-N oil and transferred
to a goniostat where they were cooled for data collection.
Unit cell dimensions were determined and refined by using
12271 (3.07 ≤ θ ≤ 30.27◦) and 5746 (3.06 ≤ θ ≤ 30.29◦)
reflections for 1 and 2, respectively. Empirical absorption
corrections (multiscan based on symmetry-related measure-
ments) were applied using CrysAlis RED software [31].
The structures were solved by direct methods using SIR92
[32], and refined on F2 using full-matrix least squares with
SHELXL97 [33]. Software packages used: CrysAlis CCD [31]
for data collection, CrysAlis RED [31] for cell refinement
and data reduction, WINGX for geometric calculations [34],
and DIAMOND [35] and MERCURY [36] for molecular
graphics. The non-H atoms were treated anisotropically,
whereas the hydrogen atoms were placed in calculated, ideal
positions and refined as riding on their respective carbon
atoms. Unit cell data and structure refinement details are
listed in Table 1.

2.4. Physical Measurements. Elemental analyses were per-
formed by the in-house facilities of the Chemistry Depart-
ment, University of Cyprus. IR spectra were recorded on
KBr pellets in the 4000–400 cm−1 range using a Shimadzu
Prestige-21 spectrometer. Variable-temperature DC mag-
netic susceptibility data down to 1.80 K were collected
on a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 70 kG (7 T) DC magnet. Diamagnetic cor-
rections were applied to the observed paramagnetic suscep-
tibilities using Pascal’s constants. Samples were embedded in
solid eicosane, unless otherwise stated, to prevent torquing.

3. Results and Discussions

3.1. Syntheses. Both complexes were prepared serendipitous-
ly during our investigations on two different synthetic meth-
ods. The first one involved the use of iodine as an oxidizing

agent in various reactions of [Mn(O2CMe)2]·4H2O, while
the second one included the employment of 1,3-propanediol
(pdH2) in reactions with [Mn3O(O2CMe)6(py)3]·py.

One of the most successful strategies to polynuclear
Mn clusters has been the oxidation of a Mn2+ starting
material with the use of various oxidizing agents, often in
the presence of a chelating ligand. Several oxidants have
been employed for this purpose such as MnO4

−, CeIV,
peroxides, bromate, and iodine to form high-oxidation
state Mn species [4, 7, 28]. Although the use of iodine
as oxidant in Mn cluster chemistry has been reported
in the past [4, 7], the oxidation of Mn2+ salts from
iodine under various conditions is a rather unexplored
synthetic method. Compound 1 was prepared during our
investigations on reactions of Mn(O2CMe)2·4H2O with
iodine in MeCOOH/pyridine. A large amount of MeCOOH
was used in order to avoid the formation of various Mn
oxides/hydroxides that precipitate at basic conditions. Thus,
the reaction of [Mn(O2CMe)2]·4H2O with solid I2 in a 1 : 1
ratio in MeCOOH/py (10/20 mL) resulted in the formation
of dark brown crystals of 1 in ∼60% yield. The formation of
1 is summarized in (1):

3[Mn(O2CMe)2] + 3I2 + H2O + 8py

−→
[

Mn3(O2CMe)4
(
py
)

8

]
(I3)2 + 2MeCOOH + 1/2O2.

(1)

Despite the presence of an oxidant (I2) in the reaction
mixture, the final product (compound 1) contains only Mn2+

ions. We believe that species that contain Mn ions in higher
oxidation states are also formed but are quite soluble and
thus do not precipitate from the reaction solution.

Another synthetic method to new polynuclear Mn
clusters employed recently by our group involves the use
of aliphatic diols such as pdH2 in Mn cluster chemistry.
These studies have resulted in a number of new polynu-
clear clusters and coordination polymers with coordinated
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Table 2: Selected interatomic distances (Å) and angles for complex 1.

Bond Distances (Å)

Mn1· · ·Mn2 3.799(2)

Mn1–O1 2.154(2)

Mn1–O3 2.196(2)

Mn1–N1 2.247(2)

Mn2–O2 2.093(2)

Mn2–O3 2.234(2)

Mn2–N3 2.235(2)

Mn2–O4 2.276(2)

Mn2–N2 2.288(2)

Mn2–N4 2.295(2)

Bond Angles (◦)

O1–Mn1–O1 180.0 O2–Mn2–O3 103.82(7)

O1–Mn1–O3 90.90(7) O2–Mn2–N3 108.98(7)

O1′–Mn1–O3 89.10(7) O3–Mn2–N3 146.90(7)

O3–Mn1–O3′ 180.0 N3–Mn2–O4 89.50(7)

O1–Mn1–N1 90.57(7) O2–Mn2–N2 90.28(8)

O1′–Mn1–N1 89.43(7) O3–Mn2–N2 96.50(7)

O3–Mn1–N1 87.20(7) N3–Mn2–N2 87.73(8)

O3′–Mn1–N1 92.80(7) O4–Mn2–N2 86.28(7)

O1–Mn1–N1 90.57(7) O3–Mn2–N4 89.30(7)

N1–Mn1–N1′ 180.0(2) N2–Mn2–N4 173.85(8)

Mn1–O3–Mn2 118.07(7)

Table 3: Bond valence sum (BVS)(a,b) calculations for complexes 1 and 2.

Complex 1 Complex 2

MnII MnIII MnIV MnII MnIII MnIV

Mn1 2.00 1.87 1.90 1.92 1.81 1.81

Mn2 1.90 1.79 1.80 2.05 1.91 1.95

1.91 1.80 1.81
(a)The underlined value is the one closest to the charge for which it was calculated. (b)The oxidation state is the nearest whole number to the underlined value.

pdH2 ligands [37–40]. Many of these compounds were
isolated from reactions that were involving the use of
[Mn3O(O2CMe)6(py)3]·py as a starting material [37, 38].
These studies, apart from compounds that contain coor-
dinated pdH2 ligands, have also resulted in complexes
that do not include the diol in their asymmetric unit,
with 2 being one of the members of this family. Thus,
compound 2 was initially prepared from the reaction of
[Mn3O(O2CMe)6(py)3]·py with Mn(ClO4)2·6H2O in the
presence of pdH2 in a 1: 1: 4 ratio in MeCN/py (10/2 mL)
in 20% yield. When the identity of 2 was established and
known that it contained neither coordinated nor lattice
pdH2/pd2− ligands, the reaction resulted in the formation
of 2 was repeated without including pdH2 in the reaction
mixture. This reaction gave a few crystals of 2. Various
modifications were applied in this reaction in order to
optimize its yield. Finally, the larger yield (achieved when no
pdH2 was included in the reaction mixture) was ∼9% and
obtained when an extra amount of pyridine (4 more mL) was

added to the reaction solution. The exact role of pdH2 in the
assembly of 2 and how its use results in larger reaction yield
still remain unidentified.

3.2. Description of the Structures. The molecular structure of
complex 1 is presented in Figure 1 and selected interatomic
distances and angles for 1 are listed in Table 2. Bond valence
sum (BVS) calculations for the metal ions of 1 and 2 are given
in Table 3. The crystal structures of 1 and 2 present a striking
similarity with the main difference between them being
their counter-ions and thus only that of 1 will be described
here.

Compound 1 crystallizes in the monoclinic P21/n space
group and comprises the [Mn3(O2CMe)4(py)8]2+ cation and
two I3

− counteranions. The cation of 1 (Figure 1) consists
of a linear array of three MnII ions coordinated by four
acetate groups and eight terminal pyridine molecules. The
oxidation states of the Mn ions were determined by BVS
calculations (Table 3), charge considerations, and inspection
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Figure 2: A representation of the packing of complex 1. Mn, purple;
O, red; C, grey. H atoms are omitted for clarity.

of metric parameters. The central metal ion of the trinuclear
unit (Mn1), which is located on a crystallographic inversion
center, is ligated by four oxygen atoms from four different
acetate ligands and two molecules of pyridine adopting a
distorted octahedral coordination geometry. All four acetate
ligands bridge two Mn ions with two of them operating in
the common syn-syn-η1 : η1 : μ2 fashion, whereas the other
two function in the less common monoatomically bridging
η2 : η1 : μ2 mode. The above mentioned carboxylate bridging
modes have also been observed in several other linear
trinuclear manganese (II) complexes [10–23]. However, in
most linear MnII

3 complexes each pair of MnII ions is held
together by at least three bridging ligands, whereas in 1 the
neighboring Mn ions are connected through two bridging
ligands only. One exception in this situation is the compound
[Mn3(O2CMe)6(H2O)(phen)2] where one pair of Mn ions
is linked through two acetate ligands, whereas the second
one is held together by three bridging MeCOO− ligands
[16]. The consequence of the presence of less bridging
ligands in 1 is the larger Mn· · ·Mn separation (3.799 (2) Å)
compared to the values observed in other linear trinuclear
MnII complexes which are within the range of 3.2–3.7 Å [10–
23]. The observed separation of 3.799 Å is slightly smaller
than that (3.868 (4) Å) between the Mn ions bridged by two
acetate ligands in [Mn3(O2CMe)6(H2O)(phen)2]. However,
the Mn· · ·Mn distance in the other pair of Mn ions of the
latter is significantly shorter (3.489 Å) and thus the average
Mn· · ·Mn separation falls within the range observed for the
other linear trinuclear MnII complexes.

The distorted octahedral coordination environment
around each terminal metal ion (Mn2) is completed by
three pyridine molecules. The Mn2N3O3 octahedron is
significantly distorted, with the main distortion arising from
the acute O3–Mn2–O4 angle (58.24 (7)◦). The Mn1N2O4

octahedron is almost perfect. All Mn–N and Mn–O bond
lengths of the two crystallographically independent man-
ganese ions are within the expected range for octahedral
high-spin MnII complexes.
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Figure 3: Plot of χMT versus T for 1. The solid line is the fit of the
experimental data; see the text for the fit parameters.

A close examination of the packing of 1 revealed that the
trinuclear molecules are nearly perpendicular to each other
(Figure 2) and there are no significant hydrogen bonding
interactions between neighboring units of 1.

3.3. Magnetic Properties. Solid-state dc magnetic susceptibil-
ity studies were performed on a powdered crystalline sample
of 1 in a 0.1 T field and in the 5.0–300 K temperature range.
The obtained data are plotted as χMT versus T in Figure 3.

The χMT product at 300 K for 1 is 12.98 cm3 mol−1 K,
slightly smaller than the value expected for three MnII

(S = 5/2) noninteracting ions (13.125 cm3 mol−1 K, g =
2) indicating the existence of antiferromagnetic exchange
interactions. This is corroborated by the continuous decrease
of χMT upon cooling down to 10.63 cm3 mol−1 K at ∼50 K.
Below that temperature, the decrease is more abrupt, with
χMT reaching a value of 4.49 cm3 mol−1 K at 5 K. The 5 K
χMT value is very close to the spin - only (g = 2) value
of 4.375 cm3 mol−1 K for a spin ground state S = 5/2.
These results are indicative of antiferromagnetic exchange
interactions between the Mn ions of 1 that lead to a spin
ground state of S = 5/2.

The magnetic susceptibility was simulated taking into
account only one isotropic intracluster magnetic interaction,
J, between Mn1 and Mn2 centers since the exchange
interaction between the terminal Mn ions of 1 and also of
most of the known linear MnII

3 complexes is negligible (J ′ =
0) [10, 11, 15, 16] because of the large Mn· · ·Mn separation
(for 1 Mn2· · ·Mn2′ = 7.598(1) Å). Application of the van
Vleck equation [41] to the Kambe’s vector coupling scheme
[42] allows the determination of a theoretical χM versus T
expression for 1 from the following Hamiltonian:

H = −2J
(
Ŝ1Ŝ2 + Ŝ1Ŝ2′

)
, (2)

using the numbering scheme of Figure 1, where S1 = S2 =
S2′ = 5/2. This expression was used to fit the experimental
data giving J = −1.50 K and g = 2.00 (solid line, Figure 3).
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A temperature-independent paramagnetism (TIP) term was
held constant at 600× 10−6 cm3 mol−1 K.

The obtained J value is smaller than values reported
in the literature for other linear MnII

3 clusters with
three bridging ligands per manganese pair which in most
cases range from ∼−2.5 to ∼−7 K [18]. This behaviour
could be rationalized on the basis of the existence of
only two bridging ligands per manganese pair and larger
Mn· · ·Mn separations in 1 as was discussed in detail
above (description of the structures). There are, however,
examples of linear MnII

3 clusters with J values compa-
rable to that of 1, such as [Mn3(L1)2(μ-O2CMe)4]·2Et2O
(HL1 = (1-hydroxy-4-nitrobenzyl)((2-pyridyl)methyl)((1-
methylimidazol-2-yl)methyl)amine) (J = −1.7 K) [21].

4. Conclusions

A new linear trinuclear manganese(II) complex [Mn3

(O2CMe)4(py)8]2+ cocrystallizing with I3
− [1] and ClO4

−

[2] has been synthesized serendipitously. Compound 1 was
prepared in an attempt to oxidize [Mn(O2CMe)2]·4H2O
with I2 in MeCOOH/py, whereas compound 2 was ini-
tially isolated during our investigations on reactions of
[Mn3O(O2CMe)6(py)3]·py with Mn(ClO4)2·6H2O in the
presence of pdH2 in MeCN/py and was resynthesized in
lower yield without adding pdH2 in the reaction mixture.
Although several linear trinuclear MnII complexes have been
prepared and studied, the cation of 1 and 2 has several novel
structural features including: (i) different type of ligation
since 1 and 2 are the first examples of linear trinuclear
Mn clusters with only acetate and pyridine ligands and (ii)
different number of bridging ligands between each pair of
MnII ions, since 1 and 2 are rare examples of linear MnII

3

clusters with only two bridging ligands linking each pair of
MnII ions. Variable temperature dc magnetic susceptibility
studies revealed the existence of antiferomagnetic interac-
tions between the Mn ions of 1 resulting in an ST = 5/2 spin
ground state.
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The reaction of CoCl2·6H2O with m-BDTH2 (1,3-benzeneditetrazol-5-yl) leads to [Co(C8H6N8)2(H2O)2(CH3CN)2]Cl2 (1). Both
tetrazolic groups remain protonated existing in a 1H tautomeric form. A trifurcated chlorine atom and stacking interactions
assemble compound 1 into a three-dimensional network.

1. Introduction

Tetrazoles are a class of organic heterocyclic compounds
which consist of a five-membered ring of four nitrogen atoms
and one carbon atom (Scheme 1). In the design of drug
molecules, tetrazoles and tetrazole derivatives have generally
been avoided because their explosive and flammable nature
makes them a safety concern for process-scale synthesis. Nev-
ertheless, tetrazoles such as Losartan [1] and Candesartan [2]
are angiotensin II receptor antagonist drugs used mainly to
treat high blood pressure (hypertension). Moreover, a well-
known tetrazole is dimethyl thiazolyl diphenyl tetrazolium
salt (MTT), which is used in the MTT assay of the respiratory
activity of live cells in cell culture [3]. 5-substituted-1H-
tetrazoles (RCN4H) usually can be utilised as metabolism-
resistant isosteric replacements for carboxylic acids (RCO2H)
in SAR-driven medicinal chemistry analogue syntheses,
while it has been found that they have comparable pKa
values to the corresponding carboxylic acids (RCO2H) [4].
Therefore, the study of the structures of tetrazoles is relevant
to several aspects of medicinal chemistry, as, indeed, is their
coordination chemistry given the increasing importance of
metal-based drugs incorporating known therapeutic organic
agents [5].

5-substituted-1H-tetrazoles, often termed tetrazolic
acids, can be found in neutral, anionic, or cationic form, and
they can act as ligands in metal complexes, form salts, and
can be both acceptors and donors for hydrogen bonding.
Such tetrazolic acids exist in an approximately 1 : 1 ratio
of the 1H- and 2H-tautomeric forms (Scheme 1). It has
been reported that the two positional isomers 1 and 2
may be differentiated on the NMR timescale [6, 7], while
theoretical calculations show that the 2H-tautomers are the
more stable isomers, although they were found to have a
larger degree of electron delocalization than 1H-tautomers
[8]. Over the last decade, the synthetic procedures of such
compounds have been improved [9, 10]; consequently more
attention has been focused on the coordinating behaviour
of such compounds. Thus, the 5-substituted-1H-tetrazoles
have been used as versatile building blocks for molecular
coordination networks, also called coordination polymers
or metal organic frameworks [11, 12] as well as hydrogen
bonded frameworks [13–16].

Recently, we embarked on a study of the coordination
behaviour of various 5-substituted-1H-tetrazoles [13–16],
and this article describes part of this systematic study where
we report the synthesis and crystal structure of [Co(m-
BDTH2)2(H2O)2(CH3CN)2]Cl2 (1) where m-BDTH2 = 1,3-
benzeneditetrazol-5-yl.
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Scheme 1: The two possible tautomers of 5-substituted tetrazoles.

2. Experimental

2.1. General. All chemicals and solvents used for the syn-
thesis were obtained from commercial sources and were
used as received. The reaction was carried out under aerobic
conditions. Elemental analysis (C, H, N) was performed at
the Institute of Inorganic Chemistry, Karlsruhe Institute of
Technology, using an Elementar Vario EL analyzer. Fourier
transform IR spectra were measured on a Perkin-Elmer
Spectrum One spectrometer with samples prepared as KBr
discs.

2.2. Preparation of the Ligand and Compound (1). m-
BDTH2 was prepared as described previously [7]. A solu-
tion of m-BDTH2 (0.021 g, 0.1 mmol) in CH3CN/EtOH
(ratio 1 : 1, total volume 20 ml) was added dropwise to a
stirred solution of CoCl2 6H2O (24 mg, 0.1 mmol). The
resulting dark blue solution was refluxed for 2 hours,
filtered and left to evaporate slowly. Orange crystals of
[Co(C8H6N8)2(H2O)2(CH3CN)2]Cl2 (1) were formed after
slow evaporation of the solution (Yield: 27 mg, 80%). Calc.
for C20H22Cl2CoN18O2, (1): C, 35.55; H, 3.28; N, 37.34.
Found C, 35.69; H, 3.31; N, 37.32%. IR (KBr, cm−1) =
3338 (s), 3053 (w), 2896 (m), 2846 (m), 2822 (m), 2737 (w),
2317 (m), 2290 (m), 1711 (w), 1621 (w), 1553 (s) 1481 (s),
1459 (s), 1374 (m), 1256 (m), 1169 (m) 1144 (w) 1127 (w)
1084 (s), 1029 (s) 999 (m) 906 (w), 872 (m) 802 (s), 762 (s),
733 (s), 705 (s), 684 (s).

2.3. X-Ray Crystallography. Single-crystal X-ray crystallo-
graphic data of 1 were collected at 100 K on a Bruker SMART
Apex CCD diffractometer using graphite-monochromated
Mo-Kα radiation. Crystallographic data and details of the
measurement and refinement are summarized in Table 1.
Semiempirical absorption corrections were made using
SADABS [17]. The structures were solved using direct
methods followed by full-matrix least-squares refinement
against F2 (all data) using SHELXTL [18]. Anisotropic
refinement was used for all non-H atoms; all H atoms were
refined (both coordinates and isotropic temperature factors)
without restraints, except for the methyl H-atoms on the
acetonitrile solvent molecules, which were refined as a rigid
tetrahedral group, but with the torsional angle allowed to
refine (AFIX 137 in SHELXTL). The crystallographic data
and refinement parameters are listed in Table 1.

Table 1: Crystal data and structure refinement for 1.

Empirical formula C20H22Cl2CoN18O2

Formula weight 676.39

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P-1

Unit cell dimensions a = 8.3341 (4) Å α =84.682 (1)◦

b = 8.4696 (5) Å β = 73.522 (1)◦

c = 11.4730 (6) Å γ = 65.938 (1)◦

Volume 708.85 (7) Å3

Z 1

Density (calculated) 1.584 Mg/m3

Absorption coefficient 0.85 mm−1

F(000) 345

Crystal size 0.36 × 0.31 × 0.25 mm

Index ranges
−10 ≤ h ≤ 10,
−10 ≤ k ≤ 11,
−14 ≤ l ≤ 14

Reflections collected 5965

Independent reflections 3132 [R (int) = 0.0148]

Data/parameters 3132/229

Goodness-of-fit S on F2 1.071

R indices [I>2sigma(I)]
R1 = 0.0337,
wR2 = 0.0854

R indices (all data)
R1 = 0.0364,
wR2 = 0.0871

Largest diff. peak
and hole

0.750 and −0.314 e.Å−3

3. Results and Discussion

3.1. Crystal Structure of 1. Compound 1 was characterized
crystallographically and found to belong to the triclinic P-
1 space group. Selected distances (Å) and angles (◦) are
presented in Table 2. The Co(II) atom is six-coordinate
with an octahedral geometry. The coordination sphere is
occupied by two nitrogen N(3) atoms provided by two m-
BDTH2 ligands, two acetonitrile, and two water molecules.
Both tetrazolic groups remain protonated existing in a
1H tautomeric form. To our knowledge this is the first
example showing the neutral form. Only one of the two
aryl moieties is coordinated to the Co(II) atom through the
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Figure 1: View of the cobalt complex in 1, shown in approximately the same orientation, with the atom-labelling scheme. Ellipsoids represent
displacement parameters at the 40% probability level.
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Figure 2: A projection of the hydrogen bonded layer formed in 1, parallel to a axis. The organic hydrogen atoms and acetonitrile carbon
atoms have been omitted for clarity.

nitrogen atom N3 (Figure 1). The dihedral angles between
the planes through the coordinated tetrazole, the central aryl
moiety, and the noncoordinated tetrazole are 5.87◦ and 9.8◦,
respectively.

In compound 1 there are two different kinds of inter-
actions that lead to the formation of a 3D supramolec-
ular architecture, namely, hydrogen bonding and stacking
interactions. The chlorine atom is part of a trifurcated
hydrogen bonding arrangement (Table 3) between three
different cations. In this way a layer parallel to the a axis is
formed (Figure 2). The first H-bond involves hydrogen atom
H(5) of the noncoordinated tetrazolic group, the second
involves hydrogen atom H(12) of the coordinated water
molecule and the third involves hydrogen atom H(1) of the
coordinated tetrazole group. In addition, a fourth hydrogen

bond is located between hydrogen atom H(11) of water
molecule and nitrogen atom N(7) of the noncoordinated
tetrazolic group, forming an infinite 1D-chain perpendicular
to the a axis. These 1D chains interact with each other
through weak π−π stacking interactions involving all the aryl
moieties (Table 3). A stronger interaction occurs between the
central ring and the noncoordinated tetrazolic group, while
there is also an interaction with an adjacent coordinated
tetrazolic group belonging to a third 1D chain (Figure 3).

3.2. FT–IR Spectroscopy. The IR spectrum of 1 displays broad
bands centred at 3338 cm−1, in agreement with the presence
of H-bonded water molecules. The bands at 2317 (m),
2290 (m), can be attributed to the ν(CN) of the acetonitrile
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Figure 3: (a) A projection of the hydrogen bonded layer formed in 1 perpendicular to a axis; a view of 1 showing the π – π interaction. (b)
The hydrogen-bonded layers are drawn in different colours to emphasize the stacking interactions between the aryl rings that lead to a 3D
supramolecular architecture. Chlorine atoms, the organic hydrogen atoms, and acetonitrile carbon atoms have been omitted for clarity.

Table 2: Bond lengths [Å] and angles [◦] for 1.

Co(1)–O(1) 2.0362 (14) O(1)–Co(1)–N(2)#1 90.95 (6)

Co(1)–N(9) 2.1089 (16) O(1)–Co(1)–N(2) 89.05 (6)

Co(1)–N(2) 2.1536 (15) N(9)–Co(1)–N(2) 89.51 (6)

O(1)–Co(1)–O(1)#1 180.0 N(2)#1–Co(1)–N(2) 179.999 (1)

O(1)–Co(1)–N(9) 89.10 (6) N(9)#1–Co(1)–N(2) 90.49 (6)

O(1)–Co(1)–N(9)#1 90.90 (6) N(9)–Co(1)–N(9)#1 180.0

Symmetry transformations used to generate equivalent atoms: #1− x + 1, −y + 1, −z + 1.

Table 3: Hydrogen bonding and stacking interactions in 1.

D-H· · ·A d(D-H) d(H· · ·A) d(D· · ·A) <(DHA)

N(1)–H(1) · · ·Cl(1)#1 0.81 2.270 3.083 176

N(5)–H(5)· · ·Cl(1)#2 0.84 2.240 3.0708 169

O(1)–H(11)· · ·N(7)#3 0.80 1.990 2.7840 173

O(1)–H(12)· · ·Cl(1) 0.77 2.380 3.4137 176

Centroids Centroids dist (Å) L sq planes dist (Å) Offset (Å)

a· · ·b#4 3.7908 (10) 3.221 1.999

c· · ·b#5 3.5059 (11) 3.310 1.156

b· · ·b#4 4.0389 (10) 3.385 2.203

Symmetry codes: #1− x, 1− y, 1− z, #2 1− x, −y, 1− z, #3 x, 1 + y, −1 + z, #4 2− x, 1− y, −z, #5 2− x, 2− y, z
a N(1)-N(2)-N(3)-N(4)-C(7), b C(1)-C(2)-C(3)-C(4)-C(5)-C(6), c N(5)-N(6)-N(7)-N(8)-C(8)
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while the bands at 1553, 1481,1459, 802, 762, 733, 705, and
684 cm−1 are characteristic of the nondeprotonated ligand
[13].

4. Conclusions

In this article, we have examined the interaction of m-
BDTH2 = 1, 3-benzeneditetrazol-5-yl with CoCl2·6H2O.
The absence of any base in the reaction mixture prevents
deprotonation of the ligand, and in addition to the fact that
the ligand coordinates via the nitrogen atom at position 2
on the ring, the hydrogen atom on the nitrogen at position
1 could be located and refined giving clear evidence that the
tetrazole is in the 1H tautomeric form (Scheme 1, left). Both
the tetrazolic groups of the ligand remain protonated and in
the 1H tautomeric form and, to our knowledge, this is the
first example of a coordination compound with this neutral
form. The trifurcated hydrogen bonding arrangement at the
chloride counterion and stacking interactions assemble com-
pound 1 into a three-dimensional supramolecular network.
The present finding provides new structural data, which
could enhance the understanding of the structural aspects of
5-substituted-1H-tetrazoles. This work represents a part of
our systematic efforts to determine new synthetic pathways
in the binary system metal/5-substituted-1H-tetrazoles, and
further studies on the influence of other parameters on the
hydrogen-bonded structural motifs are in progress.

Supplementary Data

CCDC 768261 contains the supplementary crystallographic
data for 1. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk.
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The synthesis and spectral characterization of novel diorganotin complexes with 3-hydroxypyridine-2-carbaldehyde thiosemicar-
bazone, H2L (1), [SnMe2(L)] (2), [SnBu2(L)] (3), and [SnPh2(L)] (4) are reported. The single-crystal X-ray structure of complex
[SnPh2(L)(DMSO)] (5) shows that the ligand is doubly deprotonated and is coordinated as tridentate ligand. The six coordination
number is completed by two carbon atoms of phenyl groups. There are two similar monomers 5a (Sn1) and 5b (Sn51) in the
asymmetric unit. The monomers 5a and 5b are linked through intermolecular hydrogen bonds of N–H–O and C–H–S type.
C–H → π, intermolecular interactions, intra- and intermolecular hydrogen bonds stabilize this structure and leads to aggregation
and a supramolecular assembly. The IR and NMR (1H, 13C and 119Sn) spectroscopic data of the complexes are reported. The in
vitro cytotoxic activity has been evaluated against the cells of three human cancer cell lines: MCF-7 (human breast cancer cell line),
T-24 (bladder cancer cell line), A-549 (nonsmall cell lung carcinoma) and a mouse L-929 (a fibroblast-like cell line cloned from
strain L). Compounds 1, 3, and 4 were found active against all four cell lines. Selectivity was observed for complexes 3 and 4 which
were found especially active against MCF-7 and T-24 cancer cell lines.

1. Introduction

Organotin(IV) compounds find wide applications as cat-
alysts and stabilizers, and certain derivatives are used as
biocides, as antifouling agents and for wood preservation.
It has been observed that several diorganotin adducts show
potential as antineoplastic and antituberculosis agents [1–4].

Thiosemicarbazone derivatives are of considerable inter-
est due to their antibacterial, antimalarial, antiviral, and
antitumor activitiy [5, 6]. In our laboratory, the chemistry
of thiosemicarbazones has been an extremely active area
of research, primarily because of the beneficial biologi-
cal (namely, antiviral and antitumor) activities of their
transition-metal complexes [7–9]. 3-Hydroxypyridine-2-
carbaldehyde thiosemicarbazone (1) is a member of the so-
called α-(N)-heterocyclic carbaldehyde thiosemicarbazones

(HCTs), which are the most potent known inhibitors of
ribonucleoside diphosphate reductase. Compounds (1) and
5-hydroxypyridine-2-carbaldehyde thiosemicarbazone have
shown high anticancer activity in animal models but were
found to be readily glucuronidated and rapidly excreted
[10]. The multiple dissociation constants of the ligand H2L
(1) and the crystal structure of he complex of Pd(II) with
1, [Pd(HL)Cl] have been studied by us [11]. This work is
an extension of previously studied complexes of thiosemi-
carbazones with palladium(II), platinum(II), zinc(II), and
organotin(IV) with potentially interesting biological activi-
ties [12–14].

The present paper includes the interaction of SnPh2O
(where R is methyl, butyl, and phenyl groups) with 3-
Hydroxypyridine-2-carbaldehyde thiosemicarbazone (H2L)
and the crystal structure of the complex [SnPh2(L)(DMSO)]
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(5). IR and NMR spectroscopic data are reported. The results
of the cytotoxic activity of diorganotin complexes have been
evaluated for antiproliferative activity in vitro against human
cancer cell lines: MCF-7, T-24, A-549, and a mouse L-929.

2. Experimental

2.1. General and Instrumental. All reagents were commer-
cially available (Aldrich or Merck) and used as supplied.
Solvents were purified and dried according to standard
procedures. Melting points (m.p.) were determined in open
capillaries and are uncorrected. IR and far-IR spectra were
recorded on a Perkin Elmer Spectrum GX Fourier transform
spectrophotometer using KBr pellets (4000–400 cm−1) and
nujol mulls dispersed between polyethylene disks (400–
40 cm−1). The free ligand was dissolved in (CD3)2SO and
1H, 1H–1H COSY and 13C spectra were acquired on a
BRUKER 300 MHz spectrometer. Compounds 2–4 were
dissolved in CDCl3 and were spectroscopically characterized
by the use of 1D and 2D NMR spectroscopy on a Varian
600 MHz spectrometer. Experimental data were processed
using VNMR and WinNMR routines. Chemical shifts (δ)
are reported in ppm while spectra were referenced by
the standard experimental setup. 119Sn NMR spectra were
acquired on the Varian 600 MHz and tin spectra were
referenced by the use of external solution of Me4Sn in C6D6.
The splitting of proton resonances in the reported 1H-NMR
spectra is defined as s = singlet, d = doublet, t = triplet, and
m = multiplet. The chemical shifts are reported in ppm for
1H and 13C NMR. Elemental analyses were carried out by the
microanalytical service of the University of Ioannina, Greece.

2.2. Synthesis of the Ligand and the Complexes

3-Hydroxypyridine-2-Carbaldehyde Thiosemicarbazone (1).
The ligand was synthesized according to a published pro-
cedure [11]. The white powder was recrystallized from
cold ethanol and was dried in vacuo over silica gel.
Yield: 75%. Bright-yellow powder. M.p. 209◦C. IR (cm−1):
3555 s, 3451 m v(OH); 3291 m, 3194 m, v(NH2, NH); 1639 s,
v(C=N); 1229 s, v(C–O); 1098 s, v(NN); 827 s, v(C=S). 1H-
NMR: 11.50 (s, OH); 9.62 (s, H–N(3); 8.12 (d, H–C(1), 3J
= 4.2 Hz); 7.26 (dd, H–C(2) 3J = 8.5, 4J = 4.2 Hz); 7.30 (dd,
H–C(3) 3J = 8.4, 4J = 1.4 Hz); 8.34 (s, H–C(6)); 8.00, 8.24
(br. s, NH2). 13C-NMR: 178.0 C(7); 153.1 C(4); 144.4 C(6);
141.1 C(1); 137.6 C(5); 125.3 C(2); 124.2 C(3). Anal. calc. for
C7H8N4OS (196.04): C, 42.8; H, 4.1; N, 28.6; S, 16.3; found:
C, 42.6; H, 3.9; N, 28.2; S, 16.0%.

SnMe2(L) (2). Dimethyltin(IV) oxide (0.033 g, 0.2 mmole)
and 3-hydroxypyridine-2-carbaldehyde Thiosemicarbazone
(0.0392 g, 0.2 mmole) in benzene (20 mL) were stirred and
were refluxed for 12 hours under azeotropic removal of water
(Dean-Stark trap). The resulting clear solution was rotary
evaporated under vacuum to a small volume (2 mL), chilled
and triturated with diethyl ether to give a white solid. The
powder was recrystallized from distilled diethyl ether and
dried in vacuo over silica gel to give yellow solid; mp.

228–230◦C, Yield 35%. IR (cm−1): 3296 m, v(NH2); 1580 s,
v(C=N); 1176 s, v(C–O); 1111 s, v(NN); 804 w, v(C=S);
583 m, 564 v(Sn–C); 431 m, v(Sn–N); 231 m, v(Sn–O); 376s,
ν(Sn–S). 1H-NMR: 8.09 (dd, H–C(1), 3J = 4.2,4J = 1.4 Hz);
7.18 (dd, H–C(2) 3J = 8.5, 4J=4.2 Hz); 7.08 (d, H–C(3) 3J
= 8.5,4J = 1.4 Hz); 8.76 (s, H–C(6)); 5.09 (br. s, NH2); 0.89
(s, CH3, 2J (117/119Sn–1H) = 35.7 Hz). 13C-NMR: 168.8 C(7);
163.4 C(4); 161.5 C(6); 140.2 C(1); 135.4 C(5); 127.6 C(2);
128.9 C(3); 6.22 (CH3, J (117/119Sn–13C) = 309 Hz). 119Sn
NMR: δ = −94.5. Anal. calc. for C9H12N4OSSn (343.0): C,
31.5; H, 3.5; N, 16.3; S, 9.3; found: C, 31.5; H, 3.7; N, 16.0;,
S, 9.1 %.

SnBu2(L) (3). Dibutylltin(IV) oxide (0.0498 g, 0.2 mmole)
and 3-hydroxypyridine-2-carbaldehyde Thiosemicarbazone
(0.0392 g, 0.2 mmole) in benzene (20 mL) were stirred and
were refluxed for 12 hours under azeotropic removal of water
(Dean-Stark trap). The resulting clear solution was rotary
evaporated under vacuum to a small volume (2 mL), chilled
and triturated with diethyl ether to give a white solid. The
powder was recrystallized from distilled diethyl ether and
dried in vacuo over silica gel to give yellow solid; mp.
126–128◦C, Yield 41%. IR (cm−1): 3292 m, v(NH2); 1577 s,
v(C=N); 1173 s, ν(C–O); 1114 s, v(NN); 805 w, ν(C=S);
578 ms, 560 sh ν(Sn–C); 418 m, ν(Sn–N); 247 m, ν(Sn–O);
394 ms, ν(Sn–S). 1H-NMR: 8.05 (dd, H–C(1), 3J = 4.2, 4J =
1.3 Hz); 7.16 (dd, H–C(2) 3J = 8.5, 4J = 4.2 Hz); 7.07 (dd, H-
C(3) 3J = 8.5, 4J = 1.3 Hz); 8.82 (s, H-C(6)); 5.22 (br. s, NH2);
0.87 (t, 7.3 Hz, Hδ); 1.32 (m, Hγ); 1.54, 1.64 (Hα,β). 13C-
NMR: 167.7 C(7); 162.5 C(4); 160.0 C(6); 138.7 C(1); 134.5
C(5); 126.8 C(2); 128.0 C(3); 26.9 (Cα, J (117/119Sn−13C) =
265 Hz); 28.2 (Cβ); 27.3 (Cγ); 14.6 (Cδ). 119Sn NMR: δ =
−194.4. Anal. calc. for C16H18N4OSSn (537.2): C, 42.2; H,
5.7; N, 13.1; S, 7.5; found: C, 42.0; H, 5.9; N, 13.2; S, 7.4 %.

SnPh2(L) (4). Diphenylltin(IV) oxide (0.0578 g, 0.2 mmole)
and 3-hydroxypyridine-2-carbaldehyde thiosemicarbazone
(0.0392 g, 0.2 mmole) in benzene (20 mL) were stirred and
were refluxed for 12 hours under azeotropic removal of
water (Dean-Stark trap). The resulting clear solution was
rotary evaporated under vacuum to a small volume (2 mL),
chilled and triturated with diethyl ether to give a white solid.
The powder was recrystallized from distilled diethyl ether
and dried in vacuo over silica gel to give yellow solid : mp.
186–188◦C, Yield 34%. IR (cm−1): 3269 m, ν(NH2); 1589 s,
ν(C=N); 1185 s, v(C–O); 1118 s, v(NN); 808 m, v(C=S);
322 ms, 303 sh ν(Sn–C); 419 m, ν(Sn–N); 248 m, ν(Sn–O);
370 ms, ν(Sn–S). 1H-NMR: 8.02(d, H–C(1), 3J = 4.2 Hz);
7.18(dd, H-C(2), 3J = 8.5, 4J = 4.2 Hz); 7.29 (d, H-C(3),
3J = 8.5 Hz); 8.88 (s, H–C(6)); 5.37 (br. s, NH2); 7.82 (d,
7.7 Hz, Ho-Ph); 7.34–7.30 (m, Hm, p-Ph). 13C-NMR: 167.4
C(7); 164.0 C(4); 161.5 C(6); 140.2 C(1); 135.4 C(5); 127.8
C(2); 129.3 C(3); 142.1 (Sn-Cph, J (117/119Sn–13C) = 424 Hz);
135.8 (Co-Ph, 2J (117/119Sn–13C) = 28 Hz); 128.8 (Cm-Ph,
3J (117/119Sn–13C) = 37 Hz); 130.2 (Cp-Ph, 4J (117/119Sn–
13C) = 8.7 Hz); 119Sn NMR: δ = −227.2. Anal. calc. for
C19H16N4OSSn (663.1): C, 48.9; H, 3.5; N, 12.0; S, 6.9;
found: C, 48.6; H, 3.5; N, 10.7; S, 6.8%.
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Table 1: X-ray crystal data and structure refinement.

5

Empirical formula C21H22N4O2S2Sn

Formula weight 545.24

Temperature/ (K) 100 (2)

Wavelength/ (A) 0.71073

Crystal system Triclinic

Space group P-1

a (Å) 9.4663 (4)

b (Å) 14.7350 (7)

c (Å) 16.6374 (7)

α (◦) 94.871 (4)

β (◦) 96.434 (4)

γ (◦) 90.793 (4)

Volume (A3) 2297.1 (2)

Z 4

Dc (Mg/m3) 1.577

Absorption coefficient (mm−1) 1.319

F(000) 1096

Crystal size (mm) 0.32× 0.28× 0.16

Diffractometer Kuma KM4CCD

Theta range for data collection (◦) 3.14–36.65

Ranges of h, k, l −15→ 15, −24→ 20, −27→ 27

Reflections collected 35235

Independent reflections (Rint) 18670 (0.0381)

Completeness to 2θ = 36.65 81.9%

Data/parameters 18670/541

Goodness-of-fit (F2) 0.920

Final R1/wR2 indices [I>2σ(I)] 0.0336/0.0768

Largest diff. peak/hole (e/Å3) 2.090/−1.098

2.3. X-Ray Crystallography. Crystals of complex 5, suitable
for X-ray analysis, were obtained by slow crystallization of
4 from a mixture of solvents C6H6/toluene/DMSO/CH3CN.
Crystal data 5 are given in Table 1, together with refinement
details. All measurements of crystals were performed in
low temperature using an Oxford Cryosystem device on
a Kuma KM4CCD κ-axis diffractometer with graphite-
monochromated Mo Ka radiation. The data were corrected
for Lorentz and polarization effects. No absorption correc-
tion was applied. Data reduction and analysis were carried
out with the Oxford Diffraction (Poland) Sp. z o.o (formerly
Kuma Diffraction Wroclaw, Poland) programs. Crystal struc-
ture was solved by direct methods (program SHELXS97) and
refined by the full-matrix least-squares method on all F2 data
using the SHELXL97 [15] programs. Nonhydrogen atoms
were refined with anisotropic displacement parameters;
hydrogen atoms were included from geometry of molecules
and Δρ maps. During the refinement process they treated
as riding atoms. Molecular graphics were performed from
PLATON2003 [16, 17].

Crystallographic data, that is, atomic coordinates, ther-
mal parameters, bond lengths, and bond angles (CCDC
number 634270 for 5), have been deposited with the

Cambridge Crystallographic Data Centre. Copies of available
material can be obtained, free of charge, on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,
(fax: +44-1223-336033 or e-mail: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

2.4. Antiproliferative Assay In Vitro. The results of cytotoxic
activity in vitro are expressed as IC50-the concentration of
compound (in μM) that inhibits a proliferation rate of the
tumor cells by 50% as compared to control untreated cells.
The compounds 1–4 were tested for their antiproliferative
activity in vitro against the cells of four human cancer cell
lines: against the cells of three human cancer cell lines: MCF-
7 (human breast cancer cell line), T-24 (bladder cancer cell
line), A-549 (nonsmall cell lung carcinoma), and a mouse
fibroblast L-929 cell line.

Compounds. Test solutions of the compounds tested
(1 mg/mL) were prepared by dissolving the substance in
100 μL of DMSO completed with 900 μL of tissue culture
medium. Afterwards, the tested compounds were diluted
in culture medium to reach the final concentrations of
100, 50, 10, 1 and 0.1 ng/μL. The solvent (DMSO) in
the highest concentration used in test did not reveal any
cytotoxic activity. Cells. The cell lines are maintained in
the Cell Culture Collection of the University of Ioannina.
Twenty-four hours before addition of the tested agents,
the cells were plated in 96-well plates at a density of 104

cells per well. The MCF-7 cells were cultured in the D-
MEM (Modified Eagle’s Medium) medium supplemented
with 1% antibiotic and 10% fetal calf serum. L-929 cells
were grown in Hepes-buffered RPMI 1640 medium sup-
plemented with 10% fetal calf serum, penicillin (50 U/mL),
and streptomycin (50 mg/mL). A-549 cells were grown in
F-12K Ham’s medium supplemented with 1% glutamine,
1% antibiotic/antimycotic, 2% NaHCO3, and 10% fetal calf
serum. The cell cultures were maintained at 37◦C in a
humid atmosphere saturated with 5% CO2. Cell number
was counted by the Trypan blue dye exclusion method.
MCF-7, L-929, and A-549 cells were determined by the
sulforhodamine B assay [18], while T-24 cells by the MTT
assay [19]. The in vitro tests were performed as described
previously [20].

3. Results and Discussion

3.1. Spectroscopy

3.1.1. Infrared Spectroscopy. The bands at 3555 and
3451 cm−1 are assigned to v(OH) mode while the medium-
strong intensity bands at around 3291 and 3194 cm−1 in
the spectra of H2L are assigned to v(NH2) and v(NH),
respectively. The significant changes in the ligand bands
upon complexing are the decrease in ν(C=N) and increase
in ν(N–N) and the absence of the large systematic shifts
of νas(NH2) to lower frequencies. These data indicate
coordination through the nitrogen of the azomethine group
and no interaction between the terminal amino nitrogen
and the metal ion. The ν(CS) band at 827 cm−1is less intense
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in the complexes 2–4 and is shifted to a lower frequency,
suggesting coordination of the metal through sulfur.
Coordination of the thiolato S-atom was further indicated
by a decrease in the energy of the thioamide band as well
as by the presence of a band at ca. 370 cm−1 assignable to
ν(Sn–S). An IR band at 1229 cm−1 for 1 was assigned to ν(C–
O). This band was found to be shifted to 1185–1173 cm−1,
in the spectra of the complexes 2–4. Coordination of the
phenolic-O atom was further indicated by the presence of
a band at ca. 250–230 cm−1 assignable to ν(Sn–O). From
the metal-ligand stretching vibrations, which are below
600 cm−1, it is possible to assign the bands characteristic for
ν(SnC). Also, the bands at 394–370 cm−1and 431–418 cm−1

are assigned to ν(SnS) and ν(SnN), respectively, and the
bands at 250–230 cm−1 are assigned at ν(SnO) stretching
vibrations [20, 21].

3.1.2. NMR Spectra. 1H and 13C resonances of the ligand
H2L as well as of the complexes 2–4 bearing di-methyl, n-
butyl, and phenyl groups attached to the central tin atom
were unambiguously assigned by the use of 2D 1H - 1H
gCOSY, 1H, 13C-HSQC, and 1H, 13C-HMBC experiments.

In the 1H NMR spectra of (H2L) (1) the broad singlet
at δ 11.60 was attributed to OH group in accordance with
[22] and the broad signal at δ 9.75 ppm was assigned to
NH group. These two groups apparently participate in H-
bonding with the nucleophilic solvent molecules (DMSO) or
with other ligand molecules. These two signals are abolished
upon interaction with the metal, indicating deprotonation
of these groups and possible coordination to the tin(IV)
atom at 2–4. The absence of peaks corresponding to the
imino proton NH and OH proton in the spectrum of 2–
4 indicates that the nitrogen and oxygen are present in the
deprotonated form and the ligand is dideprotonated. A sharp
resonance peak appearing at ca. 5 ppm in all complexes
is attributed to the NH2 group. This is also corfirmed by
integration of the 1H spectral profile while additionally the
use of CDCl3 eliminates the formation of H-bonding or
complexation with the participation of solvent molecules
as was the case with the ligand alone. In the 1H-NMR
spectra of the complexes 2–4, the formyl H-atom H–C(6)
was shifted upon coordination, which indicated variations
in the electron density at position 6. This signal was shifted
downfield, in accordance with a decreased electron density at
site C6 in the complexes.

The C=S resonance of the thiosemicarbazone moiety in
the free ligand resonated at 178.0 ppm. All complexes showed
an upfield shift of C7 peak in the order of∼10 ppm compared
with the free ligand, indicating the complexation of tin(IV)
to the sulphur atom which apparently is related with an
increased electron density at this site on complexation, due
probably to π-back bonding for thiolato sulphur [21]. All
the complexes exhibit downfield shifts of the C3, C4, and
C6. This deshielding, in accordance with decreased electron
density upon complexation, is indicative of Sn–O and Sn–
N (azomethine nitrogen) bonds. These data indicate that the
complexes are formed by ligand deprotonation followed by
metallation, a structural motive that seems to be stable both

in the solid state and in CDCl3 solution. 119Sn chemical shifts
of compounds 2–4 were found between−94.4 and−227.2 in
accordance with five-coordinate tin center [23].

3.2. Molecular Structure. Crystals of complex 5, suitable for
X-ray analysis, were obtained by slow crystallization of 4
from a mixture of solvents C6H6/toluene/DMSO/CH3CN.
The crystal structure is shown in Figure 1. Crystal data are
given in Table 1, together with refinement details. Bond
lengths and angles are given in Table 2. There are two similar
monomers 5a (Sn1) and 5b (Sn51) in the asymmetric unit.
The double deprotonated ligand is coordinated as tridentate
ligand via the phenolic oxygen O(1), the azomethine nitro-
gen N(3), and thiolato sulfur S(1) atoms. The molecule of
DMSO is coordinated to the tin through oxygen O(2) atom.
The six coordination number is completed by two carbon
atoms of phenyl groups. The organic molecule acts as anionic
tridentate with the ONS donors placed in the same side. The
dianionic, tridentate ligand has a ZEZ configuration for the
oxygen, nitrogen, and sulfur donor centers. The coordinated
ligand consists of three rings, one heterocyclic and two
chelates, SnSNNC and SnONCC, I and II, respectively. For
monomers 5a and 5b the dihedral angles between the planes
of the rings I and II are 14.47(6) and 12.59(6)◦, respectively
and between the ring II and the pyridyl ring are 7.4(5) and
8.1(2)◦, respectively, indicating that the ligand as a whole in
the two monomers deviates from planarity.

The C–S bond lengths 1.747(2), 1.749(2) Å for 5a and
5b, respectively, are shorter than a single bond (1.81 Å), but
longer than a double bond (1.62 Å), suggesting partial single
bond character. The C(14)–N(3) bond length, 1.301(2) Å, is
close to a double bond (1.28 Å). The S–C bond distances
are consistent with increased single-bond character while
both thioamide C–N distances indicate increased double
bond character. The negative charge of the deprotonated
ligand is delocalized over the thiosemicarbazonato moiety.
This is indicative of the coordinated thiosemicarbazone’s
greater conjugation and more delocalized electron density.
The Sn–N(3) bond distance is longer than the sum of the
covalent radii (2.15 Å), which indicates strong bond, while
the bond distance Sn–S, 2.5141(5), 2.519(5) Å, though much
shorter than the sum of the van der Waals radii (4.0 Å),
indicates a weak bond [21]. The C–Sn C bond angle is equal
to 105.87(7), 104.58(7)◦, and the bond angles C(7)–Sn–N(3)
and C(1) –Sn–O(2) are 160.47(6), 165.59(6) and 162.80(6),
166.89(6)◦ for 5a and 5b, respectively.

The two monomers 5a and 5b are linked through two
intermolecular hydrogen bonds of N(51)–H(51B)–O(1) and
of C(8)–H(8)–S(51) type (The N–O distance is 3.013(2) Å
and the C–S distance is 3.673(2) Å. The monomers of
5a form hydrogen-bonded dimers linked by two N(1)–
H(1A)–N(4) hydrogen bonds involving the amino N(1)–
H(1A) hydrogen atom and the pyridyl N(4) nitrogen. The
monomers of 5a are also linked by another C(14)–H(14)–
N(2) hydrogen bond involving the formyl C(14)–H(14)
hydrogen and the adjacent imino nitrogen N(2) and vice
versa of centro-symmetrically related pairs of molecules.
The observed hydrogen bonding patterns are of the DA=AD



Bioinorganic Chemistry and Applications 5

C54

C53

C55

C56

C52 C51C66

C65 C64

C69C68

N54

N53

N51
N52

Sn51

C63

C58

C59

O52

O51

C62 C57

C60 S52
C70

C71

C61

S51

C67

(a)

C21

C20

S2
C11

O2
C12

C10

C9
C8 C7

Sn1

N3

N2

S1

C13

N1

C15O1
C14

C1 C2

C6
N4

C19

C18

C16
C17

C5 C4

C3

(b)

Figure 1: Molecular structure of the diorganotin complex 5.

Table 2: Bond lengths (Å) and angles (◦) for complex 5.

5a 5b

Sn(1)–S(1) 2.5141(5) Sn(51)–S(51) 2.5190(5)

Sn(1)–O(1) 2.087(2) Sn(51)–O(51) 2.088(2)

Sn(1)–O(2) 2.337(2) Sn(51)–O(52) 2.345(2)

Sn(1)–N(3) 2.251(2) Sn(51)–N(53) 2.262(2)

Sn(1)–C(1) 2.164(2) Sn(51)–C(51) 2.157(2)

Sn(1)–C(7) 2.149(2) Sn(51)–C(57) 2.151(2)

S(1)–C(13) 1.747(2) S(51)–C(63) 1.749(2)

S(2)–O(2) 1.528(2) S(52)–O(52) 1.528(2)

S(2)–C(20) 1.791(3) S(52)–C(70) 1.777(3)

S(2)–C(21) 1.789(2) S(52)–C(71) 1.787(3)

O(1)–C(19) 1.326(2) O(51)–C(69) 1.320(2)

N(2)–N(3) 1.380(2) N(52)–N(53) 1.375(2)

S(1)–Sn(1)–O(1) 156.25(4) S(51)–Sn(51)–O(51) 155.68(4)

S(1)–Sn(1)–O(2) 84.87(3) S(51)–Sn(51)–O(52) 83.23(3)

S(1)–Sn(1)–N(3) 77.37(4) S(51)–Sn(51)–N(53) 77.71(4)

S(1)–Sn(1)–C(1) 101.71(5) S(51)–Sn(51)–C(51) 100.07(5)

S(1)–Sn(1)–C(7) 95.51(5) S(51)–Sn(51)–C(57) 100.30(5)

O(1)–Sn(1)–O(2) 76.08(5) O(51)–Sn(51)–O(52) 77.25(5)

O(1)–Sn(1)–N(3) 84.11(5) O(51)–Sn(51)–N(53) 83.46(5)

O(1)–Sn(1)–C(1) 94.05(6) O(51)–Sn(51)–C(51) 95.98(6)

O(1)–Sn(1)–C(7) 97.14(6) O(51)–Sn(51)–C(57) 93.14(6)

O(2)–Sn(1)–N(3) 75.34(5) O(52)–Sn(51)–N(53) 75.65(5)

O(2)–Sn(1)–C(1) 165.59(6) O(52)–Sn(51)–C(51) 166.89(6)

O(2)–Sn(1)–C(7) 86.01(6) O(52)–Sn(51)–C(57) 87.15(6)

N(3)–Sn(1)–C(1) 93.44(6) N(53)–Sn(51)–C(51) 92.55(7)

N(3)–Sn(1)–C(7) 160.47(6) N(53)–Sn(51)–C(57) 162.80(6)

C(1)–Sn(1)–C(7) 105.87(7) C(51)–Sn(51)–C(57) 104.58(7)
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Figure 2: Arrangement of the intermolecular hydrogen bonds in 5.

Table 3: C–H→ π interactions and intermolecular hydrogen bonds for 5.

C–H(I) → Cg(J)a H–Cg C–Cg ∠C–H–Cg

C(11)–H(11) [1] → Cg(4)(i) 2.71 3.5394 159

C(60)–H(60) [2] → Cg(5)(ii) 2.66 3.4118 135

D H Ab H · · · A D · · · A ∠D–H · · · A

N(1)–H(1A)· · ·N(4)(iii) 2.13 3.005(2) 165

N(1)–H(1B)· · ·O(51)(iv) 2.28 3.065(2) 150

N(1)–H(1B)· · ·O(52)(iv) 2.55 3.124(2) 124

N(51)–H(51A)· · ·N(54)(v) 2.16 2.993(3) 168

N(51)–H(51B)· · ·O(1) 2.24 3.013(2) 152

C(8)–H(8)· · · S(51) 2.84 3.673(2) 143

C(14)–H(14)· · ·N(2)(iii) 2.50 3.442(2) 175

C(58)–H(58)· · · S(51) 2.85 3.564(2) 127

C(62)–H(62)· · ·O(51) 2.55 3.132(2) 118

C(64)–H(64)· · ·N(52)(v) 2.58 3.483(2) 174
aWhere Cg(4) and Cg(5) are referred to the rings C(1)–C(6) and C(7)–C(12); bCg–Cg is the distance between ring centroids; symmetry transformations, (i)
1− x, −y, −z; (ii) 1−x, 1−y, −z; (iii) 1−x, −y,1−z; (iv) x, −1 + y, z; (v) 2− x, 1− y, 1− z.

type. Also, the monomers of 5b form hydrogen-bonded
dimers and are linked by two hydrogen bonds, the N(51)–
H(51A)–N(54) and C(64)–H(64)–N(52) (Figure 2). C–H→
π intermolecular interactions intra- and intermolecular
hydrogen bonds [24] stabilize this structure and lead to a
supramolecular assembly, and Table 3 and Figure 3.

3.3. Pharmacology. Antiproliferative Activity In Vitro. Com-
plexes of N4-ethyl 2-acetylpyridine thiosemicarbazone with
platinum(II) or palladium(II) were tested in a panel of
human tumor cell lines of different origins (breast, colon,

and ovary cancers) and cis-platin-refractory/resistant cell
lines and were found to exhibit very remarkable growth
inhibitory activities with mean IC50 values of 0.9–0.5 nM
and support the hypothesis that both [Pt(Ac4Et)2] and
[Pd(Ac4Et)2] complexes can be characterized by cellular
pharmacological properties distinctly different from those
of cis-platin [8]. The complexes [ZnCl2(Fo4Npypipe)] and
[ZnCl2(Ac4Npypipe)] where Fo4Npypipe and Ac4Npypipe
are the monoion of 2-formyl pyridine N(4)-1-(2-pyridyl)-
piperazinyl thiosemicarbazone and 2-acetyl pyridine N(4)-
1-(2-pyridyl)-piperazinyl thiosemicarbazone have been eval-
uated in vitro against MCF-7, T-24, A-549, and L-929 cell
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Figure 3: A view of the extended network of 5 along the b axis.
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Figure 4: The antiproliferative activity in vitro expressed as IC50± SD (μM) against (a) T-24 and (b) MCF-7 cancer cell lines.
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Table 4: The antiproliferative activity in vitro of 1–4, expressed as as IC50± SD (μM) against MCF-7, T-24, A-549, and L-929 cancer cell
lines.

L929 A549 T24 MCF7

H2L (1) 2.5± 0.03 0.81± 0.02 2.09± 0.03 0.153± 0.01

[SnMe2(L)] (2) 7.29± 0.04 9.04 ± 0.05 <292 0.79± 0.03

[SnBu2(L)] (3) 1.05± 0.02 0.77± 0.03 1.1 ± 0.05 1.97× 10−2 ± 0.2× 10−2

[SnPh2(L)] (4) 1.37± 0.03 0.83± 0.02 0.73± 0.02 7.28× 10−2 ± 0.5× 10−2

Me2SnO <607 17.9 ± 0.86 <607 6.0× 10−2 ± 0.2× 10−2

Bu2SnO <402 10.4 ± 0.41 <402 8.1× 10−2 ± 0.4× 10−2

Ph2SnO 10.7± 0.5 47.1± 0.49 <346 3.5 ± 0.02

cisplatin 0.69± 0.03 1.53± 0.10 41.66± 2.2 7.99± 0.31

lines and it was found to exhibit remarkable antiproliferative
activity with mean IC50 values of 0.2–20 μM [12]. The
diphenylorganotin(IV) complex with pyruvic acid thiosemi-
carbazone has been tested against MCF-7, T-24, A-549, and
L-929 cell lines and was found especially active against MCF-
7 and T-24 cancer cells [21].

The antiproliferative activity of compounds is presented
in Table 4 along with the activity of cis-platin and diorgan-
otin(IV) oxides. Results showed that the ligand as well as the
complexes 3 and 4 demonstrated excellent antiproliferative
activity, IC50 values range from 0.02–2.5 μM, against all
cell lines tested, while for cis-platin the IC50 values range
from 0.7–41 μM. The diorganotin(IV) oxides are nontoxic
against L-929 and T-24 cancer cell lines and exhibit poor
cytotoxic activity in A-549 and excellent antiproliferative
activity against MCF-7 cancer cell line.

The ligand 1 is more cytotoxic compared to cis-platin
against the A-549, T-24 and MCF-7 cell lines and less
cytotoxic against L-929 cell lines. The diorganotin complex
2 is nontoxic against T-24 cell line, less cytotoxic against
A-549 and L-929, and more cytotoxic against MCF-7 cell
line compared to cis-platin. The diorganotin complexes 3
and 4 are in the same μM range compared to cis-platin
against L-929 and A-549 cancer cell lines and more cytotoxic
against T-24 and MCF-7 cancer cell lines. The IC50 values
for the ligand, 1, against MCF-7 and T-24 cell lines are 0.15
μM and 2.09 μM, respectively, and against A-549 and L-
929 cell lines are 0.81 μM and 2.5 μM, respectively. Ligand
is 19.8 ± 1.3 and 52.4 ± 4.6 times more active than cis-
platin against T-24 and MCF-7 cell lines, respectively. The
IC50 values for 3 against MCF-7 and T-24 cell lines are
1.97 × 10−2 μM and 1.1 μM, respectively, and against A-549
and L-929 cell lines are 0.77 μM and 1.05 μM, respectively.
Complex 3 is 403.6 ± 20.2 times more active than cis-platin
against MCF-7 cell line and 37.9 ± 3.1 times more active
than cis-platin against T-24 cell line. The IC50 values for
4 against MCF-7 and T-24 cell lines are 7.28 × 10−2 μM
and 0.73 μM, respectively, and against A-549 and L-929
cell lines are 0.83 μM and 1.37 μM, respectively. Complex
4 is 110.3 ± 9.9 times more active than cis-platin against
MCF-7 cell line and 57.1 ± 3.9 times more active than
cis-platin against T-24 cell line. Compounds 1, 3, and 4
were found active against all four cell lines. Selectivity
was observed for complexes 3 and 4 which were found

especially active against MCF-7 and T-24 cancer cell lines.
The mentioned evident differences in the antiproliferative
action of the ligand and its diorganotin(VI) complexes
indicate that these complexes really exist under the condition
of the biological tests. Interestingly enough, 3 and 4 were
found to be more potent cytotoxic agent than the prevalent
benchmark metallodrug, cis-platin, under the same experi-
mental conditions measured by us. The superior activity of
3 and 4 assumes significance in light of the fact that cis-
platin is undisputedly the most studied and widely used
metallopharmaceutical for cancer therapy known to date. It
is noteworthy the high selectivity against MCF-7 and T-24
cancer cell lines.
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A series of 7 new human/rat Corticotropin Releasing Hormone (h/r-CRH) analogues were synthesized. The induced alterations
include substitution of Phe at position 12 with D-Phe, Leu at positions 14 and 15 with Aib and Met at positions 21 and 38 with
Cys(Et) and Cys(Pr). The analogues were tested regarding their binding affinity to the CRH-1 receptor and their activity which
is represented by means of percentage of maximum response in comparison to the native molecule. The results indicated that
the introduction of Aib, or Cys derivatives although altering the secondary structure of the molecule, did not hinder receptor
recognition and binding.

1. Introduction

Ever since its identification by Vale et al. [1], Corticotropin
Releasing Hormone (CRH) has proven to be a major
neuromodulator responsible not only for the secretion of
ACTH by the anterior pituitary gland but also for the
regulation of the endocrine, autonomic, immunological and
behavioral responses to stress [2–4]. Furthermore, this 41-
amino acid neuropeptide displays a plethora of additional
roles in either physiological homeostasis or pathogenic
manifestations varying from the well-established implication
on neuropsychiatric disorders [5, 6] to the yet to be clarified
actions on various forms of cardiovascular diseases [7]
obesity [8] or gut motility [9], among others. A series of
studies demonstrating the extent and perplexity of the roles
and implications of CRH led to the identification of other
peptides appearing to possess a similar role [10–13].

Both the isolation and characterization of the CRH
family receptors has been achieved revealing two receptor
subtypes, one of them appearing as three splice variants
(CRH-R1, CRH-R2α, CRH-R2β, and CRH-R2γ). A binding

protein (CRH-BP) was also described [14–18].The most-
studied receptor types are CRH-R1, CRH-R2α, and CRH-
R2β not only due to their vast distribution but also for
their implication in physiological functions or disorders
of great importance. CRH-R1 is broadly distributed in
the brain and the pituitary gland but also appears in a
number of peripheral tissues [19]. It possesses a critical
role in mediating the hypophysiotropic action of CRH
[20] but furthermore is involved in anxiogenic behaviours,
depression and anxiety [21], anorexia and bulimia, drug
seeking and withdrawal, and seizure [22, 23]. CRH-R2α
is mainly a brain receptor whereas CRH-R2β is largely
expressed in the periphery. The role of CRH-R2 is more
diverse since it extends from “stress-coping” responses
(anxiolysis, hypotension) to gastric emptying, regulation of
energy expenditure, anti-inflammatory, and other actions of
CRH [24]. However, further and complete understanding
of the hormone-receptor interaction on its chemical basis
is essential mainly since it can provide a solid basis for the
development of CRH analogues with potent therapeutical
implications.
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Two distinct categories of CRH receptor ligands (of either
agonistic or antagonistic character) have been developed,
namely, peptide and nonpeptide ligands. The latter are
unambiguously a large and diverse family but only few of
these small molecules entered clinical development and still
none of them found its way to the market [25]. The former
category is more likely to yield clear information regarding
the interaction between the peptide and its receptor.

Towards this goal, extensive SAR studies have been
carried out. Single amino acid modification studies identified
the key regions of the peptide for agonist/antagonist proper-
ties as well as for the receptor binding affinity. Based on these
studies, the assignment of the molecule’s secondary structure
was feasible leading to the establishment of an α-helical
structure (showing high amphiphilicity) for CRH-related
peptides as the preferred conformation [9]. Notably, the
helical nature of the molecule varies from 20% in solution
to 80% upon binding [26].

A hypothesis was that stabilization of the α-helix
could affect positively the activity of either agonists or
antagonists. Subsequent studies affirmed this conjecture
establishing that conformationally restrained analogues
present increased potency. In addition, modifications on
hydrophilicity/hydrophobicity or acidity/basicity of some
residues were crucial in altering the potency of an analogue
[26].

Introduction of D-amino acids leading to stabilization
of β-turns, can provide analogues with increased potency
but not all residues are susceptible to such an alteration,
leading even to the opposite effect. However, the D-Phe12

substitution has proven to be a favorable one especially
combined with other advantageous modifications such as the
replacement of Met at positions 21 and 38 with Nle. Thus, it
has been shown that [D-Phe12]CRH is twice as potent and
[D-Phe12, Nle21,38]CRH21−41 is 15 times more potent than α-
helical CRH [26].

The present study presents the synthesis of 7 new h/r-
CRH analogues bearing minor modifications on the key
amino acids side chain, regarding their electrochemical
nature (Table 1). Specifically, we discuss the replacement of
Leu at positions 14 and 15 with α-Aminoisobutyric acid
(Aib), which apart from introducing a bend in the peptide
backbone can stabilize the a-helix structure [27, 28], and also
the replacement of Met at positions 21 and 38. The amino
acids used for the latter modification are Cysteine(Ethyl)
[Cys(Et)], an isoster of Met and Cysteine(Propyl) [Cys(Pr)]
that possesses a slightly more hydrophobic side chain than
Cys(Et). The analogues were tested regarding their ability to
induce the formation of intracellular cAMP in comparison
to natural CRH measured by means of luciferase activity.

2. Experimental

2.1. Materials. 2-chlorotrityl-chloride resin bearing a
Rink-Bernatowitz linker and 9-Fluorenylmethoxycarbonyl
(Fmoc)-protected amino acids were supplied by CBL
Patras. All solvents and reagents used for solid-phase
peptide synthesis were purchased from Bachem AG and

Novabiochem and were used without further purification
being of analytical quality. Nonnatural amino acid
derivatives Cysteine (Ethyl) [Cys(Et)] and Cysteine (Propyl)
[Cys(Pr)] were prepared according to literature [29].

2.2. Peptide Synthesis and Purification. Synthesis of the
analogues was performed via Fmoc solid phase methodology
[30] utilizing either Rink Amide MBHA resin [31] or 2-
chlorotrityl-chloride resin [32] bearing a Rink-Bernatowitz
linker [33] to provide the peptide amide. The side-chain
protection used for the Fmoc-protected amino acids was
the trityl group (Trt) for His, Asn, and Gln, the tert-butyl
group (But) for Asp, Tyr, Glu, Ser and Thr, the tert-
butyloxy-carbonyl group (Boc) for Lys and the 2,2,4,6,7-
pentamethyl-dihydrobenzofuran-5-sulphonyl group (Pbf)
for Arg. Stepwise synthesis of the peptide analogues was
preferred to convergent synthesis due to the lack of Gly
or Pro moieties at convenient positions in the amino acid
sequence. The amino acids were coupled at three-fold
excess using diisopropylcarbodiimide/1-hydroxybenzotria-
zole (DIC/HOBt) [34, 35] in Dimethylformamide (DMF)
and, if necessary, 2-(1H-benzotriazole-1-yil)-1,1,3,3-te-
tramethyluroniumhexafluorophosphate (TBTU)/HOBt/di-
isopropyl ethylamine (DIEA) in DMF [36]. After 2 hours
coupling time at room temperature, the ninhydrin test
[37] was performed to estimate the completeness of
the reaction with the exception of coupling on a Pro
residue where the Chloranil test was employed to confirm
reaction’s completion point [38]. Fmoc groups were
removed by treatment with 20% piperidine in DMF for
5 minutes followed by a prolonged treatment with the
same solution for 20 minutes to ensure complete removal.
The final cleavage of the peptide from the solid support
together with the removal of the side-chain protecting
groups was accomplished by treatment with a solution
(15 mL/g peptide resin) of trifluoroacetic acid (TFA)/1,2-
ethanedithiol/anisole/triethylsilane/water (94 : 2.5 : 0.5 : 1.5 :
1.5, v/v) for 4 hours at room temperature. The obtained mix-
ture underwent solvent evaporation followed by anhydrous
ethyl ether precipitation to yield the final crude peptide.

All the products were purified by gel filtration chro-
matography on Sephadex G-25 (fine) using 25% acetic acid
as eluent. Final purification was achieved by preparative high
performance liquid chromatography (HPLC, Pharmacia
LKB-2250) on reversed-phase support C-18 with a linear
gradient from 30 to 85% acetonitrile (0.1% TFA) for 35
minutes at a flow rate 1.5 mL/min and UV detection at
230 and 254 nm. The appropriate fractions were pooled
and lyophilized. Analytical HPLC (Pharmacia LKB-2210)
equipped with a Nucleosil 100 C18 column (5 μm particle
size; 250×4.6 mm) produced single peaks with at least 98% of
the total peptide peak integrals. The solvent system used was
the same as that for the semipreparative HPLC. All products
gave single spots on thin layer chromatography (TLC, Merck
precoated silica gel plates, type G60-F254) in the solvent sys-
tems: (A) 1-butanol: acetic acid: water (4 : 1: 5, upper phase)
and (B) 1-butanol: acetic acid: water: pyridine (15 : 3: 10 : 6).
The final characterization of the peptide sequence was
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Table 1: Structure of synthesized CRH analogues.

Human/Rat CRH Analogue 1 Analogue 2 Analogue 3 Analogue 4 Analogue 5 Analogue 6 Analogue 7

1 S

2 E

3 E

4 P

5 P

6 I

7 S

8 L

9 D

10 L

11 T

12 E D-phe D-phe D-phe D-phe D-phe D-phe D-phe

13 H

14 L Aib

15 L Aib

16 R

17 E

18 V

19 L

20 E

21 M Cys(Et) Cys(Et) Cys(Pr) Cys(Pr)

22 A

23 R

24 A

25 E

26 Q

27 L

28 A

29 Q

30 Q

31 A

32 H

33 S

34 N

35 R

36 K

37 L

38 M Cys(Pr) Cys(Pr) Cys(Et) Cys(Pr)

39 E

40 I

41 I

achieved by Electrospray Ionisation-Mass Spectrometry
(ESI-MS, Micromass-Platform LC instrument). An example
of analytical HPLC-chromatograms and ESI-MS spectrum
are shown in Figure 1 for analogue 7. The physiochemical
properties of the new analogues are summarized in Table 2.

2.3. Biological Assays. The capacity of CRH and related
peptide analogues to stimulate cyclic AMP generation was
monitored in LLC-PK1 cells cotransfected with cDNA of

CRH-R1 and CRE. For transfection the method of electro-
poration was applied and 40 millions of LLC-PK1 cells were
prepared and washed in cytomix 1X transfection medium.
The electroporation medium consisted of 1000 μL of cytomix
2X, 864 μL of sterilized water, 80 μL of ATP 50 mM, 3.2 mg
of glutathion, 20 μg of CRH-R1 cDNA and 20 μg of CRE
cDNA. 500 μL of the above solution were transferred in the
electroporation device and after remaining for 10 minutes
a standard growth medium was added (DMEM without
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Figure 1: (a) Analytical HPLC chromatogram of crude analogue [D-Phe12, Cys(Pr)21, Cys(Pr)38]CRH previously chromatographed on a
semipreparative C18 column. (b) Analytical HPLC chromatogram of analogue [D-Phe12, Cys(Pr)21, Cys(Pr)38]CRH upon rechromatography
on the same column. (c) Mass spectra of analogue [D-Phe12, Cys(Pr)21, Cys(Pr)38]CRH resulting from ESI-MS analysis [MWcalc = 4785.58;
(M + 4)obs

4+/4=1198.2; (M + 3)obs
3+/3=1596.5].

Table 2: Physicochemical properties of h/r-CRH analogues used in the present study.

Analogues
Yielda HPLCb TLC, Rf

c

(%) tR (min) A B

1 [D-Phe12, Aib14]CRH 41 22.79 0.22 0.39

2 [D-Phe12, Aib15]CRH 38 22.85 0.21 0.38

3 [D-Phe12,Cys(Et)21]CRH 39 23.05 0.19 0.37

4 [D-Phe12,Cys(Pr)38]CRH 37 23.28 0.20 0.36

5 [D-Phe12,Cys(Et)21, Cys(Pr)38]CRH 33 24.07 0.18 0.35

6 [D-Phe12,Cys(Pr)21, Cys(Et)38]CRH 35 23.99 0.17 0.33

7 [D-Phe12,Cys(Pr)21, Cys(Pr)38]CRH 36 24.32 0.17 0.34
aYields were calculated on the basis of the amino acid content of the resin. All peptides were at least 98% pure.
bFor elution conditions, see the Experimental Section.
cSolvent systems and conditions are reported in the Experimental Section.

phenol red with glutamine, antibiotics, and 10% FCS) to
a total volume of 50 mL. The suspension was distributed
in 8 plates of 24 wells each, by adding 1 mL per well,
and was allowed to pre-incubate for 24 hours. The growth
medium was aspirated and replaced with fresh one followed
by another preincubation for 24 hours. The cells were then
challenged with graded concentrations (10−6 to 10−11 M) of
the test peptides and incubated for 7 hours at 37◦C. After
that, the medium with the added peptides was removed,
the cells were washed twice with PBS 1X, 100 μL of lysis
buffer 1X per well were added, the plates were left at

room temperature for 30 minutes and then stored at −80◦C
overnight. The luciferace activity was measured with the use
of a luminometer after the addition of 50 μL of lysed cell
preparation and 50 μL of bioluminescence medium per well
in a 96 well plate luminometer.

3. Results

3.1. Peptide Synthesis and Purification. All analogues shown
in Table 2 were synthesized either manually or automatically
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Table 3: Binding affinities of h/r-CRH analogues.

Analogues Binding affinityaIC50 (nM)

h/r-CRH 17.3

1 [D-Phe12, Aib14]CRH 226

2 [D-Phe12, Aib15]CRH 8.4

3 [D-Phe12, Cys(Et)21]CRH 28.5

4 [D-Phe12, Cys(Pr)38]CRH 35

5 [D-Phe12, Cys(Et)21, Cys(Pr)38]CRH 7.0

6 [D-Phe12, Cys(Pr)21, Cys(Et)38]CRH 3.4

7 [D-Phe12, Cys(Pr)21, Cys(Pr)38]CRH 17.3
aThe values given are averages from 3 experiments performed in duplicates.

Table 4: Biological activity of h/r-CRH analogues.

Analogues Biological activity

h/r-CRH 100% activity (Full agonist)

1 [D-Phe12, Aib14]CRH (Partial Agonist, 60% Response max/CRH)

2 [D-Phe12, Aib15]CRH (Partial Agonist, 60% Response max/CRH)

3 [D-Phe12, Cys(Et)21]CRH (Full Agonist, 110% Response max/CRH)

4 [D-Phe12, Cys(Pr)38]CRH (Partial Agonist, 60% Response max/CRH)

5 [D-Phe12,Cys(Et)21, Cys(Pr)38]CRH (Partial Agonist, 70% Response max/CRH)

6 [D-Phe12, Cys(Pr)21, Cys(Et)38]CRH (Partial Agonist, 60% Response max/CRH)

7 [D-Phe12, Cys(Pr)21, Cys(Pr)38]CRH (Partial Agonist, 80% Response max/CRH)

on the Rink Amide MBHA resin or the 2-chlorotrityl-
chloride resin bearing a Rink-Bernatowitz linker as solid sup-
port by using standard coupling procedures and Fmoc/But

strategy. The overall yield of the syntheses of the CRH
analogues was in the range 33–41% (calculated on the
amount of linker initially coupled to the resin). Higher yields
were obtained using the Rink Amide MBHA as solid support.

The synthetic procedure did not present significant com-
plications due to the highly helical nature of the analogues
despite the considerable size of the CRH analogues. ESI mass
spectrometry confirmed that the purified products were
indeed the desired peptides and analytical HPLC revealed a
purity of over than 98% for the synthetic analogues.

3.2. Biological Activity. The results of the biological evalua-
tion regarding the synthesized analogues are set out in Tables
3 and 4. The IC50 values (Table 3) indicate a not very wide
but nonetheless notable variety in the affinity to the receptor
for the studied analogues. Specifically, three of the ana-
logues, namely, [D-Phe12, Aib15]CRH, [D-Phe12, Cys(Et)21,
Cys(Pr)38]CRH, and [D-Phe12, Cys(Pr)21, Cys(Et)38]CRH,
present a higher affinity to the receptor (IC50=8.4 nM,
IC50=7.0 nM and IC50=3.4 nM, resp.) which is approximately
2, 2,5, and 5 times that of the natural h/r-CRH (IC50=17.3
nM). [D-Phe12, Aib14]CRH is the analogue that presents the
higher IC50 value (226 nM) indicating a smaller affinity to the
receptor, roughly 13 times lower than that of the hormone.
The other three analogues appear to have the same ([D-
Phe12, Cys(Pr)21, Cys(Pr)38]CRH, IC50=17.3 nM) or slightly

reduced ([D-Phe12, Cys(Et)21]CRH, IC50=28.5 nM and [D-
Phe12, Cys(Pr)38]CRH, IC50=35.0 nM) affinity compared to
CRH.

Regarding the activity of the analogues which is repre-
sented by means of percentage of maximum response com-
pared to that of h/r-CRH (Table 4), the only analogue that
presents a higher percentage is [D-Phe12, Cys(Et)21]CRH
(full agonist, 110% response max/CRH). All other analogues
are partial agonists and induce a maximum response that
varies between 60 and 80 per cent of the maximum response
induced by CRH.

4. Discussion

The design and synthesis of the seven analogues was based
on observations and results already mentioned above and
likely to yield products with desirable properties. D-Phe12

substitution was a modification present in all analogues since
it brings only a positive contribution to the potency and
the activity of the analogue. Substitution of Leu at positions
14 and 15 with Aib was based on studies demonstrating
that α-aminoisobutyric acid is a helix-promoter/stabilizer,
which increases the helix propensity of a peptide fragment
towards, either α- or 310- helix, by restriction of the backbone
conformational freedom. Aib, on the other hand, apart from
its tendency to form constrained helices, is also known
for its ability to bend helical peptides. The conformational
features of the analogue [D-Phe12, Aib15]CRH have already
been studied through 1D and 2D J-correlated 1H NMR
spectroscopy [39].
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Biological evaluation of the two Aib containing ana-
logues revealed that they both present the same activity
which is 60 percent that of the natural hormone and thus,
they appear to be partial agonists of CRH. However, when
the IC50 values are taken under consideration, the two
analogues significantly vary regarding their affinity to the
receptor. Although the only difference in their secondary
structure is the position of the Aib moiety (14 or 15)
and furthermore, the two positions are adjacent, [D-Phe12,
Aib15]CRH presents a roughly 27 times higher affinity
than [D-Phe12, Aib14]CRH. An NMR study of [D-Phe12,
Aib14]CRH and consequent comparison with the results
already extrapolated for [D-Phe12, Aib15]CRH is the best
means to clarify the effect of the Aib substitution on the
molecule conformation and consequently on its binding
to the receptor. All the same, a primary estimation could
be that the positions 14 and 15 although important for
binding to the receptor might not belong to the region that
is responsible for the hormone’s action since no alteration is
observed on the biological activity for the two analogues.

Cys(Et) and Cys(Pr) are two nonnatural amino acid
residues that have already been used in the synthesis of
peptides (e.g., Angiotensin II) [40] yielding interesting
results. The fact that Cys (S-Et) is an isoster of Met along
with the enhanced potency of the analogues with substituted
Met21 or Met38 were basically taken into account for the
design of the analogues. Cys (S-Pr) was used since it bears
a side-chain that on one hand possesses the S atom present
in Met and on the other hand has a longer aliphatic unit than
Met or Cys(Et). Two of the analogues were monosubstituted
regarding the Met residues, [D-Phe12, Cys(Et)21]CRH, and
[D-Phe12, Cys(Pr)38]CRH, and three had a double substi-
tution of Met, [D-Phe12, Cys(Et)21, Cys(Pr)38]CRH, [D-
Phe12, Cys(Pr)21, Cys(Et)38]CRH and [D-Phe12, Cys(Pr)21,
Cys(Pr)38]CRH.

Both [D-Phe12, Cys(Et)21]CRH and [D-Phe12, Cys(Pr)38]
CRH present reduced affinity to the receptor compared to
CRH, which is approximately half that of the hormone.
Notably, when these modifications are combined in the
[D-Phe12, Cys(Et)21, Cys(Pr)38]CRH analogue, the affinity
appears to enhance significantly. However, this combination
does not have the same impact on the activity of the
molecule. [D-Phe12, Cys(Et)21]CRH is the only of the studied
analogues that presents a higher than CRH activity (110%
that of the hormone) whereas [D-Phe12, Cys(Pr)38]CRH
shows reduced activity (60% that of CRH). The activity
of [D-Phe12, Cys(Et)21, Cys(Pr)38]CRH, although slightly
higher than that of the latter monosubstituted analogue is
considerably lower than that of the former one. This could
mean that the negative effect of Cys(Pr)38 is more prominent
than the positive one of Cys(Et)21. As for the affinity, no
safe assumptions can be made until further NMR studies are
performed on these molecules.

The results regarding [D-Phe12, Cys(Pr)21, Cys(Pr)38]
CRH indicate that double substitution with Cys(Pr) does
not affect the affinity of the molecule to the receptor and
decreases only slightly its activity. When the Cys(Pr) residue
is applied at position 38 the IC50 value is negatively affected
and the molecule shows a 40% decrease in activity compared

to CRH. The reversal of this image with the application
of Cys(Pr)21 could be attributed to a positive effect of
this moiety on the molecule but this assumption can be
confirmed only by the study of the [D-Phe12, Cys(Pr)21]CRH
analogue that remains to be performed.

The analogue presenting the lowest IC50 value is
[D-Phe12, Cys(Pr)21, Cys(Et)38]CRH, indicating a 5-fold
increased affinity to the receptor compared to the native hor-
mone and also to the [D-Phe12, Cys(Pr)21, Cys(Pr)38]CRH.
Regarding the two CRH analogues it could be assumed that
the difference in affinity is connected with the residue at
position 38, where the Cys(Et) substitution appears to be
more favorable compared to Cys(Pr) substitution.

Considering all the aforementioned remarks, the conclu-
sions are (i) regarding the introduction of Aib, position 15
is preferable to position 14 since it yielded analogues with
higher affinity to the receptor; (ii) although the introduction
of Aib modifies the secondary structure and can alter
significantly the affinity to the receptor, the Aib containing
analogues can still be characterised as partial agonists; (iii)
affinity to the receptor and activity do not necessarily
coincide and analogues that excel in the one may fall short
to the other; (iv) simple or combined modifications with
Cys(Et) or Cys(Pr) in position 21 or/and position 38 did
not hinder receptor recognition leading, in the most of the
cases, to partial agonists with the exception of the ana-
logue [D-Phe12, Cys(Et)21]CRH which presents full agonistic
activity.
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The reactions of methyl(2-pyridyl)ketone oxime, (py)C(Me)NOH, with manganese(II) sulfate monohydrate have been
investigated. The reaction between equimolar quantities of MnSO4 · H2O and (py)C(Me)NOH in H2O lead to the dinuclear
complex [Mn2(SO4)2{(py)C(Me)NOH}4] · (py)C(Me)NOH, 1 · (py)C(Me)NOH, while employment of NaOMe as base affords
the compound [Mn(HCO2)2{(py)C(Me)NOH}2] (2). The structures of both compounds have been determined by single crystal
X-ray diffraction. In both complexes, the organic ligand chelates through its nitrogen atoms. The IR data are discussed in terms of
the nature of bonding and the structures of the two complexes.

1. Introduction

There is currently a renewed interest in the coordination
chemistry of oximes [1]. The research efforts are driven by
a number of considerations. One of these is that they are
considered to be reasonable models for the biologically sig-
nificant imidazole donor group of the amino acid histidine
[2]. Thus, they potentially can be used for the synthesis
of various nuclearity metal clusters to model Mx sites in
biomolecules, including elucidating the structure and mech-
anism of action of the CaMn4 core of the water oxidizing
complex within the photosynthetic apparatus of green plants
and cyanobacteria [3, 4]. In addition, metal complexes of
oximes can be used in several other applications, that is, the
solution of pure chemical problems [5, 6], the development
of new oxygen activation catalysts based on nickel(II)
polyoximate complexes [7] and the application of metal
ion/oxime systems as efficient catalysts for the hydrolysis
of organonitriles [8]. In the latter, metal ions can behave
as extremely strong activators of RCN molecules towards
nucleophilic attack by OH−/H2O. Other applications of

metal complexes of oximes include the design of Ca2+- and
Ba2+-selective receptors based on site-selective transmetalla-
tion of polynuclear zinc (II)/polyoxime complexes [9], the
study of metal-ion assisted organic transformations [10],
and the mechanistic investigation of corrosion inhibition by
Acorga P5000 (a modern corrosion inhibitor comprising 5-
nonylsalicylaldoxime as a mixture of carbon-chain isomers)
on iron surfaces [11]. Note also that oximate ligands are
employed in the synthesis of homo- and heterometallic [1,
12] clusters and coordination polymers [13] with interesting
magnetic properties, including single-molecule magnetism
[14–16], and single-chain magnetism [17] behavior.

Ligands containing one oxime group and one pyridyl
group, without other donor sites, are popular in coor-
dination chemistry. Metal-free pyridine oximes exhibit a
plethora of biological properties including action on the
cardiovascular system, sedative, antidepressant, antispas-
modic, cytotoxic, antiviral, and bactericidal activities, while
they are good antidotes for poisoning by organophos-
phorus compounds [18]. Most of these ligands contain
a 2-pyridyl group, and thus are named 2-pyridyl oximes,
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Scheme 1: General structural formula and abbreviations of sim-
ple 2-pyridyl oximes, including methyl(2-pyridyl)ketone oxime
[(py)C(Me)NOH].
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Scheme 2: The common coordination mode of the neutral 2-
pyridyl oximes and the Harris notation [26] which describes this
mode.

(py)C(R)NOH (Scheme 1). The anionic forms of these
molecules, (py)C(R)NO−, are versatile ligands for a variety
of research objectives, including μ2 and μ3 behaviour; the
activation of 2-pyridyl oximes by 3d-metal centers towards
further reactions is also becoming a fruitful area of research.
The majority of the metal complexes of these ligands have
been prepared in the last 15 years and much of their
chemistry remains to be explored in more detail [1].

With only few exceptions [19, 20], the hitherto struc-
turally characterized metal complexes containing neutral 2-
pyridyl oximes as ligands are mononuclear. The donor atoms
of the neutral 2-pyridyl oximes in metal complexes are
the nitrogen atom of the oxime group and the nitrogen
atom of the pyridyl group. Thus, (py)C(R)NOH behave as
N ,N ′-chelating ligands (see Scheme 2) making necessary
the employment of additional inorganic or organic anions
to complete the coordination sphere of the metal centre or
to balance the charge of the complex cation. A variety of
monoanions have been used for this reason, for example,
PhCO2

− [21], Cl− [22, 23], Br− [24], and NO3
− [25].

Recently, we have started a research program to explore the
use of the sulfate ion, SO4

2−, in 3d-metal/2-pyridyl oxime
chemistry, instead of the abovementioned monoanionic
ligands. The possible advantages of using SO4

2− include
(i) the possibility of triggering aggregation of preformed
smaller species into new products, and (ii) the possible diver-
sion of known reaction systems developed using inorganic
monoanions to new species as a result of the higher charge
and higher denticity of the sulfate ligand.

The sulfate ion [27] is currently a ligand of intense
interest. The μ2, μ3, μ4, μ5,μ8, or μ10 potential of SO4

2−

(Scheme 3) prompted as to combine 2-pyridyloximes with
the sulfate ligand to aim at new types of compounds.

In this paper, we report the synthesis and the X-ray
structural characterization of the two new Mn(II) complexes
[Mn2(SO4)2{(py)C(Me)NOH}4]·(py)C(Me)NOH
(1·(py)C(Me)NOH) and [Mn(HCO2)2{(py)C(Me)NOH}2]
(2) which contain the neutral methyl(2-pyridyl)ketone
oxime as organic ligand. The IR data are discussed in terms
of the nature of bonding and the structures of the two
complexes.

2. Experiments

All manipulations were performed under aerobic conditions
using materials and solvents as received. IR spectra were
recorded on a Perkin-Elmer PC16 FT-IR spectrometer with
samples prepared as KBr pellets.

[Mn2 ( SO4)2 { ( py ) C (Me) NOH } 4 ] · (py) C(Me) NOH (1·
(py)C(Me)NOH). Solid MnSO4 ·H2O (0.067 g, 0.40 mmol)
was added to a slurry of (py)C(Me)NOH (0.054 g,
0.40 mmol) in H2O (15 cm3); the solid soon dissolved and
the solution was stirred for 1 hour at room temperature.
The resultant solution was left for slow evaporation. After
one week, yellow crystals appeared which were collected
by filtration, washed with cold H2O (1 cm3), cold MeOH
(1 cm3) and ice-cold Et2O (2 cm3), and dried in air. The yield
was 79% (based on the metal). Found %: C, 42.94; H, 3.89;
N, 14.51. Calc % for C35H40O13N10S2Mn2: C, 42.78; H, 4.10;
and N, 14.25. Selected IR data (KBr, cm−1): 3420 (wb), 3150
(m), 3069 (m), 2843 (m), 2363 (w), 2343 (w), 1654 (w), 1593
(s), 1561 (m), 1476 (s), 1437 (m), 1327 (m), 1285 (w), 1215
(m), 1124 (s), 1080 (s), 1030 (s), 1010 (s), 989 (s), 781 (s),
748 (m), 683 (m), 631 (m), 592 (m), 561 (w), 494 (w), 452
(w), and 447 (w).

[Mn(HCO2)2{(py)C(Me)NOH}2](2). Solid NaOMe (0.090 g,
1.50 mmol) was added to a colourless solution of
(py)C(Me)NOH (0.204 g, 1.50 mmol) in CH2Cl2 (20 cm3);
the solid soon dissolved. Solid MnSO4·H2O (0.250 g,
1.50 mmol) was then added and the resulting solution was
stirred for 24 hours at room temperature. A small quantity
of undissolved material was removed by filtration and the
dark brown filtrate layered with Et2O (40 cm3). Slow mixing
gave X-ray quality yellow crystals of the product. The crystals
were collected by filtration, washed with cold H2O (1 cm3),
cold MeOH (2 cm3), and ice-cold Et2O (2 × 3 cm3), and
dried in air. The yield was 45% (based on the metal). Found
%: C, 46.95; H, 4.26; N, 13.43. Calc % for C16H18O6N4Mn:
C, 46.82; H, 4.13; N, 13.98. Selected IR data (KBr, cm−1):
3412 (mb), 3073 (w), 2362 (m), 1846 (m), 1597 (s), 1562 (s),
1475 (s), 1436 (m), 1365 (s), 1348 (s), 1326 (m), 1250 (w),
1165 (w), 1137 (m), 1042 (s), 961 (m), 782 (s), 751 (s), 683
(m), 562 (w), and 458 (w).

2.1. X-Ray Crystallography. For 1·(py)C(Me)NOH, X-Ray
data were collected at 298 K using a Crystal Logic Dual
Goniometer diffractometer with graphite-monochromated
Mo-Ka radiation (λ = 0.71073 Å). Lorentz, polarization, and
Ψ-scan absorption corrections were applied using Crystal
Logic software. Symmetry equivalent data were averaged
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Scheme 3: The up to now crystallographically established coordination modes of the sulfato ligand and the Harris notation [26] which
describes these modes.
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with Rint = 0.0084, to give 3727 independent reflections from
a total 3964 collected. The structure was solved by direct
methods and refined by full-matrix least-squares on F2, using
3727 reflections and refining 325 parameters. All nonhy-
drogen atoms were refined anisotropically. Hydrogen atoms
were either located by difference maps and were refined
isotropically or were introduced at calculated positions as
riding on bonded atoms.

For 2, X-ray data were collected at 100 K using a Oxford
Diffraction diffractometer with graphite-monochromated
Mo-Ka radiation (λ = 0.71073 Å). Symmetry equivalent data
were averaged with Rint = 0.0160, to give 9343 independent
reflections from a total of 13039 collected. The structure was
solved by direct methods and refined by full-matrix least-
squares on F2, using 9343 reflections and refining 258 param-
eters. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were either located by difference maps and
were refined isotropically or were introduced at calculated
positions as riding on bonded atoms.

Details of the data collection and refinement for
1·(py)C(Me)NOH and 2 are given in Table 1.

3. Results and Discussion

3.1. Synthetic Comments. Treatment of MnSO4·H2O
with one equivalent of (py)C(Me)NOH in H2O gave a
colorless solution from which the new dinuclear compound
[Mn2(SO4)2{(py)C(Me)NOH}4]·(py)C(Me)NOH
(1·(py)C(Me)NOH) was obtained in ∼80% yield. Its
formation can be summarized in (1).

2MnSO4 ·H2O + 5
(
py
)
C(Me)NOH

H2O−−→
[

Mn2(SO4)2
{(

py
)
C(Me)NOH

}
4

]
· (py

)
C(Me)NOH + 2H2O

1 · (py
)
C(Me)NOH.

(1)

The nonstoichiometric MnSO4·H2O to (py)C(Me)NOH
reaction ratio (1 : 1) employed for the preparation of
1·(py)C(Me)NOH (Section 2) did not prove detrimen-
tal to the formation of the complex. With the identity
of 1·(py)C(Me)NOH established by single-crystal X-ray
crystallography, the “correct” stoichiometry (1 : 2.5) was
employed and led to the pure compound in high yield.

As a next step, we decided to add base in the reaction
mixture targeting the deprotonation of the organic ligand.
Thus, treatment of MnSO4·H2O with one equivalent of
(py)C(Me)NOH and one equivalent of NaOMe in CH2Cl2
gave a dark brown solution from which the mononu-
clear compound [Mn(HCO2)2{(py)C(Me)NOH}2] (2) was
obtained. Its formation can be summarized in(2)

MnSO4 ·H2O + 2
(
py
)
C(Me)NOH + 2NaOMe + 2O2

CH2Cl2−−−−→
[

Mn(HCO2)2
{(

py
)
C(Me)NOH

}
2

]
+ Na2SO4 + 3H2O.

(2)

To our surprise, an amount of the methoxide ions
did not act as proton acceptors but they got oxidized to
formates (HCO2

−) during the aerial aggregation process
[28]. Thus, the organic ligand in 2 is neutral. As expected, the
nature of the base is crucial for the identity of the product;
employment of NEt3, NMe4OH, NEt4OH, LiOH·H2O etc.
leads to dark brown oily materials that have not been
characterized. Also, note that: (i) The color of 2 (yellow) is
different than the color of the reaction mixture (dark brown,
this colour is characteristic of MnIII or MnII/III species),
and (ii) a similar reaction, but with (py)C(ph)NOH instead
of (py)C(Me)NOH, yields the octanuclear mixed-valent
cluster [MnII

4 MnIII
4O4(NO3)2{(py)C(ph)NO}8(HCOO)2

(MeOH)2] [29] whose core consists of two butterfly sub-
units. These observations indicate that compound 2 is
not the only product of the reaction and that, pre-
sumably, a higher nuclearity cluster, with the metals at
higher oxidation states, is present in solution. Work is in
progress to isolate the second product from the reaction
mixture.

3.2. Description of Structures. Selected interatomic distances
and angles for complexes 1·(py)C(Me)NOH and 2 are listed
in Tables 2 and 4, respectively. The molecular structures of
the two compounds are shown in Figures 1 and 2.

Complex 1·(py)C(Me)NOH crystallizes in the
triclinic space group P-1. Its structure consists of
dinuclear [Mn2(SO4)2{(py)C(Me)NOH}4] molecules and
(py)C(Me)NOH molecules in the crystal lattice. The
dinuclear molecules lie on a crystallographic inversion
center. The two MnII atoms are bridged by two η1:η1: μ2

or 2.1100 (Harris notation [26]) sulfato ligands; two
N,N ′-chelating (py)C(Me)NOH ligands complete six
coordination at each metal center. The ligating atoms of
(py)C(Me)NOH are the nitrogen atoms of the neutral oxime
and 2-pyridyl groups. Thus, adopting the Harris notation,
(py)C(Me)NOH behaves as an 1.011 ligand.

The coordination sphere of the MnII ion in
1·(py)C(Me)NOH exhibits a slightly distorted octahedral
geometry as a consequence of the relatively small bite
angles of the chelating ligands [N1–Mn–N2=70.11(10),
N11–Mn–N12=70.19(10)◦]. Both sulfato oxygen atoms
O(31) and O(32′) are trans to the pyridyl nitrogen atoms
N(1) and N(11), respectively. Each metal center adopts the
cis-cis-trans configuration considering the position of the
coordinated SO4

2− oxygen, pyridyl nitrogen and oxime
nitrogen atoms, respectively. The cis arrangement of the
oxime groups seems unfavourable, probably due to the
steric hindrance arising from the methyl group upon oxime
coordination. The long Mn · · ·Mn′ distance [5.040(2) Å]
is a consequence of the presence of the two syn, anti sulfato
bridges.

The molecular structure of 1·(py)C(Me)NOH is stabi-
lized by intramolecular hydrogen bonds (Table 3). Each coor-
dinated (py)C(Me)NOH oxime group is strongly hydrogen
bonded to an uncoordinated O atom of the sulfato ligand
(O33 or O33′). Thus, O33 (and its symmetry equivalent)
participates in two hydrogen bonds.
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Table 1: Crystal data and structure refinement for 1· (py)C(Me)NOH and 2.

Empirical formula C35H40Mn2N10O13S2 C16H18MnN4O6

Formula weight 982.77 417.28

Crystal size 0.75 × 0.50 × 0.40 0.25 × 0.20 × 0.20

Crystal system triclinic monoclinic

Space group P-1 P21/n

θ range for data collection.◦ 5.5 ≤ θ ≤ 11.0 3.4 ≤ θ ≤ 30.1

a, Å 9.627(4) 10.6538(5)

b, Å 9.962(4) 14.3935(7)

c, Å 11.750(4) 11.8231(8)

α,◦ 92.610(10) 90.00

β, ◦ 96.560(10) 90.264(7)

γ, ◦ 107.450(10) 90.00

V, Å
3

1064.2(7) 1813.00(17)

Z 1 4

ρcalcd, gcm−3 1.534 1.529

μ, mm−1 0.766 0.770

GOF 1.116 1.009

R1a 0.0443 0.0344

wR2b 0.1125 0.0948
aI > 2σ(I),R1 =

∑
(|Fo| − |Fc|)/

∑
(|Fo|)

bwR2 = {
∑

[w(F2
o − F2

c )
2
]/
∑

[w(Fo
2)

2
]}1/2

Table 2: Selected dond lengths (Å) and angles (◦) for 1·(py)C(Me)NOH.a

Mn–O31 2.089(2) Mn – N2 2.287(3)

Mn–O32′ 2.102(3) Mn – N11 2.300(3)

Mn–N1 2.287(3) Mn – N12 2.283(3)

O31–Mn–O32′ 101.06(11) O32′ – Mn–N12 94.84(11)

O31–Mn–N1 164.21(11) N1–Mn–N2 70.11(10)

O31–Mn–N2 95.50(11) N1–Mn–N11 88.37(10)

O31–Mn–N11 87.21(10) N1–Mn–N12 94.52(10)

O31–Mn–N12 98.23(10) N2–Mn–N11 97.89(10)

O32′–Mn–N1 87.06(11) N2–Mn–N12 161.24(10)

O32′–Mn–N2 95.00(11) N11–Mn–N12 70.19(10)

O32′–Mn–N11 163.96(11)
aPrimes denote symmetry-related atoms.

Complex 2 crystallizes in the monoclinic space
group P21/n and its structure consists of mononuclear
[Mn(HCO2)2{(py)C(Me)NOH}2] molecules. Two bidentate
chelating (py)C(Me)NOH molecules (1.011 [26], see
Scheme 2) and two monodentate HCO2

− ions create six-
coordination at the MnII ion. The coordination geometry of
the metal ion is distorted octahedral. As 1·(py)C(Me)NOH,
complex 2 is the cis-cis-trans isomer considering the
positions of the coordinated HCO2

− oxygen, pyridyl
nitrogen and oxime nitrogen atoms, respectively.

Intramolecular hydrogen bonds are present in the struc-
ture of 2 (Table 5). The oximic oxygen atom of each
(py)C(Me)NOH ligand is very strongly intramolecularly
hydrogen bonded to one uncoordinated formate oxygen
atom.

Complexes 1·(py)C(Me)NOH and 2 join a small but
growing family of structurally characterized metal complexes
containing the neutral or anionic forms of methyl(2-
pyridyl)ketone oxime as ligands. The 1.011 ligation mode
is the exclusive one for the metal complexes containing the
neutral ligand [22, 24, 30].

The structurally characterized Mn complexes of
(py)C(Me)NOH and/or (py)C(Me)NO− [14, 31–33]
are collected in Table 6, together with the cores of the
polynuclear complexes and the ligands’ coordination
modes for convenient comparison. Closer inspection of
Table 6 reveals that compound 1 is the first member
of this subfamily in which the MnII ions are linked by
the SO4

2− ion. Complex 2 can be compared with the
compound [MnII(O2CPh)2{(py)C(Me)NOH}2] [33] which
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Table 3: Dimensions of the hydrogen bonds in complex 1·(py)C(Me)NOH.a

D–H· · ·A D· · ·A H· · ·A D–H· · ·A Symmetry Operator of A

[Å] [Å] [◦]

O(1)–H(O1)· · ·O(33) 2.644 1.967 154.5 x, y, z

O(11′)–H(O11′)· · ·O(33) 2.598 1.720 174.8 x, y, z
aA = acceptor, D = donor.

Table 4: Selected dond lengths (Å) and angles (◦) for 2.

Mn–O3 2.125(1) Mn–N2 2.248(1)

Mn–O5 2.091(1) Mn–N3 2.305(1)

Mn–N1 2.272(1) Mn–N4 2.264(1)

O3–Mn–O5 95.48(5) O5–Mn–N4 95.61(4)

O3–Mn–N1 87.76(5) N1–Mn–N2 70.98(4)

O3–Mn–N2 94.27(5) N1–Mn–N3 89.65(5)

O3–Mn–N3 172.60(5) N1–Mn–N4 90.78(5)

O3–Mn–N4 102.46(5) N2–Mn–N3 91.43(5)

O5–Mn–N1 172.03(5) N2–Mn–N4 154.80(5)

O5–Mn–N2 101.47(5) N3–Mn–N4 70.64(5)

O5–Mn–N3 87.99(4)

Table 5: Dimensions of the hydrogen bonds in complex 2.a

D–H· · ·A D· · ·A H· · ·A D–H· · ·A Symmetry Operator of A

[Å] [Å] [◦]

O(1)–H(O1)· · ·O(6) 2.542 1.710 167.2 x, y, z

O(2)–H(O2)· · ·O(4) 2.585 1.777 165.4 x,y,z
aA = acceptor, D = donor.

Table 6: Formulae, coordination modes of the ligands, and cores of the structurally characterized Mn complexes of (py)C(Me)NOH and/or
(py)C(Me)NO−.

Complexa Coordination
modesb Corec Ref.

[MnIII
3O(O2CMe)3{(py)C(Me)NO}3]

+
2.111 [Mn3(μ3-O)]7+ [14]

[MnIII
3O(O2CEt)3{(py)C(Me)NO}3]

+
2.111 [Mn3(μ3-O)]7+ [14]

[MnIIICl2{(py)C(Me)NO}{(py)C(Me)NOH}2] 1.011 [32]

[MnII(O2CPh)2{(py)C(Me)NOH}2] 1.011 [33]

[MnII
4MnIII

4O2(OH)2(O2CPh)10{(py)C(Me)NO}4] 2.111 [Mn8(μ4-O)2(μ3-OH)2]14+ [33]

[MnII
2MnIV(OMe)2{(py)C(Me)NO}4Br2] 2.111 [Mn3(μ3-OMe)2]6+ [31]

[MnII
2MnIII

6O4(OMe){(py)C(Me)NO}9{(py)C(Me)NOH}]4+
2.111, 3.211 [Mn8(μ3-O)4(μ-OMe)(μ-OR′′)]11+d [31]

[MnII
2(SO4)2{(py)C(Me)NOH}4] 1.011 This work

[MnII(HCO2)2{(py)C(Me)NOH}2] 1.011 This work
aCounterions and lattice solvent molecules have been omitted; b using the Harris notation [26]; conly for the polynuclear complexes; d R′′ = (py)C(Me)N.

contains terminal PhCO2
− ions, instead of HCO2

− in 2;
the HCO2

− versus PhCO2
− change has little structural

effect.

3.3. IR Spectra. Complexes 1 and 2 exhibit medium to
strong intensity IR bands at ∼3400 cm−1, assignable to
ν(H) vibrations of the (py)C(Me)NOH molecules. The

broadness and relatively low frequency of these bands are
both indicative of hydrogen bonding.

The ν(C=N)oxime and ν(N–O)oxime vibrations for the
free ligand appear as medium intensity bands at 1566 and
1116 cm−1, respectively [34, 35]. The 1116 cm−1 band is
shifted to a lower wavenumber in 1 and 2 (1, 1080; 2,
1042 cm−1). This shift is attributed to the coordination
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Figure 1: The dinuclear molecule present in 1·(py)C(Me)NOH. Primes are used for the symmetry-related atoms.
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Figure 2: The molecular structure of compound 2.

of the neutral oxime nitrogen [22]. The strong band at
1124 cm−1 in the spectrum of 1·(py)C(Me)NOH should also
have a ν(N–O)oxime character resulting from the presence
of lattice (py)C(Me)NOH molecules in the structure. Sev-
eral bonds appear in the 1655-1400 cm−1 region for both
complexes; contribution from the ν(C=N)oxime and δ(OH)
modes (>1580 cm−1) are expected in this region, but overlap
with the stretching vibrations of the aromatic rings and
the carboxylate groups (for 2) renders assignments and
discussion of the coordination shifts difficult.

The in-plane deformation band of the 2-pyridyl ring
of free (py)C(Me)NOH at 637 cm−1 shifts upwards in 1
(683 cm−1) and 2 (683 cm−1), confirming the involvement
of the ring-N atom in coordination [36]. The appearance
of a medium intensity band at 631 cm−1 in the spectrum
of 1·(py)C(Me)NOH is indicative of the presence of lattice
(py)C(Me)NOH molecules in this complex.

The IR spectrum of the free, that is, ionic, sulfate (the
SO4

2− ion belongs to the Td point group) consists of two
bands at ∼1105 and ∼615 cm−1, assigned to the ν3(F2)
stretching [νd(SO)] and ν4(F2) bending [δd (OSO)] modes,
respectively [27, 37, 38]. The ν1(A1) stretching [νs(SO)] and
ν2(E) bending [δd(OSO)] modes are not IR-active (these
are Raman-active). The coordination of SO4

2− to metal ions
decreases the symmetry of the group and the ν3 and ν4 modes
are split [27, 37, 38]. In the case, the SO4

2−-site symmetry is
lowered from Td to C3v (monodentate coordination), both
ν1 and ν2 appear in the IR spectrum with weak to medium
intensity, while ν3 and ν4 each splits into two bands in both
IR and Raman spectra [37]. When the SO4

2−-site symmetry
is lowered from Td to C2v (bidentate chelating or bridging
coordination), again ν1 and ν2 appear in the IR spectrum
(ν2 splits into two Raman modes), while ν3 and ν4 each
splits into three IR-active and Raman-active vibrations [37].
The crystallographically established symmetry of the sulfato
groups in 1·(py)C(Me)NOH is C2v. The bands at 1215, 1124
and 1080 (overlapping with the N–Ooxime stretch) cm−1 are
attributed to the ν3 modes [37, 39], while the bands at 592,
631 and 683 cm−1 (the latter two overlapping with the in-
plane 2-pyridyl deformations) are assigned to the ν4 modes
[37, 38]. The band at 1010 cm−1 and the two weak features at
494 and 452 cm−1 can be assigned to the ν1 and ν2 modes,
respectively. The appearance of two ν2 bands is consistent
with a symmetry at the sulfato groups lower than C2v

[37, 39]. Thus, from the vibrational spectroscopy viewpoint,
the sulfato ligands of 1·(py)C(Me)NOH appear to have Ci

symmetry (and not C2v as deduced from their bidentate
character). When the SO4

2−-site symmetry is lowered from
Td to Ci, ν3 and ν4 each splits into three IR-active vibrations,
ν2 splits into two ones, while ν1 appears as a single band
[37, 39]. This spectroscopic feature in 1·(py)C(Me)NOH is
attributed to the fact that one uncoordinated oxygen atom
of each bidentate bridging sulfate is hydrogen bonded to
the oxygen atoms of the neutral oxime groups (see Table 3)
resulting in a further lowering of the sulphate symmetry
[39].
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The ν(CO2) bands are difficult to assign in the spectrum
of 2 due to the appearance of various stretching vibrations in
the 1600–1400 cm−1 region and thus the application of the
spectroscopic criterion of Deacon and Phillips [40] is very
difficult.

4. Conclusions

The use of the sulfate ligand in combination with
neutral (py)C(Me)NOH in Mn(II) chemistry has
provided access to the two new neutral comp-
lexes [Mn2(SO4)2{(py)C(Me)NOH}4]·(py)C(Me)NOH (1·
(py)C(Me)NOH) and [Mn(HCO2)2{(py)C(Me)NOH}2]
(2), the latter being sulphate-free. In both complexes, the
organic ligand chelates through its nitrogen atoms. The
sulfate anion bridges the two MnII atoms in 1. Compounds
1 · (py)C(Me)NOH and 2 join a small family of structurally
characterized manganese complexes containing the neutral
or anionic forms of methyl(2-pyridyl)ketone oxime as
ligands, while they are new examples of structurally
characterized compounds in which (py)C(Me)NOH exists
exclusively in its neutral form.

Analogues of 1·(py)C(Me)NOH and 2 with phenyl(2-
pyridyl)ketone oxime, (py)C(ph)NOH, are not known to
date, and it is currently not evident whether the stability
of these species is dependent on the particular nature of
the 2-pyridyl oxime ligand. We are studying this matter.
Synthetic efforts are also in progress to “activate” the
μ3 to μ6 bridging potential of the sulfate ligand in Mn
complexes containing 2-pyridyl oximes and/or their anions
as a means to get access to clusters and polymers with
interesting structural and magnetic properties. Studies on
the biological activity of 1·(py)C(Me)NOH and 2 are also
planned.

5. Supplementary Information

CCDC 757892 and 757893 contain the supplementary
crystallographic data for 1·(py)C(Me)NOH and 2. These
data can be obtained free of charge via http://www.ccdc.cam
.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44)1223-336033; or e-mail: deposit@ccdc
deposit@ccdc.cam.ac.uk.
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The catalytic decomposition of hydrogen peroxide by Cu(II) complexes with polymers bearing L-alanine (PAla) and glycylglycine
(PGlygly) in their side chain was studied in alkaline aqueous media. The reactions were of pseudo-first order with respect to
[H2O2] and [L-Cu(II)] (L stands for PAla or PGlygly) and the reaction rate was increased with pH increase. The energies of
activation for the reactions were determined at pH 8.8, in a temperature range of 293–308 K. A suitable mechanism is proposed
to account for the kinetic data, which involves the Cu(II)/Cu(I) redox pair, as has been demonstrated by ESR spectroscopy. The
trend in catalytic efficiency is in the order PGlygly>PAla, due to differences in modes of complexation and in the conformation of
the macromolecular ligands.

1. Introduction

The formation of complexes between macromolecular lig-
ands and transition metal ions has been widely investigated
[1–6]. Synthetic macromolecular systems, offer the possibil-
ity of modelling the complexation and reactivity of metal
ions with biological ligands [7]. The systems especially that
are made up of synthetic polyelectrolytes could be considered
as simple but representative models for studying biological
ligand-metal interactions [7–9]. The thermodynamic and
structural characterization of these metal ions complexes
would help in understanding the mechanism and the binding
mode of the metals both to proteins and to substrate
molecules.

The decomposition of hydrogen peroxide has been used
as a model reaction for the investigation of the catalytic
activity of various metal complexes and has also been studied
as a catalase model, although the catalytic mechanism has
not been thoroughly elucidated [1, 2, 10–21]. It has been

known for about a century that the decomposition of H2O2

to H2O and O2 is drastically accelerated by many metal
ions [14–19]. Complexes of copper (II) especially with
various ligands acting as catalysts have been investigated in
depth and disagreements over mechanistic details, involving
intermediate radicals or complexes, have lasted for decades.
The formation of copper peroxide complexes both in acidic
and alkaline solutions has been confirmed and a mechanism
not involving any radicals has been suggested [17, 18].
On the other hand, the existence of OH. radicals in the
decomposition of H2O2, catalyzed by Cu(II), in alkaline
media in the presence of biological reductants has been, con-
vincingly, demonstrated [20–22]. The difference in reactivity
of Cu(II) complexes towards H2O2 is due to the change in
the redox potential of Cu(II) ions as a result of ligation with
different ligands [23]. It was supposed that a superoxide-
copper (I) complex is formed [HO2-Cu(I)(Ligand)] from
the complex [HO2-Cu(II)(Ligand)] in which an instan-
taneous electron transfer occurs [21]. Other investigators



2 Bioinorganic Chemistry and Applications

O C

NH

HO O PAla

CH3

C

H3C
CH2

n

CH2
H3C

C

CO

NH

O NH

OH

O PGlygly

n

Scheme 1: The polyelectrolytes poly-N-methacryloyl-L-alanine
(PAla) and poly-N-methacryloyl-glycylglycine (PGlygly).

suggested the formation of a Cu(III)-peroxo complex, as a
consequence of the interaction of Cu(II) ions with H2O2,
this species producing highly reactive OH. radicals [24–
30]. Recently, a mechanism involving both Cu(I)/Cu(II) and
Cu(II)/Cu(III) redox pairs has been reported [31]. It has
also been proposed that in slight alkaline and neutral pH
region, the decomposition of H2O2 by copper complexes
may proceed by a combination of a molecular mechanism,
in which a presumed intermediate species [CuL(HO2

−)+],
reacts with [HO2

−], a free-radical mechanism involving
reversible oxidation reduction of a cupric-cuprous couple,
and the formation of free radicals, for example, HO2

. and
HO., leading to a chain reaction [32]. Other researchers
have mentioned the formation of a peroxo-copper complex
(brown compound) in the homogeneous and heterogeneous
H2O2 decomposition with different Cu(II) complex ions that
are by themselves active catalysts for H2O2 decomposition
[33].

A series of polymers that are referred to as “nonpeptide
amino acid-based polymers” or as “amino acid-derived
polymers with modified backbones” [34] was previously
synthesized and shown to exhibit polyelectrolyte and metal
complexation behavior [35–40]. In previous works it has
been shown that the complexes of Cu(II) with polyelec-
trolytes derived from glutamic and aspartic acids exhibit
substantial catalytic activity in the decomposition of H2O2

in alkaline media [41, 42]. Key feature in these systems is
the coordination of the ligands to Cu(II) through two amidic
N− from adjacent amino acids [41, 42]. In the present work,
we investigate the catalytic activity of Cu(II) complexes with
polyelectrolytes derived from alanine, PAla, and diglycine,
PGlygly, (Scheme 1) towards the H2O2 decomposition in
alkaline solutions. A suitable mechanism is proposed to
account for the kinetic and ESR spectroscopic studies.

2. Experimental Section

2.1. Materials and Methods. All chemicals were of analytical
reagent grade and were employed without further purifi-
cation. The poly(N-methacryloyl-L-alanine) (PAla) and
poly(N-methacryloyl-diglycine) (PGlygly) were prepared by

polymerization of the corresponding monomers, carried out
in dioxane (p.a Merck) at 60◦C with AIBN (azobisisobu-
tyronitrile) as initiator. The monomers N-methacryloyl-L-
alanine and N-methacryloyl-diglycine were prepared from
methacryloyl chloride (tech. 90%, with 150 ppm phenoth-
iazine, Aldrich Chem.Co) and L-alanine (optical purity >99,
5% NT, Fluca) and glycinoglycine (>99, 5% NT, Fluka),
respectively, according to the method of Kulkarni and
Morawetz [43] . Full experimental details of the synthesis
of these compounds have been published earlier [35, 37].
Cu(ClO4)2 · 6H2O (Fluca) was used as the metal ion source.
Water was obtained from a Milli-Q purification system
(Millipore), which was feeded with doubly distilled water.
The concentration of Cu(II) solutions was determined by
complexometric titrations with EDTA. Working solutions
of hydrogen peroxide were prepared weekly by volumetric
dilution of 30% (v/v) H2O2 (AR. grade, Merck) and were
standardized daily by titration with potassium perman-
ganate. It was found that the natural decomposition rate of
aqueous H2O2 solution was less than 1% in 24 h.

The decomposition of H2O2 catalyzed by Cu(II) com-
plexes can be kinetically monitored by removing aliquots
of the reaction mixture at predetermined intervals and
titrating the undecomposed H2O2 with standard KMnO4

solutions (0.04-0.05 N), standardized with (COONa)2 (pri-
mary standard). The decomposition of hydrogen peroxide
was carried out in a thermostated cell at four different
temperatures between 293 and 308 K (±0.1 K). The pH of
the solutions was adjusted between 7 and 11 with buffer
solution of H3BO3-NaClO4 and the appropriate quantities
of NaOH 0.1 M and between 6-7 with buffer solution of
phosphate. The pH measurements were performed using
a digital Xenon pHmeter and a RUSSEL CMAWL/3.7/180
combined electrode. Standardization was done at 25◦C with
Russel buffers (potassium hydrogen phthalate at pH 4,
potassium dihydrogen orthophosphate-disodium hydrogen
orthophosphate at pH 7 and sodium hydrogen carbon-
ate/sodium carbonate at pH 10). The chosen concentration
range of H2O2 was 3.3× 10−3 to 1.3× 10−2 M. The analytical
concentration of Cu(II) ranged from 1.3 × 10−4 to 7.8 ×
10−4 M and the [ligand]/[metal] ratio (R) was chosen to
be 4 and 8. The decomposition of H2O2 was halted with
the addition of H2SO4. Acidification effectively halted the
alkaline decomposition at the desired time and titrations
with potassium permanganate in acidic media could be
carried out even 1 h later without significant discrepancy.

2.2. EPR Measurements. The measurements were made in
frozen (77 K) aliquots of the solutions of the reactions
between the systems L-Cu(II) (L stands for PAla and PGlygly)
(R = 4, [Cu(II)] = 1.0 × 10−3) and H2O2 at pH between
8.0 and 9.0 at 298 K, taken out at different times and
carried out on a Bruker ESP-300 spectrometer (X-band) with
100 kHz field modulation, 9.3 GHz microwave frequency and
equipped with a standard low-temperature apparatus. The
hyperfine coupling constants and g-factors were calibrated
by comparison with DPPH (2,2-diphenyl-1-picrylhydrazyl)
(g = 2.0028)
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3. Results and Discussion

3.1. Solution Structure of the Complexes. The presence of
both the carboxyl and the amidic groups in the ligands
(Scheme 1) gives the possibility of different complex type
formation. Although the exact geometry of the formed
complexes cannot be reached because of the complexity of
the macromolecular structures, the atoms of the ligands
which interact with the Cu(II) ions and the stoichiometry
of the formed complexes can be determined. Based on
the potentiometric and spectroscopic results, molecular
structures for the dominant copper(II)-PAla species existing
in aqueous solutions were previously proposed in [35, 36].
At pH < 4 the complex formation involves two carboxylates
and water molecules (type (I) complex); at pH > 4 another
complex, a chelate with the participation of a deprotonated
N atom of the amide function, starts to form (type (II)
complex), that gradually becomes the main species. At
pH > 9 complexes which involve two deprotonated amide
N are also detected (type (III) complexes). For PGlygly-
Cu(II) systems, at pH < 9.5 different complexes involving
carboxylates, water molecules and/or hydroxyls are detected
(type (I) complexes) [39]. At pH > 9.5 complexes with the
participation of deprotonated N atoms of the amide func-
tions are, as previously, also formed (type (III) complexes,
unpublished results). It must be mentioned that at pH > 9
hydrolysis, in some extent, of the above copper complexes
occurs and the formed copper hydroxides do not precipitate
but could be firmly bounded to the soluble polyelectrolytes
[44, 45].

3.2. Catalytic Properties. A number of experiments were
performed to study the effect of pH, H2O2, and Cu(II)
concentrations and temperature on the initial rate of the
catalytic decomposition of H2O2 from the PAla-Cu(II) and
PGlygly-Cu(II) systems. The reaction velocities at t → 0 (v0)
were determined graphically from the tangential slopes of the
curves, at zero time, which represent the concentration of
hydrogen peroxide in respect to the elapsed reaction time.
Thus the initial rate, v0, was expressed as v0 = (dc/dt)t→ 0.

Characteristic changes in the colour of the reaction
solutions take place during the course of the reactions. The
clear sky blue solutions of Cu(II) complexes turn into blurred
blue-green after the addition of H2O2. Gradually, they
become yellow-green and when concentrations of hydrogen
peroxide higher than 1.3 × 10−2 M are used, a yellow-brown
solid precipitates from the solutions with pH > 9.5. No
attempt was made to investigate the nature of this precipitate.
Small bubbles of oxygen are formed during the reaction.
Within a week the reaction solutions did not get the initial
colour. Blank experiments were performed and no catalytic
activity was observed when solutions containing only the
polymers in the absence of Cu(II) were used, in the whole pH
range. At the pH range under investigation copper hydroxide
is precipitated in the absence of the polyelectrolytes.

The reactions are found to be of pseudo-first order
with respect to H2O2 (Figure 1) for all the studied pH
and [H2O2]/catalyst ratios. The order of the reactions was
not found to decrease with the increase of the initial H2O2
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Figure 1: The variation of [H2O2] in the reaction mixture (% of
the initial concentration) and (insert) negative logarithm of titrated
H2O2 concentration versus time, from solutions of different initial
[H2O2] at pH = 8.7 for the system (a) PAla-Cu(II), [PAla] = 2.0×
10−3 M, [Cu2+] = 5.0 × 10−4 M. T = 298 K. (b) PGlygly-Cu(II),
[PGlygly] = 2.0× 10−3 M, [Cu2+] = 5.0× 10−4 M. T = 298 K.

concentration. The reactions were, also, found to be of
pseudo-first order with respect to the total concentration of
Cu(II) (Figure 2) for all the studied pH and [H2O2]/catalyst
ratios.

The dependence of the reaction rates on pH is given
in Figure 3. The rates of H2O2 decomposition are pH-
dependent. The observed rates {d[H2O2]/dt}t→ 0obs

are very
low below pH:8 and strongly increase in the alkaline region.
The order was found to be between −0.4 and −0.8 with
respect to [H+], depending on the [H2O2]. A possible
explanation is discussed forward in the text.
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Figure 2: The variation of [H2O2] in the reaction mixture (%
of the initial concentration) versus time for different Cu(II)
concentrations, and (insert) logarithm of the initial rate (vo)
versus logarithm of the [Cu(II)] for the system (a) PAla-Cu(II),
R = [PAla]/[Cu(II)] = 4, initial concentration [H2O2] =
6.8 × 10−3 M, pH = 8.5, T = 298 K. (b) PGlygly-Cu(II), R =
[PGlygly]/[Cu(II)] = 4, initial concentration [H2O2] = 6.2 ×
10−3 M, pH = 8.9, T = 298 K.

3.2.1. Effect of Temperature Activation Parameters. Using
Arrhenius plots (Figure 4) and the Arrhenius equation the
activation energies, Eα, were calculated at pH 8.8 (Table 1).

The difference in the activation energy values between
the PGlygly-Cu(II) system and the PAla-Cu(II) system
should reflect not only the different microenvironment of the
Cu(II) ions, but also the differences of the macromolecular
ligands. In these two systems, key feature is the coordination
of the ligand derived from alanine to each Cu(II) through
deprotonated amide nitrogens and carboxylates [35, 36] and
of the ligand derived from diglycine to each Cu(II) through
carboxylates [39, 46]. (Indeed, in the first coordination
sphere of Cu(II) ions amidic nitrogen(s) and oxygens are
involved in the PAla system, while only oxygens are involved
in the case of the Pglygly.) Furthermore, the distance of the
copper centers from the polymeric backbone is smaller in the
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Figure 3: The variation of the logarithm of the initial rate
(vo) versus logarithm of [H+] at different hydrogen peroxide
concentrations for the system PAla-Cu(II), [PAla] = 2.0 × 10−3 M,
[Cu2+] = 5.0× 10−4 M. T = 298 K.

PAla than in the PGlygly system. As this distance increases,
not only the approach of small molecules to the metal centers
is more favorable, but also any structural changes around
the metals are made more easily. The different mode of
complexation of the two systems is, also, reflected on the
differences in the variations of the enthalpies of activation,
ΔH#, for the two systems, as ΔH# is a measure of the height
of the energy barrier that should be overcome to reach the
transition state and is related to the strengths of the intra-
and intermolecular bonds which participate in the reaction
leading to the transition state.

3.2.2. ESR Measurements. To verify the above assumptions,
the catalytic reactions that take place in solutions with pH in
the range 8-9 were, also, followed with ESR spectroscopy, in
order to gain some insight of the mechanism and to deduce
evidence for the participating intermediates. The change
of the intensity of the axial ESR signal of paramagnetic
Cu(II) during the course of the reactions was monitored and
the existence of any new signal, due to any newly formed
paramagnetic Cu(II) species, was investigated.

The two systems exhibited a completely different behav-
ior. For the PAla-Cu(II) system we can detect three stages
of the reaction (Figure 5). In the first, very short stage, a
slight increase in the intensity of the signal is observed. In
the second stage a rapid decrease in the intensity occurs
until it reaches about 20% of the starting intensity without
entire disappearance. In the final stage the signal starts
building up again in a slow rate without ever reaching the
original intensity. From our results it was not easy to assign
any new EPR absorbing Cu(II) species, formed during the
reaction. Furthermore, as any additional spectral lines in the
area of g = 4 were not detected, any Cu(II)-Cu(II) strong
antiferromagnetic coupling was precluded to be the reason
for the decrease in the intensity of the signal [47, 48]. Finally,
as the formation of a diamagnetic Cu(III) complex (d8 low-
spin complex) can also be ruled out, since it requires ligands
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Table 1: Calculated energy parameters for the decomposition of H2O2 from the systems PAla-Cu(II) and PGlygly-Cu(II), respectively.
T = 298 K, [Cu2+] = 5.2× 10−4 M, [PAla] = 2.0× 10−3 M, [PGlygly] = 2.0× 10−3 M, R = 4, [H2O2] = 6.7× 10−3 M, pH = 8.8.

Eα
# ΔG# ΔH# ΔS#

(Kcal·mol−1) (Kcal·mol−1) (Kcal·mol−1) (cal· K−1 ·mol−1)

PAla-Cu(II) 19.2 (±1.1) 13.6 18.6 (±1.1) 16.8

PGlygly-Cu(II) 14.6 (±3.6) 13.3 14.0 (±3.6) 2.1
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Figure 4: Arrhenius plots for the system (a) PAla-Cu(II), [PAla] = 2.0× 10−3 M, [Cu2+] = 5.0× 10−4 M, [H2O2] = 6.7× 10−3 M, pH = 8.8
(b) PGlygly-Cu(II), [PGlygly] = 2.0× 10−3 M, [Cu2+] = 5.0× 10−4 M, [H2O2] = 6.7× 10−3 M, pH = 8.8.

able to give strong fields as tetrapeptides or ligands able
to give a four-nitrogen in plane coordination [49], and no
evidence of ESR lines due to paramagnetic Cu(III) complexes
could be found, the reduction of EPR-silent Cu(I) complex is
strongly suggested. The small initial increase in the intensity
of the signal could be explained as the result of the adoption
from the negatively charged macromolecular catalyst of a
more extended structure that enables the approach of the,
also, negatively charged peroxo anion that comes from the
dissociation of H2O2 that occurs at this pH. In this structure,
the metallic centers are further apart from each other and any
small spin exchange between them is diminished.

The system PGlygly-Cu(II) shows a signal with an initial
intensity of 20% of the initial intensity of the signal of the
system PAla-Cu(II), for the same total Cu(II) concentration.
The signal does not decrease in intensity as the reaction
proceeds, but instead constantly increases. It finally reaches
a plateau when the intensity equals the initial intensity of
the signal of the PAla-Cu(II) system. This striking difference
could not be explained only by the different nature of
the catalytic sites (Cu(II) complexes), without taking into
account that these sites are a part of a three-dimensional
macromolecule. As the experimental conditions (pH, ionic
strength, Cu(II) and polymer concentrations, temperature)
of the formation of the complexes as well as the anchoring
groups (amides and carboxylates) are exactly the same, the
difference in the modes of complexation must be related
to conformational effects. Indeed the complex formation
between a polyelectrolyte and a metal ion causes many

effects, mainly arising from changes in the net charge of the
polymer and changes in the electrostatic interactions [2, 50,
51]. In previous works we have reported the effect of the
complexation of Cu(II) ions on the hydrodynamic behavior
of the PAla and PGlygly [39, 52]. In these works viscosimetric
studies clearly demonstrated the formation of intramolecular
Cu(II)-carboxylates complexes, which lead to the folding
of the macromolecules. At higher pH values, when amide
nitrogens replace carboxylates on the coordination sphere of
Cu(II), only neighboring side chains are involved in complex
formation, resulting in the unfolding of the macromolecules.

As a result of the differences in the complexation modes
and the macromolecular ligand conformations of the two
systems at the pH range under investigation, the mutual
approach of the copper centers is feasible for PGlygly-
Cu(II) complex but not for PAla-Cu(II). Consequently
extensive Cu(II)-Cu(II) spin interactions may arise only in
the PGlygly-Cu(II) system. These spin interactions explain
the much smaller intensity of the initial signal in the
PGlygly-Cu(II) system, as has been observed in other systems
where copper-copper dipole interactions are promoted by
the ligands [53, 54]. No signals were observed near g = 4
and G = (g// − 2)/(g⊥ − 2) is greater than 4, indicating
negligible exchange interactions [48, 55]. The approach of
H2O2 and complexation to Cu(II) cause the unfolding of
the macromolecule, as has been observed elsewhere [56],
breaking the existing intra- and inter-crossings between the
chains of the polymer. This results in the reduction of the
spin interactions between copper centers and consequently
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Figure 5: (a) EPR spectra of a frozen solution (77 K) of PAla-Cu(II) at different reaction times. [Cu(II)] = 1.0 × 10−3 M, R =
[PAla]/[Cu(II)] = 4, pH = 8.7. (b) The variation of the intensity of Cu(II) signal, as (%) of the initial signal (t = 0 min), during the
reaction time for the systems Pala-Cu(II) and PGlygly-Cu.

the increase of the intensity of the paramagnetic signal.
Obviously, the magnitude of the increase is bigger than
the magnitude of the simultaneous decrease due to the
reduction of Cu(II) to Cu(I). Furthermore, it seems that the
reoxidation step {Cu(I) to Cu(II)} is much quicker for the
PGlygly polymer, as after 3 hrs from the beginning of the
reaction all the copper is in the Cu(II) state, while for the
PAla polymer only 20% of the copper is in the Cu(II) state at
the same time.

We did not detect any new signals due to different from
the initial Cu(II) species, for the period of a week. Thus, our
experimental data cannot support the degradation process
that has been reported for other systems [57].

3.2.3. Kinetics and Mechanism. Kinetic studies in the con-
ditions mentioned above showed that the initial rate of the
decomposition of H2O2 is proportional to [H2O2], [CuL2].
For a given pH stands

vo = −d [H2O2]
dt

= kobs[CuL2][H2O2], (1)

(kobs depends on the pH of the solution).
The following reactions are consistent with the above-

mentioned observed rate law and the thermodynamic and
spectroscopic measurements

2H2O2 � 2HOO− + 2H+, (2)

[Cu(L)2]− + HOO− � [Cu(L)2(HOO)]2−, (3)

[CuII(L)2(HOO)]
2− � [CuI(L)2(HOO.)]

2−
, (4)

[CuI(L)2(HOO.)]
2−

+ HO2
− −→ [CuII(L)2]

−
+ O2 + 2HO−,

(5)

2H+ + 2HO− � 2H2O. (6)

It is assumed that step (4) is the rate determining
step of the reaction, as the reduction of Cu(II) requires
geometrical changes around the metal center. According to
the Franck-Condon principle, before the electron-transfer
the coordinate bonds between the cupric ion and the
ligands must be stretched and the cupric complex must be
rearranged to a structure which can accept one electron. This
mechanism is in agreement with the suggestion for other
macromolecular systems [21] and can explain the change in
rate in going to more alkaline conditions, as the dependence
of the redox potential of the couple HO2

. (O2
.−)/H2O2

(HO2
−) on pH is very well known. The redox potential drops

from 1.4 to 0.18 V over the pH range 0–14 [21]. It is obvious
that the oxidation of H2O2 to HO2

. or O2
.− by Cu(II) is

more favorable in more alkaline conditions. This kind of
mechanism does not involve any diffusible radical species in
accordance to previous proposed mechanism [10, 18], but
several very rapid intermediate steps between (4) and (5)
may exist which include the participation of radicals. This
should explain the nonlinear dependence of the initial rate of
the reaction from [H+] as well as the formation of the brown
peroxo-copper precipitate at high H2O2 concentrations, but
from our data no conclusion can be drawn about the possible
structures of these intermediate species

4. Conclusions

The complexes of copper (II) with the functional polymers
PAla and PGlygly act as catalysts in the decomposition of
H2O2 at alkaline conditions. The trend in catalytic efficiency
is in the order PGlygly > PAla, due to differences in the
modes of complexation and the adopted conformations
of the macromolecules upon complexation. The catalytic
decomposition depends upon the concentration of H2O2,
the concentration of the catalyst, temperature, and pH of
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the reacting solutions. The rate of the reaction is of pseudo-
first order with respect to the concentration of H2O2 and
the concentration of the catalyst at the pH range 7–10. The
proposed mechanism involves reduction of Cu(II) to Cu(I),
during the slow rate determining step.
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Two new complexes, [Zn(O2CPh)2(L)2] · 2MeOH (1 · 2MeOH) and [Ni2(O2CPh))4(L)2] · 2MeCN (2 · 2MeCN), have been
synthesized and characterized by X-ray analysis in the course of an ongoing investigation of the MII/X−/L [MII = Co, Ni, Cu, Zn;
X− = Cl−, Br−, I−, NCS−, NO −

3 , N −
3 , PhCO −

2 ; L = 1-methyl-4,5-diphenylimidazole] reaction system, aiming at understanding
and assessing the relative strength and the way in which the intermolecular interactions control the supramolecular organization
of these compounds. In the mononuclear complex 1 · 2MeOH, the benzoate ion acts as a monodentate ligand resulting in a
distorted tetrahedral N2O2 coordination environment. Complex 2 · 2MeCN exhibits a dinuclear paddle-wheel structure; each NiII

has a square pyramidal NiNO4 chromophore with four benzoate oxygens in the basal plane and the pyridine-type nitrogen atom
of one ligand L at the apex. The structure of 1 · 2MeOH is stabilized by intramolecular π-π interactions between aromatic rings of
adjacent 4,5-diphenylimidazole moieties; it is a feature also evidenced in similar compounds of the type [MX2L2].

1. Introduction

Imidazole and its derivatives have played a formative role
in the development of coordination chemistry [1, 2].
Many hundreds of neutral complexes and complex ions
containing imidazoles have been prepared and characterized.
The variety of spectroscopic properties and stoichiometries
observed led to an improved understanding of the geometry
and bonding in complexes and provided a touchstone for
bonding theories. Imidazoles are particularly interesting
ligands in bioinorganic [3, 4] and metallosupramolecular [5]
chemistry. In the former field, imidazoles mimic the side
chain of histidine and are valuable in biological modeling.
Metalloenzyme synthetic models target the enzyme active
site structure, spectroscopy, and mechanism of action.
Further, bioinorganic models may also lead to compounds
which mimic enzyme function and provide new reagents or
catalysts for practical application. In the latter field, the pres-
ence of both donor atoms to metal ions and hydrogen bond
donors within imidazoles, combined with the π-excessive

character of the 5-membered heterocyclic ring, can lead to
intermolecular assembly of metal complexes through ligand-
ligand or ligand-inorganic anion interactions. In spite of
the enormous scientific literature on metal complexes with
simple imidazoles as ligands, there is in fact relatively little
known about the coordination and metallosupramolecular
chemistry of heavily substituted imidazoles [1].

It is well established nowadays that the most prominent
intermolecular interactions responsible for the supramolec-
ular organization of metal complexes are hydrogen bonds
and π-π stacking interactions [6–11]. With this in mind,
an investigation has recently been initiated to determine
the crystal structures of a designed series of transition
metal complexes using heavily substituted imidazole ligands
aiming at understanding the relative strength and the way in
which these interactions control the noncovalent assembly of
molecular building blocks in supramolecular systems [12]. In
particular, 1-methyl-4,5-diphenylimidazole (L) (Scheme 1),
a monodentate ligand capable of forming π-π interactions,
has been selected to initiate our studies. So far, there have
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N

H
N

CH3

Scheme 1: Drawing of the ligand 1-methyl-4,5-diphenylimidazole.

been only few studies on the coordination chemistry of
L [13, 14]. The general reaction system currently in use
involves MII/X−/L [MII = Co, Ni, Cu, Zn; X− = Cl−, Br−,
I−, RCO2

−, NO3
−, NCS−, N3

−] in various solvents and the
first Co(II) and Zn(II) complexes have already been reported
[12].

In this study we present our results on the MII/PhCO2
−/L

[MII = Co, Ni, Cu, Zn] system. So far, two new com-
plexes, namely, [Zn(O2CPh)2(L)2]·2MeOH (1·2MeOH) and
[Ni2(O2CPh))4(L)2]·2MeCN (2·2MeCN) have been synthe-
sized and characterized by elemental analyses, IR spectra, and
single-crystal X-ray analysis.

2. Experimental

2.1. Materials and Instruments. Chemicals (reagent grade)
were purchased from Merck and Alfa Aesar. All manip-
ulations were performed under aerobic conditions using
materials and solvents as received; water was distilled in-
house. The ligand 1-methyl-4,5-diphenylimidazole (L) was
synthesized as already described in a previous work [15].
Microanalyses (C, H, N) were performed by the University
of Ioannina (Greece) Microanalytical Laboratory using an
EA 1108 Carlo Erba analyzer. IR spectra were recorded on
a Perkin-Elmer PC 16 FT-IR spectrometer with samples
prepared as KBr pellets.

2.2. Compound Preparation

2.2.1. Preparation of [Zn(O2CPh)2(L)2]·2MeOH (1·2MeOH).
This compound was synthesized by a solvothermal reaction
of L (0.18 g, 0.75 mmol) and Zn(O2CPh)2·2H2O (0.10 g,
0.30 mmol) in MeOH (8 mL). The reaction mixture was
loaded into a Teflon-lined stainless steel autoclave with
inner volume of 20 mL, and then the sealed autoclave
was heated under autogenous pressure at 150◦C for 3
days. Upon slow (5◦C/h) cooling to ambient temperature,
colourless prismatic crystals of 1·2MeOH (suitable for X-ray
crystallography) appeared, which were collected by filtration,
washed with cold EtOH (2×2 mL) and Et2O (2×5 mL), and
dried in air; yield ca. 40% (based on the metal). A sample for
crystallography was maintained in contact with the mother
liquor to prevent the loss of lattice solvent Anal. Calc. for
1·2MeOH: C, 68.61; H, 5.53; N, 6.67%. C, 68.30; H, 5.41;

N, 6.88%. IR data (KBr, cm−1): 3446 (mb), 3130 (m), 3054
(m), 2924 (w), 1624 (s), 1570 (s), 1520 (s), 1484 (m), 1446
(m), 1366 (s), 1256 (m), 1196 (m), 1174 (w), 1126 (m), 1072
(m), 1024 (m), 1000 (w), 978 (m), 920 (m), 838 (m), 788 (s),
774 (s), 744 (sh), 720 (s), 700 (s), 680 (m), 650 (m), 580 (m),
512 (w).

2.2.2. Preparation of [Ni2(O2CPh))4(L)2]·2MeCN (2·2MeCN).
A pale yellow solution of L (0.29 g, 1.25 mmol) in
MeCN/CH2Cl2(30 mL, 1 : 1 v/v) was treated with solid
Ni(O2CPh)2·2H2O (0.17 g, 0.50 mmol). The resulting green
slurry was stirred at ambient temperature for 20 min.
The solution was filtered and the green filtrate was left
undisturbed in a closed vial at room temperature. After 15
days, light-green crystals of 1·2MeCN suitable for X-ray
analysis formed were collected by filtration, washed with cold
EtOH (2×2 mL) and Et2O (2×5 mL), and dried in air. Yield
ca. 60% (based on the metal). A sample for crystallography
was maintained in contact with the mother liquor to prevent
the loss of lattice solvent. Anal. Calc. for 2·2MeCN: C, 66.69;
H, 4.73; N, 7.29%. Found: C, 66.81; H, 4.40; N, 7.38%. IR
data (KBr, cm−1): 3134 (m), 3060 (m), 1626 (s), 1570 (s),
1522 (s), 1492 (w), 1444 (sh), 1418 (s), 1402 (s), 1254 (w),
1202 (m), 1174 (w), 1072 (m), 1024 (m), 978 (m), 922 (w),
842 (w), 786 (m), 776 (sh), 720 (s), 700 (s), 682 (m), 648 (m),
538 (w), 476 (m).

2.3. X-Ray Crystallography. Selected single crystals of
1·2MeOH and 2·2MeCN were covered with Paraton N oil
and mounted on the tip of a glass capillary. X-ray data for
both compounds were collected (ω-scans) on an Oxford
Diffraction Xcalibur diffractometer under a flow of nitrogen
gas at 100(2) K (MoKα radiation). For data collection
and reduction the CrysAlis CCD and RED packages were
employed [16], respectively. The reflection intensities were
corrected for absorption (multiscan method), the structures
were solved by direct methods with SIR92 [17] and refined
by full-matrix least-squares on F2 with SHELXL-97 [18].
All nonhydrogen atoms were refined anisotropically. All
hydrogen atoms bound to carbon atoms were introduced
at calculated positions applying the riding model [C(sp2)–
H and C(sp3)–H 0.93 and 0.96 Å, respectively; Uiso(H) =
1.2Ueq(C) (1.5 for Csp3 methyl groups) of their parent
C atom]. The hydroxyl hydrogen atoms of the solvent
molecules in 1·2MeOH were located by difference maps
and their positions were refined isotropically [Uiso(H) =
1.5Ueq(O)] applying a soft distance restraint. All geometric
calculations were carried out using WINGX [19], PLATON
[20], and MERCURY [21] packages; molecular graphics were
prepared with DIAMOND [22]. Details of the data collection
and refinement are summarized in Table 1.

CCDC-771769 and CCDC-771770 contain the crys-
tallographic data for 1·2MeOH and 2·2MeCN, respec-
tively. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk.
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Table 1: Crystal data and refinement parameters for complexes 1·2MeOH and 2·2MeCN.

1·2MeOH 2·2MeCN

Empirical formula C48H46N4O6Zn C64H54N6O8Ni2

Formula weight (g mol−1) 840.26 1152.55

Temperature 100(2) 100(2)

Wavelength 0.71073 0.71073

Crystal system monoclinic Monoclinic

Space group P21/n C2/c

a (Å) 13.8301(2) 29.7994(16)

b (Å) 16.2359(2) 10.4438(6)

c (Å) 18.6267(3) 18.1018(11)

β (◦) 94.075(2) 98.745(6)

V (Å3) 4171.94(10) 5568.1(6)

Z 4 4

Density (calculated) (g cm−3) 1.338 1.375

Absorption coefficient (mm−1) 0.644 0.739

F(000) 1760 2400

Crystal size (mm) 0.38× 0.26× 0.18 0.22× 0.21× 0.08

Colour, habit colorless, prism light green, plate

θ range for data collection (◦) 3.07 to 30.29 3.15 to 30.39

Index ranges
−18 ≤ h ≤ 12 −36 ≤ h ≤ 21

−22 ≤ k ≤ 22 −12 ≤ k ≤ 12

−25 ≤ l ≤ 25 −20 ≤ l ≤ 21

Reflections collected/unique (Rint) 36095/11013 (0.0304) 18454/5154 (0.0790)

Observed reflections [I > 2σ(I)] 7850 2906

Data/restraints/parameters 11013/2/542 5154/0/363

Goodness-of-fit on F 2 0.962 0.805

Final R1
a, wR2

b [I > 2σ(I)] 0.0324, 0.0788 0.0392, 0.0591

Mean and max shift/error 0.000 and 0.002 0.000 and 0.001

Largest diff. peak and hole (e Å−3) 0.503 and −0.457 −0.259/0.666
aR1 = Σ | |Fo| − |Fc| | /Σ|Fo|.
bwR2 = {Σw(F2

o − F2
c )

2
/Σw(F2

o)
2}1/2

.

3. Results and Discussion

3.1. Synthetic Comments and IR Spectra. The reactions that
led to complexes 1 and 2 can be represented by the
stoichiometric equation (1)

Zn(O2CPh)2 · 2H2O + 2L

[Zn(O2CPh)2(L)2] + 2H2O

2Ni(O2CPh)2 · 2H2O + 2L

[Ni2(O2CPh)4(L)2] + 4H2O

MeOH

MeCN/CH2Cl2

T

150◦C, P

1

2

(1)

Two features of the reactions represented by (1) deserve
brief comments. First, complex 1 could be crystallized
[in the form of the bis(methanol) solvate] only under

solvothermal conditions. Solvothermal techniques [23] allow
the application of high temperatures to reactions in relatively
low boiling solvents and are an excellent method for the
preparation of pure, crystalline products. Second, despite
the excess of the ligand (L : NiII = 2.5), only the dinuclear
1 : 1 complex 2 could be prepared. The steric bulk of both
PhCO2

− and L seems to disfavor the isolation of a six-
coordinate [Ni(O2CPh)2(L)2] molecule with chelating ben-
zoato ligands. The preparation of the 5-coordinate dinuclear
complex 2 can be partly attributed to the small tendency of
NiII to form tetrahedral species.

The IR bands of L [13] do not shift significantly in
the spectra of 1 and 2. The νas(CO2) band is difficult
to assign in the spectra due to the appearance of various
stretching vibration and the δas(CH3) mode in the 1630–
1420 cm−1 region; thus, the application of the spectroscopic
criterion of Deacon and Phillips [24] seems impossible
[25]. The bands at 1366 and 1402 cm−1 in the spectra
of 1 and 2, respectively, can safely be assigned to the
symmetric carboxylate stretching mode, νs(CO2), of the
benzoato ligands [24].
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Figure 1: A partially labeled plot of complex 1·2MeOH. The
methanol molecules and the hydrogen atoms have been omitted
for clarity. The intramolecular π-π interactions between the two
ligands LA and LB are shown with dashed lines. Ring numeration:
A1: N1A–C2A–N3A–C4A–C5A; A2: C7A to C12A; A3: C13A to
C18A; B1: N1B–C2B–N3B–C4B–C5B; B2: C7B to C12B, B3: C13B
to C18B.

3.2. Description of the Structures. The molecular structures of
complexes 1·2MeOH and 2·2MeCN are shown in Figures 1
and 2, respectively, selected bond lengths, angles, and torsion
angles are listed in Table 2. To facilitate comparison, both
compounds have the same (where applicable) atom, ring,
and ligand numbering (ligand LA: rings A1, A2 and A3;
ligand LB: rings B1, B2 and B3; see Figure 1).

Complex 1·2MeOH consists of neutral mononuclear
[Zn(O2CPh)2(L)2] molecules and methanol molecules in
the lattice in a 1 : 2 ratio; it crystallizes in the monoclinic
space group P21/n. The two benzoate ions coordinate
to Zn(II) in a monodentate fashion; this results in a
distorted tetrahedral environment about the Zn(II) centre
comprising two benzoate oxygen atoms and two pyridine-
type, imidazole nitrogen donor atoms from the two 1-
methyl-4,5-diphenylimidazole (L) molecules. Both benzoate
species are planar. The LA and LB ligands of the complex
are “antiparallel” with their methyl groups pointing at
opposite directions. The overall conformation of LA and
LB is similar. The angle between the mean planes of the
phenyl rings A2/A3 and B2/B3 is 70.5(1)◦ and 67.0(1)◦,
respectively. Moreover, the imidazole ring A1 is facing the
phenyl ring B2 [10.5(1)◦] and, similarly, the imidazole ring
B1 is facing the phenyl ring A2 [4.9(1)◦] forming weak
intramolecular interligand π-π interactions among those
pairs of rings (Table 3). It seems that steric effects and
the distorted tetrahedral geometry of the Zn(II) centre
[N3A–Zn1–N3B = 96.6(1)◦] facilitate those π-π interactions.
Similar intramolecular π-π interactions between LA and LB

have also been reported for PdII [14], and CoII and NiII

[12] complexes with L, in a series of analogous complexes of

Table 2: Selected interatomic distances (Å), angles and torsion
angles (◦) for 1·2MeOH and 2·2MeCN.

Compound 1·2MeOH 2·2MeCN

M Zn Ni

M· · ·Mi 2.734(1)

M–N3A 2.007(1) 2.017(2)

M–N3B 2.065(1)

M–O1 1.947(1) 2.015(2)

M–O3 1.950(1) 2.039(2)

M–O2 2.008(2)

M–O4 2.026(2)

N3A–M–N3B 96.6(1)

N3A–M–O1 123.4(1) 91.9(1)

N3A–M–O2 103.3(1)

N3A–M–O3 123.9(1) 98.2(1)

N3A–M–O4 96.7(1)

N3B–M–O1 103.0(1)

N3B–M–O3 97.2(1)

O1–M–O3 105.7(4) 88.0(1)

O1–M–O4 89.9(1)

O2–M–O3 90.7(1)

O2–M–O4 87.4(1)

C19–M–C26 112.46(4)

A2–A3∗ 70.5(1) 61.9(1)

B2–B3∗ 67.0(1)

C4A–C5A–C13A–C14A −57.8(2) −53.0(4)

C4B–C5B–C13B–C14B −56.8(2)

C5A–C4A–C7A–C12A −46.6(2) −40.5(4)

C5B–C4B–C7B–C12B −37.3(2)
∗Angle between the mean-planes of the named phenyl rings (see Figure 1).
Symmetry codes: (i) 1/2− x, 1/2− y, 1− z.

other divalent metals with L [26] as well as in CuII and ZnII

complexes of 2-[2′-(4′,6′-di-tert-butylhydroxyphenyl)]-4,5-
diphenylimidazole [27, 28]. This structural feature records a
preferable mode of packing between adjacent ligands bearing
the 4,5-diphenylimidazole moiety and provides stabilization
within the complex; it also supports the suitability of the
ligand L as a crystal engineering tool, namely, its effect,
through the π-π interactions, in the assembly and packing of
complexes in inorganic supramolecular chemistry [29, 30].
The length of the C–C and C–N bonds of the imidazole
groups, for both 1·2MeOH and 2·2MeCN, are as expected
in [31]; the Zn–N and Zn–O bond lengths are normal for
this kind of compound.

One of the methanol molecules (O5) in the lattice is
involved in two strong intramolecular O–H· · ·O hydrogen
bonds to the noncoordinated oxygen atom (O2) of one
benzoate and to the second methanol (O6) molecule. There
is also a weak C–H· · ·O(benzoate) interaction involving the
noncoordinated oxygen atom (O4) of the other benzoato
ligand. The packing of the molecules in the crystal lattice
proceeds through normal van der Waals contacts and some
weak intermolecular C–H· · ·O interactions contributing
to the supramolecular assembly of the structure (Table 4).
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Figure 2: A partially labeled plot of the dinuclear complex 2·2MeCN. The acetonitrile molecules and the hydrogen atoms have been omitted
for clarity. Asterisks are used for symmetry related (1/2− x, 1/2− y, 1− z) atoms.

Table 3: Geometrical details (Å, ◦) of the intramolecular π-π
interactions between LA and LB ligands for complex 1·2MeOH.

Rings Distance/Angle

Distance between ring
centroids

A1–B2 3.547(1)

B1–A2 3.622(1)

Perpendicular distance
between ring planes

A1–B2 3.437(1)

B1–A2 3.363(1)

Centroid offset
A1–B2 0.876(1)

B1–A2 1.346(1)

Dihedral angle between
ring mean-planes

A1–B2 10.5(1)

B1–A2 4.9(1)

It is known that C–H· · ·O bonds could play a role in
the organization of crystal packing, especially when classic
hydrogen bonding is absent [32–35]. A view of the crystal
packing of complex 1·2MeOH is shown in Figure 3.

The dinuclear paddle-wheel type complex 2·2MeCN,
[Ni2(O2CPh))4(L)2]·2MeCN, crystallizes in the monoclinic
space group C2/c with two solvate acetonitrile molecules.
The asymmetric unit comprises half molecule of the complex
and one acetonitrile molecule, and the structure is generated
by inversion at the midpoint of the Ni· · ·Ni distance.
The four bidentate benzoate groups bridge the two Ni
ions in a paddle-wheel arrangement about the Ni· · ·Ni
axis. Thus, each NiII atom is penta-coordinated exhibiting
a square pyramidal geometry with the apex occupied by
the pyridine-type, imidazole nitrogen donor atom (N3A)
of one monodentate 1-methyl-4,5-diphenylimidazole ligand.

a

c

b

o

Figure 3: View of the crystal packing of complex 1·2MeOH. The
hydrogen atoms have been omitted for clarity. Zn: turquoise; O: red;
N: blue; C: grey.

The Ni to apical N3A atom distance is 2.017(2), the
four Ni–O(benzoate) bond lengths range from 2.008(2) to
2.039(2) Å, and the Ni· · ·Ni–N3A angle is 160.8(1)◦. The
Ni atom lies 0.266(1) Å out of the least-squares basal plane
towards N3A atom. The Ni· · ·Ni distance is 2.734(1) Å,
shorter than the maximum distance of ∼3.5 Å that the
tetracarboxylate paddle-wheel motif can accommodate for
metal-metal separations. The acetonitrile molecule is linked
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Table 4: Hydrogen-bond geometries for 1·2MeOH and 2·2MeCN
(Å, ◦).

D–H· · ·A D–H H· · ·A D· · ·A D–H· · ·A

Complex 1·2MeOH

O6–H6· · ·O5 0.855(19) 1.916(19) 2.764(2) 172(2)

O5–H5· · ·O2i 0.847(17) 1.913(17) 2.738(2) 165(2)

C8B–H8B· · ·O1 0.93 2.50 3.282(2) 142

C6B–H6B3· · ·O1ii 0.96 2.432 3.370(2) 166

C33–H33B· · ·O4i 0.96 2.52 3.423(2) 157

Complex 2·2MeCN

C8A–H8A· · ·O2 0.93 2.30 3.151(3) 152

C34–H34C· · ·O1iii 0.96 2.50 3.371(4) 151

Symmetry codes: (i) −1 + x, −1 + y, z; (ii) 2− x, 2− y, −z; (iii) x, 1 + y, z.

to the complex via a weak C–H· · ·O1(benzoate) interaction
(Table 4). The bridged dinuclear structure M2(η1 : η1 : μ-
O2CR)4(ligand)2, first documented in 1953 for copper(II)
acetate monohydrate, is ubiquitous in modern coordination
chemistry [36]. It is found not only for carboxylates of
many transition elements, but also for dimers containing
a wide variety of other triatomic bridging ligands. This
structural type is associated with a spectrum of metal-metal
interactions ranging from no interactions, weak or moderate
spin-pairing in the copper(II) carboxylates, various orders
of metal-metal bonding, to the “super-short” metal-metal
bonds (M–M < 2 Å). The axial groups are normally
monodentate ligands but they may represent interdimer
association into a polymeric structure or may be absent.

It should be mentioned that attempts were made to
prepare metal(II)-benzoate complexes with the 1-methyl-
4,5-diphenylimidazole ligand for the divalent metals Co,
Ni, Cu, and Zn, varying the factors that could affect the
self-assembly of supramolecular architectures (such as the
solvents used, temperature, counter-ion, the ligand-to-metal
ratio, method of preparation, etc.). However, our trials
yielded only the present two crystalline materials. It seems
that the capability of the benzoate group to adopt different
ligation modes plays, at least in the present case, a role in the
formation of different coordination structural types.

4. Conclusions

The use of 1-methyl-4,5-diphenylimidazole ligand (L)
in reactions with Zn(O2CPh)2·2H2O and Ni(O2CPh)2·
2H2O has yielded the mononuclear [Zn(O2CPh)2(L)2]·
2MeOH complex (1·2MeOH) and the dinuclear
[Ni2(O2CPh))4(L)2]·2MeCN (2·2MeCN) compound.
The different benzoate binding mode to the metals used,
monodentate in the former and bidentate in the latter
complex, has led to two different coordination geometries
for the two divalent metals. The characteristic structural
pattern [12] of the intramolecular π-π interactions between
aromatic rings of adjacent 4,5-diphenylimidazole moieties
of the two L ligands is also present in the structure of
1·2MeOH and contributes to the stability and rigidity of the
structure.
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Tetramic and tetronic acids are naturally occurring molecules with a variety of biological activities. In this review article, we present
the general strategies for the synthesis of these compounds and we reveal the functionalized groups that are responsible for their
properties. We also set out their coordinating modes with up-to-date bibliographical references.

1. Introduction

Tetramic acids, pyrrolidine-2,4-dione derivatives, are natu-
rally occurring molecules synthesized by numerous organ-
isms and found in a variety of natural products [1, 2]. This
class of five membered heterocycles has attracted significant
attention due to the broad range of biological activities they
exhibit. This activity comprises of antibiotic and antiviral,
cytotoxicity, mycotoxicity, as well as inhibition of the cell
cycle. Various examples of tetramic acid derivatives isolated
from the nature are streptolydigin which inhibits RNA
polymerase [3], the melophlin family of compounds which
have shown antimicrobial activity [4], equisetin and its
homologue trichosetin with inhibitory activity against Gram
positive bacteria [5, 6], and reutericyclin which exhibits a
wide range of pharmacological activities [7, 8]. In addition, a
series of derivatives have been patented by Bayer CropScience
as ingredients for fungicidal and herbicidal use [9].

On the other hand, tetronic acids, 4-hydroxy-[5H] furan-
2-ones, are compounds with antibiotic, antiviral, antineo-
plastic, and anticoagulant activity [10, 11]. Compounds
which have been isolated from natural products and exhibit
such activity are tetronasin [12], RK-682 [2, 13], the well-
known family of compounds named vulpinic acids [14, 15]
and many others.

For a long time, we have been involved in the chemistry
of tetramic and tetronic acids and the design of new strategies

for the preparation of small heterocyclic molecules. Their
synthesis has been accomplished based on a similar strategy
starting from the appropriate precursors, suitably protected
α-amino acids for tetramic and α-hydroxy acids for tetronic
acids, using the N-hydroxybenzotriazole methodology for
the synthesis of their active esters.

2. Synthesis of Tetramic Acids

Owing to the importance of tetramic acid derivatives,
numerous approaches to their synthesis have been devel-
oped. They mainly make use of amino acid-derived pre-
cursors whose stereochemical integrity remains more or
less conserved in the structure of the products. Significant
studies on the synthesis of such optically active compounds
have been made by Ley et al. [16] who used a series
of β-ketoamides as intermediates for the preparation of
enantiomerically pure 3-acyl tetramic acids, based on the
Lacey methodology for the synthesis of tetramic acids by N-
acylation of α-amino acids (Scheme 1).

On the other hand,Andrews et al. [17] provided an N-
acyloxazolidine derivative of L-serine as a suitable precursor
for the construction of chiral substituted tetramic acids with
high enantiomeric excess. Other methodologies based on
the enantioselective Lacey-Dieckmann cyclization, requiring
strongly basic conditions, have also been reported [18, 19]
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whereas Jouin and coworkers have proposed the use of
Meldrum acid in the presence of isoprenyl chloroformate
and DMAP reagents [20]. Recently,Schobert and Jagusch
proposed an expedient synthesis of tetramic acids from
α-amino esters, in which the cyclization route involved a
domino addition-Wittig alkenation reaction with immo-
bilized triphenylphosphoranylidene ketene under neutral
nonracemizing conditions [21]. Acylation to 3-acyltetramic
acids was then performed with the appropriate acyl chloride
and boron trifluoride-diethyl etherate under microwave
irradiation. This route was followed in the synthesis of
natural products like reutericyclin (Scheme 2).

Our first attempt to use N-hydroxybenzotriazole in the
synthesis of heterocyclic compounds was made in the field
of tetramic acids [22]. We applied the ”one-pot” synthetic
strategy which comprises of a C-acylation reaction between
the N-hydroxybenzotriazole ester of the appropriate optically
active amino acid 1 and diethyl malonate 3. When the
product was not the corresponding tetramic acid 4–6 but
the C-acylation compound A, a cyclization reaction under
basic conditions was performed to afford the corresponding
tetramic acid 7–9 (Scheme 3).

The crucial parameter on the synthesis of the N-
acylated-3-ethoxycarbonyl tetramic acids 4–6 or N-H-3-
ethoxycarbonyl tetramic acids 7–9 is the molar ratio between
the N-acylated amino acid 1 and diethyl malonate 3. We
observed that when diethyl malonate 3 was used in molar
excess (2 equiv.), the oily product containing the C-acylation
compound A and diethyl malonate 3 was obtained. On
the other hand, when diethyl malonate 3 was used in sto-
ichiometric ratio (1 equiv.), the N-acetyl-3-ethoxycarbonyl
tetramic acids 4–6 were obtained as white solids. The
enantiomeric purity of the final products was tested by HPLC
and the results were in the range 82%–96%ee.

These results indicate the success of the proposed
methodology to maintain the stereochemical integrity of
the corresponding α-amino acids. Another advantage of
the proposed methodology is that there is no need for
isolating the intermediate N-hydroxybenzotriazole esters of
the chiral α-amino acids, in contrast to previously described
methodologies. This fact reduces the time for the synthesis
of the desired products and is beneficial for the overall
yield of the reaction (45%–75%). Therefore, the reaction is
simple, inexpensive, easily scaled up and proceeds with low
racemization.

3. Synthesis of Tetronic Acids

Given our interest on the synthesis of tetramic acids and their
coordination compounds, we have oriented our interest on
the chemistry of tetronic acids.

In the literature, there are a number of reliable methods
for the synthesis of such derivatives. Several methodologies
include Dieckmann cyclization [23], cycloaddition [24],
oxidation [25], Wittig-Claisen [26], lactonization [27], and
enzymatic reactions [28]. A few years ago, the synthesis of
3-acyl-5-methoxycarbonyl tetronic acids has been reported
from our research group [29]. A new strategy for the
synthesis of functionalized tetronic acids was developed
by Schobert and coworkers [30], applying the “domino”
process, which comprises of the reaction between the esters
of α-hydroxy acids and the cumulated phosphorus ylide
ketenylidenetriphenylphosphorane (Scheme 4).

In addition, the one pot synthesis of 3-aryl- unsub-
stituted, mono- and disubstituted at 5 position of the
heterocyclic nucleus tetronic acids, as well as three natural
vulpinic acids have been recently studied byMalligner and
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coworkers based on a tandem transesterification/Dieckmann
condensation reaction (Scheme 5) [31].

As a logical extension of our previous efforts on the syn-
thesis of small heterocyclic compounds, we decided to inves-
tigate the condensation reaction of N-hydroxybenzotriazole
esters of O-protected α-hydroxy acids and active methylene
compounds bearing appropriate substituents suitable for
preparing highly functionalized tetronic acid derivatives with
pharmacological interest [32]. Generally, a definite short-
step methodology for producing chiral 3-substituted tetronic
acids or their γ-hydroxy ester precursors via a C-acylation
reaction between the N-hydroxybenzotriazole ester of an
appropriate O-protected-α-hydroxy acid and the desired
active methylene compound was accomplished (Scheme 6).

The proposed strategy comprises of a C-acylation reac-
tion between an active methylene compound 3 and the N-
hydroxybenzotriazole ester of the appropriate O-protected-
α-hydroxy acid 1. In cases where the main product of the
C-acylation reactions were the functionalized 4-acetoxy-3-
hydroxybutenoates 7–14, we used these γ-hydroxy esters
for the preparation of the corresponding tetronic acid
derivatives 15–21 under acidic conditions (MeOH, 10%
HCl). At this point, it is important to notice that the
lactonization of the β-hydroxybutenoates proceeded without
racemization of stereogenic centers at C-5. One first remark
in our proposed synthetic route is that only the O-acetyl-
glycolic acid 1a gave the corresponding tetronic acids 4–6
via one-step reaction. In contrast, S-mandelic acid 1b, α-
hydroxyisobutyric acid 1c, L-α-hydroxyisovaleric acid 1d,
and L-α-hydroxyisocaproic acid 1e gave the corresponding

γ-acetoxy-β-hydroxybutenoates 7–14 as oily products. These
intermediates were treated with 10% HCl in MeOH at room
temperature for 24 or 48 hours to afford the corresponding
tetronic acids 15–21. Additionaly, the tetronic acids 15, 16,
and 18–21 have been found to be optically active as shown by
their optical rotations. This observation is in full accordance
with the results obtained in the synthesis of tetramic acids
[22].

4. Tetramic Acids as Quorum Sensing Molecules

The survival of microorganisms may contain the mechanism
of eliminating the presence of other such organisms through
the destruction of their transmembrane permeability. In
such a context, the scientific team of D. K. Janda has
extensively studied the role of 3-oxo-dodecanoyl homoserine
lactone (3-oxo-C12-HSL) in P. aeruginosa sp [33–35]. Based
on the fact that 3-oxo-C12-HSL can be easily converted to
the corresponding tetramic acid (C12-TA) through a nonen-
zymatic Claisen “internal rearrangement”, the antimicrobial
activity of these two compounds was examined. Therefore,
3-oxo-C12-HSL has an action mainly on host cells acting
as “quorum sensing” molecule (QS), whereas its conversion
to the C12-TA is important in order to inhibit the life of
bacterial competitors. In addition, C12-TA has no inhibitory
activity on mammalian cells in contrast to other tetramic
acids which were developed as potent antibiotics [36, 37]
and the precursor 3-oxo-C12-HSL. Although the mode of
action of tetramic acid remains to be established, this
molecule is a potent “iron chelator” (see [35] and references
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therein). Consequently, it is clear that the discovery and
synthesis of tetramic acids which are derived from naturally
existing “homoserine lactones” is a new challenging avenue
in medicinal chemistry.

5. Tetramic Acid Coordination Compounds

Early studies on fungal toxins have demonstrated that
tetramic acids tend to occur naturally as metal-chelate
complexes [38]. Metal chelation by tetramic acid nucleus

seems to be important for transport across membranes in
biological tissues [2]. Tetramic acids possessing a 3-acyl
group have the ability to chelate divalent metal ions. For
instance, tenuazonic acid from the fungus Phoma sorghina
has shown to form complexes with Ca(II) and Mg(II) [39] as
well as heavier metals such as Cu(II), Ni(II), and Fe(III) [40,
41]. Furthermore, the research group ofBiersack et al. has
extensively studied melophlins, a group of 3-acyl-N-methyl
tetramic acids, as far as their synthesis and biological activity
is concerned,and it has presented the synthesis of complexes
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of melophlins with Mg, Zn, Ga, La, and Ru [42]. The
chelation mode is the well-known complexation through
the oxygen atom of the exocyclic carbonyl group (attached
at position 3 of the heterocyclic nucleus) and the ketonic
moiety of position 4 (E-isomer) or position 2 (Z isomer),
respectively (Scheme 9). The biological evaluation of the new
complexes showed antiproliferative activity against various
cancer cells. Likewise, cyclopiazonic acid (CPA) [43] is a toxic
indole tetramic acid produced by various fungi and found to
inhibit SERCA (a well-studied member of the P-type ATPase
family in the rabbit skeletal muscle). The way CPA works was

studied through its chelation mode with Mg(II), Mn(II), and
Ca(II), and it was revealed that the bivalent way of chelation
is desirable in order to enhance the cytoplasmic cation access
pathway.

Our research group interest deals with the coordination
capabilities of various heterocyclic compounds containing
the β,β′-dicarbonyl system. Among others, we have prepared
new metal complexes with pyrrolidine-2,4-dione derivatives,
in order to improve their pharmacological profile by binding
them to metal ions. As it was already reported in the literature
[1, 2], the biological activity of some tetramic acid derivatives
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significantly has been enhanced by binding to metal ions. It
was found that in some cases the metal complexes obtained
revealed higher biological activity than their ligands.

Over the past years, we synthesized two novel ligands
based on tetramic acid core, the N-acetyl-3-benzoyl and
3-butanoyltetramic acids, with binding sites suitable for
chelation of Co(II), Ni(II), Cu(II), Cd(II), and Hg(II) species
[44] (Scheme 7). Starting from these ligands, complexes with
1 : 1 and 1 : 2 metal to ligand stoichiometries were prepared.
The magnetic and spectroscopic properties of the Co(II),
Ni(II), and Cu(II) halide and thiocyanate complexes of
formula MX2L (L = tetramic acid ligand) indicate that these
contain six-coordinated metals with both bridging anions
and tetramic acids. The acids appear to be bonded to the
metals possibly through the nitrogen atom and a carbonyl
oxygen atom and the IR spectra indicate the Cd(II) and
Hg(II) complexes to be possibly tetrahedral.

The rhodium (I) complexes [Rh(acac){P(OPh)3}2] and
[Rh(acac)(CO)PPh3] (acac = acetylacetonate) in the pres-
ence of triphenyl-phosphite or phosphine, respectively, are
catalyst precursors for the hydroformulation of olefins under
mild conditions [45]. The substitution of acac by other
chelating molecules, including the β-diketonate, moiety has
been less well studied for rhodium complexes.

The preparation of rhodium(I) complexes contain-
ing the N-acetyl-3-butanoyltetramic acid (Habta) together
with their structural characterization via X-ray analysis of
[Rh(abta){P(OPh)3}2], their 1H, 13C, 31P NMR spectra, and
IR measurements have been investigated [46].

The addition of 1 equiv of Habta to a solution of
[Rh(acac)(CO)2] in CH2Cl2 results in complete substitution
of acac by abta with formation of [Rh(abta)(CO)2] which
underwent displacement of CO by either P(OPh)3 or
PPh3 to give [Rh(abta)(CO)L] L = P(OPh)3 or PPh3 and
[Rh(abta){P(OPh)3}2].

The 13C NMR spectrum of [Rh(abta)(CO)2] consists of
two equally intense resonances due to rhodium carbonyls
which are equivalents as a result of the asymmetry of coor-
dinated abta. Spectroscopic data for all the abta complexes
are consistent with its coordination O,O′-mode through the
functionalities associated with C(4) and the acyl group at
C(3) in the pyrrolidinone ring, as by X-ray crystallography.
The IR spectrum of [Rh(abta)(CO)2] showed two equally
intense v(CO) bands at 2095 and 2027 cm−1 owing to
the fast substitution of acac (vCO 2085, 2014 cm−1 in
[Rh(acac)(CO)2]), whereas a strong absorption in the range
1605–1612 cm−1 can be attributed to a combination of the
v(CO) and v(C=C) vibrations of coordinated data.

The 5-arylidene-3-alkanoyl tetramic acids contain
important structural adjuncts, namely, an enolic β,β′-
tricarbonyl moiety, a lipophilic 3-alkanoyl substituent, and
a hydrophobic group at the 5-position which allow them to
anticipate versatile activity. Moreover, the β,β′-tricarbonyl
moiety provides them with sites available for metal
complexation. These properties prompted us to study the
synthesis and the complexation reaction of 5-benzylidene-
3-hexanoyl tetramic acid (BHTA) with the halides of
Mg(II), Ba(II), and Zn(II) [47]. Interest in complexes of
Mg(II) arises from the antibiotic “Magnesidin”, containing

the 5-ethylidene-3-alkanoyl acids with Mg(II) [48]. The
structure of the novel complexes of Mg(II) and Ba(II)
followed the pattern of two metal ions and three ligands in
the complex structure whereas the complexation reaction
with Zn(II) halide afforded a complex comprising of the
metal ion and two ligands (Scheme 8). Elemental analyses
and FAB MS spectra revealed structures of the formulae
Mg2L3(OH)·4H2O, Ba2L3(OH).6H2O, and ZnL2·4.5H2O. In
the 13C NMR spectra of the complex with Zn, the appearance
of two signals at different values for each carbonyl carbon is
the proof of the existence of two five-membered inequivalent
chelate rings, whereas in the complexes of Mg and Ba the
NMR spectra exhibit three resonances for the carbonyl
carbons. These signals are not equally intense, an indication
for the presence of three tautomers which are interconverted
by a relatively slow metal-oxygen dissociation-association
process on the NMR time scale.

The structural investigation of the metal 5-benzyliden-
3-alkanoyl tetramic acid is important to analyze both
the ligating abilities of tetramic acids and the effects of
coordination on the conformation of the HL/L− molecules.

It is well-known that N and O play a key role in the
coordination of metals at the active sites of numerous
metallo-biomolecules. Therefore, a number of Cu(II),
Co(II), Ni(II) and Zn(II) acetate complexes containing
the enolate N-acetyl-3-butanoyltetramic acid and its
phenylhydrazone derivative analogues were studied [49].
The reaction in 1 : 1 ratio afforded complexes of the general
formula M(OAc)(L-H)·H2O whereas the reaction in 1 : 2
ligand to metal ratio gave complexes of the formula M(L-
H)2·yH2O. The way the ligand is complexed to the metal
ion was proved by X-ray analysis of the crystals obtained
from the reaction of the ligand with Cu(OAc)2·H2O. The
enolate of the ligand is complexed through the oxygen
atoms of the hydroxyl group of position 4 and the carbonyl
oxygen of the acyl moiety attached at position 3 of the
heterocyclic ring. In this complex, copper possibly adopts
a slightly distorded octahedral coordination geometry. The
reaction of the ligand with Zn(II) acetate in 1 : 1 and 1 : 2
ratio, respectively, gave complexes where the depronotaded
ligand was further deacylated at the nitrogen atom in the
first situation but not in the second one. In addition, a new
ligand was then synthesized, the phenylhydrazone of the
previously used tetramic acid (Scheme 9), and its complexes
with Cu(II) and Co(II) in 1 : 1 and 1 : 2 ratio were formed.
The structures exhibited the general formulae M(OAc)(L-H)
and M(L-H)2, respectively, as described for the tetramic
acid. In contrast to the situation with Zn(II) acetate, the
reaction of the phenylhydrazone of tetramic acid with
Zn(OAc)2·2H2O irrespective of the metal to ligand ratio
afforded Zn(OAc)(L-H) containing the deacylated ligand.

Finally, the solid state structure of [Cu(abta)2 (py)2]
·2H2O has been determined by single crystal X-ray diffrac-
tion. It shows that copper adapts a slightly distorted octahe-
dral coordination geometry with ligand adopting an O,O

′
-

mode of coordination via the functionalities associated with
C4 and the acetyl group at C3 in the pyrrolidine ring.

New platinum (II) complexes containing 3-alkanoyl
tetramic acids have shown to exhibit a broad spectrum
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of biological properties. Although the synthesis and the
antitumor activity of these complexes is mentioned in two
patents [50, 51], no details are given concerning the structure
of the complexes. There is a large body of experimental
evidence suggesting that the success of platinum complexes
in killing tumor cells results from the ability to damage
DNA by forming various types of covalent adducts [52,
53]. Encouraged by promising chemotherapeutic proper-
ties of “cisplatin” complexes, we investigated the coordi-
nation ability of N,3-diacetyl tetramic acid (Hata) with

cis-(NH3)2PtCl2, (dach)PtCl2, (en)PtCl,2 and K2PtCl4. The
structure of the isolated complexes was investigated by means
of IR, NMR, ESI-MS Spectroscopy, and molar conductivity
measurements [54]. The pattern of complexation of the
deprotonated ligand follows possibly the known bidentate
mode through the oxygen atoms of the 3-acyl moiety and
the hydroxyl group of position 4 of the heterocyclic nucleus
(Scheme 10). The coordination sphere around Pt(II) can
be described as distorted square-planar and the stability
of the ligand in its complexation ability remains except
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for the situation of performing the NMR experiments in
DMSO-d6 in which the ligand is fully replaced by the
solvent molecules in the metal complex. These complexes
have similarities with complexes between alkanoyl tetramic
acids and Pt(II) which were patented since they exhibited
interesting biological activities. In this context the structure
evaluation of our complexes is very useful in order to
perform structure-activity relationship experiments with the
previous complexes.

The ability of N-acetyl-3-butanoyltetranic acid (Habta)
enolate ligand to substitute acetylacetonate from [Rh(acac)
(CO)2] prompted us to study the progressive displacement of
acac from [Pd(acac)2] complexes which occurs on reaction
with different tetramic acids [L = N,3-diacetyl (Hata), N-
acetyl-3-butanoyl (Habta), and N-acetyl-3-ethoxycarbonyl
(Haceta)] [55]. In the first two situations (3-acyl and 3-
butanoyl tetramic acids), the displacement afforded com-
plexes of the general formulae [Pd(acac)(L-H)] in 1 : 1
and 1 : 2 ratio of reaction, but in the situation of 3-
ethoxycarbonyl tetramic acid the only isolated complex was
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[Pd(acac)(L-H)] even in 1 : 4 ratio of reaction. On the other
hand, the reaction of all the above tetramic acids in aqueous
solution of K2[PdCl4] gave complexes of the general formula
[Pd(L-H)2]. The study of the structure of complexes with
NMR Spectroscopy showed that there is only one isomer
in complexes [Pd(acac)(L-H)] whereas in complexes [Pd(L-
H)2] two isomers are apparent, which are evaluated as the
“cis” and “trans” isomers based on the possible bidentate
complexation of the ligand through the oxygen atoms of the
pyrrolidine nucleus (Scheme 11). Addition of a Lewis base,
such as pyridine, to a chloroform solution of [Pd(abta)2],
forms a Lewis base adduct, [Pd(py)4(abta)2] which has been
characterized by X-ray analysis and shown to contain a
square planar Pd(py)4 group with trans-monodentate weeky
bonded abta groups.
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6. Tetronic Acid Coordination Compounds

The coordination mode of tetronic acids is a research field
with great interest and many examples in the recent literature
can be found. Complexes of tetronic acids with Cu(II) have
been synthesized and their biological activity was elucidated
[56], whereas a number of complexes of 3-acyl tetronic acids
with Pd(II) and Pt(II) have also been reported [57, 58].
Finally, complexes with several metal ions have proved the
existence of 1 : 2 or 1 : 3 ratios (metal : ligand) either by
conductometric or pH-metric titrations [59] or by X-Ray
crystallographic analysis [60].

The complexation mode of 3-ethoxycarbonyl tetronic
acid (L = HETA) with acetates and chlorides of Cu(II) and
Co(II) was studied based on measurements of magnetic sus-
ceptibility and EPR Spectroscopy [61]. The complexes iso-
lated were Cu(OAc)(L-H), Cu2(OAc)2(L-H)2(H2O)2, Cu(L-
H)2(H2O),

2 and Co2(OAc)2(L-H)2(MeOH)2 (Scheme 12).
The isolated complexes of Cu(II) and Co(II) acetates with
HETA in 1 : 1 ratio have a possible octahedral stereochem-
istry with bidentate coordination mode through O(4) and
O(6) of the tetronate ring as indicated by the shift to lower
wavenumbers of the lactone and diketone characteristic
bands. In addition, magnetic susceptibility measurements
showed that no reduction to Cu(I) occurred whereas the
result for Co(II) complex gives evidence of octahedral
stereochemistry. The chloride Cu(II) complex with HETA in
1 : 2 ratio has a possible octahedral stereochemistry, whereas
the exclusion of dinuclear species was achieved through EPR
measurements. However both Cu(II) compexes showed the
presence of two sets of EPR signals indicating an unho-
mogenity of centers; some of them point to a mononuclear
structure, while the others adopt a dinuclear structure.
Moreover, EPR studies for these compounds showed the pos-
sible mononuclear and dinuclear structures, respectively. In
summary, we have prepared a plausible model for the copper,
cobalt β,β′-tricarbonyl coordination compounds. Our pro-
posed model may help define some of the unusual features
associated with copper and cobalt metallobiochemistry.
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Fly ash superficially modified with humic substances from the Megalopolis lignitic power plant was prepared and evaluated for
agricultural uses. UV-vis spectrophotometry and IR spectroscopy revealed that fly ash shows high sorption efficiency towards
humic substances. Adsorption proceeds stepwise via strong Coulombic and hydrophophic forces of attraction between guest and
host materials. Langmuir, Freundlich, BET, Harkins-Jura, and Dubinin-Radushkevich isotherm models were employed to evaluate
the ongoing adsorption and shed light to the physicochemical properties of the sorbent-adsorbate system. Humic substances
desorption and microbial cultivation experiments were also carried out to examine the regeneration of the humates under
washing and explore the possibility of this material acclimatizing in real soil conditions, both useful for biofunctional agricultural
applications.

1. Introduction

Fly ash is an amorphous mixture of ferroaluminosilicate
minerals generated from the combustion of ground or
powdered coal at 400–1500◦C and belongs to the coal
combustion by-products in power plants produced from
bituminous, subbituminus, and lignite combustion. Fly ash
is the mineral residue consisting of small particles that are
carried up and out of the boiler in the flow of exhaust gases
and are collected from the stack gases using electrostatic
precipitators, flue gas desulphurization systems, and bag
houses [1]. Approximately 70% of the by-product is fly ash
collected in electrostatic precipitators, which is the most
difficult to handle [2]. This fact pinpoints the necessity for
environment-friendly uses of fly ash. Fly ash is mostly used
as a substitute for Portland cement in manufacturing roofing
tiles and as structural fill, sheetrock, agricultural fertilizer,
and soil amendment [3, 4]. Chemically, 90%–99% of fly ash
is comprised of Si, Al, Fe, Ca, Mg, Na, and K with Si and Al
forming the major matrix. The mineralogical, physical, and

chemical properties of fly ash depend on the nature of parent
coal [5, 6]. All these applications are based on the presence of
basic mineral elements resembling earth’s crust, which makes
them excellent substituent for natural materials.

The Greek peaty lignite of the Megalopolis Basin, formed
during the Quaternary period and comprising significant
quantities of humic substances and inorganic content [7,
8], may be an effective raw material for obtaining both
humic substances and fly ash. During the last fifty years,
Megalopolis lignite has been almost solely utilized for power
generation producing solid wastes such as fly ash, bottom
ash, boiler slag, and flue gas desulphurization materials,
which have been commonly treated as wastes.

Agricultural utilization of fly ash has been originally
proposed mostly thanks to its considerable K, Ca, Mg,
S, and P contents [5, 9–11]. It was also realized that fly
ash addition could also decrease the bulk density of soils,
which, in turn, improved soil porosity and workability and
enhanced water retention capacity [9]. Additionally, acidic
or alkaline fly ash, may be of agronomic benefit buffering
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the soil pH [5, 12, 13] and improving the soil nutrient status,
thus increasing plant growth and nutrient uptake [14, 15].
The electrical conductivity of soil also increases with fly ash
application and so does the metal content. Mixtures of swine
manure with fly ash proved to increase the availability of
Ca and Mg balancing the ratio between monovalent and
bivalent cations, which otherwise proves detrimental to the
soil [16]. This is of major importance as the presence of
Ca can enhance flocculation or aggregation of soil particles,
particularly clay, keeping soil friable, thus allowing both
water and roots to penetrate hard and compact soil layers.

Compared to traditional soil-conditioning materials as
asbestos, fly ash seems more advantageous as it is an
environmentally safe material, contains plant nutrients, and
can be used in biological cultivations (EU dir 889/08).
Additionally, it is a low-cost material and, thanks to its
granular composition, is readily applicable.

Humic substances are natural organic matter ubiquitous
in water, soil, and sediments produced from the decay of
animal and plant tissues and/or microbial activity. They
are multifunctional amorphous biopolymers composed of
hundreds of organic constituents including carbohydrates
and condensed aromatic rings substituted by carboxylic,
phenolic, and methoxyl groups [17], which may serve as
an ideal ligand for bioinorganic applications. Their role in
soil environment and their contribution in sustaining plant
growth are of significant importance. Soil structure (water
retention, texture, and workability), biological activity, and
sequestration (chemical bioavailability, bioaccumulation,
and transport of nutrients) are properties and processes of
the global ecosystem directly affected by humic substances.
The major challenge in research arises from the extended
diversity of humic substances due to their large chemical
heterogeneity and geographical variability [18].

Until now, fly ash has been used only as humic acid
adsorbent for waste treatment [19, 20]. Therefore, the
possibility of producing a material combining both the
humic substances and fly ash advantages would appear
particularly attractive.

In this work, fly ash superficially modified with humic
substances (both derived from the Greek peaty lignite of the
Megalopolis Basin) was prepared. UV-vis spectrophotometry
and IR spectroscopy were employed to characterize the
adsorption process. Five adsorption models were selected
to envisage the physicochemical properties of the sorbent-
adsorbate system based on the fundamental considerations
and theoretical hypotheses of the specific isotherms. Humic
substances desorption experiments were also carried out
to determine the release rate of the humates adsorbed
under washing. Additionally, cultivation experiments of
microorganisms were processed to evaluate the possibility of
acclimatizing this material in real soil conditions, useful for
biofunctional agricultural applications.

2. Materials and Methods

Both humic substances and fly ash were extracted from the
Greek peaty lignite of the Megalopolis Basin, Greece. The

selection of lignite was based on the rich content of humic
substances in the particular lignite field [7, 8, 17]. Fly ash
is a by-product during lignite combustion in Megalopolis
power plants. Samples of fly ash were also received from the
Ptolemais Basin (Kardia) for comparison purpose.

The extraction of humic substances from Megalopolis
lignite using KOH solutions has been described previously
as humates originating from low-rank coals are almost
completely soluble in aqueous alkali [17]. A Varian Cary
3E UV-vis spectrophotometer was used to estimate the
concentrations of humic substances at λmax = 550 nm. Prior
to calculations a linear calibration curve was established by
plotting absorbance against humic substances content.

In order to investigate the adsorption of humic sub-
stances on fly ash the following procedure was applied:
50 mL of humic substances solution were mixed with 1 g
fly ash. The mixture was left under stirring for 1 hour at
ambient temperature (291 K) and constant pH and then
filtered to separate the humates. The concentration of humic
substances in the solution was determined spectrophotomet-
rically as described above and the retention of the adsorbate
onto adsorbent (mg g−1) was calculated by the following
equation:

Qe = (C0 − Ce)
m

V , (1)

where Qe is the equilibrium concentration of humic sub-
stances on the adsorbent (mg g−1), C0 their initial concentra-
tion in solution (mg L−1), Ce the equilibrium concentration
of humic substances in solution (mg L−1), m the mass of
adsorbent (g), and V the volume of the humic substances
solution (L).

Adsorption experiments were also repeated at 308, 323,
338, and 353 K and at several pH values to study the
effect of temperature and acidity, respectively. In all cases,
a humic substances concentration range 1.90 to 39.1 g L−1

was applied. The effect of time on humate retention was also
investigated in a 2- to 180-minute range.

Desorption experiments were carried out in humic-
loaded fly ash (0.5 g) by washing with distilled water (10 mL).
The aqueous extract was centrifuged from fly ash and the
concentration of the humic substances released in water was
calculated spectrophotometrically.

For the determination of microorganisms the method of
progressive dilution in liquid media by direct plating was
used. In the case of bacteria specimens, 1g of the material
tested was mixed with 10 mL Ringer solution (2.25 g L−1

NaCl, 0.10 g L−1 KCl, 0.12 g L−1 CaCl2·2H2O and 0.05 g L−1

NaHCO3). Nutrient agar was added as growing medium.
The samples were incubated at 310 K for 48 hours prior
to counting colonies. For the cultivation of fungi 1 g of the
sample was mixed with 2 mL Ringer solution. Sabouraud was
used as growing medium and X900 vials were also added to
increase the selectivity. The samples were incubated at 303 K
for 7 days prior to counting colonies and fungi identification.
Two replicates per dilution were plated and counted. All
materials and equipment used were sterile. Control cultures
were also ran in the absence of the studied compounds.
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The microbial population was counted in cfu g−1 of the
compound tested.

A Perkin-Elmer 883 IR spectrophotometer was employed
to record infrared spectra; pellets of the specimens were
prepared after mixing with dry KBr. The chemical analyses
of fly ash samples were obtained from EDXRF measurements
on a MDX1000 OXFORD spectrophotometer. Solids were
separated from solutions with the use of an MLW T 54
centrifuge (15 minutes at 3600 minutes−1). Acidity measure-
ments were carried out by a SANXIN PHS-3D pH meter.

3. Results and Discussion

3.1. Parameters of Adsorption. The time of sorbent-adsorbate
interaction and the acidity of the solution, both useful in
setting up the adsorption process, are of great importance in
adsorption phenomena. The retention of humic substances
on fly ash increased only during the first 30 minutes and
then remained practically constant; that is, equilibrium
was attained. The solution acidity affects both the surface
charge of the adsorbent and the protonation/deprotonation
equilibria of the adsorbate. Figure 1 indicates that neutral
humic solutions mostly favor the adsorption of humic
substances onto fly ash. An increase in pH facilitates
deprotonation of both fly ash and humic substances while at
low pH values both sorbent and adsorbate become positively
charged. Carboxylic groups, the principal source of charge
development in natural organic matter, are ionized in pH =
4-5 [21]. Neutrality of humic substances solution seems to
compensate the repulsive forces developed in homonymous
charges in both host and guest materials, thus, favoring
adsorption.

The effect of pH clearly shows that Coulombic interac-
tions are involved in adsorption. However, the low cation
exchange capacity of the Megalopolis fly ash (2.5 meq/100 g)
cannot account for the whole amount of the adsorbate and,
thus, insinuates additional dispersive host-guest interactions
of hydrophobic nature (van der Waals, π-π, CH-π) and
hydrogen bonds induced by the hydrophobic domains
present in the humic superstructures [18].

3.2. Adsorbent Effect. Four different ashes (two fly ashes
and two bottom ashes) from the Megalopolis and Ptolemais
(Kardia) Basins were tested for the adsorption of humic
substances. The chemical composition and properties of
these ashes are presented in Table 1. Table 2 points out
significant differences in adsorption of humic substances on
these ashes. Specifically, both Megalopolis ashes retain more
humic substances compared with the corresponding Kardia
ones, a fact initially ascribed to the differences in the silicate
content (Table 1).

In order to explain this observation, IR spectra were
received (Figure 2) to determine changes in structure addi-
tional to the changes in the chemical composition of the
adsorbents. The main infrared bands are located at approxi-
mately 3450 cm−1 and 1640 cm−1 for O–H stretching and O–
H bending, respectively [22]. The band at 1460 cm−1 repre-
sents the sodium carbonate resulting from carbonation [23].

0

100

200

300

400

500

600

H
u

m
ic

su
bs

ta
n

ce
s

(m
g)

/fl
y

as
h

(g
)

5 6 7 8 9 10

pH

Figure 1: Retention of humic substances with pH.

However, major differences are observed in the 850- to
1200- cm−1 envelope providing information on the silicate
backbone. Particularly, the intense band at about 1090 cm−1

(accompanied by a shoulder at about 1175 cm−1) has been
attributed to the asymmetric stretching vibrations of Si–
O–Si bridges [22]. Such Si–O–Si bridges can be broken
either by creation of nonbridging oxygen atoms in Si–O−

bonds (which are charge-compensated by metal ions) or by
hydrolysis effects leading to the formation of Si–OH bonds
in Qn structures (Figure 3). The presence of nonbridging
oxygen atoms leads to a weakening of the aluminosilicate
network manifested as a pronounced shift towards lower
frequencies in IR spectra. On this basis, the 850- to 1200-
cm−1 envelope in both Megalopolis ashes is wider and more
intense, particularly at lower wavenumbers, indicating a less
“polymerized” silicate structure that readily adsorbs higher
amounts of humic substances compared with the Kardia’s
corresponding ones, most probably via a cation exchange
mechanism.

This explanation is fully compatible with the significant
increase in adsorption of Kardia’s bottom ash compared with
the fly ash. The presence of intense absorption bands peaking
at wavelengths lower than 1000 cm−1, in the case of the
bottom ash, demonstrates changes in the matrix, that is, the
existence of many nonbridging oxygen atoms responsible for
humic adsorption.

3.3. Equilibrium Adsorption. The values of equilibrium
humic content, Qe, on fly ash as a function of the equilibrium
humic concentration in solution, Ce, at several temperatures
(291, 308, 323, 338, and 353 K) are plotted in Figure 4.
All isotherms appear sigmoidal, corresponding to a type
II adsorption isotherm according to the Brunauer-Deming-
Deming-Teller (BDDT) classification, this feature becoming
more distinct with increasing temperature. Adsorption of
humic substances onto fly ash ranges from 40 to 1300 mg
humics/g fly ash at 291 and 353 K, respectively. Adsorption
capacity increases with temperature from 760 to 1300 mg
humics/g fly ash at 291 and 353 K, respectively (Figure 4).
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Figure 2: IR spectra of Megalopolis and Kardia ashes.
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Figure 3: Schematic structures of silicate tetrahedral units, Qn, with
n denoting the number of oxygen atoms bridging two silicon centers
(∅ = bridging oxygen atom).

Endothermic adsorption processes usually indicate processes
activated in a reaction-kinetic sense representing the com-
bined effects of temperature on both the rate of approach
to equilibrium and the position of the equilibrium itself.
This encounters the surpassing of the energy barriers by
the adsorbate to diffuse through narrow constrictions of
the fly ash surface to cavities beyond. In addition, adsorp-
tion is accompanied by other subprocesses, for example,
conformational changes, multiple equilibria, and retention
mechanisms, which, when lumped together, contribute to
the endothermic character of the adsorption. Thus, the
“knee” in the adsorption isotherm represents an adsorption
restart, possibly due to multilayer formation and/or the
beginning of another adsorption subprocess.

Table 1: Chemical analyses of fly ashes.

Megalopolis Kardia

Fly ash Bottom Ash Fly ash Bottom Ash

SiO a
2 39.6 41.7 23.0 17.8

Al2O a
3 15.9 14.1 12.6 8.4

Fe2O a
3 8.53 8.47 7.5 3.58

CaO a 18.3 24.6 44.7 29.9

MgO a 2.75 4.10 3.58 2.39

Na2O a 0.484 0.58 0.33 0.19

K2O a 1.72 1.79 2.20 0.40

SO a
3 4.52 4.31 5.5 3.44

pH b 11.8 9.8 12.5 8.8
a
% w/w,

b10% w/w in fly ash.

Table 2: Adsorption of humic substances on several bottom and fly
ashes.

Adsorbent Retention (g humic substances/g ash)

Fly ash

Megalopolis 1.72

Kardia 0.62

Bottom ash

Megalopolis 2.21

Kardia 1.31

3.4. Adsorption Isotherms. Five of the most valid adsorption
models, that is, the Langmuir, Freundlich, BET, Harkins-
Jura, and Dubinin-Radushkevich (DR) isotherm equations,
were fit to the experimental data of humate adsorption onto
fly ash particles. The aim was to reveal distinct physicochem-
ical properties that characterize both the adsorbents and
the sorption process. The Langmuir equation [24], although
widely applied, cannot describe the adsorption adequately
(R2 < 0.67) in our case. This is not unexpected, since
this theoretical model does not apply to Type II adsorption
isotherms.

On the other hand, the Freundlich isotherm [25] pro-
vides a good mathematical model to describe the adsorption
(Table 3) pinpointing heterogeneously distributed adsorp-
tion sites. Such an uneven arrangement of the heteroge-
neously adsorbed humates has been proved to promote
the development of local multilayers and aggregates of the
adsorbate [26].

The BET equation [27] describes adequately the adsorp-
tion behavior of humates onto fly ash particles, although this
model tacitly assumes a homogeneous adsorption surface
and gives a linear region only at the lower concentrations of
adsorbate where a condensed film exists. On this basis, the
applicability of the BET equation results from the existence
of different homogeneous surface patches where adsorption
occurs consecutively, so that the isotherm actually consists of
an assortment of numerous steps each one corresponding to
the adsorption occurring at these patches [26, 28].

The Harkins-Jura model [29] is mostly based on the
assumption of a nonuniform distribution of the adsorption
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Figure 4: Adsorption of humic substances onto fly ash with temperature.



6 Bioinorganic Chemistry and Applications

Table 3: Correlation coefficients of the linear adsorption equations.

Isotherm equation
Temperature

(K)
R2

Langmuir
Ce/Qe = 1/KQm + (1/Qm)Ce

291 0.625

308 0.608

323 0.565

338 0.445

353 0.664

Freundlich
logQe = logKF + (1/n) logCe

291 0.989

308 0.962

323 0.871

338 0.722

353 0.759

BET
Ce/Qe(1−Ce) = 1/XmKB+((KB−1)/XmKB)Ce

291 0.996

308 0.929

323 0.844

338 0.880

353 0.910

Harkins-Jura
1/Q2

e = B/A− (1/A) logCe

291 0.840

308 0.969

323 0.792

338 0.520

353 0.834

Dubinin-Radushkevich

lnQe = lnXm − β[RT ln(1 + (1/Ce))]2

291 0.957

308 0.856

323 0.985

338 0.806

353 0.893

sites and is not applicable unless a condensed film is shaped.
Compared with the BET theory the existence of a linear
region is much more extensive involving higher adsorbate
concentrations. However, the assembling of multilayers in
the case of humate adsorption seems to meet better the
BET theory requirements as the correlation coefficients
of the Harkins-Jura equation summarized in Table 3 are
lower.

The DR model [30] presupposes a Gaussian distribution
of the adsorption space with respect to the adsorption
potential. The adsorption is considered to be the result of
the adsorbate molecule entering into a pore; the process
is described according to the Polanyi comprehension of
the energetics inside the empty space of solids and applies
rather to structurally homogeneous systems. Although it is
widely applied in Type I isotherms, this model fits quite
satisfactorily the experimental data of humate adsorption
onto fly ash (Table 3). This may be due to the facts that the
DR equation does not reduce to Henry’s law at low adsorbate
concentrations, the linear region is also extensive, involving
higher adsorbate concentrations, and that it applies at low
adsorbent loadings. Van der Waals forces to account for host-
guest interactions are also encountered.
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Figure 5: Desorption of humic substances by washing.

From the DR plots, the mean energy of the adsorption,
E, can be calculated using the following relationship:

E = 1√
2β

. (2)

The values of E do not exceed 0.2 kJ g−1 of adsorbate,
accounting for strong forces of attraction, more intense than
the Van der Waals forces.

3.5. Desorption Studies. Desorption experiments were car-
ried out to evaluate the ability of fly ash to render back the
humic substances adsorbed, useful in potential applications
of superficially modified fly ash as a slow-release fertilizer.
Humic substances could not be released neither in acid nor
in neutral environments; thus, experiments were processed
in the alkaline area (pH = 8–10). Higher pH values were
not tested because of their lack of importance for soil
applications. The results presented in Figure 5 demonstrate
that most of the humates (80%) were released during the first
three washings; yet humics could be still identified after the
sixth washing of fly ash. These observations clearly indicate
that humic substances associate strongly with fly ash allowing
for their slow release during repeated washing under alkaline
conditions.

3.6. Microbial Populations. Microbial tests were carried out
to determine the bacteria and fungi populations as the native
microbial population in soil plays a vital role in the recycling
of C, N, and P of the biosphere and, therefore, is critical
for fertility and plant growth. Megalopolis fly ash proved
sterile but humic-loaded samples produced 5× 104 bacteria.
It is important to note that a fertile agricultural soil contains
about 107 and 5 × 105 bacteria and fungi, respectively
[31]. Penicillium spp, Aureobasidium spp, Alternaria spp,
Aspergilus spp, Mucor spp, Rhizopus spp, Rhizomucor spp,
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Table 4: Trace elements concentrations in Megalopolis fly ash.

Substance Concentration (ppm)

TiO2 0.823a

P2O5 0.233a

SrO 0.107a

BaO 680

MnO 620

Cr2O3 410

NiO 390

V2O5 340

ZnO 160

CuO 130

ZrO2 110

Rb2O 88

MoO3 73

PbO 58

Cl 43

Br 39

Y2O3 7
a
% w/w.

and Cladosporium spp were identified, typical in soil and
tissue degradation products. The population of fungi leveled
the one found in a fertile agricultural soil. These observations
annotate that fly ash partly favors the development of
microbial life. This may be due to the fact that, as chemical
analysis of trace elements shows, the Megalopolis fly ash
(Table 4) contains metals that, in high concentrations, may
be proved toxic to microbes restraining their growth. The
presence of these trace elements causes no environmental
risk as the increased pH of the Megalopolis fly ash (about
12) impairs the leaching of the metals [32]. However, it may
set limitations regarding the mixing ratio of humic-loaded
fly ash with soil in agricultural applications.

4. Conclusions

Humic-loaded fly ash was prepared at various humic to fly
ash ratios. The Greek peaty lignite of the Megalopolis Basin
was used as raw material for obtaining both fly ash and
humates. Retention was studied at 291, 308, 323, 338, and
353 K and at several pH values. The adsorption capacity
was found to increase at neutral pH and, also, with raise of
temperature, that is, from 760 to 1300 mg humics/g fly ash
at 291 K and 353 K, respectively. Fly ash demonstrated a high
affinity towards humic substances and adsorption proceeded
stepwise via strong Coulombic and hydrophophic forces
of attraction between guest and host materials. Langmuir,
Freundlich, BET, Harkins-Jura, and Dubinin-Radushkevich
isotherm models were employed to evaluate the ongoing
adsorption and shed light to the physicochemical properties
of the sorbent-adsorbate system. Both the slow release
of adsorbed humic substances during washing and the

existence of microbial populations are considered advanta-
geous for employing humic-loaded fly ash in biofunctional
agricultural applications, that is, in biological cultivations
substituting traditional soil-conditioning materials.

The importance of this study from an economic stand-
point is emphasized by the advantageous preparation of
humic-modified fly ash from power plant wastes. Its produc-
tion could also prove profitable, thanks to the extended coal
reserves worldwide, strongly supporting the viability of the
research on this field.
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The reaction between chromium(III) and 2,3-dihydroxybenzoic acid (2,3-DHBA) takes place in at least three stages, involving
various intermediates. The ligand (2,3-DHBA)-to-chromium(III) ratio in the final product of the reaction is 1 : 1. The first stage is
suggested to be the reaction of [Cr(H2O)5(OH)]2+ with the ligand in weak acidic aqueous solutions that follows an Id mechanism.
The second and third stages do not depend on the concentrations of chromium(III), and their activation parameters are ΔH /=

2(obs) =
61.2±3.1 kJmol−1, ΔS /=

2(obs) = −91.1±11.0 JK−1mol−1, ΔH /=
3(obs) = 124.5±8.7 kJmol−1, and ΔS /=

3(obs) = 95.1±29.0 JK−1mol−1. These
two stages are proposed to proceed via associative mechanisms. The positive value of ΔS /=

3(obs) can be explained by the opening of a
four-membered ring (positive entropy change) and the breaking of a hydrogen bond (positive entropy change) at the associative
step of the replacement of the carboxyl group by the hydroxyl group at the chromium(III) center (negative entropy change in
associative mechanisms). The reactions are accompanied by proton release, as shown by the pH decrease.

1. Introduction

Pathogens have developed many strategies to cope with
iron limitation caused by plants and mammals in order
to restrict their unwanted growth in them. One of the
best-known methods (strategies) is through the synthesis
of small molecules that can act as iron chelators known
as siderophores [1]. 2,3-Dihydroxybenzoic acid (2,3-DHBA)
is a monocatechol siderophore. This ligand is a triprotic
acid H3L, and the values of K1 and K2 refer to the
protonation constants of the two hydroxylate groups and
K3 refers to that of the carboxyl group. At 25◦C and
Ionic Strength 0.2 M the average values of the accepted
constants for 2,3-DHPA are log(K2/M−1) = 9.86 ± 0.04 and
log(K3/M−1) = 3.00 ± 0.27. log(K1/M−1) ranges between
10 and >14 at 25◦C and Ionic Strength 0.02–1.0 M [2]. In
the molecule, intramolecular hydrogen bonds are formed
between the hydroxyl groups and the carboxyl group [3].
Complexes of 2,3-DHBA with various metal ions, for
example, Al3+, VO2+, Mn2+, Fe3+, Cu2+, Cd2+, and so
forth, have been prepared and their equilibrium constants

have been determined [2]. Catecholic type of coordination
was also suggested for the Fe(III)-2,3-DHBA complex [4,
5].

Chromium(III) is an essential for life trace element and
its role has been extensively studied. At low concentrations
it is beneficial to many plant species, whereas, in the same
plants, at higher concentrations it is toxic. In the roots,
concentrations of 175 ppm have been shown to be harmless.
At concentrations between 375 and 400 ppm toxicities were
evident. The above suggests the existence of a tolerating
mechanism in the roots [6].

The aim of this work is to study and determine the kinet-
ics and suggest a mechanism of the substitution reactions
between chromium(III) and 2,3-DHBA. Knowledge of the
mechanism will further contribute in the understanding of
the role of organic ligands in the uptake of metals by plants
because metal ions are transferred by organic ligands from
the roots to certain parts of the plants. Such ligands are
humic substances and products of their decomposition, that
is, organic acids. One of such organic ligands is 2,3-DHBA
(Figure 1).
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Figure 1: 2,3-Dihydroxybenzoic acid (2,3-DHBA).

2. Experimental Section

2.1. Reagents and Materials. The reactants used were of
analytical grade. 2,3-DHBA (Ferak Berlin) was used as
received and was dissolved in dilute (0.1 M) solution of KOH
(Merck) for pH adjustment for the ligand to be dissolved,
in concentrations ranging from 3.9 × 10−3 to 7.8 × 10−3 M.
Stock solutions of Cr(III) were prepared from Cr(NO3)3 ·
9H2O (Fluka). The chromium(III) concentrations ranged
between (5–14) × 10−2 M. The ionic strength was adjusted
using KNO3. The solutions of 2,3-DHBA were used soon
after their preparation in order to avoid transformation
and decomposition reactions. The addition of the Cr(III)
solution kept the pH below 4 due to its acidic hydrolysis:

Cr(H2O)3+
6 	 Cr(H2O)5(OH)2+ + H+ (1)

The UV-Vis spectrum of the chromium(III) solution and of
the ligand along with spectra of its oxidation products at
various times after dissolution are given in Figure 2.

2.2. Kinetic Experiments. All kinetic experiments were con-
ducted at pH values below 4 in the presence of air. The
kinetics was followed spectrophotometrically by recording
the absorbances at various reaction times after mixing
(Figure 3). The absorbances were recorded on a Hitachi
Model 100-60 spectrophotometer. They refer to the substi-
tution of water molecules in the [Cr(H2O)6]3+ coordination
sphere by 2,3-DHBA and were followed at 573 nm where the
biggest absorbance difference between the final product and
the initial mixture of [Cr(H2O)6]3+/2,3-DHBA exists.

First-order rate constants were estimated with a nonlin-
ear least-squares fit.

Pseudo-first-order conditions, that is, excess of Cr(III)
which results in acidic solution due to its hydrolysis, were
applied for all the kinetic experiments. Experiments in excess
of ligand (2,3-DHBA) were not possible to be performed
due to low solubility and oxidation problems of the ligand
in alkaline solutions in air. The alkaline solution results in
the reaction mixture under the experimental conditions. The
KOH solution is added in order to enhance solubility. The
oxidation of the ligand is shown in Figure 2, lower spectra.

The temperatures of the kinetic experiments ranged
between 16◦C and 37◦C to avoid acceleration of the ligand’s
decomposition/autoxidation.

The plots of ln(At − A∞) where At and A∞ are
absorbances at time t and after the completion of the
corresponding reaction step against time were found to be

non-linear (Figure 4); they have curvature at short reaction
times and have a constant slope at larger reaction times.

Contribution of the uncomplexed Cr(III) species in the
absorbance values, mainly due to the excess of Cr(III), does
not interfere in the graphs (Figures 4 and 5) because it is
included in both At and A∞ and is thus eliminated due to the
subtraction of A∞ from At. The recorded values of A∞ were
very close to the true values which were obtained by plotting
A = f (t); in this way confirmation of the completion of the
certain step of the reaction was possible.

The rate constants were calculated according to methods
found in the literature [7, 8], assuming two consecutive first-
order (or pseudo-first-order) steps:

A
k2−→ B

k3−→ C. (2)

The above reaction sequence admits of two mathematical
solutions, and the sets of the rate constants are such that the
fast and slow kinetic steps are interchanged [7, 9, 10].

The k3(obs) values were obtained from the slope (−k3) of
the linear second part (long-time part) of the ln(At − A∞) =
f (t) plot.

The k2(obs) values for A → B step were evaluated by the
method of Weyh and Hamm [8] using the rate equation

At − A∞ = a2 · e−k2(obs)t + a3 · e−k3(obs)t . (3)

Values of α2 and α3 are dependent upon the rate constants
and the extinction coefficients. At various times t,Δ = At −
A∞ − a3 · e−k3(obs)t = a2 · e−k2(obs)t (Figure 4). Hence, lnΔ =
constant− k2(obs)t and the k2(obs) values were found from the
slope of the plots of lnΔ versus t for small values of reaction
time. A typical plot appears in Figure 5.

At times longer than three to four half-lives of the B → C
step, a reaction involving oxidation of the ligand takes place,
resulting in anomalous further absorbance changes. This
reaction was not studied.

The above assumptions for the existence of two consec-
utive steps for the reaction under study and the calculation
of k2(obs) and k3(obs) values fit with all the experimental
data, at all temperatures. Table 1 gives the k2(obs) and k3(obs)

values for this reaction of 2,3-DHBA with Cr(III) at various
temperatures (289 K, 293 K, 297 K, 304 K, and 310 K).

The activation parameters ΔH /=
2(obs), ΔS /=

2(obs), and

ΔH /=
3(obs), ΔS /=

3(obs) corresponding to k2(obs) and k3(obs),
respectively, were calculated from the linear Eyring plots
(Figures 6(a) and 6(b)) and are presented in Table 2.

2.3. pH Measurements. Measurements of the pH values of
various reaction mixtures versus time at constant temper-
atures were recorded using a SANXIN PHS-3D pH model
pH meter. These values were plotted against time giving
pH = f (t), that is, − log[H+] = f (t). A typical graph is
shown in Figure 7(a). A pH = f (t) graph of a blank sample,
containing only Cr(III) solution is presented in Figure 7(b),
for comparison.

2.4. Isolation in the Solid Form. The isolation of the final
product of the reaction (complex C) in the solid form
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Figure 2: UV-Vis spectra of Cr(III) (a) and 2,3-DHBA (b). Conditions: (a) Chromium(III) Spectrum: [Cr(III)] = 0.050 M, T=298 K.
Spectrophotometric cell path d = 1 cm. (b) 2,3-DHBA Spectra: [2,3-DHBA] = 0.040 M, T = 298 K. –�– 2,3-DHBA reduced, – – 2,3-DHBA
oxidized (minutes), –
– 2,3-DHBA oxidized (hours), –�– 2,3-DHBA oxidized (a few days). Spectrophotometric cell path d = 1 cm.
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Figure 3: UV-Vis spectra of Cr(III)/2,3-DHBA mixture at
various times after mixing. Conditions: [Cr(III)]0 = 0.036 M,
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from Cr(III)/2,3-DHBA mixtures was achieved by addition
of quantities of KOH in reaction mixtures of various
stoichiometries. The elemental analyses show that only one
ligand molecule enters the coordination sphere of the metal
and they were conducted for C, H, and N and gave C =
10.62%, H = 3.66%, and N =1.38%.

3. Results and Discussion

The form of the metal ion that reacts with the ligand 2,3-
DHBA is [Cr(H2O)5OH]2+ since it is well known that the
hydroxy complex [Cr(H2O)5(OH)]2+ is highly more reactive
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Figure 4: A typical non-linear plot of ln(At − A∞) versus time.
The value of � that corresponds at time t = 1 × 103 s is shown.
Conditions: [2, 3-DHBA]0 = 0.039 M, [Cr(III)]0 = 0.05 , d = 1 cm
cell, and T = 289 K.

than [Cr(H2O)6]3+. The Ka for the reaction

Cr(H2O)3+
6 	 Cr(H2O)5(OH)2+ + H+ (4)

is about 10−4 [11, 12]. At pH lower than 4 the chromium(III)
complex exists mainly in the hexa-aqua monomeric form.
Its spectrum shows maxima at 575 nm and 410 nm (at the
visible region). An amount of [Cr(H2O)5(OH)]2+ is though
always present under the above conditions. In the experi-
ments reported here that are conducted over the pH range 3-
4 the reaction should be considered as taking place first with
[Cr(H2O)5(OH)]2+ rather than with [Cr(H2O)6]3+, since a
fast first step is taking place and it is very well known that
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Figure 5: A typical plot of lnΔ versus time. Conditions:
[2, 3-DHBA]0 = 0.039 M, [Cr(III)]0 = 0.05 ,d = 1 cm cell, and T =
289 K.

Table 1: Values of k2(obs) and k3(obs) at various temperatures.

k2(obs)× 103 (s−1) k3(obs)× 105 (s−1) T (K)

0.94 2.29 289

1.29 3.14 293

1.68 7.46 297

3.58 23.02 304

6.05 76.47 310

Cr(H2O)3+
6 is very substitution inert. In the ligand molecule

there are two intramolecular hydrogen bonds, one between
adjacent hydroxyl groups and the other between the hydroxyl
group and the carbonyl oxygen atom [13] (Scheme 1).

The violet [Cr(H2O)6]3+ (Figure 2(a)) and the light
brown solution of the ligand (Figure 2(b)) on mix-
ing give a violet-colored solution due to the excess of
[Cr(H2O)6]3+ since the final UV-Vis spectrum resembles that
of [Cr(H2O)6]3+.

The formation and subsequent transformation (substi-
tution) kinetics suggest that a first complex A is formed
(Scheme 1). In the kinetic experiments we assume that we
start with complex A. This implies that the subsequent two
slow steps, k2 and k3 (which were studied), did not contribute
to the formation of complex A (first step) at the region of
temperatures studied (16–37◦C).

The ln(At − A∞) versus time plots are indicative of a
complex reaction, actually a consecutive two first-order steps
series of reaction (according to the analysis described in
the experimental part). The two slow consecutive steps were
found to be nondependent on chromium(III) concentration
(Figures 8(a) and 8(b)), implying that a first fast complexa-
tion step took already place. Thus, at least three steps k1, k2,
and k3 are taking place (Scheme 1).

The first step (k1) that is taking place with the
[Cr(H2O)5OH]2+ reacting species proves the suggested
reaction through the hydroxy form of chromium(III) and
not through the hexa-aqua form, [Cr(H2O)6]3+, since the

substitution rate constants of the latter species would be very
small.

The carboxylic and hydroxyl groups of the ligand (2,3-
DHBA) are blocked (protonated, or hydrogen-bonded) and
so the attacks by chromium(III) can take place only by
removing protons, a fact that is measured by the pH decrease
of the solution (Figure 7(a)).

A possible mechanism consistent with all experimental
data is shown in Scheme 1. The attack of [Cr(H2O)5(OH)]2+

at the hydrogen-bonded carboxylic group of 2,3-DHBA
leads to complex A; complexation results in destruc-
tion of the hydrogen bonding; the consequence of the
[Cr(H2O)5(OH)]2+ usage in complexation is shift of the
equilibrium of (4) to the right.

In conjugate base mechanisms the conjugate base, being
present as a small fraction of the total, reacts and then takes
a proton as it would naturally do. So, rapid protonation
equilibrium follows the first formed species (A′) favoring the
formation of the aqua species (complex A).

The reaction of [Cr(H2O)5(OH)]2+ with the hydrogen-
bonded ligand results in substitution of a water molecule
in the Cr(III) coordination sphere, by the carboxylic group,
with the water molecule being the one that is located trans
to the OH group of the species [Cr(H2O)5(OH)]2+ and
is labile. For step 1 (k1) an Id mechanism is suggested
since the conjugate base [Cr(H2O)5(OH)]2+ reacts according
to such a mechanism [14]. This is because of the strong
labilizing effect, which is induced by the coordinated OH−,
presumably, on the trans H2O molecule. This leads to a 102–
103-fold enhanced reaction rate for the hydroxy-aqua over
the hexaaqua ion [14].

Complex A reacts in two consecutive steps (k2, k3) to
give B and C. The activation parameters deduced from the
temperature-dependence experiments are used for propos-
ing structures of the activated complexes (Scheme 2) and for
proposing the mechanisms that are taking place (Scheme 1).

The spectra of Figure 3 correspond to the reaction
mixture at various times after mixing at 296 K, and the
mixture contains the species A, B, and C (Scheme 1).

The k2(obs) and k3(obs) dependence on chromium(III)
concentration (Figures 8(a) and 8(b)) was studied at the
temperature range 16–37◦C in order (a) to find if a second or
third chromium(III) ion is reacting with the already formed
complex A and (b) to be able to calculate the activation
parameters ΔH /= and ΔS /= , for the two steps. The studies
show that (a) the two steps are independent on Cr(III)
concentration meaning that the transformations taking place
in the two steps are taking place within the already formed
first complex A, that is, chelation to form complex B and
then breaking of one Cr–O bond and formation of another
Cr–O bond in order to form a new chelate, that bears less
tension, that is, it is more stable. The four-membered ring
is transformed at step 3 to a six-membered ring. (b) The
calculations revealed that, going from complex A to complex
B, ΔS /= < 0, that is, the transition state is more organized
than the reactants, i.e. complex A /= is having chelate rings,
that is, less freedom than complex A. From complex B to
complex C, ΔS /= > 0, that is, there is increase in freedom and
so the complex B /= is less organized than complex B having a
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Figure 6: (a) Eyring plot for step 2. (b) Eyring plot for step 3.
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[Cr(III)]0 = 0.1 M, and T =298 K.

Table 2: Activation parameters for steps A
k2→ B and B

k3→ C.

ΔH /=
2(obs)

(kJ mol−1)
ΔS /=

2(obs)

(JK−1 mol−1)
ΔH /=

3(obs)

(kJ mol−1)
ΔS /=

3(obs)

(JK−1 mol−1)

61.2 ± 3.1 −91.1 ± 11.0 124.5 ± 8.7 95.1 ± 29.0

six-membered ring instead of a four-membered ring and not
having a hydrogen bond that exists in complex B.

For step 2 (k2) the negative value of ΔS /= , the inde-
pendence of k2 on Cr(III) concentrations and the increase
in absorbance, that is, of the extinction coefficients, led
to the assignment of the observed transformations as
associatively activated substitution of water molecules from
the Cr(III) coordination sphere. Associative mechanism has

been supported to operate in reactions of Cr(III) [15–17].
For step 3 (k3) a positive ΔS /= is observed indicating a less
organized transition state than the reactants (complex B).
This suggests more degrees of freedom in the corresponding
transition state. Actually the suggestion of a six-membered
ring (complex C) instead of a four-membered ring (step
2, complex B) is having less tension. Also the destruction
of the hydrogen bond gives more freedom and thus less
organization in the molecule explaining the positive entropy
of activation of step 3. Since associative mechanism has
been supported to operate in reactions of Cr(III), the
transformations that take place at the Cr(III) center are
associatively activated but the overall rearrangements that
take place at the activated stage lead to overall positive value
of the entropy of activation.
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A
k2→ B

k3→ C. –�– 289 K, – – 293 K, –
– 297 K, –�– 304 K, –�– 310 K.

By isolating the Cr(III)/2,3-DHBA final complex (com-
plex C) in the solid form, elemental analyses were con-
ducted and are in agreement with a 1 : 1 Cr(III)/2,3-DHBA
ratio of complex C. An empirical formula for complex
C is suggested according to the elemental analysis data:

[2, 3-DHBA-3H · Cr(H2O)4K · KNO3 · 6H2O · 4KOH] for
which the calculated percentages are C = 11.2%, H = 3.61%,
and N = 1.87%. The experimental values are C = 10.62%,
H = 3.66%, and N = 1.38%. The catecholic mode of
binding was found to operate in the coordination complexes
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of 3,4-dihydroxyphenylpropionic acid (dihydrocaffeic acid),
3,4-dihydroxyphenylpropenoic acid (caffeic acid), and 3,4-
dihydroxybenzoic acid (3,4-DHBA) with Cr(III) [18–20].
This type of binding was also reported for complexes of
dihydrocaffeic, caffeic, and ferulic acids with Co(II), Ni(II),
Cu(II), Fe(III), Mn(II), Mn(III), V(V), V(IV,V), and Zn(II)
[21–25]. In the case of the reaction of 2,3-dihydroxybenzoic
acid with chromium(III) the strong hydrogen bonds that
exist intra- and intermolecularly cause the deviation from
the above mode of binding. Though the substitution mecha-
nisms at the chromium(III) center are associative (ΔS /= < 0,
step 2, step 3), the total change in the entropy of activation in
the final step (step 3) is finally positive due to the destruction
of the remaining hydrogen bond at the transition state of step
3, along with the destruction of a four-membered ring and
the formation of a six-membered ring. This positive value
of ΔS /=

3 led us to suggest the mechanism that is shown in
Scheme 1, not proposing a final(catecholic)chelation step as
in the previous cases [18–20] that were studied by us.

4. Conclusions

The reaction between Cr(III) and 2,3-Dihydroxy-benzoic
acid in weak acidic aqueous solutions was investigated, and
the experimental results are consistent with a three-step
mechanism in which the initial attack (step 1, substitution
of water molecules from the coordination sphere of Cr(III)
by the ligand through complexation) takes place between the
acid molecule and the [Cr(H2O)5OH]2+complex following
an Id mechanism. The carboxylate bound Cr(III), com-
plex A, is followed by two consecutive nonchromium(III)-
dependent steps (step 2 and step 3). These two steps are
assigned as chelation and isomerisation steps, supported to
be associatively activated at the Cr(III) center. The reactions
are followed by a pH decrease because proton release is taking
place during the overall mechanism. The negative value of
the entropy of activation of step 2, the positive value of the
entropy of activation of step 3, the independence on Cr(III)
concentrations, the increase of the extinction coefficients,

the pH decrease due to the release of protons upon the
various transformations and the 1 : 1 stoichiometry of the
final complex C led to the proposed mechanism in Scheme 1.
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The complex [ReOCl3pq] (1) (where pq= 2-(2′pyridyl)quinoxaline) has been synthesized and fully characterized by UV-Vis, FTIR,
1 and 2D NMR, and cyclic voltammetry (CV). The DNA-binding properties of the complex 1 as well as of the compounds
[ReOCl3bpy] (2), [ReOCl3phen] (3), and pq (4) were investigated by UV-spectrophotometric (melting curves), CV (cyclic
voltammetry), and viscosity measurements. Experimental data suggest that complex 1 intercalates into the DNA base pairs. Upon
irradiation, complex 1 was found to promote the cleavage of plasmid pBR 322 DNA from supercoiled form I to nicked form II.
The mechanism of the DNA cleavage by complex 1 was also investigated.

1. Introduction

For many years transition metal complexes have piqued
curiosity owing to their efficient DNA binding and cleavage
properties under physiological conditions [1–14]. It has been
demonstrated that inorganic complexes can be used in foot-
printing studies, as sequence specific DNA binding agents, as
diagnostic agents in medicinal applications, and for genomic
research. Among different modes of DNA cleavage, oxidative
cleavage of DNA upon irradiation with visible light is of main
interest due to the potential applications of such compounds
in photodynamic therapy of cancer [3, 15] and references
therein.

On the other hand, coordination chemistry of rhenium
has been extensively developed in recent years due, to a
large extent, to the fact that its complexes with diimine
ligands display long lifetimes and also short-lived rhenium
isotopes hold promise as β-emitters in radiotherapy [14,
16, 17]. The chemistry of oxorhenium complexes arouses
particular interest among these compounds not only for their
implication in various reactions of industrial and biological
importance, including olefin epoxidation and catalysis by
cytochrome P-450 [18, 19], but also for their lipophilic

character and the oxidation states of rhenium that is Re(I)
to Re (VI) [17].

In this context, the design, synthesis, and reactivity of
novel rhenium oxocomplexes have become the aim of several
laboratories, including ours. To the best of our knowledge,
studies on oxorhenium (V) complexes incorporating planar
aromatic ligands that could bind to DNA have not been
studied before. Nevertheless, quinoxaline (pq) has recently
received considerable attention [20, 21]. The structure of
the quinoxaline ligand is recognized from a great number of
natural compounds such as riboflavin and molybdopterines,
and can be used as antibacterial, antiviral, anticancer,
antihelmintic, and insecticidal agent [22]. In addition, it
adopts a planar conformation when chelates to a metal ion
[20, 23, 24]. This planar appendage provides a handle for
intercalative binding to DNA, positioning the complex for
enhanced reactivity toward DNA.

In this paper, we present the synthesis and character-
ization of the oxorhenium (V) complex, [ReOCl3pq] (1).
In order to elucidate the reactivity of this compound, we
have also synthesized the complexes [ReOCl3bpy] (2) and
[ReOCl3phen] (3) and studied their intercalating abilities.
The ligands (2′pyridyl)quinoxaline (4), 2,2′ bipyridine (5),
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Figure 1: Structures of the complexes 1–3 and the corresponding
α-diimine ligands.

and 1-10-phenanthroline (6) belong to quinoxaline or
diimine class of organic compounds (Figure 1).

The interaction of these compounds with double
stranded calf thymus DNA has been investigated using
circular dichroism spectroscopy (CD), DNA thermal denat-
uration analysis (melting point), CV, and viscosity mea-
surements. The photocleavage reaction on DNA has been
monitored by agarose gel electrophoresis. Understanding the
interactions between the compounds under study and DNA,
and their ability to damage DNA with photoactivation by
visible light would be the first step toward the development
of rhenium-based drugs which might be useful in photobio-
logical applications such as photodynamic therapy.

2. Experimental

2.1. Materials. 2-(2′-pyridyl)quinoxaline [25, 26] and
[ReOCl3(PPh3)2] [27] were prepared by reported
procedures. All reactions and manipulations were conducted
under a pure argon atmosphere using standard Schlenk
techniques. Ultra-pure Milli-Q water (18.2 mΩ) was used
in all experiments. Reagent grade solvents were dried and
distilled by usual methods and the solvents were stored over
molecular sieves (4Ȧ). The chemicals were purchased by
Aldrich and used as received. Calf thymus DNA (CT DNA)
and pBR322 supercoiled plasmid DNA (stored at: −20◦C)
were purchased from Sigma (St. Louis, MO).

2.2. Methods and Instrumentation. Microanalysis (C, H, N)
was carried out with a Euro Vector EA 3000 analyser. FT-
IR spectra in solution and in KBr pellets were recorded
on a Nicolet Magna IR 560 spectrophotometer with a

1.0 cm−1 resolution. UV-Vis spectroscopy was recorded on
a Varian Cary 300E spectrophotometer at 25 ± 0.2◦C using
cuvettes of 1 cm path length. The 1H NMR spectra were
obtained at room temperature using a Varian Unity Plus
300 MHz spectrometer. Samples were run in a 5 mm probe
with deuterated solvents as internal lock and reference. The
assignment of the 1H NMR spectra of the free ligands and
of the complexes is based on 2D NMR experiments (1H–1H
COSY). A Fisons VG Quattro instrument with a VG Biotech
Electrospray source, having a hexapole lens was employed for
ESI-MS analysis [28].

Photolysis experiments were carried out with a 1000 W
Xenon lamp in an Oriel, model 68820, Universal Arc.
Lamp source was selected with appropriate interference filter
(Corning).

Cyclic voltammetric (CV) measurements were per-
formed in a single compartment cell with a three electrode
configuration on a Pine AFCBP1 (pine Instrument Com-
pany, Groove City, PA, USA). Glassy carbon was the working
electrode, and the reference electrode was a saturated calomel
electrode (SCE). A platinum wire was used as the counter
electrode.

All the experiments involving interaction of the com-
plexes with DNA were conducted in twice distilled phosphate
buffer (Titrisol, 5 mM) and NaCl (4 mM) and adjusted to
pH = 7.00 or 5.00 with hydrochloric acid. A solution of
calf thymus DNA (CT-DNA) in the buffer gave a ratio
of UV absorbance at 260 and 280 nm of ca. 1.8-1.9 : 1,
indicating that the DNA was sufficiently free of protein [29].
The concentration of DNA in nucleotide phosphate was
determined by UV absorbance at 260 nm after dilution. The
extinction coefficient, ε260 was taken as 6600 M−1 cm−1 [29].
Stock solutions were stored at 4◦C and used after no more
than 4 d. Supercoiled plasmid pBR322 DNA was stored at
−20◦C and its concentration in base pairs was determined by
UV absorbance at 260 nm after appropriate dilutions taking
ε260 as 13 100 M−1 cm−1.

2.3. DNA Binding Studies. Thermal denaturation experi-
ments were performed with a Varian Cary 300 spectropho-
tometer. Samples for Tm measurements were obtained by
adding 100 μL of a freshly prepared stock solution of
rhenium compound, dissolved in the buffer (4 Mm NaCl,
0.096 M KH2PO4, 0.2 M Na2HPO4, pH 5.0 or 4 mM NaCl,
0.026 M KH2PO4, 0.041 M Na2HPO4, pH 7.0), to 1.00 mL of
a calf thymus DNA solution (60 μg/mL) and incubating at
25◦C for 24 hours. As the solubility of compound 1 is poor
in net water, it was firstly dissolved in MeOH (in any case the
ratio of MeOH : water is no higher than 5 : 95). Under these
circumstances, complex 1 is stable for at least a period of five
days. Absorbance versus temperature profiles of DNA were
measured at 258 nm in the temperature range from 25◦C to
95◦C. Temperature was raised in 0.5◦C increments, and DNA
complex samples were allowed to equilibrate for 1 minute at
each temperature. The melting temperature (Tm) of DNA
was determined as the middle point of the hyperchromic
transition. To correct the absorbance spectrum of DNA from
the contribution of each of the studied compounds, the
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buffer solution of the corresponding complex at the same
concentration in the sample was used as a blank.

Viscosity measurements were carried out using a Schott
Geräte AVS 310 viscometer maintained at a constant temper-
ature at 25.0 (±0.1)◦C in a thermostatic bath. DNA samples
with approximately 200 base pairs in average length were
prepared by sonication in order to minimize complexities
arising from DNA flexibility. Flow time was measured with
a digital stopwatch, while each sample was measured three
times, and an average flow time was calculated. Data are
presented as (η/η0)1/3 versus 1/r, where r = [DNA]/[complex
1], η is the viscosity of DNA in the presence of complex, and
η0 is the relative viscosity of DNA alone. The relative viscosity
of DNA in the presence and absence of the metal complex
was calculated using the expression η = (t − t0)/t0, where
t is the observed flow time of the DNA solution and t0 the
flow rate of buffer alone. According to Cohen and Eisenberg
[30] the relationship between the relative solution viscosity
(η/η0) and contour length (L/L0) is given by the equation
L/L0 = (η/η0)1/3, where L0 denotes the apparent molecular
length in the absence of the metal complex.

2.4. DNA Photocleavage. For the gel electrophoresis experi-
ment, pBR322 supercoiled plasmid DNA (0.1 lg) was treated
with the Re (V) complexes in 50 mM Tris-acetate, 18 mM
NaCl buffer (pH 7.2), and the solution was then irradiated
at room temperature with a light >400 nm (100 W) inside a
photoreactor. The samples were analyzed by electrophoresis
for 1 hour at 100 V in Tris-acetate buffer containing 1%
agarose gel. The gels were imaged with a BioSure UV-
Transilluminator and photographed using a Picture Works
Photo Enhancer v3.2 digital camera equipped with a
10 μg/mL ethidium bromide filter.

2.5. Synthesis of Complexes. In this context, rhenium (V)
metal complexes with bidentate (N,N) type ligands as 2-
(2′pyridyl)quinoxaline (pq) 4, 2,2′-bipyridine (bpy) 5, and
1,10-phenanthroline (phen) 6, have been amply studied.

Ligands 5 and 6 were purchased by Aldrich and used
as received, whereas ligand 4 was synthesized according to
published procedures [26, 31].

2.5.1. Synthesis of [ReOCl3pq] (1). Potassium perhenate
(KReO4) was used as a starting material. A solution of
triphenylphosphine (PPh3) (5.15 g, 18 mmol) in hot ethanol
(29 mL) was added in a boiling mixture of potassium
perhenate (1 g, 3.4 mmol), hydrochloric acid 37% (5.72 mL),
and ethanol (5.72 mL). A yellow solid precipitates. The
mixture was refluxed for 30 minutes and after cooling to
room temperature, the yellow precipitate was filtered off,
washed with ethanol, and dried in vacuo. By this procedure
the precursor [ReOCl3(PPh3)2] was obtained. The ligand pq
was added in a solution of [ReOCl3(PPh3)2] in dry methanol
(20 mL) under stirring, and the mixture was heated to
continuous reflux for 24 hours at 50◦C. After cooling to
room temperature, the resultant dark purple precipitate was
filtered off, washed with diethylether, and dried in vacuo.

Yield: 57%. (0.732 g) 1H NMR (300 MHz; CD3OD; s,
singlet; d, doublet; t, triplet; m, multiplet): δ 9.73(s, 1H,
H3pq), 8.15, 8.25(mt, 2H, H7−10pq), 7.92(mt, 2H, H8-9pq),
7.48(d, 1H, H16pq, J = 8.0), 8.08(mt, 1H, H15pq), 8.91(mt,
1H, H14pq), 8.65(d, 1H, H13pq, J = 5.5). Absorption spectrum:
λmax(MeOH) = 571.0 nm (ε = 3330 M−1 cm−1), λmax(MeOH)
= 732.1 nm (ε = 1227 M−1 cm−1). FT-IR spectrum: 939(vs)
cm−1 (νRe=O), 1630(m,br), 1580(w) and 1420(m) cm−1

(νC–N) and (νC=C). Anal. Calcd for ReOCl3pq: C 30.27; H
1.76; N 8.15; Cl 20.62; O 3.10. Found: C 30.97; H 1.74; N
8.19%. ES-MS (CH3CN: m/z (M—H+) 516.8.

2.5.2. Synthesis of [ReOCl3bpy] (2). This compound was
prepared by refluxing [ReOCl3(PPh3)2] (0.83 g, 1 mmol) and
bpy (1.3 mmol) in methanol (50 mL) for 6 hours using the
procedure employed for 1. A red microcrystalline material
was isolated.

Yield: 88%. (0.554 g) 1H NMR (300 MHz; CD3COCD3;
s, singlet; d, doublet; t, triplet; m, multiplet): δ 9.09(d,
2H, H6−9bpy, J = 7.9), 8.03(d, 2H, H12−13bpy, J = 5.9),
7.84(t, 2H, H4−11bpy), 7.37(t, 2H, H5−10bpy). Absorption
spectrum: λmax(MeOH) = 480.8 nm (ε = 3430 M−1 cm−1),
λmax(MeOH) = 750.2 nm (ε = 1450 M−1 cm−1), FT-IR spec-
trum: 988 cm−1 (νRe=O), 1640–1570 cm−1 (νC=C, (bpy)).
Anal. Calcd for ReOCl3bpy: C 25.84; H 1.74; N 6.03; Cl 22.89;
O 3.44. Found: C 26.03; H 1.79; N 6.19%. ES-MS (CH3CN:
m/z (M—Cl+) 465.9.

2.5.3. Synthesis of [ReOCl3phen] (3). This compound was
prepared by refluxing ReOCl3(PPh3)2 (0.83 g, 1 mmol) and
phen (0.26 g 1.3 mmol) in methanol (50 mL) for 48 hours
using the procedure employed for 1. A dark red microcrys-
talline material was isolated.

Yield: 84%. (0.843 g) 1H NMR (300 MHz; CD3COCD3;
s, singlet; d, doublet; t, triplet; m, multiplet): δ 8.90(d, 2H,
H2-9phen, J = 6.9), 8.37(d, 2H, H4-11phen), 7.40(s, Hphen),
7.69(mt, Hphen). Absorption spectrum: λmax(MeOH) =
459.6 nm (ε = 3200 M−1 cm−1), λmax(MeOH) = 739.6 nm
(ε = 1100 M−1 cm−1), FT-IR spectrum: 985 cm−1 (νRe=O),
1628(w), 1605(m), 1575(w), 1520(m) cm−1 (νCN and νC=C,
(phen)). Anal. Calcd for ReOCl3phen: C 29.37; H 2.05; N
5.71; Cl 21.67; O 3.26. Found: C 30.03; H 2.17; N 5.99%. ES-
MS (CH3CN: m/z (M—Cl+) 489.8.

3. Results and Discussion

3.1. Synthesis. 2-(2′pyridyl)quinoxaline (pq) is produced via
an unusual condensation reaction from 2-acetylpyridine
and 1,2-diaminobenzene and has been extensively stud-
ied because of its rich coordination chemistry. 2-(2′pyr-
idyl)quinoxaline belongs to the general class of quinoxalines
which are natural products, used as antibiotics and form
polymers with peculiar magnetic and electric properties.
Their significant redox chemistry and photochemistry are
responsible for many considerable intra and intermolecular
electron transfer organic and biochemical processes. The
aforementioned ligand as well as bpy and phen has been
coordinated to the oxorhenium moiety.
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The most significant m/z peaks in ESI-mass spectra of
complexes 1–3 are given in the Synthesis Section. They
correspond to the molecular weight of the complex increased
by one unit for complex 1, so that [M-H+] form is attributed,
implying that a proton has been attached on the N(3) atom
of the quinoxaline ring. On the other hand, complexes
2 and 3 eliminate a -Cl atom providing the form [M-
Cl]+. Surprisingly, we were not able to isolate crystalline
complex from the oxorhenium-quinoxaline system in which
only the typical chelate bonding of an α-diimine ring is
present. In fact, up to now only few oxorhenium-α-diimine
crystal structures have appeared in the literature though it is
well-known that radioactive 186Re and 188Re are important
diagnostic nuclear agents. Actually, the crystal structure
of the ReOCl3phen was recently reported [32]. According
to the data presented therein, the rhenium atom is in a
distorted octahedral environment with the three chloride
ligands arranged in a meridional fashion and the oxo ligand
trans to the nitrogen atom of the phenanthroline. As the
complexes under study 1 and 2 are isomorphous to 3, we
expect to adopt similar geometries.

3.2. Characterization of [ReOCl3(α-diimine)] Complexes

3.2.1. Infrared Data. The IR spectra of 1, 2, and 3 exhibit
very strong bands at 939, 988, and 985 cm−1, respectively,
assignable to the ν(Re=O) mode. These values compare well
with those reported for rhenium (V) complexes containing
a chelating ligand in their coordination sphere [32]. The
characteristic bands corresponding to the ν(CN) and ν(C=C)
modes of the quinoxaline and diimine ligand appear in the
range 1680–1420 cm−1 in the IR spectra of the complexes 1–
3 [20, 25, 32].

3.2.2. NMR Spectroscopy. The oxorhenium complexes 1–3
give well-defined 1H-NMR spectra, which permit unam-
biguous identification and assessment of purity. The proton
chemical shifts are assigned with the aid of 1H-COSY
experiments (provided in Section 2).

It is worth to discuss the complexation of 2-(2′

pyridyl)quinoxaline to the [ReOCl3(PPh3)2] moiety since it
entails two major changes: the first involves the configuration
of 2-2′pq switching from the syn/cis- to the anti/trans-
conformation, while the second is related to the withdrawal
of its electron density by the metal. These changes are
reflected on the NMR spectra of the complex. Figure 2
displays the 1H–1H COSY spectra of the free ligand L and
of the complex, which are important for assigning of the 1D-
NMR peaks.

The NMR spectrum of the coordinated ligand L differs
from that of the free ligand (Figure 2) mainly due to the
separation of H5 and H8 signals and to an overall downfield
shift. The latter is due to the reducing electron charge of the
protons after coordination of the ligand. The most downfield
shifted peak remains the H3(s) [31]. The same switching
from syn/cis- to the anti/trans-conformation is also observed
in the spectrum due to the complexation of 2-2′-bipyridine
ligand.

Table 1: Electrochemical and absorption data of the oxorhenium
(V) complexes.

Complex
E1/2/V versus SCEa λmax/nm

(ε/M−1cm−1)b
λmax/nm

(ε/M−1cm
−1

)
c

Epa (V) Epc (V)

[ReOCl3pq]
(1)

−0.52 −0.70

268.5 (4835) 272.4 (4820)

571.0 (3330) 581.2 (3520)

732.1 (1227) 738.3 (1337)

[ReOCl3bpy]
(2)

−0.54 −0.72

295.3 (4315) 294.1 (4330)

480.8 (3430) 493.0 (3520)

750.2 (1450) 753.0 (1480)

[ReOCl3phen]
(3)

−0.44 −0.61

270.6 (4580) 268.3 (4350)

459.6 (3200) 463.7 (3300)

739.6 (1100) 745.0 (1150)
aAll complexes were measured in 0.1 M TBABF4-DMF; error in potential
was ±0.01 V; T = 25 ± 0.2◦C; scan rate = 100 mV · s−1

bIn CH3OH, [C] = 10−2 M
cIn CH3COCH3, [C] = 10−2 M.

3.2.3. UV-Vis Spectroscopy. The electronic absorption spec-
tra of [ReOCl3(α-diimine)] in the area between 300 and
800 nm are shown in Table 1. The UV-Vis spectra of 1–3
exhibit few intense bands in the range of 570–200 nm and
a weak absorption in the low range 730–750 nm. Accord-
ing to TD-DFT calculations [32], the longest wavelength
experimental band of 1, 2, and 3 at 732, 750, and 739 nm,
respectively, is attributed to the transition of d → d character.
The broad MLCT absorption band appears at 571, 480, and
459 nm for complexes 1, 2, and 3, respectively. It originates
from the dRe orbitals to the π∗α−diimine orbitals [32] and it
is blue shifted in less polar solvents (Table 1), indicating
its charge transfer character. The higher energy absorp-
tion bands at UV region are attributed to ligand-ligand
charge transfer transitions, namely, (π)Cl/(π)O/(π)diimine
→ π∗(diimine), interligand transitions.

3.2.4. Electrochemical Behaviour of Complexes. The redox
properties of the compounds 1–3 have been investigated
by cyclic voltammetry, at a Pt electrode, usually in a 0.1 M
TBABF4-DMF solution at 25 ± 0.2◦C, and the measured
redox potentials (in V versus SCE) are given in Table 1.
Solutions were deoxygenated by purging with argon gas for
15 minutes prior to the measurements; during the measure-
ments a stream of argon was passed over the solution. All the
studied complexes exhibit (Table 1) a reduction wave which
is usually followed, at the lowest potential, by a second one.
These waves often correspond to single-electron reversible
processes, being assigned to the dn → dn+1 and dn+1 →
dn+2 metal reductions. Previous studies have shown that
the diimine ligand influences the reduction potential of the
compounds. The oxidation for all three complexes occurs at
very similar potentials. Both reduction potentials occur at
negative potentials.
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Table 2: Melting temperatures of CT-DNA in 10 mM buffer (pH 7.0 and pH 5.0) in the presence of complexes 1–3, before and after
irradiation (λ = 420–1000 nm).

C.T.-DNA +a R = 0.025 R = 0.050 R = 0.025∗ R = 0.050∗

pH Tm
◦C ΔTm %hyp Tm

◦C ΔTm %hyp Tm
◦C ΔTm %hyp Tm

◦C ΔTm %hyp

[ReOCl3pq] 7.0 80.1 +9.2 18.0 81.8 +10.9 13.0 77.9 +7.0 12.0 79.1 +9.0 12.0

(1) 5.0 81.1 +8.0 27.0 80.2 +7.1 19.0 78.1 +5.0 28.0 79.1 +6.0 19.0

[ReOCl3bpy] 7.0 76.9 +6.0 44.0 76.9 +6.0 39.0 75.4 +4.5 45.0 75.1 +5.0 36.0

(2) 5.0 76.1 +3.0 20.0 77.1 +4.0 20.0 73.1 +0.0 20.0 76.1 +3.0 20.0

[ReOCl3phen] 7.0 71.1 +0.2 71.4 +0.5 70.9 +0.0 74.2 +0.3

(4) 5.0 73.1 +0.0 73.3 +0.2 73.1 −0.0 73.1 +0.0
∗Illuminated samples. aThe melting point of the free CT-DNA is 70.9◦C (pH 7.0) and 73.1◦C (pH 5.0).
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Figure 2: COSY-NMR spectra of pq (a) and [ReOCl3pq] (b) in methanol.

3.3. Biological Assays

3.3.1. Tm Measurements. The study of the melting curves of
C.T.-DNA indicates that the interaction of DNA with the
oxorhenium (V) complexes 1 and 2, leads to the stabilization
of the double helix in proportion to the ratio r = [ReOCl3(α-
diimine)]/[CT-DNA] (Table 2). The stabilization can be
assumed by the raising of the Tm which is finally observed
in analogy with r, reaching at +10.85◦C for 1 at r = 0.05 and
pH = 7.0 (Figure 3). In the presence of all three complexes
(1–3) the thermal stabilization of CT-DNA is observed in
the series 1 > 2 > 3. Moreover, the reduction of the final
hyperchromicity and the decrease of the slope of melting
curves (increase of the transition) provide a strong evidence
of the interaction which leads to DNA helix stabilization
[33]. “Premelting effects” of the double helix which could
be caused by the binding of oxorhenium (V) complexes,
probably via allosteric effects, are rather not taking place
since they would result in DNA helix destabilization [34].
The reversibility measurements of the 1 and 3 binding to
CT-DNA (cooling the samples and reheating them) showed
completely super-imposable results onto the first heating

scans. This suggests that the species present in the solution
of 1 or 3, do not alone inhibit reannealing, associating
irreversibly with the single strand which is similar to the
results obtained for the free ligands. Although the complex
[ReOCl3phen] is isostructural to the complexes [ReOCl3pq]
and [ReOCl3bpy], it presents different behaviour when
interacts with CT-DNA. In both buffered pH 7.0 and pH
5.0 solutions, at all ratios, the melting points of CT-DNA
are almost the same with free CT-DNA. Identical results
have been obtained when CT-DNA was treated with all free
ligands under investigation. So we can conclude that there is
almost no interaction between the complex [ReOCl3phen]
and CT DNA. No observable changes are measured after
irradiation.

3.3.2. CV Studies. Electrochemical investigation of complex-
DNA interactions can provide a useful complement to
other methods and yield information about the mechanism
of the interaction [23, 24, 35]. Figure 4 shows the cyclic
voltammograms of the complex at the absence and the
presence of DNA. A new irreversible redox peak appeared



6 Bioinorganic Chemistry and Applications

8060

0

10

20

30

40

r = 0
r = 0.025
r = 0.05

r = 0.025 after irradiation
r = 0.05 after irradiation

H
yp

er
ch

ro
m

ic
it

y
(%

)

T (◦C)

Figure 3: Thermal denaturation curves of C.T.-DNA in the
presence of the complex ReOCl3pq before and after irradiation at
increasing molar ratios r, pH = 7.0.
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Figure 4: Cyclic voltagramm of 1 (0.1 mM). (a) in the absence and
(b) in the presence of DNA. Supporting electrolyte 0.1 mM TBABF4

in DMF.

after the addition of CT DNA to complex 1, whereas the
intensity of all peaks decreased significantly, suggesting the
existence of an interaction between 1 and CT DNA. The
observed decrease in current can be attributed both to the
intercalation of complex 1 into the base pairs of DNA by
the planar pq ligand [23, 24] and to an equilibrium mixture
of free and DNA-bound complex to the electrode surface
[35]. The experimental results are different for 2, where
the current intensity of all the peaks decreased significantly
after addition of CT DNA, and for 3 where no changes are
observed in its cyclic voltammogram implying that complex
3 does not interact with DNA.
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Figure 5: Effect of increasing amounts of complex 1 (0–100 μM) on
the relative viscosity of CT-DNA (100 μM).

3.3.3. Viscosity Measurements. Optical photophysical probe
provides necessary but not sufficient clues to support binding
modes [24, 36], whereas hydrodynamic measurements that
are sensitive to the length change are regarded as the most
critical tests of a binding model in solution. Thus, to further
clarify the interaction between 1 and DNA, we carried
out viscosity measurements. Because the latter are ionic-
strength-and-concentration dependent, we used a buffer of
the same ionic strength for all measurements. Figure 5 shows
the relative viscosity of DNA (100 lM) in the presence of
varying amounts of complex 1. As we observe, the relative
viscosity increases from 0.98 to 1.14 in relative low ratios,
[complex]/[DNA], while it remains almost constant there
after. The observed increase is at the same extent with the one
observed when an intercalator is used, for example ethidium
bromide—a well known intercalator, at the same ratios as
complex 1 [24, 37]. This behaviour suggests that complex
1 intercalates to CT-DNA in accordance with the previous
results.

3.3.4. DNA Photocleavage. The ability of complex 1 to
cleave DNA upon irradiation was determined by agarose
gel electrophoresis [38]. When circular plasmid DNA in
the presence of an inorganic molecule is subject to elec-
trophoresis, relatively fast migration will be observed for
the intact supercoil form (Form I). If scission occurs on
one strand (nicking), the supercoil will relax to generate a
slower-moving open circular form (Form II). If both strands
are cleaved, a linear form (Form III) that migrates between
Forms I and II will be generated [38]. Figure 6 shows gel
electrophoresis separation of pBR 322 DNA after incubation
with complex 1 and irradiation by visible light (λ > 400 nm)
for 1 hour. Complex 1 exhibited concentration-dependent
single-strand cleavage of supercoiled Form I into nicked
Form II. Control experiment (lane 0) suggests that untreated
DNA does not show any cleavage upon irradiation, with
increasing concentration of 1 (lanes 1–3); the amount
of Form I of pBR322 DNA diminishes gradually, whereas
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Figure 6: Photoactivated cleavage of pBR 322 DNA in the presence
of Re(V) complex, light after 60 minutes irradiation at λ > 400 nm.
Lane 0, DNA alone; lanes 1–4, in the different concentrations of
complex 1: (1) 0; (2) 20; (3) 40; (4) 60 lM.
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Figure 7: Photoactivated cleavage of pBR 322 DNA in the presence
of 20 μM of complex 1 and different inhibitors after irradiation
at λ > 400 nm for 60 minutes. Lane 0, DNA control; lane 1, no
inhibitor; lanes 2–6: (2) histidine (5 mM), (3) DMSO (0.2 M), (4)
ethanol (0.2 M), (5) sodium formate (5 mM).

that of Form II increases. Under comparable experimental
conditions, complex 2 exhibits more effective DNA cleavage
activity than complex 1. In order to identify the nature of the
reactive species that are responsible for the photo-activated
cleavage of the plasmid DNA, we further investigated the
influence of different potentially inhibiting agents. In the
case of complex 1 (Figure 7), studies with the single oxygen
quencher histidine were carried out and the plasmid cleavage
was inhibited (lane 2), which confirmed that the singlet
oxygen was involved in the cleavage. At the same time, in
the presence of different hydroxyl radical scavengers such as
DMSO (lane 3), ethanol (lane 4) and sodium formate (lane
5), different degrees of inhibition in the photo-induced cleav-
age of the plasmid by complex 1 were also observed. This
indicates that hydroxyl radical also plays a significant role in
the photocleavage mechanism for 1, and the photoreduction
of ReO complexes with concomitant hydroxide oxidation is
an important step in the DNA cleavage reaction [38].

4. Conclusions

In summary, a new oxorhenium (V) complex namely,
[ReOCl3pq] (1) together with its isostructural [ReOCl3bpy]
(2) and [ReOCl3phen] (3) has been synthesized and char-
acterized by elemental analyses, FT-IR, UV-Vis spectra,
1D, and 2D NMR, ESI-MS, and CV. The interactions
between complexes 1–3 (as well as all a-diimine ligands)
and calf thymus DNA have been investigated using UV-
spectra, thermal denaturation measurements, CV, and vis-
cosity measurements. Furthermore, the photocleavage of the

plasmid pBR 322 DNA has been investigated by agarose gel
electrophoresis. Remarkably, our results reveal that both
complexes 1 and 2 bind to DNA by intercalation, with the
planar diimine (pq or bpy) ligands stacked between the
base pairs of the DNA. Complex 1 can efficiently cleave the
plasmid pBR 322 DNA, upon irradiation whereas the reactive
species responsible for its cleavage are the singlet oxygen and
the hydroxyl radical. The thermal stabilization of DNA is
reversed to the promoted photocleavage at physiological pH
and temperature, indicating the differences in interactions
between the base pairs of DNA and the ground or the
excited state of the complexes. Similar observations have
also been reported for rhenium (I) complexes [39, 40].
These complexes may be useful to probe nucleic acid
structures and in the development of DNA agents. More
detailed photophysical and biophysical studies designed to
address the nature of the interactions of oxorhenium (V) are
underway.
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The rational design of synthetic peptides is proposed as an efficient strategy for the structural investigation of crucial protein
domains difficult to be produced. Only after half a century since the function of ACE was first reported, was its crystal structure
solved. The main obstacle to be overcome for the determination of the high resolution structure was the crystallization of the
highly hydrophobic transmembrane domain. Following our previous work, synthetic peptides and Zinc(II) metal ions are used
to build structural maquettes of the two Zn-catalytic active sites of the ACE somatic isoform. Structural investigations of the
synthetic peptides, representing the two different somatic isoform active sites, through circular dichroism and NMR experiments
are reported.

1. Introduction

Angiotensin Converting Enzyme (ACE) catalyses the conver-
sion of angiotensin-I (AI) to the vasoconstrictor angiotensin-
II (AII) [1] and inactivates the vasodilatory peptide
bradykinin by removing C-terminal dipeptides [2]. The inhi-
bition of ACE enzymatic activity against AI was considered
as one of the major challenges against hypertensive disease
and congestive heart failure [3]. Over the past 20 years,
ACE inhibitors have presented significant cardioprotective
and vasculoprotective activity, by reducing oxidative stress
and inflammation in the endothelium. Moreover, ACE
inhibitors have been effective in improving blood flow and
flow-mediated vasodilation. Inhibition of the angiotensin
converting enzyme significantly reduces cardiovascular risk
in a broad range of high-risk patients [4, 5].

ACE is a Zinc Metallopeptidase and one of the major
components of the Renin-Angiotensin System (RAS) that
regulates blood pressure [6–8]. In human, ACE is expressed
as a somatic isoform in endothelial, epithelial, and neu-
roepithelial cells and as a smaller isoform only in male

germinal cells. Somatic ACE (1306 AA, 150 kDa) consists of
two homologous domains, one at each terminal, containing
zinc catalytic sites (N-and C-zinc catalytic sites) [9]. The
testis isoform is composed of 732 residues (83 kDa) with
the 665-residue C-terminal domain being identical to the C-
terminal domain of the somatic form [10–13]. Both isoforms
possess a zinc-binding domain, with the somatic isoform
containing one additional high homology active site (N-
catalytic site). ACE active sites possess the characteristic
HEXXH Zn-binding motif (the two His comprise the first
two Zn-ligands) and falls into the gluzincin family [14]. The
third Zn ligand, glutamic acid, is sited 23 residues towards
the enzyme C-terminal at the second characteristic sequence
EAXGD [15]. The fourth zinc ligand is a water molecule.

In subsequent to our previous work [16, 17], novel
synthetic peptides have been investigated as structural
maquettes, in order to shed further light on the conforma-
tional characteristics of both somatic isoform catalytic site
domains.

Design, peptide synthesis, and a thorough investigation
of the optimal conditions in order to mimic as closely
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Figure 1: Synthetic peptide maquettes of the N- and C- active site domains of human somatic ACE (sACE). Sequence numbering of peptides,
sACE, testis isoform (tACE) and crystal structures domains. The different residues among the two sequences are highlighted.
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Figure 2: (a) Short-, medium-, and long-range connectivities. (b) Number of NOE constraints per residue (white, gray, dark gray, and black
vertical bars represent, resp., intraresidue, sequential, medium-range and long-range connectivities). (c) Schematic representation of the
sequential and medium range NOEs involving HN, Hα, and Hβ protons for Zn2+-ACEN(37) (corresponds to His360-Ala396 of the human
somatic form).

as possible the structure of the enzyme native active sites
are reported. The peptide structures have been determined
through circular dichroism and NMR experiments.

The conformational differences of the peptide maquettes
representing the two sACE active sites have been also
investigated. Moreover, the NMR solution structures of the
peptides are being compared to the crystal structure of
somatic ACEN active site [18] and the testis ACE isoform
(tACE) [19] that corresponds to the somatic ACEC domain.

In general, we report herein a work, which exploits the
potential of peptide chemistry to synthesize polypeptides
that represent protein domains or functional fragments and
applies a step-by-step investigation strategy able to extract
crucial structural data, especially for the metal active sites
of enzymes/proteins or others biopolymers, whose biological
expression and crystallization are difficult to be acquired,
such as GPCRs and highly hydrophobic transmembrane
proteins.
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Figure 3: (a) Short-, medium-, and long-range connectivities. (b) Number of NOE constraints per residue (white, gray, dark gray, and black
vertical bars represent, resp., intraresidue, sequential, medium-range, and long-range connectivities). (c) Schematic representation of the
sequential and medium range NOEs involving HN, Hα, and Hβ protons for Zn2+-ACEC(37) (corresponds to His958-Ala994 of the human
somatic form).

2. Materials and Methods

2.1. Peptide Synthesis. Both peptides representing the
domains of the two somatic ACE (sACE) active sites
ACEN(37): sACE(360–396); ACEC(37): sACE(958–994) were
synthesized on solid support by Fmoc/tBu chemistry, as
previously described [15]. Sequence enumeration of the
synthetic peptides and the corresponding domains of the
human somatic isoform as well as the numbering of the C-
(tACE) and N-domain (ACEN) crystal structures are shown
in Figure 1.

2.2. Circular Dichroism Experiments. CD experiments were
acquired for both ACEN(37) and ACEC(37) peptides, mon-
itoring the effect of different trifluoroethanol (TFE) con-
centration, pH values, and Zn+2 addition on their con-
formations. Spectra were recorded on a Jasco 710 spec-
tropolarimeter using quartz cells of 1.0 cm and 0.5 cm path
length, in the far-UV (200 nm–260 nm) at a scanning rate of
100 nm/min, a time constant of 1 s, and a bandwidth of 1 nm.
Spectral resolution was 0.2 nm, and 4 scans were averaged per
spectrum.

The concentration used for each sample was 0.3–
0.35 mg/ml of pure peptide in a buffer of 50 mM Tris-HCl

and 200 mM NaCl. The effect of TFE on the peptide
conformation was monitored for 0%–100% TFE (v/v), 25◦C,
and pH = 7.0. Spectra of different pH values ranging from
2.6 to 7.0 were recorded for the Zn-containing ACEN(37)
peptide, at 65% TFE and 25◦C. Quantitative evaluation of
secondary structure according to the CD data was calcu-
lated using the CDNN CD Spectra Deconvolution Program
obtained from http://bioinformatik.biochemtech.unihalle
.de/cdnn/ [20]. The CD spectra are reported in molar
ellipticity as mdeg × cm2/dmol according to molecular
masses and peptide length.

2.3. Nuclear Magnetic Resonance Experiments. 5 mg of pep-
tide samples were dissolved in a mixture of 65% TFE in
H2O, containing 50 mM Tris buffer and 200 mM NaCl. ZnCl2
was added in a slight excess of the peptide equivalents
(1:1.1) until 0.5 ml final sample volume, with the peptide
concentration being approximately 2 mM at pH value 4.9–
5.1.

Data were acquired at 298 K on a Bruker Avance 600 MHz
spectrometer. 1H 1D NMR spectra were recorded using
spectral width of 12–17 ppm with or without presaturation
of the H2O signal. 1H-1H 2D TOCSY [21, 22] were recorded
using the MLEV-17 spin lock sequence using τm = 80 ms.
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Figure 4: Circular dichroism spectra (left) and corresponding diagrams (right) of helical content through data analysis by CDNN software
of (a) 2,2,2-trifluoroethanol (TFE) range from 0% to 100% of Zn2+-ACEN(37) samples, at pH = 5.0, T = 25◦C, 50 mM Tris-HCl, and
200 mM NaCl and (b) of pH range from 2.6 to 7 of Zn2+-ACEN(37) samples, at 65% TFE, T = 25◦C, 50 mM Tris-HCl, and 200 mM NaCl.

15N HSQC and 13C HSQC spectra [23, 24] have been
recorded at 500 MHz equipped with cryoprobe for 15N/13C
nuclei in natural abundance. 1H-1H TPPI NOESY [25, 26]
spectra were acquired using mixing time τm = 200 ms
applying water suppression during the relaxation delay and
mixing time. For data processing and spectral analysis, the
standard Bruker software (XWIN-NMR 3.5) and XEASY
program [27] (ETH, Zurich) were used.

1318 and 1578 NOESY cross-peaks were assigned in
both dimensions for ACEC(37), and ACEN(37), respectively,
in TFE aqueous solution (TFE/H20 2 : 1). The number of
unique cross-peaks was 753 and 773 for ACEC(37) and
ACEN(37), respectively. Their intensities were converted into
upper limit distances through CALIBA [28]. The NOE-

derived structural information extracted from the analysis
of NOESY spectra acquired in aqueous TFE solutions
under identical experimental conditions for both peptides
were introduced to DYANA [29, 30] software for structure
calculation (Figures 2 and 3). Structural calculations have
been performed on IBM RISC6000 and xw4100/xw4200 HP
Linux workstations. The family ensemble of Zn2+-ACEN(37)
peptide presents root mean square deviation (RMSD) values
of 0.65 ± 0.21 Å and 1.25 ± 0.24 Å for backbone and heavy
atoms, respectively, and the average target function was
found to be 0.39 ± 0.0164 Å2. The RMSD values of the Zn2+-
ACEC(37) peptide were 0.55 ± 0.23 Å and 1.04 ± 0.27 Å for
backbone and heavy atoms, respectively, and target function
lies in the range 0.60 ± 4.78 × 10−2 Å2.
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Figure 5: Fingerprint regions of 600 MHz TOCSY ((a) ACEC(37) and (b) ACEN(37)) and NOESY ((c) ACEC(37) and (d) ACEN(37)) spectra
recorded at T = 298 K. The sequential connectivity pattern shown indicates the peptide sequence-specific resonance assignment.

3. Results and Discussion

3.1. α-Helix Content Measurements through Circular Dichro-
ism Data. The Circular Dichroism (CD) experiments pro-
vided a qualitative determination of the peptide secondary
structure elements in different TFE concentrations, pH
values, and metal addition, leading to the determination of
high resolution experimental conditions (Figure 4).

Specifically, the Zn2+-ACEN(37) peptide presents an
unfolded structure with low α-helical content in aqueous
solution. Low TFE concentrations (up to 20%) do not
seem to have major effect on the peptide conformation
(Figure 4(a)). However, the CD spectrum of the sample
containing 35% TFE shows two intense minima at 208
and 220 nm, characteristics of α-helical structure. Thus,
for TFE concentration ranging from 20% to 35%, an
abrupt structural change takes place, leading to a dramatical
increase of α-helix content from 26% to 52%. At higher
TFE concentrations (50%–100%), no remarkable alteration
of the helical content is noticed. In more detail, the α-
helical content is increased from 54% to 60%, for TFE

concentration increasing from 50% to 100%, indicating
secondary structure stability of the Zn2+-ACEN(37) peptide
at alcohol concentration greater than 50%. Similar results
were obtained for the Zn2+-ACEC(37) peptide (data not
shown). As a conclusion, the synthetic peptides exhibit a
remarkable tendency to adopt helical conformation.

In order to investigate the pH effect on the α-helical
content of the Zn2+-ACEN(37) peptide, CD measurements
were performed in 65% of TFE at 25◦C, at acidic, low acidic,
and neutral pH values. Spectra representing two sets of pH
values nearly overlap, thus suggesting that the secondary
structure of ACE peptides exhibit minor differences at these
pH values (Figure 4(b)). In particular, at acidic (pH 2.6)
and mild acidic (pH 4.0) conditions, the Zn-containing
ACEN(37) solutions possess approximately 48% α-helical
content while at pH values of 5.0 and 7.0, the helicity of
the ACEN(37) in the presence of Zn2+ ions is found to be
approximately 57.0%.

3.2. NMR Spectra Assignment of Zn2+-ACEN(37) and Zn2+-
ACEC(37) Peptides. Thirty-six out of 37 residues of the
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Table 1: 1H, 15N, and 13C chemical shifts (ppm) of the residues in the Zn2+-ACEN(37) peptide at 298K (H2O/TFE-d2 34%/66% v/v. pH =
4.9).

Residue HN/N Hα/Cα Hβ/Cβ Other

1 His
4.45 Hδ2 7.30; Hε18.44

55.39 Cδ 120.02 Cε1 139.44

2 His
7.99 4.84 3.38/3.29 Hδ2 7.32; Hε1 8.45

N 117.01 55.84 28.45 Cδ2 120.05 Cε1 137.64

3 Glu
8.45 4.47 2.15/2.14 γCH3 2.65/2.62

N 121.15 56.81 31.91 Cγ 31.90

4 Met
4.35 2.13/2.09 Hγ 2.49/2.44

57.51 33.70 Cγ 34.78

5 Gly
8.22 3.98

N 109.59 45.79

6 His
8.22 4.72 3.41/3.39 Hδ2 7.26; Hε1 8.50

N. 119.31 57.08 28.57 Cδ 119.93 Cε1 136.27

7 Ile
8.11 4.05 2.07 Hγ 1.70/1.32; γCH3 1.03 δCH3 0.98

N 122.73 64.30 38.04 Cγ1 28.30 Cγ2 16.79 Cδ 12.22

8 Gln
8.47 4.03 2.14/2.11 Hγ 2.44; δNH2 6.55/7.14

N 120.70 59.13 28.91 Cγ 33.65 Nε2 110.97

9 Tyr
7.84 4.26 3.12 Hδ 6.96; Hε 6.75;

N 120.77 60.88 38.03 Cδ1 133.66 Cε1 117.77

10 Tyr
7.87 4.29 3.26/3.22 Hδ 7.19; Hε 6.89;

N 120.23. 60.82 38.11 Cδ1 132.73 Cε1 117.87

11 Leu
8.34 4.04 1.99/1.91 Hγ 1.53; δCH3 0.94

N 119.99 57.26 41.69 Cγ 28.36 Cδ 21.77/24.48

12 Gln
7.81 4.11 2.01/1.91 Hγ 2.24/2.16; δNH2 6.42/6.99

N 118.28 57.58 28.81 Cγ 33.54 Nε2 110.97

13 Tyr
7.91 4.38 3.10/2.82 Hδ 7.00; Hε 6.76

N 120.43 59.51 35.59 Cδ1 132.82 Cε1 117.83

14 Lys
7.90 4.06 1.82/1.79 Hγ 1.39; δCH3 1.63; εCH3 3.03

N 120.21 57.55 31.61 Cγ 23.71 Cδ 28.57 Cε 42.06

15 Asp
7.93 4.80 2.92/2.76

N 118.92 53.56 39.48

16 Leu
7.76 4.54 1.79 Hγ1.58; δCH3 0.94/0.94

123.89 54.95 41.64 Cγ 28.43 Cδ 23.05/24.36

17 Pro
4.45 2.39/1.95 Hγ 2.02/1.97; Hδ 3.88/3.64

63.27 31.32 Cγ 26.69 Cδ 50.27

18 Val
7.74 3.79 2.17 γCH3 1.06/1.01

N 120.40 65.07 31.81 Cγ 20.89/20.12

19 Ser
8.02 4.23

3.99/3.95
N 116.85 60.48

20 Leu
7.82 4.36 1.77 Hγ 1.68; δCH3 0.94/0.89

N 122.93 56.20 41.96 Cγ 28.50 Cδ 22.29/24.73

21 Arg
7.77 4.20 1.93 Hγ 1.76/1.65; Hδ 3.20; Hε 7.05

N 120.34 57.49 30.15 Cγ 26.99 Cδ 43.13 Nε 135.56

22 Arg
8.05 4.28 1.89/1.85 Hγ 1.75/1.64; Hδ 3.17; Hε 7.15

N 121.00 57.05 30.14 Cγ 26.92 Cδ 43.07 Nε 135.62

23 Gly
8.00 3.95

N 109.07 45.43

24 Ala
7.81 4.39 1.43

N 124.37 52.21 19.05

25 Asn
7.98 5.02 2.96/2.79 δNH2 6.63/7.47

N 119.26 51.13 39.17 Nδ2 113.31

26 Pro
4.44 2.32/1.98 Hγ 2.07/2.00; Hδ 3.92/3.83

61.79 29.10 Cγ 26.76 Cδ 50.28
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Table 1: Continued.

Residue HN/N Hα/Cα Hβ/Cβ Other

27 Gly
8.34 3.94

N 108.58 43.10

28 Phe
7.83 4.50 3.15/3.13 Hδ 7.25; Hε 7.29; Hζ 7.18

N 122.56 56.50 36.59 Cδ 130.90/129.60 Cε 130.95/129.53 Cζ 131.21

29 His
8.05 4.44 3.32/3.25 Hδ2 7.31; Hε1 8.51

N 119.37 54.41 25.86 Cδ2 119.91 Cε1 139.03

30 Glu
8.15 4.23 2.15/2.10 γCH3 2.45

N 121.57 54.73 24.95 Cγ 33.54

31 Ala
8.07 4.31 1.46

N 125.19 51.07 15.87

32 Ile
7.76 4.06 1.83 Hγ 1.44/1.18; γCH3 0.88; δCH3 0.82

N 118.79 61.44 35.60 Cγ1 27.34 Cγ2 16.84 Cδ 12.08

33 Gly
7.96 3.95/3.87

N 110.69 43.26

34 Asp
7.97 4.74 2.89

N 120.70 51.72 36.82

35 Val
7.78 4.08 2.23 γCH3 1.00

N 120.34 60.78 29.97 Cγ 20.31/24.50

36 Leu
7.82 4.40 1.72 Hγ 1.38; δCH3 0.92/0.88

N 122.65 52.58 39.65 Cγ 27.26 Cδ 24.16/22.01

37 Ala
7.56 4.25 1.43

N 128.06 50.34 16.51

backbone of both Zn2+-ACE peptides have been identified
through the analysis of the TOCSY spectra (Figure 5). 1H
spin systems of the His, Phe and Tyr aromatic rings were
identified with the combined use of [1H- 1H]- TOCSY
and NOESY spectra (Tables 1 and 2). The two proline
residues existing in each construct were found to be at
trans conformation for both peptides manifested by strong
Hδ(i)Pro- Hα(i-1) NOE connectivities.

3.3. NMR Solution Models of Zn2+-ACEN(37) & Zn2+-
ACEC(37) Peptides. As far as the N-terminal Zn-binding
motif of ACEN(37) peptide, which contains the two histidyl
ligands, is concerned, no definite conformation could be
determined due to conformational averaging. A 7-residue
fragment close to the N-terminal (Gln8-Asp15) adopts helical
structure, which consists partly of an α-helix for the 8-
11 fragment and of a short 310-helix for the rest of the
four-residue segment. A second fragment comprised of 7
residues close to peptide C-terminal (His29- Leu36) adopts
a well formed α-helical structure. As far as the intermediate
fragment of the 23-residue spacer between the two binding
motifs is concerned, no helical conformation has been
identified. The proximity of the two “active sites helices” is
manifested by long-range NOEs concerning backbone and
side-chain protons of His2–Glu30, Gly5–Gly34, Tyr9–Phe28

see (Figure S1) in Supplementary Material available online at
doi: 10.1155/2010/820476, as well as Tyr9–His30 (Figure 6).

The Zn2+-ACEC(37) backbone is characterized by the
high content of helical structure. Two helical conformations
were observed at both N- and C-termini, spanning residues

His6–Lys14 and Phe28–Val35, respectively. Moreover, a 310-
helix comprised of a 5-residue segment (Ala19-Gly23) has
been identified for the intermediate fragment. In accordance
with the Zn2+-ACEN(37) peptide, the two zinc-binding
motifs of Zn2+-ACEC(37) are in spatial proximity as mani-
fested by long-range NOEs, such as those between His6/Ile7

and His29 as well as Gln8/Gln12 with Ala19 (Figure 7).

3.4. Solution Structure of Zn2+-ACEN(37) versus Zn2+-
ACEC(37). Although the overall fold of the two Zn2+-
ACE peptides exhibits significant similarities, some striking
differences, mainly related to the helical extent are detected
(Figure 8). The double substitution of Tyr10 and Leu11 in
ACEN(37) with Phe10 and Met11 in ACEC(37) does not
impose any structural change, and the α-helix conformation
of this segment remains. The nonhelical character of the
N-terminal pentapeptide, which comprises the first Zn2+-
binding motif, followed by a helical domain of eight to nine
residues is conserved in both ACE peptides. However, small
differences in NOEs are observed, regarding residues Ile7,
Phe10/Tyr10, and Leu11/Met11 in ACEN(37) and ACEC(37)
peptide, respectively. Because of the differentiation in posi-
tion 10, the long range NOEs of the vicinal Tyr9 with
Phe28 and His29 that are presented in ACEN(37) peptide,
are not detected in ACEC(37). Furthermore, a long-range
NOE between Hε of Arg21 and Hε of Phe28 detected only in
Zn2+-ACEN(37) peptide suggests the existence of a loop with
the two residues coming close to each other, confirming a
tertiary slight structural difference among the two peptides
in terms of the orientation of the two zinc-binding motif
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Table 2: 1H, 15N, and 13C chemical shifts (ppm) of the residues in the Zn2+-ACEC(37) peptide at 298K (H2O/TFE-d2 34%/66% v/v. pH =
4.9).

Residue HN/N Hα/Cα Hβ/Cβ Other

1 His
4.44 Hδ2 7.34; Hε1 8.48

55.45 Cδ2 120.14 Cε1 141.76

2 His
7.92 4.83 3.41/3.37 Hδ27.31; Hε18.42

N 117.71 55.86 28.53 Cδ2 119.85 Cε1 136.29

3 Glu
8.44 4.47 2.15 γCH3 2.64

N 121.00 56.93 31.82 Cγ 31.95

4 Met
4.30 2.12/2.06 Hγ 2.44;

58.52 33.59 Cγ 34.85

5 Gly
8.22 3.98

N 109.22 45.83

6 His
8.22 4.69 3.39 Hδ27.25; Hε1 8.50

N.119.42 57.33 28.64 Cδ2 119.79 Cε1 138.23

7 Ile
8.06 4.04 2.07 Hγ 1.71/1.31; γCH3 1.03 δCH3 0.97

N 122.46 64.13 38.09 Cγ1 28.41 Cγ2 16.81 Cδ 12.18

8 Gln
8.44 4.08 2.15/2.11 Hγ 2.42; δNH2 6.54/7.13

N 121.01 59.04 28.57 Cγ 33.52 Nε2 110.83

9 Tyr
7.90 4.27 3.12 Hδ 6.95; Hε 6.76

N 120.96 61.02 38.21 Cδ1 132.67 Cε1 117.74

10 Phe
8.07 4.37 3.33/3.26 Hδ 7.31; Hε 7.37 Hζ 7.34

N 120.42 60.74 38.84 Cδ 131.03/129.50 Cε 131.00/129.43 Cζ 131.36

11 Met
8.43 4.21 2.23/2.15 Hγ 2.79/2.72

N 118.65 57.43 33.58 Cγ 32.35

12 Gln
7.81 4.14 2.00/1.90 Hγ 2.22/2.17; δNH2 6.40/6.70

N 118.68 57.74 28.75 Cγ 33.50 Nε2 110.86

13 Tyr
7.92 4.38 3.13/2.82 Hδ 7.00; Hε 6.74

N 120.02 59.46 39.33 Cδ 132.81 Cε 117.84

14 Lys
7.85 4.05 1.78/1.81 Hγ 1.39; δCH3 1.64; εCH3 3.05

N 120.09 57.76 31.58 Cγ 23.68 Cδ 28.76 Cε 42.19

15 Asp
7.90 4.83 2.93/2.77

N 118.79 53.53 39.51

16 Leu
7.78 4.46 1.79 Hγ 1.77; δCH3 0.943/0.97

123.98 56.77 41.25 Cγ 26.83 Cδ 23.25/24.05

17 Pro
4.39 2.41/1.89 Hγ 2.11/2.07; Hδ 3.66/3.87

64.61 31.21 Cγ 26.79 Cδ 50.16

18 Val
7.60 3.68 2.17 γCH3 1.07/0.98

N 120.40 65.47 31.77 Cγ 20.23/21.25

19 Ala
7.94 4.08 1.46

N 123.38 54.68 18.08

20 Leu
7.95 4.25 1.78 Hγ 1.63; δCH3 0.92/0.89

N 123.48 56.69 41.91 Cγ 27.43 Cδ 22.06/24.33

21 Arg
7.70 4.15 1.96 Hγ 1.75/1.63; Hδ 3.15; Hε 7.06

N 120.14 57.82 30.09 Cγ 26.80 Cδ 42.96 Nε 135.38

22 Glu
8.23 4.30 2.10/2.00 γCH3 2.46/2.42

N 119.39 57.01 28.25 Cγ 33.01

23 Gly
7.95 3.93

N 108.22. 45.70

24 Ala
7.78 4.40 1.45

N 123.97 52.25 18.47

25 Asn
7.90 5.03 3.03/2.81 δNH2 6.61/7.50

N 118.78 51.01 39.09 Nδ2 113.04
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Table 2: Continued.

Residue HN/N Hα/Cα Hβ/Cβ Other

26 Pro
4.45 2.35/2.01 Hγ 2.07/2.02; Hδ 3.91/3.85

64.33 31.50 Cγ 26.84 Cδ 50.43

27 Gly
8.34 3.94

N 108.27 45.73

28 Phe
7.83 4.49 3.16 Hδ 7.24; Hε 7.28; Hζ 7.15

N 122.54 59.19 39.20 Cδ 130.90/129.43 Cε 130.94/129.55 Cζ 131.15

29 His
8.03 4.40 3.32/3.28 Hδ2 7.33; Hε1 8.51

N 118.86 57.20 28.38 Cδ2 119.94 Cε1 135.99

30 Glu
8.15 4.22 2.16/2.12 γCH3 2.46

N 121.32 57.33 27.91 Cγ 33.66

31 Ala
8.05 4.28 1.47

N 124.86 53.62 18.02

32 Ile
7.75 4.05 1.89 Hγ 1.41/1.18; γCH3 0.85; δCH3 0.80

N 118.32 64.06 38.03 Cγ1 27.29 Cγ2 16.80 Cδ 12.02

33 Gly
7.94 3.90/3.86

N 110.35 45.81

34 Asp
7.97 4.74 2.88

N 120.63 54.30 39.45

35 Val
7.77 4.08 2.24 γCH3 0.99

N 120.04 63.48 32.45 Cγ 20.23/23.01

36 Leu
7.83 4.39 1.71 Hγ 1.63; δCH3 0.92/0.88

N 125.55 55.14 42.14 Cγ 28.74 Cδ 24.36/21.98

37 Ala
7.55 4.24 1.43

N 128.05 52.89 19.23

N-terminal

C-terminal

(a)

N-terminal

C-terminal

(b)

Figure 6: (a) Ensemble of DYANA 30 best models of the Zn2+-ACEN(37) (corresponds to His360-Ala396 of the human somatic form)
calculated with NMR data. (b) Ribbon diagram of Zn2+-ACEN(37) peptide.

C-terminal

N-terminal

(a)

C-terminal

N-terminal

(b)

Figure 7: (a) Ensemble of DYANA 30 best models of the Zn2+-ACEC(37) (corresponds to His958- Ala994of the human somatic form),
calculated with NMR data. (b) Ribbon diagram of Zn2+-ACEC(37) peptide.
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N-terminalC-terminal

Zn2+-ACEN 37

(a)

N-terminal
C-terminal

Zn2+-ACEC 37

(b)

Figure 8: Backbone and ribbon representation of the solution structures of both Zn2+-ACEN(37) (a) (corresponds to His360-Ala396 of the
human somatic form) and Zn2+-ACEC(37) (b) (corresponds to His958- Ala994of the human somatic form).

N-terminal

C-terminal

Crystal structure

Zn2+-ACEN-37

NMR structure

(a)

N-terminal

C-terminal

NMR structure

Zn2+-ACEC-37

Crystal structure

(b)

Figure 9: Superimposition of the crystal structure (in red) and the solution structure derived from NMR data (in cyan) of Zn2+-ACEN(37)
peptide (a) and Zn2+-ACEC(37) peptide (b).

helices. In ACEC(37) peptide, the two side chains of these
residues are oriented almost parallel to each other pointing
though to opposite orientation providing a more “extended”
conformation for this segment. Additionally, a helix of the
C-termini is observed in both peptides.

The substitutions of the amino acids at positions 19
(Ser19/Ala19) and 22 (Arg22/Glu22) of the peptide sequence

seem to differentiate the structure of the two peptides.
The most important diversity among the structures of the
ACEN/C peptides regards the 5-residue spanning α-helix
(Ala19-Gly23) of the intermediate spacer between the two
zinc-binding motifs, detected only in the ACEC(37) peptide.
The absence of the intermediate helix in the ACEN(37)
peptide probably provides a less constrained domain to the
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N-active site of the somatic form in a crucial socket region
for the substrate binding. As a conclusion, the presence or
absence of the helical structure of the intermediate spacer
determines the relative position of the two terminal helices
and differentiates the active-site cavity structure and volume,
where the substrate is accommodated. Both active sites of
the somatic form act as carboxy dipeptidase, hydrolyzing the
amide bond and releasing the C-terminal dipeptide from a
native substrate [1]. Additionally, only the ACEN domain
presents endopeptidase activity, by releasing the C-terminal
tripeptide of the GnRH hormone and the tetrapeptide of
the native octapeptide Enkephalin [12]. Accommodation of
these peptides in active or not mode for proteolytic cleavage,
might be influenced by the conformation of the interhelical
spacer.

3.5. NMR Solution Structure versus X-Ray. The overall
fold of both synthetic peptides solution structures presents
high similarity to the corresponding domain of the crystal
structure of the testis ACE isoform [19] (tACE has identical
sequence with the C-domain of the ACE somatic isoform)
and the somatic ACEN domain [18]. Minor differences exist
regarding the length of the helices at the termini of the
peptides (Figure 9). The backbone RMSD value for the
family of 20 NMR structures of the ACEN peptide and the
crystal structure (2C6F) was found to be 1.42 Å and the
corresponding RMSD value calculated for the mean NMR
structure and the X-ray structure was found to be 3.802 Å.
The backbone RMSD value for the family of 20 NMR
structures of the ACEC peptide and the crystal structure
(1O8A) was found to be 0.775 Å and the corresponding
RMSD value calculated for the mean NMR structure and the
X-ray structure was found to be 3.595 Å.

In the tACE X-ray structure, two helical fragments are
present at the N- and C- terminal, both comprising a 12-
residue segment (Figure 9). For ACEN crystal structure the
N-terminal 13-residue fragment exhibits a helical conforma-
tion, as well as the entire C-terminal 12-residue fragment
(Figure 9(a)). Regarding the intermediate spacer among
the two zinc-binding motifs, an additional helix region
consisting of 3 amino acids is present at both tACE and ACEN

X-ray structures. In the case of the NMR derived structure, a
shorter helical fragment has been observed for both termini.
The obtained data for the Zn2+-ACEN(37) suggest that as
far as the N-terminal is concerned a 10-residue fragment
(His6-Asp15) and as far as the C-terminal is concerned a 8-
residue fragment (His29-Leu36) exhibit helical conformation.
Similar results have been obtained for the synthetic peptide
representing the C-catalytic domain of the human somatic
form and the corresponding domain of the testis form.
Differences among the ACE catalytic site maquettes and X-
ray structures might be due to the fact that the native N-
and C-domains exhibit compact structures, and packing of
the structure elements in the interior of the enzyme where
the catalytic center is cited diminishes the conformational
flexibility of the two active-site helices.

Concerning the intermediate spacer between the two
zinc-binging motifs, the X-ray models present an additive

3-residue helical segment residue, concerning residues 18-
20 (numbering of crystal structure: tACE: Val399-Leu401;
ACEN: Val377-Leu379). NMR solution structure of the Zn2+-
ACEC(37) peptide resulted in significantly similar con-
formation. At ACEC(37) peptide, a 310 helix is formed
for the 5-residue segment Ala19-Gly23. Instead, no helical
conformation has been detected for the Zn2+-ACEN(37)
peptide, according to the NMR data and the DYANA
calculations. However, both structures of tACE and sACEN

have been further solved in complex with the typical
ACE inhibitor, lisinopril [19] (Figures S2 and S3). Among
them, a helical structure is identified for the intermediate
spacer only in the tACE-lisinopril structure, while in the
sACEN-lisinopril model the helical segment is absent. The
modifications of positions 19 and 22 in the sACEN peptide
are probably playing an important role in the structural
diversity of the spacer and are consequently crucial for the
different activity and substrate specificity of these two active
sites.

As a conclusion, the conformation of the synthetic
peptides and the orientation of the two helical motifs
upon zinc coordination are remarkably similar to the native
structure, indicating the ACE catalytic site maquettes as
reliable models of the enzyme active centre. The detected
differences are clearly depended on the physicochemical
properties of the peptides in solution compared to the crystal
structures.

4. Conclusions

NMR studies of the synthetic peptides generated structures
that successfully simulate the crystal structures of ACE C-
and N-domains. Circular dichroism experiments provided
important data, compensate not only for experimental
conditions of the NMR analysis, but also for the elucida-
tion of the structural characteristics of the two peptides,
corresponding to the two somatic isoform ACE catalytic
sites domains. The TFE use in aqueous mixtures, the
proper pH value, as well as the presence of the Zn-ion
create a solution environment, in which peptides adopt a
similar fold to the native structure. The NMR data and
the computational analysis led to structural models of the
peptides, which are in great agreement with the X-ray
structures. The secondary structure features of the peptides
that correspond to the sequence of the ACE catalytic sites
X-ray structures Zn2+-ACEN(37) to ACEN; Zn2+-ACEC(37)
to tACE present minor differences compared to the crystal
structures. Furthermore, the ACE maquettes and the X-ray
structures present significant similarities in the orientation
of the active site helices, in respect of the position of the
zinc ligands for metal coordination. On the other hand, the
peptide representing the N-catalytic site lacks the helix of the
intermediate region. Thus, the two terminal helices of the C-
catalytic site maquette are found closer than those in ACEN,
illustrating potential differences into the catalytic site pocket
for substrate selectivity, binding, and accommodation. This
crucial difference might possibly explain the functional
diversity of the two somatic isoforms of the human ACE.
This approach might be helpful in the reconstitution of
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other enzymes’ active sites with unknown structures. In
gluzincins, the spacer among the two zinc-binding motifs
is regarded as of great importance for the specificity of the
native substrates and external ligands, such as inhibitors. As
far as somatic ACE is concerned, both active sites exhibit
carboxy dipeptidase function while only the N-catalytic site
exhibits also endopeptidase activity.

In the work reported here, crucial structural data for
solution conformations have been extracted even though
the crystal structure of testis ACE has been solved. Due
to the functional diversity of the two ACE active sites,
the “structure-based drug design” of the next generation
of pharmaceutical agents, which specifically inhibit one
of the two zinc catalytic domains of somatic ACE, is of
major importance for the preferential modulation of ACE
proteolytic activity towards a more effective treatment of
hypertensive patients.

Abbreviations

ACE: Angiotensin-I Converting Enzyme
sACE: ACE somatic isoform
tACE: ACE testis isoform
ACEN: N-domain of sACE
ACEC: C-domain of sACE
TFE: 2,2,2-trifluoroethanol
DQF-COSY: Double-quantum-filtered phase-sensitive

correlated spectroscopy
Tris: Tris(hydroxymethyl)aminomethane
TOCSY: Total Correlated Spectroscopy
NOE: Nuclear Overhauser effect
NOESY: Nuclear Overhauser effect spectroscopy
TPPI: Time-proportional phase incrementation
WATERGATE: Water suppression by gradient-tailored
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RMSD: Root Mean Square Deviation
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GPCRs: G-protein coupled receptors.
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The synthesis of new trans A2B2-substituted porphyrins bearing oxygenic substituent (methoxy, acetoxy, hydroxy) at the
periphery of the ring are described. All of the synthesized products were characterized by 1H-N.M.R., 13C-N.M.R., and H.R.M.S.
Electrochemical studies revealed two one-electron oxidations and two reductions. In addition, the X-ray structure of one methoxy-
derivative was determined.

1. Introduction

In the last years porphyrin derivatives have been developed or
are under development for use as photosensitizers for photo-
elecronic materials such as sensors [1] and photosensitized
solar cells [2]. Because of their interesting optical properties,
porphyrin molecules have been investigated as artificial light
harvesting antennae. Carbon-based donor-acceptor hybrid
materials have been reported where, in many cases, the
porphyrin molecule is covalently attached [3, 4]. Among
the great diversity of porphyrins with a specific pattern of
substituents, trans-substituted porphyrins with functional
groups at the periphery of the ring act as precursors for
supermolecular structures.

During the past decades a great effort has been directed
towards the synthesis of porphyrins [5, 6]. Porphyrins with
nearly all sorts of substituents at the periphery of the 18π-
electron system are now accessible. The synthetic procedures
followed were mainly based on the Adler-Longo reaction of
the condensation of pyrrole with various aldehydes.

In the field of trans-substituted porphyrins an attractive
route for the synthesis of these key structural components
found in a wide range of model systems [7] was devel-
oped by Lindsey’s group [8–10]. The synthetic approach

of Lindsey’s group was based on the convenient prepara-
tion of 5-substituted dipyrromethanes [8]. Condensation
of a dipyrromethane with an aldehyde in a MacDonald-
type synthesis has been used for the preparation of a
wide range of trans A2B2 type meso-substituted porphyrins
[8, 11, 12].

Based on this method we tried to explore the possibility
of the synthesis of meso-substituted trans hydroxyporphyrins
due to the ability of the hydroxy group to link substructures
over the porphyrin plane. Hydroxyporphyrins can act as pre-
cursors for the synthesis of porphyrin dimers serving as host
molecules [13]. Furthermore a series of hydroxyporphyrins
has been tested as photosensitizers in photodynamic therapy
(PDT) [14, 15]. For their synthesis the methoxy- or acetoxy-
derivatives were prepared first.

2. Experimental

2.1. Measurements. 1H-N.M.R. and 13C-N.M.R. spectra were
recorded on a Bruker AMX-500 MHz N.M.R. spectrometer
using chloroform-D3 as a solvent. Resonances in the 1H-
N.M.R were referenced versus the residual proton signal of
the solvent.
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Absorption spectra were collected on a Perkin-Elmer
Lamda 6 grating spectrophotometer. Cyclic voltammetry
experiments were performed in an AUTOLAB PGSTAT20.
MS spectra were recorded on Bruker MALDI TOF/TOF
ultraflextreme.

X-ray diffraction measurements were conducted on a
STOE IPDS II diffractometer using graphite-monochromat-
ed Mo Kα radiation. A dark blue crystal with approximate
dimensions 0.50 × 0.40 × 0.14 mm was mounted on a
capillary. Intensity data were recorded using 2θ scan (2θmax =
46.5, 1◦/min). The structure was solved by direct methods
and refined on F2

o values using SHELX [16]. All nonhydrogen
atoms were refined anisotropically; all of the hydrogen atoms
were introduced at calculated positions as riding on bonded
atoms and were refined isotropically.

2.2. Synthesis of Porphyrinic Compounds. The preparation
of 5-mesityl dipyrromethane was based on previously pub-
lished procedures [8].

2.2.1. 5,15 Dimesityl-10,20 Bis(3-Methoxyphenyl)Porphyrin 1.
3.8 mmol (1 gr) of 5-mesityl dipyrromethane and 3.8 mmol
of 3-methoxybenzaldehyde were dissolved in 400 mL of
CH2Cl2 (A.C.S. grade) under argon atmosphere. 7.12 mmol
TFA were added and the reaction mixture was stirred for
30 min at room temperature. 3.8 mmol (0.86 gr) of DDQ
were added and the mixture was further stirred for 1 hour.
The reaction mixture was filtered through a column of Al2O3

(6 cm × 8 cm) using CH2Cl2 as eluent until the color of the
solution was pale brown. The solvent was removed under
reduced pressure and the solid was dissolved in 50 mL of
toluene, heating at reflux for 1 hour, after the addition of
0.38 mmol of DDQ. After cooling at room temperature the
solvent was removed and the solid was purified by a column
chromatography. A column of Al2O3 was performed with
CH2Cl2 as eluent (yield 22%):

MS: [M]+ 758.3631,

UV-Visible: λmax (toluene, 5.3 × 10−5 M)/(log ε/
M−1 cm−1): 401 (sh, 4.79), 419 (Soret, 5.54), 482 (sh,
3.84), 513 (Q, 4.28). 550 (Q, 3.90), 591 (Q, 3.92), 647
(Q, 3.72),
1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.86 (d,
4H, J = 4.6 Hz, pyrrole); 8,71 (d, 4H, J = 4.6 Hz,
pyrrole). Phenyl Group: δ = 7.84 (m, 4H, 2,6-ph);
7.66 (tr, 2H, J = 8 Hz, 3-ph); 7.35 (dd, 2H, J = 8 Hz,
4-ph); 4.02 (s, 6H, −OCH3). Mesityl Group: δ = 7.31
(s, 4H, 3,5-mes); 1.88 (s, 12H, 2,6-mes); 2.66 (s, 6H,
4-mes); −2.60 (s, 2H, N-pyrrole).

2.2.2. 5,15 Dimesityl-10,20 Bis(2-Methoxyphenyl)Porphyrin
2. The standard procedure described above was followed
obtaining 0.38 gr of 2 as a mixture of the two atropisomers
(yield 26%):

MS: [M]+ 758.3630,

UV-Visible: λmax (toluene, 6.2 × 10−5 M)/(log ε/
M−1 cm−1): 401 (sh, 4.78), 419 (Soret, 5.55), 482 (sh,

3.87), 515 (Q, 4.30), 550 (Q, 3.91), 591 (Q, 3.91), and
647 (Q, 3.76),
1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.73 (d,
4H, J = 4.6 Hz, pyrrole); 8.65 (d, 4H, J = 4.6 Hz,
pyrrole). Phenyl Group: δ = 8.03 (d, 2H, J = 7.2 Hz,
6-ph); 7.82 (tr, 2H, J = 7.6 Hz, 4-ph); 7.36 (dd, 4H,
J = 8.5 Hz, 3,5-ph); 3.63 (s, 6H, −OCH3). Mesityl
Group: δ = 7.29 (s, 4H, 3,5-mes); 1.87 (s, 12H, 2,6-
mes); (a)1.89 (s, 6H); (b)1.86 (s, 6H); (b)2.65 (s, 6H,
4-mes); −2.51 (s, 2H, N-pyrrole).

(a) α, β atropisomer,

(b) α, α atropisomer.

2.2.3. 5,15 Dimesityl-10,20 Bis(4-Acetoxyphenyl)Porphyrin 3.
The procedure described for 1 was followed. The product
was obtained after repeat washings with cold ethanol and
recrystallization from CH2Cl2/Hexane/EtOH (10/1/5 v/v/v)
at −5◦C overnight (yield 27%):

UV-Visible: λmax (toluene, 1.6 × 10−4 M)/(log ε/
M−1 cm−1): 399 (sh, 4.85), 418 (Soret, 5.48), 480 (sh,
3.98), 513 (Q, 4.36), 549 (Q, 4.04), 591 (Q, 4.02), and
647 (Q, 3.92),
1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.85 (d,
4H, J = 4.5 Hz, pyrrole); 8.73 (d, 4H, J = 4.5 Hz,
pyrrole). Phenyl Group: δ = 8.25 (d, 4H, J = 8 Hz,
2,6-ph); 7.52 (d, 4H, J = 8.5 Hz, 3,5-ph); 2.52 (s,
6H, −OOCCH3). Mesityl Group: δ = 7.32 (s, 4H,
3,5-mes); 2.67 (s, 6H, 4-mes); 1.89 (s, 12H, 2,6-mes);
−2.51 (s, 2H, N-pyrrole).

2.2.4. 5,15 Dimesityl-10,20 Bis(4-Methoxyphenyl)Porphyrin 4.
The standard procedure described above was followed (yield
26%):

UV-Visible (CH2Cl2): λmax (toluene, 2 × 10−4 M)/
(log ε/M−1 cm−1): 420 (5.67), 516 (4.27), 552 (3.95),
592 (3.75), and 649 (3.71),
1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.85 (d,
4H J = 5 Hz, pyrrole); 8.71 (d, 4H, J = 4.5 Hz,
pyrrole). Phenyl Group δ = 8.16 (d, 4H, J = 7.5 Hz,
2,6-ph); δ = 7.30 (m, 4H, 3-ph); δ = 4.10 (s, 6H,
−OCH3). Mesityl Group: δ = 7.30 (s, 4H, 3,5-mes);
2.65 (s, 6H, 4-mes); 1.87 (s, 12H, 2,6-mes); −2.56 (s,
2H, N-pyrrole).

2.2.5. 5,15 Dimesityl-10,20 Bis(3-Hydroxyphenyl)Porphyrin 5.
0.079 mmol (0.06 gr) of porphyrin 1 was dissolved in 8 mL of
dry CH2Cl2 under Ar atmosphere. The solution was cooled
at −78◦C and BBr3 (1.85 mmol) was added dropwise under
vigorous stirring. The reaction mixture was allowed to stand
at r.t. for 5 hours. Aqueous saturate NaHCO3 was added
carefully and the organic layer was washed with saturate NaCl
solution and dried over MgSO4. After the removal of the
solvent the product was chromatographied on SiO2 column
(2 cm × 4 cm). With CH2Cl2/EtOH (100/0.2 v/v), traces
of unreacted porphyrin were eluted while the product was
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obtained with CH2Cl2/EtOH (100/5 v/v) as eluents (yield
85%):

MS: [M+H]+ 731.3399,

UV-Visible: λmax (toluene, 4.2 × 10−5 M)/(log ε/
M−1 cm−1): 402 (sh, 4.80), 420 (Soret, 5.54), 480 (sh,
3.98), 515 (Q, 4.29), 552 (Q, 4.06), 593 (Q, 3.95), and
650 (Q, 3.89),
1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.86 (d,
4H, J = 4.5 Hz, pyrrole); 8.71 (d, 4H, J = 4.5 Hz,
pyrrole). Phenyl Group: δ = 7.82 (d, 2H, J = 7.8 Hz,
6-ph); 7.70 (s, 2H, 2-ph); 7.60 (tr, 2H, J = 8 Hz, 5-
ph); 7.25 (d, 2H, J = 7 Hz, 4-ph); 5.45 (s br, 2H,
OH). Mesityl Group: δ = 7.26 (s, 4H, 3,5-mes); 2.66
(s, 6H, 4-mes); 1.79 (s, 12H, 2,6-mes); −2.60 (s, 2H,
N-pyrrole).

2.2.6. 5,15 Dimesityl-10,20 Bis(2-Hydroxyphenyl)Porphyrin 6.
The procedure was the same as for compound 5. Compound
6 is a mixture of two atropisomers that were separated by
column chromatography on SiO2 (5 cm×2 cm). Theα, β (Rf:
0.95 in CH2Cl2) is eluted with CH2Cl2/Hexane (6/4 v/v) and
α, α (Rf: 0.25 in CH2Cl2) is eluted with 0.5% EtOH /CH2Cl2.

MS: [M+H]+ 731.3398,

UV-Visible: λmax (toluene, 3.4 × 10−4 M)/(log ε/
M−1 cm−1): 402 (sh, 4.78), 420 (Soret, 5.55), 480 (sh,
3.83), 515 (Q, 4.32), 552 (Q, 3.99), 593 (Q, 3.92), and
650 (Q, 3.86),

6αβ: 1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.84
(d, 4H, J = 4.5 Hz, pyrrole); 8.74 (d, 4H, J = 4.5 Hz,
pyrrole). Phenyl Group: δ = 8.0 (dd, 2H, J = 7 Hz,
6-ph); 7.73 (tr, 2H, J = 8 Hz, 4-ph); 7.37 (d, 2H, J =
8.5 Hz, 5-ph); 7.34 (d, 2H, J = 8 Hz, 3-ph); 5.37 (s br,
2H, −OH). Mesityl Group: δ = 7.31 (s, 4H, 3,5-mes);
2.65 (s, 6H, 4-mes); 1.85 (s, 12H, 2,6-mes); −2.59 (s,
2H, N-pyrrole),

6αα: 1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.85
(d, 4H, J = 4.5 Hz, pyrrole); 8.74 (d, 4H, J = 4.5 Hz,
pyrrole). Phenyl Group: δ = 8.03 (dd, 2H, J = 7.5 Hz,
6-ph); 7.71 (tr, 2H, J = 7.5 Hz, 4-ph); 7.37 (d, 2H,
J = 8 Hz, 5-ph); 7.34 (d, 2H, J = 8 Hz, 3-ph); 5.32
(s br, 2H, −OH). Mesityl Group: δ = 7.30 (s, 4H, 3,5-
mes); 2.65 (s, 6H, 4-mes); 1.88 (s, 6H); 1.83 (s, 6H);
−2.58 (s, 2H, N-pyrrole).

2.2.7. 5,15 Dimesityl-10,20 Bis(4-Hydroxyphenyl)Porphyrin 7

Method 1. The procedure was the same as for compound 5
and compound 4.

Method 2. 0.25 mmol (0.2 gr) of porphyrin 3 were added
in 10 mL of THF. 7.38 mmol KOH were dissolved in 5 mL
of EtOH and the resulting alcoholic solution was added
dropwise. The solution was stirred for 30 min at room
temperature and then refluxed for a further 2 hours. After
cooling at room temperature the solution was acidified by
carefully adding glacial acetic acid. 15 mL of CH2Cl2 were

Table 1: Redox data of dimethoxy derivatives(a).

Compound E1/2ox (V versus SCE) E1/2red (V versus SCE)

Compound 1 0.96; 1.40 −1.34; −1.68

Compound 2 0.94; 1.36 −1.34; −1.71

Compound 4 0.92; 1.37 −1.33; −1.66
(a)

Redox potentials were determined by cyclic voltammetry at room tem-
perature in dry and deoxygenatrd CH2Cl2 containing 0.1 M of tetrabuty-
lammonium hexafluorophosphate as supporting electrolyte and a solute
concentration in the range of 1.5 × 10−3 M. A Saturated Calomel Electrode
(SCE) was used as reference. Under these conditions, the reversible oxidation
of ferrocene was E1/2Fc = +0.47 V. The error on the reported potentials is
±0.01 V.

added and the organic layer was washed with sat. NaCl
solution. After being dried over MgSO4, the solvent was
removed giving 0.165 gr of 7 (yield 90%):

MS: [M+H]+ 731.3399,

UV-Visible: λmax (toluene, 6.2 × 10−5 M)/(log ε/
M−1 cm−1): 402 (sh, 4.60), 420 (Soret, 5.30), 478 (sh,
3.79), 515 (Q, 4.04), 550 (Q, 3.84), 592 (Q, 3.76), and
650 (Q, 3.71),

1H-N.M.R. (500 MHz, CDCl3, 300 K) δ = 8.85 (d,
4H, J = 4.5 Hz, pyrrole); 8.67 (d, 4H, J = 4.5 Hz,
pyrrole). Phenyl Group: δ = 8.03 (d, 4H, J = 6.5 Hz,
2,6-ph); 7.19 (d, 4H, J = 6 Hz, 3,5-ph). Mesityl
Group: δ = 7.38 (s, 4H, 3,5-mes); 2.61 (s, 6H, 4-mes);
1.82 (s, 12H, 2,6-mes); −2.60 (s, 2H, N-pyrrole).

3. Results and Discussion

Following Lindsey’s methodology, trans-methoxyporphyrins
1, 2 and 4 were synthesized as precursors for 5 and 6 while for
compound 7 the precursors were 3 and 4 (Scheme 1).

The choice of acetoxy- or methoxy- as protecting groups
was based on published results for the formation of a dipyr-
role product from an attempted synthesis of arylporphyrins
with o-acetoxybenzaldehyde [17].

Compound 2 is a mixture of atropisomers that proved
to be inseparable despite our repeated efforts for chromato-
graphic separation. Compounds 5 and 6 were obtained by
cleavage of the methyl ether by BBr3 (Scheme 1), while 7
is obtained by alkaline hydrolysis of the ester group or
alternative by cleavage of the methoxy group. The two
isomers of compound 6 (Scheme 2) in contrast to these of
2 are easily separated by silica gel chromatography. 6αβ is
eluted with CH2Cl2/Hexane (6/4 v/v) while the more polar
6αα is eluted with 0.5% EtOH /CH2Cl2.

The two isomers (Scheme 2) were characterized by 1H-
N.M.R. spectroscopy. A characteristic feature is that in 6αβ
the o-Me of the mesityl group appears as a singlet while in
6αα the o-Me group gives two separate singlets, while no
other remarkable spectroscopic difference was observed for
the two isomers. In 2 since it is a mixture of the two isomers
its N.M.R. spectrum shows these three groups of peaks. For
derivates 3 and 1 the o-H and m-H are equivalent giving one
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Figure 1: Partially labeled plot of 4 with ellipsoids drawn at 30%
thermal probability. Hydrogen atoms have been omitted for clarity.
Primed atoms are generated by symmetry operation: (′)-x, -y, -z.

signal for each group. The hydrolysis product 5 the o-H are
no longer equivalent resonating at 7.82 ppm and 7.70 ppm.

Characteristic in the 13C-N.M.R. is the signal at 170 ppm
for the carbonyl carbon of 3 and at 56 ppm of−OCH3 group
for 1 and 2 that disappears in the 13C-N.M.R. spectra of
the hydrolysis products. Similar characteristic I.R. peaks for
3 at 1763 cm−1 for ν(C=O) str. no longer exist in 7 while
they are also observed two new peaks, one at 1162 cm−1 and
another one at 1200 cm−1 for (C–O) stretching vibrations. In
methoxy derivates two bands, one at 1050 cm−1 [ν(C–O–C)
sym. str.] and one at 1282 cm−1 [ν(C–O–C) asym. str.], are
observed.

For all of the methoxy derivatives electrochemical studies
were performed by cyclic voltammetry. The redox potentials
measured are the typical ones for meso-substituted por-
phyrins [18]that exhibited two one-electron reversible oxida-
tions and two one-electron reversible reductions (Table 1).

The structure of derivative 4 is centrosymmetric
(Table 2) and the asymmetric unit contains half of the
porphyrin molecule and one water solvate molecule, which
was found disordered and refined over three positions with
occupation factors summing one (Figure 1).

The rather large values of dihedral angles formed
between the porphyrin C20N4 mean plane, the mesityl phenyl
ring (84.72◦), and the methoxyphenyl ring (65.12◦) indicate
that there is no twist distortion of the porphyrin skeleton,
together with the small average absolute displacement of the
Cm atom (0.032 Å) from the poprhyrin core. The displace-
ment of the two −OCH3 groups is 0.643 Å alternative from
the porphyrin plane.

In conclusion in this work we have reported the
preparation of new porphyrinic complexes bearing the

Table 2: Crystallographic data for 4 2H2O.

4 2H2O

Formula C52H50N4O4

Fw 794.96

Space group P21/n

a (Å) 17.288(4)

b (Å) 8.2587(17)

c (Å) 17.829(4)

α (◦) 90

β (◦) 106.15(3)

γ (◦) 90

V (Å3) 2445.1(9)

Z 2

T (◦C) 25

Radiation Mo Kα

ρcalcd (g cm−3) 1.080

μ (mm−1) 0.069

Reflections with I > 2σ(I) 2338

Ra
1 0.0723

wRa
2 0.1890

a
w = 1/[σ2(F2

o ) + (αP)2 + bP] and P = [max(F2
o , 0) + 2F2

c ]/3.

appropriate groups in order to functionalize specific sides
of the aromatic macrocycle. The formed complexes are
fully characterized. The formation and the properties of
macromolecule structures with the formed complexes as
precursors will be published elsewhere.
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The novel lanthanide(III) complexes [Ln(NO3)2L](NO3)·3MeOH (Ln = La 1, Pr 2) and [Ln(NO3)3L](NO3)·2MeOH (Ln = Gd
3, Yb 4), where L = (NE,N′E)-2,2′-(ethane-1,2-diylbis(oxy))bis(N-(pyridin-2-ylmethylene)ethanamine), have been obtained by
direct reaction of the Schiff base ligand and the corresponding hydrated lanthanide(III) nitrates in methanol. All complexes
were characterized spectroscopically and thermogravimetrically. Complex 4 was also characterized with crystallographic studies:
orthorhombic P212121, a = 10.6683(14), b = 13.4752(15), c = 19.3320(26) Å. In the molecular structure of 4, Yb(III) is
surrounded by all donor atoms of the Schiff base (four nitrogen and two oxygen atoms) and four oxygen atoms belonging to
two bidentate chelating nitrato ligands.

1. Introduction

Schiff base metal complexes have a key role in the develop-
ment of coordination chemistry, resulting in an enormous
number of publications, ranging from pure synthetic work to
modern physicochemical and biochemically relevant studies
of metal complexes [1].

The lanthanide cations can promote Schiff base con-
densation and can give access to complexes of otherwise
inaccessible ligands. This fact, in combination with the
applications of lanthanide macrocyclic complexes emerging
from biology and medicine, has boosted research on these
areas [2].

One of the major applications of lanthanide complexes
in medicine is their use as water proton relaxation agents
for NMR imaging [3, 4]. The research in this field is
directed towards the synthesis of stable, nontoxic, highly

paramagnetic molecules with the ability to improve effi-
ciently the contrast of the magnetic resonance image. The
number of coordinated water molecules on the paramag-
netic center (usually gadolinium(III)) greatly contributes
to the relaxivity (the efficiency with which the complex
enhances the proton relaxation rates of water) of the
contrast agent. Initially polyaminocarboxylates were utilized
as ligands for the preparation of such complexes, with
[Gd(DTPA)(H2O)]2− (DTPAH5 = diethylenetriaminepen-
taacetic acid) being the most commonly used contrast
agent. Though the aforementioned agent has a high stability
constant, reducing the toxic effect of the free metal ion, its
disadvantage is the availability of only one water coordina-
tion site.

A large number of articles have been published on
lanthanide complexes with the hexadentate Schiff base
derived by the condensation of 2,6-diacetylpyridine and
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ethylenediamine [5–16]. These complexes are stable enough
under physiological conditions. However, only recently,
research work dealing with the various aspects involv-
ing different physicochemical properties and complexation
behaviour of tetradentate Schiff bases has appeared in the
literature, primarily focusing on the separation of actinides
from lanthanides in nuclear reprocessing [17] and catalytic
properties [18].

Previously, we have reported the synthesis and the
structural and spectroscopic characterization of lantha-
nide complexes with N,N

′
-bis[1-(pyridin-2-yl)ethylidene]

ethane-1,2-diamine [19] and N,N
′
-bis(pyridin-2-yl-meth-

ylene)benzene-1,2-diamine [20]. It was found that the
ethylenediamine “hinge” of the di- Schiff base ligand elim-
inates the possibility of coplanar coordination of the four
nitrogen donors [19] while when we changed the ethytlene
diamine moiety with 1,2-phenylenediamine to force planar
coordination of the tetradentate di-Schiff base, we ended up
with the lanthanide cations outside of the four nitrogens
plane [20]. In a different work, [21], we found that N,N

′
-

bis(pyridin-2-ylmethylene)cyclohexane-1,2-diamine has an
intermediate coordinating behaviour to the lanthanides.

In a previous work, the utilization of 8-hydroxy-
quinoline-2-carboxaldehyde for the preparation of Schiff
bases leads to products with poor solubility [22]. The
next step in our research is to elongate the diamine
part of the above-mentioned ligands, incorporating donor
atoms, and study the structure and the stability of the
prepared complexes. Since the denticity of the ligands
is increased, we expected more stable complexes. Herein
we report the synthesis and characterization of four
new lanthanide complexes with (NE,N

′
E)-2,2′-(ethane-1,2-

diylbis(oxy))bis(N-(pyridin-2-yl-methylene)ethanamine), a
ligand derived by the condensation of 2,2′-(ethane-1,2-
diylbis(oxy))diethanamine and pyridine-2-carboxaldehyde.

2. Experimental

2.1. Materials and Instrumentation. All manipulations were
carried out under aerobic conditions. Metal salts and organic
molecules were purchased from Aldrich and used as received.
Solvents were of analytical grade (Lab-Scan Chemical Co)
and used without further purification. C, H, and N analyses,
IR (4000–370 cm−1) and far-IR (600–30 cm−1) [20], and
UV/Vis spectra in the solid state [23] and in solution,
[24] thermal studies, and room temperature magnetochem-
ical measurements [20] were carried out as previously
described.

2.2. Preparation of the Compounds. The ligand (NE,N’E)-2,
2′-(ethane-1,2-diylbis(oxy))bis(N-(pyridin-2-ylmethylene)-
ethanamine) was synthesized from the condensation of
2,2′-(ethane-1,2-diylbis(oxy))diethanamine and pyridine-2-
carboxaldehyde in situ.

To a stirred solution of pyridine-2-carboxaldehyde
(0.40 g, 3.73 mmol) in methanol (15 mL), a solution of 2, 2′-
(ethane-1,2-diylbis(oxy))diethanamine (0.27 g, 1.86 mmol)
in methanol (5 mL) was added. The resulting yellowish

Table 1: Crystal data and structure refinement for 4.

[Yb(NO3)2L](NO3)·2MeOH

Empirical formula C20H30N7O13Yb

Formula weight 749.55

Temperature 93(2) K

Wavelength 0.71069 Å

Crystal system, Space group Orthorhombic, P212121

Unit cell dimensions a = 10.668(5) Å

b = 13.475(5) Å

c = 19.332(5) Å

Volume 2779.0(18) Å
3

Z, Density (calc.) 4, 1.792 g/cm3

Absorption coefficient 3.441 mm−1

F(000) 1492

Crystal size 0.21 × 0.1 × 0.08 mm3

Completeness to theta = 25.00◦ 99.6%

Reflections (collected/independent) 18754/6025 [R(int) = 0.0217]

Data/restraints/parameters 6025/0/403

Goodness-of-fit on F 2 1.079

Final R indices [I > 2σ(I)] R 1 = 0.0193, wR 2 = 0.0434

R indices (all data) R 1 = 0.0198, wR 2 = 0.0437

Absolute structure parameter 0.599(6)

Largest diff. peak and hole 1.778 and −0.743 eÅ
−3

solution was refluxed for 1 hr, and to this the correspond-
ing hydrated lanthanide nitrate (1.86 mmol) in 10 ml of
methanol was added. The resulting solutions were heated for
a further 30 min and then was left undisturbed to evaporate
at room temperature, and yielded microcrystalline solids
after three days. The solids were isolated by filtration, washed
with a small amount of cold methanol (ca. 2 mL) and diethyl
ether (2 × 10 mL), and dried under vacuum, over silica gel.
The yields were within the range of 55%–65%. A small
portion of the mother liquid of complex 4 was layered with
diethyl ether to yield a few small colourless blocks, suitable
for X-ray structural studies.

[La(NO3)2L](NO3)·3MeOH (1) Anal. Calc. for
C23H34N7O14La: C, 35.80; H, 4.45; N, 12.71. Found: C,
35.96; H, 4.09; N, 12.57%. Selected IR data (cm−1): 3377 mw
[m(O–H)], 3070 w [m(C–H)ar], 2980 w [m(C–H)al],
1759 m, 1733 m [ν1 + ν4 of the nitrate], 1641 s [m(C=N)],
1590 ms, 1572 m [ring stretching vibrations], 1492 versus
[ν1(A1) of the nitrate], 1309 versus [ν5(B2) of the nitrate],
1018 m [ν2(A1) of the nitrate], 636 m [δ(py)], 410 w [γ(py)].
TGA/DTA (N2, 1 atm): 50◦C–91◦C (–MeOH, found: 12.81,
cald.: 12.46%, endotherm), 245◦C–380◦C (decomposition,
sharp exotherm), 591◦C (final plateau, La2O3, found: 20.91,
cald.: 21.11%).

[Pr(NO3)2L](NO3)·3MeOH (2) Anal. Calc. for
C23H34N7O14Pr: C, 35.71; H, 4.44; N, 12.68. Found:
C, 35.63%; H, 4.00%; N, 12.39%. Selected IR data
(cm−1): 3389 mw [m(O–H)], 3069 w [m(C–H)ar], 2981 w
[m(C–H)al], 1762 m, 1731 m [ν 1 + ν 4 of the nitrate], 1645 s
[m(C=N)], 1592 ms, 1571 m [ring stretching vibrations],
1490 versus [ν1(A1) of the nitrate], 1311 versus [ν5(B2)
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Table 2: Selected bond distances (Å) and angles (◦) for [Yb(NO3)2L](NO3)·2MeOH (4).

Bond distances

Yb(1)–N(2) 2.410(3) Yb(1)–O(6) 2.424(2)

Yb(1)–O(4) 2.425(2) Yb(1)–O(1) 2.428(2)

Yb(1)–N(3) 2.433(3) Yb(1)–O(2) 2.439(2)

Yb(1)–O(7) 2.477(2) Yb(1)–N(1) 2.531(3)

Yb(1)–N(4) 2.538(2) Yb(1)–O(3) 2.543(2)

Yb(1)–N(6) 2.878(2) Yb(1)–N(5) 2.909(3)

Bond angles

N(2)–Yb(1)–O(6) 72.51(8) N(2)–Yb(1)–O(4) 116.04(8)

O(6)–Yb(1)–O(4) 140.00(7) N(2)–Yb(1)–O(1) 131.78(8)

O(6)–Yb(1)–O(1) 76.60(8) O(4)–Yb(1)–O(1) 69.55(7)

N(2)–Yb(1)–N(3) 160.59(8) O(6)–Yb(1)–N(3) 115.07(8)

O(4)–Yb(1)–N(3) 70.63(8) O(1)–Yb(1)–N(3) 67.34(8)

N(2)–Yb(1)–O(2) 67.19(8) O(6)–Yb(1)–O(2) 69.61(7)

O(4)–Yb(1)–O(2) 78.14(8) O(1)–Yb(1)–O(2) 67.75(8)

N(3)–Yb(1)–O(2) 131.79(8) N(2)–Yb(1)–O(7) 113.47(7)

O(6)–Yb(1)–O(7) 52.03(7) O(4)–Yb(1)–O(7) 129.66(8)

O(1)–Yb(1)–O(7) 71.37(7) N(3)–Yb(1)–O(7) 65.75(7)

O(2)–Yb(1)–O(7) 114.18(7) N(2)–Yb(1)–N(1) 65.39(8)

O(6)–Yb(1)–N(1) 76.95(8) O(4)–Yb(1)–N(1) 143.01(8)

O(1)–Yb(1)–N(1) 139.88(8) N(3)–Yb(1)–N(1) 98.00(9)

O(2)–Yb(1)–N(1) 128.01(8) O(7)–Yb(1)–N(1) 68.60(8)

N(2)–Yb(1)–N(4) 98.28(8) O(6)–Yb(1)–N(4) 145.03(7)

O(4)–Yb(1)–N(4) 74.70(7) O(1)–Yb(1)–N(4) 127.32(8)

N(3)–Yb(1)–N(4) 64.96(9) O(2)–Yb(1)–N(4) 138.96(7)

O(7)–Yb(1)–N(4) 106.83(7) N(1)–Yb(1)–N(4) 68.74(8)

N(2)–Yb(1)–O(3) 67.07(8) O(6)–Yb(1)–O(3) 131.84(7)

O(4)–Yb(1)–O(3) 51.21(8) O(1)–Yb(1)–O(3) 112.70(7)

N(3)–Yb(1)–O(3) 111.73(8) O(2)–Yb(1)–O(3) 71.32(7)

O(7)–Yb(1)–O(3) 174.40(7) N(1)–Yb(1)-O(3) 107.42(8)

N(4)–Yb(1)–O(3) 67.71(7) N(2)–Yb(1)–N(6) 93.83(7)

O(4)–Yb(1)–N(6) 140.30(7) O(1)–Yb(1)–N(6) 71.05(7)

N(3)–Yb(1)–N(6) 90.01(8) O(2)–Yb(1)–N(6) 91.46(7)

N(1)–Yb(1)–N(6) 71.87(8) N(4)–Yb(1)–N(6) 128.73(7)

O(3)–Yb(1)–N(6) 57.89(7) N(2)–Yb(1)–N(5) 91.86(8)

O(6)–Yb(1)–N(5) 143.58(7) O(1)–Yb(1)–N(5) 91.67(7)

N(3)–Yb(1)–N(5) 90.64(8) O(2)–Yb(1)–N(5) 74.03(7)

O(7)–Yb(1)–N(5) 154.67(7) N(1)–Yb(1)–N(5) 126.83(8)

N(4)–Yb(1)–N(5) 68.13(7) N(6)–Yb(1)–N(5) 160.92(7)

Structural characteristics of H-bonds

D–H· · ·A d(D–H) d(H · · · A) d(D · · · A) <(DHA)

O(12)–H(4S) · · · O(11) 1.00(8) 1.89(8) 2.828(4) 156(7)

O(13)–H(8S) · · · O(12)#1 0.98(5) 1.79(5) 2.758(4) 170(5)

Symmetry transformations used to generate equivalent atoms: #1 –x + 2, y − (1/2), −z + (3/2).

of the nitrate], 1020 m [ν2(A1) of the nitrate], 637 m
[δ(py)], 406 w [γ(py)]. μeff = 3.47 BM at 21◦C. TGA/DTA
(N2, 1 atm): 61◦C–92◦C (–MeOH, found: 12.01, cald.:
12.43%, endotherm), 257◦C–337◦C (decomposition, sharp
exotherm), 547◦C (final plateau, Pr6O11, found: 21.99, cald.:
22.01%).

[Gd(NO3)2L](NO3)·2MeOH (3) Anal. Calc. for
C22H30N7O13Gd: C, 34.86; H, 4.00; N, 12.94. Found: C,
34.87; H, 3.72; N, 13.00%. Selected IR data (cm−1): 3386 mw
[m(O–H)], 3070 w [m(C–H)ar], 2982 w [m(C–H)al],
1767 m, 1734 m [ν1 + ν4 of the nitrate], 1642 s [m(C=N)],
1590 ms, 1573 m [ring stretching vibrations], 1488 versus
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Scheme 1: The ligand (NE,N’E)-2,2′-(ethane-1,2-diylbis(oxy))
bis(N-(pyridin-2-yl-methylene)ethanamine) (L).
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Scheme 2: A schematic representation of the coordination of the
Schiff base ligands used, to lanthanides. (a) References 18–21, (b)
This work.

[ν1(A1) of the nitrate], 1310 versus [ν5(B2) of the nitrate],
1030 m [ν2(A1) of the nitrate], 630 m [δ(py)], 417 w [γ(py)].
μeff = 7.96 BM at 21◦C. TGA/DTA (N2, 1 atm): 51◦C–70◦C
(–MeOH, found: 8.98, cald.: 9.12%, endotherm), 283◦C–
345◦C (decomposition, sharp exotherm), 508◦C (final
plateau, Gd2O3, found: 23.57, cald.: 23.92%).

[Yb(NO3)2L](NO3)·2MeOH (4) Anal. Calc. for
C22H30N7O13Yb: C, 34.15; H, 3.92; N, 12.68. Found: C,
34.17; H, 3.77; N, 13.59%. Selected IR data (cm−1): 3401 mw
[m(O–H)], 3078 w [m(C–H)ar], 2967 w [m(C–H)al],
1762 m, 1738 m [ν1 + ν4 of the nitrate], 1633 s [m(C=N)],
1581 ms, 1562 m [ring stretching vibrations], 1497 versus
[ν1(A1) of the nitrate], 1308 versus [ν5(B2) of the nitrate],
1039 m [ν2(A1) of the nitrate], 618 m [δ(py)], 422 w [γ(py)].
μeff = 7.96 BM at 21◦C. TGA/DTA (N2, 1 atm): 48◦C–71◦C
(–MeOH, found: 8.45, cald.: 8.80%, endotherm), 288◦C–
361◦C (decomposition, sharp exotherm), 545◦C (final
plateau, Yb2O3, found: 25.01, cald.: 25.47%).

2.3. X-Ray Crystallography. X-ray crystal data (Table 1) were
collected at 93 K by using a Rigaku MM007 High brilliance
RA generator/confocal optics and Mercury CCD system.
Intensities were corrected for Lorentz polarization and for
absorption. The structure was solved by direct methods [SIR-
97]. [25] Hydrogen atoms bound to carbon were idealised.
Structural refinement was obtained with full-matrix least-
squares based on F2 by using the program SHELXL. [26]
The crystal was a racemic twin and refined smoothly

using TWIN and BASF commands incorporated in SHELX.
CCDC 776362 contains the supplementary crystallographic
data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html
or from the Cambridge Crystallographic Data centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax (+44) 1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk.

3. Results and Discussion

Complexes 1–4 were prepared by direct reaction of the
hydrated lanthanide nitrate salts and the Schiff base ligand
starting materials in methanol in 1 : 1 : 2 metal to diamine
to aldehyde molar ratio. Though it seems that the ligand
(Scheme 1) can be prepared by the direct reaction of its con-
stituents (2, 2′-(ethane-1,2-diylbis(oxy))diethanamine and
pyridine-2-carboxaldehyde in 1 : 2 molar ratio), it was
impossible to isolate it in a solid form. This is probably
due to the relatively long dietheric chain between the Schiff
base moieties. Attempts to prepare the 1 : 2 complexes using
larger excess of the ligand parts and different solvents lead to
impure products with unidentified formulae.

The crystal structure of complex 4 (Figure 1(a)) consists
of cationic complexes [Yb(NO3)2L]+, nitrate anions, and
two methanol molecules per metal ion held together with
hydrogen bonds and C–H· · ·π interactions. The YbIII atom,
being ten coordinated, is surrounded by six oxygen atoms
belonging to two bidentate chelating nitrato ligands and to
the etherate part of the ligand and four (two imino and two
pyridine) nitrogen atoms belonging to the Schiff base ligand.
The coordination polyhedron is much distorted and can be
better described, according to Robertson [27], being between
a Hoard dodecahedron and a decatetrahedron. (Figure 1(b)).

The Yb–O bond distances span the range 2.424–2.543 Å
and they are in good agreement with previously reported
values [7, 8, 17–21, 28], taking into account the lanthanide
contraction. Though neutral, the etheric oxygen atoms
appear to be coordinated to YbIII stronger than the nitrates
(mean Yb–Onitrato = 2.47, Yb–Oether = 2.43 Å). There are
two probable reasons for this behavior: (a) the macrochelate
effect, since the ligand contains six sequential donor atoms
and (b) the coordination behavior of the nitrato ligands
which are both assymetrically chelated. There are no impor-
tant differences in the coordination characteristics of the
nitrato ligands. Additionally, both of the coordinated nitrates
are coplanar to Yb(1), as indicated by the Yb(1)–Ocoordinated–
N–Ofree torsion angles which are all larger than 175◦C.
The mean Yb–N distance is 2.478 Å, with the Yb–Nimino

being shorter than the corresponding Yb– Npyridine and is in
agreement with our previous data [19–21].

The major differences from our previous work on lan-
thanoid coordination chemistry with Schiff bases rise from
the size and the denticity of the ligand. When tetradentate
N4 ligands were used, (Scheme 2(a)) the four nitrogen donor
atoms are coplanar and the metal ion lies approximately on
the plane formed. There is also space for a nitrato ligand
to approach and bind the lanthanide cation. In the present
case, the two chelating pyridine Schiff base coordination sites
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Figure 1: (a) A thermal ellipsoid plot of the cation in 4, including a partial labelling scheme. The hydrogen atoms have been omitted for
clarity. (b) The coordination polyhedron about Yb(1) in 4.

exist, but their distances have been significantly increased.
In addition, between the nitrogen chelating sites are present
two more oxygen donor atoms which eventually bind the
lanthanide. (Scheme 2(b)) Furthermore, there is no space to
accommodate six donor atoms on the same plane about YbIII

and this results in the exclusion of the pyridine nitrogen away
of the plane formed (max deviation from the mean plane:
0.051 Å) by the two oxygen and the two imino nitrogen
atoms. This way the two pyridine rings are pointing up
and down of the plane with a dihedral angle of 53.846(5)◦.
With the tetradentate Schiff bases being coordinated to
lanthanides, there is enough room for three nitrato ligands to
coordinate to the metal. Increasing the denticity of the ligand
to six, only two nitrato ligands appear in the coordination
sphere of the metal.

The ionic nitrate interacts with H-bonds with the
solvated methanol molecules. Surprisingly, the coordinated
nitrates are not involved in hydrogen bonding interactions.
This is probably due to their location in cavities with organic
surfaces in the crystal.

Comparison of the infrared spectra of the prepared
complexes can lead us rather safely to the conclusion that
the four complexes are isostructural or at least that both
the nitrato and the Schiff base ligands are coordinated in
the same manner. Assignment of the nitrate bands has been
made as reported previously [29].

The room temperature effective magnetic moments of
complexes 2, 3, and 4 show little deviation from the Van
Vleck theoretical values.

The values of the bonding parameters β (nephelauxetic
ratio) and δ (Sinha’s parameter) of the PrIII complex 2
are calculated from the solid state f–f spectra by standard
equations. Those are 1.003 and −0.30, respectively, and they
suggest that the interaction between the trivalent lanthanide
and the ligands is essentially electrostatic and that there is
very small participation of the 4f orbitals in bonding [30].

All complexes behave similarly when heated under
nitrogen. Complexes 1 and 2 lose their solvated methanol
molecules above its boiling point, while 3 and 4 lose the
solvated molecules about methanol’s boiling point. This is
an indication of stronger H–bonding in their structures.
The intermediates are reasonably stable (up to ca. 280◦C)
and decompose violently due to the nitrates. The final
residues, which are obtained above 490◦C, correspond to the
sesquioxides except for 2, which corresponds to Pr6O11.

Preliminary relaxometric data have shown that 3 is
pretty stable in aqueous medium in addition to its increased
solubility due to the ionic character. Tailoring, with major
goal to increase the stability of lanthanide complexes, of
new ligands based on the Schiff base described here and
previously [18–22] is in progress.
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The 1 : 2 reaction of [Ti(η5-C5H5)2Cl2] and AgF in CHCl3/H2O yielded the fluoro analog [Ti(η5-C5H5)2F2] (1) in almost
quantitative yield (C5H5 is the cyclopentadienyl group). The coordination about the TiIV atom formed by two fluoro ligands
and the centroids of the cyclopentadienyl rings is distorted tetrahedral. The compound crystallizes in the orthorhombic space
group C2cm. The lattice constants are a = 5.9055(4), b = 10.3021(5), c = 14.2619(9) Å, and α = β = γ = 90◦. The complex has
been characterized by elemental analyses and spectroscopic (IR, 1H NMR) data. A structural comparison of the four members of
the [Ti(η5-C5H5)2X2] family of complexes (X = F, Cl, Br, I) is attempted.

1. Introduction

One of the first metal complexes discovered to exhibit
biological activity has been cisplatin, [Pt(NH3)2Cl2] [1]. It
is considered as one of the most efficient drugs for the
treatment of certain types of cancer; however, drug toxicity
and resistance limit its utilization for a broader range of
diseases. In recent years, there has been a growing inter-
est in the development of nonplatinum-based anticancer
therapeutics. The main goal is to increase the variety of
potential drugs, which may lead to higher activities enabling
the administration of lower doses, attack of different types
of tumour cells, solution of drug resistance problems, better
selectivity and to lower toxicity. Non-platinum complexes
may introduce numerous options for coordination numbers
and geometries, oxidation states, affinity for certain types
of biological ligands, and so forth, and may thus operate
by different mechanisms. One class of such complexes are
metallocene dihalides.

Metallocene dihalides, [M(η5-C5H5)2X2] (M = Ti, V, Nb,
Mo, Re; X = halide ligand; C5H5 = Cp, the cyclopentadienyl
group), are a relatively new class of small hydrophobic

organometallic anticancer agents that exhibit antitumour
activities against cancer cell lines, such as leukaemias P388
and L1210, colon 38 and Lewis lung carcinomas, B16
melanoma, solid and fluid Ehrlich ascites tumours and
also against human colon, renal and lung carcinomas
transplanted into athymic mice [2–5]. Titanocene dichloride,
[Ti(η5-C5H5)2Cl2], is the most widely studied metallocene
compound as a cytotoxic anticancer agent, which means
that it can selectively kill cancer cells, and was used in
phase I and II clinical trials [6–13]. However, the efficacy
of [Ti(η5-C5H5)2Cl2] in phase II clinical trials in patients
with metastatic renal cell carcinoma [12] or metastatic breast
cancer [13] was too low to be pursued. As titanium is present
in many biomaterials, such as in food in the form of a
whitening pigment, it is not unreasonable to conceive that it
may be incorporated into drugs and into living systems, with
particularly low toxicity [14].

In 2008, a novel class of substituted titanocene dichlo-
rides, the so-called “benzyl-substituted titanocenes”, with
improved cytotoxic activity were developed and tested for
their potential application as anticancer drugs [15]. The
cytotoxic activity can also be influenced by substitution
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of the two chloride ligands. More recently, Huhn and co-
workers reported the synthesis and cytotoxicity of selected
benzyl-substituted fluorotitanocene derivatives that showed
a cytotoxic activity 3–5 fold higher than that of the respective
dichlorides [16]. In the same paper, the X-ray structure
analysis of two of the titanocene difluoride derivatives was
also described. The prototype of the latter compounds
is titanocene difluoride, [Ti(η5-C5H5)2F2], which itself (i)
exhibits strong antitumor, anti-inflammatory and anti-
arthritic activity as well as immunosuppressant effects [17,
18], (ii) reduces significantly the rates of crystal growth
of hydroxyapatite (the model compound for the inorganic
component of bones and teeth, observed in pathological
calcifications of the articular cartilage) [19], and (iii) is an
effective catalyst for the reduction of lactones and imines,
reductive-deoxygenative coupling of amides, hydrogenation
of olefins, and defluorination of saturated perfluorocarbons
[20].

Surprisingly, the crystal structure of bis(η5-cyclopenta-
dienyl)difluorotitanium(IV) is not known. In the present
work, we describe the first X-ray diffraction study of [Ti(η5-
C5H5)2F2], providing structural data which will probably
be important in structure-activity investigations of new
titanocene difluorides, a promising class in terms of medical
applications.

2. Experiments

Reagents and solvents were purchased from commercial
sources, and were purified (where necessary) and dried
before use by standard procedures. The starting titanocene
dichloride, [Ti(η5-C5H5)2Cl2], was synthesized under an
argon atmosphere using dried THF by the method of
Wilkinson and Birmingham [21] and recrystallized from
boiling toluene. All manipulations were performed under
aerobic conditions. Microanalyses (C, H) were performed by
the University of Patras (Greece) Microanalytical Laboratory
using an EA 1108 Carlo Erba analyzer. IR spectra (4000–
450 cm−1) were recorded on a Perkin-Elmer 16 PC FT-
spectrometer with samples prepared as KBr pellets. The
1H NMR spectrum of the complex in CDCl3 was recorded
with a Bruker Avance 400 MHz spectrometer; chemical
shifts are reported relative to tetramethylsilane. Conductivity
measurements were carried out at 25◦C using an Ehrhardt-
Metzger, type L21, conductivity bridge.

[Ti(η5-C5H5)2F2] (1) was synthesized in a plastic bot-
tle from a solution of the dichloride, [Ti(η5-C5H5)2Cl2]
(5 mmol), in CHCl3 by adding a freshly prepared aqueous
solution of AgF (10 mmol) according to the procedure
described in [22]. The reaction mixture was shaken vig-
orously for 20 minutes at room temperature. During this
time, the colour of the organic phase changed from red
to orange and finally to yellow. The yellow CHCl3 phase
was separated from the aqueous phase, containing the white
precipitate of AgCl, through a separatory funnel and filtered.
Condensation of the yellow filtrate under reduced pressure
gave a fluffy lemon-yellow solid that was dried in vacuo over
silica gel and recrystallized from toluene. Yield 90% and m.p.
235◦C (dec.) Lemon-yellow, needle-like crystals of 1 suitable

Table 1: Crystallographic data and structure refinement for
complex 1.

Empirical formula C40H40Ti4F8

Formula weight (g mol−1) 864.32

Colour and habit Yellow prisms

Crystal size (mm) 0.75 × 0.10 × 0.10

Crystal system Orthorhombic

Space group C2cm

Unit cell dimensions

a, Å 5.9055(4)

b, Å 10.3021(5)

c, Å 14.2616(9)

α, ◦ 90

β, ◦ 90

γ, ◦ 90

V, Å3 867.66(9)

Z 1

ρ, Mg m−3 1.654

T, K 160(2)

Radiation (Å) Cu Kα (λ = 1.54178)

μ, mm−1 8.207

F(000) 440

θ range (◦) 8.61–59.99

Index ranges, ◦ –6 ≤ h ≤ 6

–11 ≤ k ≤ 11

–14 ≤ l ≤ 12

Measured reflections 2894

Unique reflections 613 (Rint = 0.0947)

Reflections used [I > 2σ(I)] 535

Parameters refined 60

GoF (on F 2) 1.100

R1a [I > 2σ(I)] 0.0668

w R2b [I > 2σ(I)] 0.1469

(Δρ)max /(Δρ)min, e Å−3 1.183/−0.680

aR1 = Σ(|Fo| − |Fc|)/Σ(|Fo|). bwR2 = {Σ[w[(F2
o − F2

2 )
2
]/Σ[w(F2

o )
2
]}1/2

.

for X-ray analysis were obtained by vapour diffusion of
petroleum ether into a CHCl3 solution of the product placed
in an H-shaped tube. Anal. Calc. for C10H10F2Ti (216.08):
C, 55.59; H, 4.66. Found: C, 55.28; H, 4.62. Selected IR data
(KBr, cm−1): 3108 (s), 1442 (s), 1362 (w), 1016 (s), 874 (m),
822 (vs), 610 (w), 564 (s), 539 (m). 1H NMR (400 MHz,
CDCl3): δ 6.53 (t).

2.1. X-Ray Crystallographic Studies. A yellow prismatic crys-
tal of 1 was taken directly from the mother liquid and
immediately cooled to −113◦C. Diffraction measurements
were made on a Rigaku R-AXIS SPIDER Image Plate diffrac-
tometer using graphite monochromated Cu Kα radiation.
Data collection (ω-scans) and processing (cell refinement,
data reduction and empirical absorption correction) were
performed using the CRYSTALCLEAR program package
[23]. Important crystal data and parameters for data collec-
tion and refinement are listed in Table 1. The structure was
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Table 2: Selected bond lengths (Å) and angles (◦) for complex 1.a

Ti-F(1) 1.853(4) Ti-C(3) 2.363(9)

Ti-F(2) 1.859(4) Ti-C(4) 2.365(10)

Ti-C(1) 2.375(11) Ti-C(5) 2.396(11)

Ti-C(2) 2.400(11) Ti-Cp 2.066

C(1)-C(2) 1.358(15) C(4)-C(5) 1.386(14)

C(2)-C(3) 1.396(14) C(5)-C(1) 1.390(15)

C(3)-C(4) 1.411(16) mean C-C 1.388

F(1)-Ti-F(2) 96.0(2) F(1)-Ti-Cp 107.30

Cp-Ti-Cp′ 128.53 F(2)-Ti-Cp 106.46

C(1)-C(2)-C(3) 108.6(10) C(4)-C(5)-C(1) 107.5(10)

C(2)-C(3)-C(4) 106.8(7) C(5)-C(1)-C(2) 109.2(13)

C(3)-C(4)-C(5) 107.8(8) Aver. C-C-C 108.0
aPrimed atoms are related to the unprimed ones by the symmetry operation x, y, 1/2-z.

solved by direct methods using SHELXS-97 [24] and refined
by full-matrix least-squares techniques on F2 with SHELXL-
97 [25]. Hydrogen atoms of the cyclopentadienyl (Cp) group
were introduced at calculated positions as riding on bonded
atoms. All non-H atoms were refined anisotropically. In
the structure of 1, the carbon atoms of one of the two
Cp rings are disordered over symmetry-related positions.
CCDC 771089 contains the supplementary crystallographic
data for this paper. These data can be obtained free of
charge at http://www.ccdc.cam.ac.uk/conts/retrieving.hmtl
(or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) ++
44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk).

3. Results and Discussion

3.1. Synthetic Comments. The title compound was first
prepared by Wilkinson and Birmingham in 1954 by dis-
solving the bromo analog, [Ti(η5-C5H5)2Br2], in hot 12
N hydrofluoric acid and heating on a steam-bath until
the solution was pale yellow in colour. On cooling, yellow
crystals were received which were recrystallized from 3 N
hydrofluoric acid solution [21]. Among the other published
in the literature methods, we selected that described by
Pink in his Thesis. The method uses AgF prepared in situ,
which gives the best yields in the shortest time [29]. The
preparation of 1 involves the reactions represented by the
stoichiometric equations (1)–(3):

2AgNO3 + 2NaOH −→ Ag2O + 2NaNO3 + H2O, (1)

Ag2O + 2HF −→ 2AgF + H2O, (2)[
Ti
(
η5-C5H5

)
2Cl2

]
+ 2AgF

CHCl3/H2O−−−−−−−→
[

Ti
(
η5-C5H5

)
2F2

]
+ 2AgCl.

(3)

The two first steps ((1) and (2)) are necessary because AgF
decomposes upon staying. Experiments with commercial
AgF always lead to poor yields. Another method for a high-
yield synthesis of 1 was developed by Ruzicka and coworkers

Ti

F(1)

F(2)

C(1)

C(2)

C(3)

C(4)

C(5)

C(5′)
C(1′)

C(2′)
C(3′)

C(4′)

Figure 1: Labeled PovRay representation of complex 1 with the
atom numbering scheme. Primes are used for symmetry-related
atoms. Colour scheme: TiIV, yellow; F, blue; C, gray; H, purple.

[30] and involves the 1 : 2 reaction of [Ti(η5-C5H5)2Cl2] and
the good fluorinating agent {2-[(CH3)2NCH2]C6H4}(n-
Bu)2SnF in CH2Cl2.

Complex 1 is, like [Ti(η5-C5H5)2Cl2], a very stable
compound. It dissolves easily in common organic solvents
such as chloroform, methanol, benzene, toluene and is much
more soluble in water than are the other congener halides,
even at room temperature, without decomposition. A decent
water solubility is essential for a satisfactory cytotoxic activity
of titanium(IV) complexes. Its molar conductivity (H2O,
10−3 M, 25◦C) is less than 5 S cm2 mol−1. This means that,
in contrast to the other corresponding titanocene dihalides,
the fluoride ligands in 1 are hydrolytically stable. In this case,
the water solubility and negligible molar conductivity could
be attributed to the formation of hydrogen bonds between
the electronegative F− ligands of 1 and the H2O molecules
rather than to a dissociation of the complex to species
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Table 3: Comparison of some important molecular parameters (average values) for the four prototype titanocene dihalogenides, [Ti(η5-
C5H5)2X2].

Compound Ti–Cpa (Å) Ti–X (Å) Cp–Ti–Cp (◦) X–Ti–X (◦) Ref.

[Ti(η5-C5H5)2F2] 2.066 1.856 128.5 96.0 present work

[Ti(η5-C5H5)2Cl2] 2.059 2.364 131.0 94.5 [26]

[Ti(η5-C5H5)2Br2] 2.058 2.493 131.6 94.9 [27]

[Ti(η5-C5H5)2I2] 2.045 2.769 132.3 92.8 [28]
aCp = η5-cyclopentadienyl ring.

Table 4: Comparison of unit cell parameters for the four prototype titanocene dihalogenides, [Ti(η5-C5H5)2X2].

Compound a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) Crystal system Ref.

[Ti(η5-C5H5)2F2] 5.9055(4) 10.3021(5) 14.2616(9) 90 90 90 Orthorhombic present work

[Ti(η5-C5H5)2Cl2] 7.882(5) 19.478(10) 12.156(9) 90.46(2) 102.58(2) 143.49(2) Triclinic [26]

[Ti(η5-C5H5)2Br2] 7.872(5) 11.807(5) 12.310(3) 107.62(3) 100.83(4) 90.69(4) Triclinic [27]

[Ti(η5-C5H5)2I2] 13.426(4) 7.173(2) 13.096(4) 90 116.686(5) 90 Monoclinic [28]
aCp = η5-cyclopentadienyl ring.

a

b

c0

Figure 2: Drawing of the crystalline packing of complex 1.

like [Ti(η5-C5H5)2(H2O)2]2+ and F−. The oxophilicity of
TiIV makes complexes of this metal ion with organic and
inorganic ligands highly susceptible to hydrolysis. Complexes
of hydrolytic instability are not biologically active, probably
due to rapid formation of inactive aggregates [14].

3.2. Spectroscopic Characterization. The IR spectra of π-
bonded cyclopentadienyl metal complexes have been studied
[31–33]. In the IR spectrum of 1 the bands at 3108, 1442,
1016, 874/822 and 610 cm−1 can be assigned [31–33] to
the ν(CH), ν(CC), δ(CH), π(CH) and δ(CCC) vibrational
modes, respectively. The bands at 564 and 539 cm−1 are
assigned [32] to the ν1(A1) and ν6(B1) (under C2V point
group symmetry) stretching modes of the terminal TiIV-F
bonds.

The 1H NMR spectrum (CDCl3) of 1 shows a triplet peak
at δ = 6.53 ppm corresponding to the equivalent protons
of the η5-C5H5 protons [31, 34]. The triplet character of

the signal is due to the small 3J coupling (1.7 Hz) between
the cyclopentadienyl protons and the fluoro nuclei in the
molecule [34].

3.3. Description of Structure. The molecular structure and a
crystal packing diagram of 1 are shown in Figures 1 and 2,
respectively. Bond lengths and angles are listed in Table 2.

The structure of 1 consists of isolated [TiIV(η5-
C5H5)2F2] molecules. The molecule has the familiar, dis-
torted tetrahedral shape found in the chloro [26], bromo
[27] and iodo [28] members of the [TiIV(η5-C5H5)2X2]
family of complexes. The distorted tetrahedral structure
arises if we consider the Cp ring centroids as each occupying
one coordination site around the metal ion. The cyclopenta-
dienyl centroid-titanium-cyclopentadienyl centroid angle is
128.53◦, and the fluorine-titanium-fluorine angle is 96.0◦.
The TiF2 group defines a symmetry plane and there is thus
one crystallographically independent Cp ligand. The plane
defined by the TiIV atom and the centroids of the Cp rings
bisects the F-Ti-F bond angle. Thus, the molecule has a 2-
fold symmetry about the line of intersection of this plane and
the plane of the F-Ti-F bond angle; its point group symmetry
is C2v. The Cp ring is planar to ±0.019 Å. The least-squares
planes of the two symmetry related Cp rings in the bent
(Cp)2Ti fragment of 1 form a dihedral angle of 53.49◦. The
two Cp rings exhibit a staggered conformation. The angle
between the normals to ring planes is 53.83◦.

The five Ti-C bond lengths range from 2.363(9) to
2.400(11) Å. This narrow range establishes a distinct penta-
hapto coordination mode for each Cp ligand in 1. The mean
Ti-C bond distance (2.380 Å) is in agreement with the corre-
sponding values of other bis(cyclopentadienyl)titanium(IV)
complexes, for example, the value of 2.370 Å in [Ti(η5-
C5H5)2Cl2] [26]. The TiIV-F bond distances [1.853(4),
1.859(4) Å] are similar to those found in other 4-coordinate
titanium(IV) complexes containing terminal Ti-F bonds [16,
35, 36]. The C-C bond lengths in the Cp ring of 1 with
an average value of 1.388 Å are within the usual range



Bioinorganic Chemistry and Applications 5

reported for organometallic complexes containing Cp− rings
[27].

Since the single-crystal, X-ray structures of all the four
members of the [Ti(η5-C5H5)2X2] (X = F, Cl, Br, I) family are
now known, we feel it is interesting to compare some of their
important structural and crystallographic parameters. The
comparisons are presented in Tables 3 and 4, respectively.
The average distance from the TiIV atom to the ring centroid
and the angle between the vectors from the metal center
to each of the ring centroids vary by less than 0.025 Å and
4◦, respectively, across the four complexes. The F-Ti-F angle
(96.0◦) is slightly wider than the corresponding X-Ti-X (X
= Cl, Br, I) angles (92.8–94.5◦) suggesting that electronic,
rather than steric, effects influence this angle. The fluoro
complex 1 has the largest X-Ti-X and the smallest Cp-Ti-Cp
angle. As expected, the average titanium-halogen distances
follow the sequence Ti-F < Ti-Cl < Ti-Br < Ti-I.

4. Conclusions

The important message of this work is that we have
structurally characterized the last member, namely the fluoro
complex, of the [Ti(η5-C5H5)2X2] (X = halogenide) family of
complexes. Although the preparation of 1 was reported ∼55
years ago, its exact molecular and crystal structure remained
unknown until our report in this work. Studies are now
underway in our laboratories to investigate the reactivity
pattern of 1 with bidentate and tridentate N- or/and O-based
ligands, and to study the hydrolytic behavior and cytotoxic
activities of the resulting products. It should be mentioned
that the fluoride ions themselves, if present in the products,
are not cytotoxic at concentrations below 10−3 M [16].
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A detailed catalytic study of LFeIIICl (where L = 3-{2-[2-(3-hydroxy-1,3-diphenyl-allylideneamino)-ethylamino]-ethylimino}-
1,3-diphenyl-propen-1-ol) for hydrocarbon oxidation was carried out, focusing on the role of solvent, atmospheric dioxygen,
and oxidant on catalytic efficiency. The data showed that LFeIIICl catalyst was efficient in homogeneous hydrocarbon oxidations
providing significant yields. Moreover, tert-BuOOH provided comparable oxidation yields with H2O2, slightly favoring the
formation of alcohols and ketones versus epoxides. Dioxygen intervened in the catalytic reaction, influencing the nature of
oxidation products. The polarity of solvent strongly influenced the reaction rates and the nature of oxidation products. A
mechanistic model is postulated assuming that LFeIIICl functions via the formation of iron-hydroperoxo-species, followed by a
radical-based mechanistic path.

1. Introduction

Hydrocarbon oxidation, under mild and environmental
friendly conditions, is an important research field, since
industrial processes, especially in pharmaceutical industry,
are based on the efficiency of direct and selective trans-
formation of hydrocarbons in oxygen-containing products
such as aldehydes, ketones alcohols, diols, and epoxides
[1, 2]. However, selective oxidation of alkanes, under mild
conditions, is a difficult task due to their chemical inertness.
Nevertheless, in nature many iron enzymes activate dioxygen
and catalyze the stereospesific oxidation of C=C or C–
H bonds [3, 4]. Heme iron-proteins such as hemoglobin,
myoglobin and cytochromes oxygenase [5] and nonheme
enzymes such as methane monooxygenase [6, 7] and Rieske
dioxygenases [8, 9] are able to oxidize hydrocarbons [10]
via biochemical oxygen transport and electron-transfer
reactions.

The objective to construct convenient artificial systems
for efficient hydrocarbon oxidation using biomimetic iron
complexes [11, 12] as catalysts [13–15] by activating green
oxidants is particularly interesting. Bioinspired catalytic sys-
tems commonly use mild oxidants such as dioxygen, hydro-
gen peroxide, or tert-butyl hydrogen peroxide (TBHP) [16–

20]. In this context, stereoselective hydroxylation, epoxida-
tion, and cis-dihydroxylation by synthetic iron-biomimetic
catalysts have been reported [21–29]. Iron-peroxo species
are invoked to be part of the mechanism of several bioin-
spired oxidation catalysts [30, 31]. More particularly, iron-
complexes react with H2O2 or alkyl hydroperoxides forming
low-spin FeIIIOOH [32, 33] or FeIIIOOR [34, 35] which are
the key-species in oxidation reactions [16].

Recently, we have reported the synthesis and characteri-
zation of the ligand 3-{2-[2-(3-hydroxy-1,3-diphenyl-all-
ylideneamino)-ethylamino]-ethylimino}-1, 3-diphenyl-pro-
pen- 1-ol and its immobilization on silica surface via
formation of covalent bridging between the ligand secondary
amine and the silica OH-groups [36, 37]. Herein for brevity
this ligand will be named L. The corresponding Mn(II)
[36, 37] and Fe(III) [38] catalysts were shown to have
remarkable catalytic activity in hydrocarbons oxidation
using H2O2 as oxidant.

In the present contribution, we report a detailed catalytic
study of LFeIIICl focusing mainly on the influence of (a)
atmospheric dioxygen, (b) solvent system, and (c) oxidant on
its catalytic efficiency. The obtained information is compared
with previous data of the LFeIIICl catalyst, and mechanistic
aspects are also discussed.
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2. Experimental

2.1. General. All substrates were purchased from Aldrich, in
their highest commercial purity, stored at 5◦C and purified
by passage through a column of basic alumina prior to
use. Hydrogen peroxide was 30% aqueous solution and tert-
BuOOH was 5 M solution in decane.

Infrared spectra were recorded on a Spectrum GX
Perkin-Elmer FT-IR System. UV-Vis spectra were recorded
using a UV/VIS/NIR JASCO Spectrophotometer. The iron
amount was determined by Flame Atomic Absorption spec-
troscopy on a Perkin-Elmer AAS-700 spectrometer. Mössba-
uer spectra were recorded with a constant acceleration
spectrometer using a 57Co (Rh) source at room temperature
and a variable-temperature. X-band Electron Paramagnetic
Resonance (EPR) spectra were recorded using a Brucker
ER200D spectrometer at liquid N2 temperatures, equipped
with an Agilent 5310A frequency counter. The spectrometer
was running under a home-made software based on LabView
described earlier [39]. Mass spectra were measured on
a Agilent 1100 Series LC-MSD-Trap-SL spectrometer and
solution. Thermogravimetric analyses were carried out using
Shimadzu DTG-60 analyser. GC analysis was performed
using an 8000 Fisons chromatograph with a flame ionization
detector and a Shimadzu GC-17A gas chromatograph cou-
pled with a GCMS-QP5000 mass spectrometer.

2.2. Catalysts Preparation and Characterization

2.2.1. Preparation of LFeIIICl. To a stirred solution of
ethanol and acetonitrile (15 ml) containing the ligand
L= 3-{2-[2-(3-hydroxy-1,3-diphenyl-allylideneamino)-
ethylamino]-ethylimino}-1,3-diphenyl-propen-1-ol [36, 37]
a solution of FeCl3 in a mixture of EtOH and CH3CN was
added slowly. The resulting mixture was stirred for 24 h at
room temperature. Partially solvent evaporation resulted in
separation of an orange solid product. The obtained LFeIIICl
complex was washed with EtOH and CH3CN and dried
under reduced pressure.

2.2.2. Characterization of LFeIIICl. Iron analysis by Flame
Atomic Absorbance Spectroscopy and ESI-MS analysis indi-
cated a molecular peak at m/z 605.2 that is attributed
in [LFeCl + H]+ formation. The IR bands at 3297, 1591,
and 1523 cm−1 were attributed to the v(NH), v(C=N), and
δ(NH) vibrations. In the spectrum of the metal-free ligand L
, the corresponding vibrations were detected at 3350, 1600,
and 1535 cm−1; this shift indicates metal coordination to
imine- and amine-nitrogen. In the IR spectra of L and the
LFeIIICl the v(C–O) vibration was appeared at 1398 and
1389 cm−1, respectively, suggesting strong coordination of
Fe to the enolic oxygen atoms of the ligand L. Information
about the iron center was obtained by Electron Paramagnetic
Resonance (EPR) and Mössbauer spectroscopy. At 78 K, the
Mössbauer parameters are δ = 0.50 mm/s and ΔEQ =
0.54 mm/s indicating an octahedral high-spin FeIII(S =
5/2) center, with the iron bound to nitrogen and oxygen
atom donors [40]. The EPR spectrum of solid LFeIIICl is
characerised by two peaks at g = 4.3 and 9.2, characteristic

of a high-spin FeIII(S = 5/2) center in a rhombic ligand-field
characterized by E/D ∼ 0.33 [41]. The UV-Vis spectrum of
LFeIIICl in CH3CN contains absorption bands at 282 (ε =
20800 M−1 cm−1) and 314 nm (ε = 25580 M−1 cm−1) due
to intraligand transitions in the imine- and phenyl-groups
[42]. The absorptions at 413 nm (ε = 7100 M−1 cm−1) and
512 nm (ε = 2000 M−1 cm−1) are attributed to LMCT [43].
The low-intensity 512 nm absorption can be attributed to
charge transfer from ligand oxygen atoms to metal centre
(pπ → FeIII dπ). Usually, a (pπ → FeIII dσ

∗) transition is also
observed at higher energy than the pπ → FeIII dπ transition
and could be related to the transition at 413 nm [35, 36]. The
presence of FeIII-Cl bond also allows the presence of LMCT
involving chloride pπ → FeIII dπ orbitals [43, 44].

2.3. Catalytic Evaluation

2.3.1. GC-MS. H2O2 or tert-BuOOH diluted in solvent
(CH3CN or tert-amylalcohol) was slowly added (within
a period of 5 min) to a solvent solution containing the
catalyst and the substrate, at room temperature (25◦C).
For brevity in the text [H2O2 in tert-amylalcohol] will
be referred as system A, [H2O2 in CH3CN] as system B,
and [tert-BuOOH in CH3CN] as system C, respectively. As
an internal standard, acetophenone or bromobenzene were
used. Catalytic reactions were initiated by adding the oxidant
into reaction mixture.

The progress of the reaction was monitored by GC-MS,
by removing small samples of the reaction mixture. The
yields reported herein are based on the amount of oxidant
H2O2 converted to oxygenated products. To establish the
identity of the products unequivocally, the retention times
and spectral data were compared to those of commercially
available compounds. Blank experiments showed that, with-
out catalyst, no oxidative reactions take place.

2.3.2. Reaction Conditions

(1) Optimization of [Oxidant : Substrate] Ratio. To explore
the optimum [oxidant-substrate] molar ratio, a first set of
catalytic experiments was performed where the amount of
substrate was kept constant and the amount of H2O2 was
varied. Subsequently, a second set of catalytic experiments
was run for varied amounts of substrate, using the optimum
amount of H2O2 found in the first screening. For this screen-
ing, cyclooctene (Figure 1(a)), cyclohexene (Figure 1(b)),
styrene (Figure 1(c)), and cyclohexane (Figure 1(d)) were
tested. It is noted that H2O2 was diluted in acetonitrile
(1/10 v/v) prior use, and it was introduced into the reaction
mixture slowly.

Based on the data of Figures 1(a)–1(d), the higher
oxidation yield was obtained by small amounts of H2O2 and
large excess of substrate. This is consistent with the current
view that (a) high oxidant concentration causes oxidative
destruction of catalyst, (b) large excess of substrate protects
the catalyst from oxidative degradation, and, moreover, (c)
this substrate large excess minimizes the overoxidation of
initial oxidation products [45].
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Figure 1: (a) Cis-cyclooctene oxidation is catalysed by LFeIIICl at varied Substrate-Oxidant molar ratio in CH3CN with H2O2. (b)
Cyclohexene oxidation is catalysed by LFeIIICl at varied Substrate-Oxidant molar ratio in CH3CN with H2O2. (c) Styrene oxidation is
catalysed by LFeIIICl at varied Substrate-Oxidant molar ratio in CH3CN with H2O2. (d) Cyclohexane oxidation is catalysed by LFeIIICl at
varied Substrate-Oxidant molar ratio in CH3CN with H2O2. For all figures The given ratio is catalyst : oxidant : substrate.

Based on analogous experiments for all the substrates
used in the present study, we found that for cyclo-
hexene, methyl-cyclohexene, cyclooctene, limonene, and
cyclohexane oxidation, the optimum molar ratio of [cata-
lyst : oxidant : substrate] was equal to [1 : 20 : 1000] and for
styrene, trans-β-methyl styrene and cis-stilbene oxidation,
this molar ratio was equal to [1 : 50 : 1000].

(2) Excess of Dioxygen. Iron-based catalysts, in the presence
of dioxygen, often adopt radical mechanistic paths. Thus, the
LFeIIICl catalyst was evaluated in oxidation reactions with
H2O2, (a) under atmospheric air versus (b) under inert Ar
atmosphere (Table 1, Figure 2).

Based on the data of Table 1, it is observed that (a) the
total yield of some oxidation reactions under air was over
100%; moreover, (b) the total oxidation yield under Ar
was decreased. Especially, alcohol and ketone yields were
strongly decreased under Ar. This suggests O2-involvement
in the oxidation process which possibly propagates a

radical autooxidation [46, 47] of the more reactive oxygen-
containing products such as alcohols and ketones. Thus, to
record reliable data, all catalytic experiments herein were
performed under a vigorous Ar purge to avoid any trace
of O2.

(3) Solvent Effect on the Reaction Time. The time course
profiles of the LFeIIICl-catalysed oxidation of cyclohexene
with H2O2 in CH3CN and in tert-amylalcohol are given in
Figure 3. According to these data the catalytic reaction was
practically accomplished within 4 h in CH3CN and within
12 h in tert-amylalcohol. Thus, the reaction rate is strongly
influenced by solvent. This effect could be related to the
solvent polarity. However, in both solvents, the total yield
of cyclohexene oxidation is quite high providing 88.5% in
CH3CN and 79.0% in tert-amylalcohol. It is noted that
cyclohexene oxidation, in CH3CN with tert-BuOOH as
oxidant, was complete within 2 h, resulting in a 76.3% total
yield.
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Table 1: Hydrocarbon oxidations catalyzed by LFeCl with H2O2 in CH3CN under atmospheric air and under Ar.

substrate products
LFeCl

under Arc

Yield (%)

LFeCl
under Arc

Total yield
(%)

LFeCl
under airc

Yield (%)

LFeCl
under airc

Total yield
(%)

Cyclohexenea
cis-epoxide 6.5 3.5

2-cyclohexenol 52.0 61.5

2-cyclohexenone 30.0 88.5 43.2 108.2

1-Methyl-cyclohexenea

cis-epoxide 20.0 21.0

1-methyl-2-cyclohexen-1-ol 25.6 22.6

3-methyl-2-cyclohexen-1-ol 42.0 45.3

3-methyl-2-cyclohexen-1-one 8.8 96.4 52.0 140.9

Cyclooctenea cis- epoxide 37.0 37.0 41.0 41.0

Styreneb
epoxide 7.5 7.0

phenyl-acetaldehyde 7.0 3.5

benzaldehyde 35.0 49.5 94.5 105.0

Methyl-Styreneb
trans-epoxide 41.9 29.0

methyl-benzyl-ketone 11.3 2.0

benzaldehyde 40.0 93.2 90.0 121.0

Cis- stylbeneb cis-epoxide 15.8 6.0

benzaldehyde 36.0 51.8 36.0 42.0
aConditions: ratio of catalyst: H2O2: substrate= 1 : 20 : 1000. bConditions: ratio of catalyst : H2O2 : substrate= 1 : 50 : 1000. c Reactions were completed within
4 h.

0

20

40

60

80

100

120

140

160

To
ta

ly
ie

ld
(%

)

C
yc

lo
h

ex
en

e

C
yc

lo
h

ex
en

e
•

1-
M

et
hy

lc
yc

lo
h

ex
en

e

1-
M

et
hy

lc
yc

lo
h

ex
en

e
•

C
yc

lo
oc

te
n

e

C
yc

lo
oc

te
n

e
•

St
yr

en
e

St
yr

en
e
•

M
et

hy
l-

st
yr

en
e

M
et

hy
l-

st
yr

en
e
•

C
is

-s
ty

lb
en

e

C
is

-s
ty

lb
en

e
•

Aldehyde
Ketone
Alcohole
Epoxide

(•) Under air
( ) Under Ar

Figure 2: Bar chart representation of oxidations catalyzed by
LFeIIICl with H2O2 in CH3CN under atmospheric air and under
Ar.

3. Results and Discussion

3.1. Hydrocarbon Oxidation by the FeIII-Catalysts. The cat-
alytic activity of LFeIIICl for hydrocarbon oxidation was
evaluated using tert-BuOOH and H2O2 as oxidants in
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Figure 3: Time-dependent reaction profiles for cyclohexene oxi-
dation catalysed by LFeIIICl with H2O2 in CH3CN and tert-
amylalcohol.

either CH3CN or tert-amylalcohol. Cyclohexene, methyl-
cyclohexene, cyclooctene, limonene, and cyclohexane were
used as substrates with a ratio of catalyst : oxidant : substrate
equal to 1 : 20 : 1000 and styrene, trans-β-methyl styrene
and cis-stilbene with a ratio of catalyst : oxidant : substrate
equal to 1 : 50 : 1000. All oxidation reactions were carried
out at room temperature under Ar atmosphere as described
in details in Experimental Section. The obtained catalytic
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Figure 4: Distribution of oxidation products catalyzed by LFeIIICl, (a) in tert-amylalcohol with H2O2, (b) in CH3CN with H2O2, and (c) in
CH3CN with tert-BuOOH. See Table 2 for further details.

results are summarized in Table 2. Figure 4 provides a
histogram-plot of the data of Table 2. The catalytic data of
LFeIIICl with H2O2 in CH3CN were taken from [38] and are
included here for comparison.

Based on Table 2 we observe that cyclohexene and
limonene oxidation catalyzed by the LFeCl provided oxida-
tion products with a combined yield of 79.0% and 93.7%,
respectively, in tert-amylalcohol with H2O2 (system A),
88.5% and 99.8% in CH3CN with H2O2 (system B), and
76.3% and 82.34% in CH3CN with tert-BuOOH (system
C). Cyclohexene undergoes mainly allylic oxidation forming
2-cyclohexene-1-ol and 2-cyclohexene-1-one (with yields
16.0% and 50.7%, resp., by system A, 52.0% and 30.0% by
system B, and 37.0% and 37.0% by system C). However
cyclohexene epoxidation is also observed, providing low
epoxide yields 12.3%, 6.5%, and 2.3% by systems A, B, and
C, respectively. It is note that in tert-amylalcohol, the yield
of epoxide and ketone increases, while the alcohol yield is
reduced.

The major products detected from limonene oxidation
were (i) two epoxides (cis- and trans-) derived from epoxi-
dation of the electron-rich double bond at 1,2- position and
(ii) alcohols derived from hydroxylation of the double bond
at 1- and 2-position and from hydroxylation at 6-position
closed to 1,2-double bond. Oxidation products from the
more accessible, though less electron-rich, double bond at

8,9-position were not observed. Additionally, considerable
amounts of the corresponding ketone at 6-position were also
formed. In summary, the yield (a) of limonene-epoxides (cis-
1,2 and trans-1,2) was found to be 51.2% in system A, 33.3%
in system B, and 27.4% in system C, (b) of limonene-alcohols
(1-ol, 2-ol, and 6-ol) 33.5%, 54.0%, and 46.9%, respectively
and (c) of 6-ketone 9.0%, 12.5%, and 8% in systems A, B, and
C respectively. These data provide a total catalytic oxidation
of limonene 93.7%, 99.8%, and 82.3% achieved by LFeCl,
respectively, in tert-amylalcohol with H2O2 (system A), in
CH3CN with H2O2 (system B), and in CH3CN with tert-
BuOOH (system C).

When methyl-cyclohexene was used as substrate, the
detected oxidation products were cis-epoxide, 1-methyl-2-
cyclohexen-1-ol, 3-methyl-2-cyclohexen-1-ol, and 3-methyl-
2-cyclohexen-1-one. The corresponding yields found to be
[40.0%, 20.0%, and 29.0%], [21.3%, 25.6%, and 23.7%],
[24.5% 42.0%, and 36.3%], and [10.9%, 8.8%, and 8.5%]
in catalytic systems A, B, and C, respectively. Generally,
methyl-substituted alkenes are more reactive towards both
epoxidation and allylic oxidation. Our findings confirm
this aspect providing total yield of methyl-cyclohexene
oxidation 93.7%, 98.8%, and 83.3% by the present catalytic
systems.

Cis-cyclooctene as substrate afforded a single-product
reaction with H2O2 catalysed by LFeIIICl resulting only in
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Table 2: Hydrocarbon oxidation by LFeIIICl catalyst.

substrate products
LFeClc LFeCld LFeCle

Yield (%) Total yield (%) Yield (%) Total yield (%) Yield (%) Total yield (%)

Cyclohexenea
cis-epoxide 12.3 6.5 2.3

2-cyclohexenol 16.0 52.0 37.0

2-cyclohexenone 50.7 79.0 30.0 88.5 37.0 76.3

cis-epoxide 40.0 20.0 29.0

1-Methyl-cyclohexenea
1-methyl-2-cyclohexen-
1-ol

21.3 25.6 23.7

3-methyl-2-cyclohexen-
1-ol

24.5 42.0 36.3

3-methyl-2-cyclohexen-
1-one

10.9 96.7 8.8 96.4 8.5 97.5

Cyclooctenea cis- epoxide 53.0 37.0 28.0

2-cyclooctenone — 53.0 37.0 10.0 38.0

Limonenea

cis-1,2 epoxide 34.4 21.0 18.0

trans-1,2 epoxide 16.8 12.3 9.4

limonene alcoholf 33.5h 54.0g 46.9i

limoneme ketonej 9.0 93.7 12.5 99.8 8.0 82.3

Styreneb
epoxide 25.0 7.5 3.0

phenyl-acetaldehyde 1.6 7.0 1.6

benzaldehyde 20.0 46.6 35.0 49.5 45.0 49.6

trans-epoxide 47.7 41.9 42.0

Methyl-styreneb methyl-benzyl-alcohole 4.5 — 8.0

methyl-benzyl-ketone — 11.3 —

benzaldehyde 45.0 97.2 40.0 93.2 15.8 65.8

Cis-stylbeneb

cis-epoxide 9.5 15.8 2.4

trans-epoxide 30.0 — 23.0

stylben-cetone — — 3.0

benzaldehyde 14.0 53.5 36.0 51.8 20.0 48.4

Cyclohexanea cyclohexanol 5.0 7.7 4.6

cyclohexanone 3.0 8.0 4.4 12.1 2.4 7.0
aConditions: ratio of catalyst : oxidant : substrate= 1 : 20 : 1000. bConditions: ratio of catalyst : oxidant : substrate= 1 : 50 : 1000. cReactions were completed
within 12 h in tert-amylalcohol with H2O2 as oxidant. dReactions were completed within 4 h in CH3CN with H2O2 as oxidant. eReactions were completed
within.1 h in CH3CN with tert-BuOOH as oxidant. fLimonene alcohols were found to be a mixture of 1-ol, 2-ol, and 6-ol. g54% yield corresponds to 23%
for 1-ol, 13.5% for 2-ol, and 17.5% for 6-ol. h33.5% yield corresponds to 9.0% for 1-ol, 6.5% for 2-ol, and 18.0% for 6-ol. i46.9 yield corresponds to 26.0%
for 1-ol, 8.97% for 2-ol, and 11.93% for 6-ol. jThe only observed ketone is the 6-one.

cis-cyclooctene epoxide with 53.0% and 37.0% yields in
systems A and B, respectively. However, the use of tert-
BuOOH as oxidant provided 28% epoxide and 10% 2-
cyclooctenone. Generally, cyclooctene occurs more readily
epoxydation than allylic oxidation; however, here with tert-
BuOOH, overoxidized 2-cyclooctenone derived from allylic
oxidation was also detected.

Cis-stilbene oxidation in catalytic systems A and C
provided cis- and trans- epoxides as major products [9.5%
and 30% in system A] and [2.4% and 23.0% in C].
Benzaldehyde as oxidative cleavage product was also formed
with yields 14% and 20%, respectively. In Catalytic system B,
the detected products were benzaldehyde with yield 36.0%
and cis-stilbene epoxide with yields 15.8%.

Styrene oxidation provided benzaldehyde as major prod-
uct derived by oxidative cleavage of the exo-cyclic double
bond with yields 20.0%, 35.0%, and 45.0% in systems
A, B, and C, respectively. However, epoxide and phenyl
acetaldehyde have been also formed by direct oxidation of
the same double bond with [25.0% and 1.6%] in system
A, [7.5% and 7.0%] in system B, and [3.0% and 1.6%]
in system C. Overall, styrene was oxidised by LFeIIICl in
different oxidation conditions providing total yields from
46.6% to 49.6%.

The methyl-substituted styrene, trans-β-methyl styrene,
is more reactive than styrene showing total oxidation yields
97.2%, 93.2%, and 65.8% in catalytic systems A, B, and
C, respectively. The identified products were trans-epoxide
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(47.7%, 41.9%, and 42.0%) and benzaldehyde as oxidation
cleavage adduct (45.0%, 40.0%, and 15.8%). In some cases,
methyl-benzyl-ketone and methyl-benzyl-alcohol were also
detected.

Finally, cyclohexane oxidation by the present FeIII-
catalyst, in the three A, B, and C catalytic conditions, gave
cyclohexanol and cyclohexanone with combined yields 8.0%,
12.2%, and 7.0% while the corresponding alcohol/ketone
(A/K) ratio was found to be 1.66, 1.75, and 1.71, respectively.

3.2. Mechanistic Considerations. The A/K ratio in cyclohex-
ane can be used as a criterion of the presence and lifetime
of free alkyl radical intermediates [31] as follows: (i) when
A/K = 1, then we assume that the alkyl radicals are long-
lived with a strong tendency to interact with O2 to form
alkyl-peroxy-radicals [45]. At the end, following a Russell-
type terminal stage [48], recombination of these radicals
results in the formation of equimolar amounts of alcohol
and ketone [21, 31]. (ii) When A/K > 1, the radical •OH
is formed by a metal-based system and the metal center
reacts directly to form the corresponding alcohol. This is
consistent with the formation of FeIII–OOH intermediate
and the homolytic cleavage of O–O bond to •HO radical
and oxoiron(IV) followed by electrophilic addition of metal-
based species to the substrate.

Hydrocarbon oxidations catalyzed by LFeIIICl presented
comparable selectivity and distribution of oxidation prod-
ucts, in the three experimental conditions studied herein.
This implies similar mechanistic path in the catalysis. Gen-
erally, LFeIIICl is able to generate iron-hydroperoxo-species
under the mild oxidation conditions used. It is known from
other nonheme iron systems that FeIII–OOH could be either
(a) a precursor or (b) itself an oxidant [22, 28, 46]. In the first
case, possible homolytic cleavage of O–O bond leads to an
FeIV=O species and reactive •HO radical while a heterolytic
cleavage generates an Fev=O and an OH− species [22, 28,
46]. Herein, the major oxidation products of alkenes are
alcohols and ketones, mainly derived by an allylic oxidation
reaction. However, considerable amounts of epoxides have
been also formed. Taking into account that the detected
allylic oxidation products are the main component of the
observed oxidation yield, a dominant radical mechanistic
path is suggested. This suggestion is further supported by
detection of traces of the compounds illustrated in Scheme 2.
Their formation could be a result of (a) interaction between
two allyl-radicals formed on substrates and (b) interaction of
an allyl-radical on substrate and a hydro-peroxo radical.

In this context, when tert-amylalcohol—a less polar
solvent—was used with H2O2, the reaction time is con-
siderably longer, the yield of the corresponding epoxides
increased, and the yield of radical mechanism products, that
is, alcohols and ketones decreases. On the other hand, the
use of tert-BuOOH as oxidant enhanced the yield of the
corresponding alcohols and ketones.

4. Conclusion

The LFeIIICl catalyst was efficient in homogeneous hydro-
carbon oxidations providingsignificant yields. The catalytic

N

HOOH

N N
H

Scheme 1: Schematic representation of ligand [3-{2-[2-(3-
hydroxy-1,3-diphenyl-allylideneamino)-ethylamino]-ethylimino}-
1,3-diphenyl-propen-1-ol] (L).

O O

O
O

O

Scheme 2: Schematic representation of detected byproducts.

experiments (a) were performed under inert argon atmo-
sphere excluding any trace of O2 which favors radical
oxidation paths and (b) included large excess of substrate,
protecting the catalyst from oxidative degradation and
minimizing the overoxidation of initial oxidation products.
tert-BuOOH provided comparable oxidation yields with
H2O2; nevertheless it slightly favors the formation of alcohols
and ketones versus epoxides. The polarity of solvent strongly
influences the reaction rate and the nature of oxidation prod-
ucts. We suggest that LFeIIICl functions via the formation
of iron-hydroperoxo-species and the dominant mechanistic
path is a radical one.
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Human Arkadia is a nuclear protein consisted of 989 amino acid residues, with a characteristic RING domain in its C-terminus.
The RING domain harbours the E3 ubiquitin ligase activity needed by Arkadia to ubiquitinate its substrates such as negative
regulators of TGF-β signaling. The RING finger domain of Arkadia is a RING-H2 type and its structure and stability is strongly
dependent on the presence of two bound Zn(II) ions attached to the protein frame through a defined Cys3-His2-Cys3 motif.
In the present paper we transform the RING-H2 type of Arkadia finger domain to nonnative RING sequence, substituting the
zinc-binding residues Cys955 or His960 to Arginine, through site-directed mutagenesis. The recombinant expression, in Escherichia
coli, of the mutants C955R and H960R reveal significant lower yield in respect with the native polypeptide of Arkadia RING-H2
finger domain. In particular, only the C955R mutant exhibits expression yield sufficient for recombinant protein isolation and
preliminary studies. Atomic absorption measurements and preliminary NMR data analysis reveal that the C955R point mutation
in the RING Finger domain of Arkadia diminishes dramatically the zinc binding affinity, leading to the breakdown of the global
structural integrity of the RING construct.

1. Introduction

RING finger is a characteristic protein sequence motif that
was first identified in the protein product of the human
gene RING1—Really Interesting New Gene 1—which is
located proximal to the major histocompatibility region
on chromosome 6 [1]. The RING finger domain is a
cysteine/histidine-rich, zinc-chelating domain that promotes
both protein-protein and protein-DNA interactions [2].
It is defined as Cys1-Xaa2-Cys2-Xaa9–39-Cys3-Xaa1–3-His4-
Xaa2-3-Cys/His5-Xaa2-Cys6-Xaa4–48-Cys7-Xaa2-Cys8 (where
Xaa can be any amino acid residue). Two zinc atoms are com-
plexed by the cysteine/histidine residues in a “cross-brace”
manner, to provide correct folding and biological activity to
the RING domain Figure 1(a) [3, 4]. The distinctive cross-
brace arrangement of the two tetrahedral zinc binding sites
endows the RING domain with a globular conformation,
characterized by a central α-helix and variable-length loops
separated by several small β-strands. RING finger motifs

are further subdivided, depending on whether a cysteine or
histidine residue is found at Cys/His5 within the motif. Thus
they are classified as being either a RING-HC (Cys5) or a
RING-H2 (His5) type. The metal binding properties of some
RING finger domains have been investigated in a preliminary
manner, using synthetic peptides that bear the amino acid
sequence of BRCA1 and HDM2 [5, 6]. It is well-established
that RING fingers can also bind other than zinc metal ions,
such as cobalt (II) and cadmium (II) [7–9]

Human Arkadia is a nuclear protein of 994 amino acid
open reading frame (ORF) that exhibits no sequence simi-
larity with any other known protein apart from the RING-
H2 finger topology in its C-terminal region [10]. Mouse
Arkadia ORF differs in length by 5 residues (989 aa) but
their C-terminal 124 residue segments bear identical amino
acid sequence. Arkadia has been shown to function as an E3
ubiquitin ligase [11]. E3 ligases participate actively at the last
step of the protein degradation through the ubiquitination
pathway [12, 13]. Additionally, RING E3 ubiquitin ligases
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Figure 1: (a) The schematic structure of a RING finger domain showing the “cross-brace” arrangement of the two zinc binding sites; (b) The
amino acid sequence of the RING finger domain of mouse Arkadia; (c) the mutation sites, C955R and H960R, in the sequence of Arkadia
RING Finger domain.

play an essential role in the regulation of many biological
processes and defects in some of them are involved in cancer
development. Thus, RING E3 ligases represent a potential
molecular target for disease intervention in mechanism-
driven drug discovery [14–17]. Arkadia is the first example
of a RING E3 ubiquitin ligase that positively regulates TGF-
β family signaling. The RING-H2 domain harbours the E3
ubquitin ligase activity required by Arkadia to ubiquitinate
various negative regulators of TGF-β [11, 18–20]. Recently an
efficient method for expression in Escherichia coli and purifi-
cation of recombinant Arkadia RING-H2 finger domain
as a soluble protein was reported [21]. Preliminary NMR
data analysis of the Arkadia RING Finger suggests a ββαβ-
like topology typical of RING finger domains. Additionally,
NMR experimental evidence indicates that proper zinc

incorporation is a major determinant for the RING finger
domain structure and stability [21].

Each type of RING domain exhibits unique structural
characteristics, which may affect the specificity of the recruit-
ment of E2 enzymes or substrate recognition. Furthermore,
substitution of various native amino acids, especially the
zinc-binding residues, resulted in the significant loss of
ubiquitination capacity, as shown in various E3 ligases such
as BRCA1, HDM2 and many other RING finger domain-
containing proteins. Substitution of zinc-binding amino
acids with residues by atom-donors with lower affinity
to zinc metal ion, results in a collapsed RING finger
structure or in a conformational alteration that prevents
RING from interacting with E2. Thus assembly of E2 and
E3 into a productive complex, a key component in the
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ubiquitination pathway, is misformed. Herein we present
the production of two nonnative RING finger domains of
mouse Arkadia: C955R and H960R Figure 1(b), through
site-directed mutagenesis. The recombinant expression in
Escherichia coli of the mutants C955R and H960R reveals
significant lower yield in respect with the native polypeptide
of Arkadia RING-H2 finger domain. Only the C955R
mutant exhibits expression yield sufficient for recombinant
protein isolation and the protocol applied was based on
that used for the wt of Arkadia RING-H2 finger domain
[21]. Since zinc binding is considered to be critical to
proper folding and activity of the RING-H2 domain
of Arkadia, the nonnative polypeptides were expressed
in zinc-loaded growth media. Zinc contents of the wt
and mutant C955R RING construct were determined by
Atomic Absorption measurements. Finally, the folding state
and the structural integrity of the holo-RING constructs
were monitored through 1H and 2D 1H-15N-HSQC spec-
troscopy.

2. Materials and Methods

2.1. Plasmids, Bacterial Strains, and Growth Media. E. coli
DH5α (Invitrogen) was used as the host strain for cloning
and plasmid propagation and E. coli BL21(DE3) (Stratagene)
as the host strain for the expression vector pGEX–4T-1
(Amersham Biosciences). Both strains were routinely grown
in Luria-Bertani (LB hereafter) broth or on plates of LB agar,
supplemented with ampicillin (100 μg/ml) for both trans-
formed DH5α and BL21(DE3) strains. Induction was carried
out in M9 medium supplemented with 2 ml/l of solution Q
(40 mM HCl, 50 mg/l FeCl2·4H2O, 184 mg/l CaCl2·2H2O,
64 mg/l H3BO3, 18 mg/l CoCl2·6H2O, 340 mg/l ZnCl2,
605 mg/l Na2Mo4·2H2O, 40 mg/l MnCl2·4H2O) and 10 ml/l
of vitamin mix (500 mg/l thiamine, 100 mg/l biotin, 100 mg/l
choline chloride, 100 mg/l folic acid, 100 mg/l niacinamide,
100 mg/l pantothenic acid, 100 mg/l pyridoxal, 10 mg/l
riboflavin).

2.2. Cloning, Expression, Purification, and Isotopic Labeling of
Arkadia RING Constructs. The protocol adopted to express
and purify the nonnative RING constructs of Arkadia was
essentially the same as that previously reported to produce
the wt of the RING-H2 construct [10]. The expression
plasmids for the presented mutants were obtained from
that of wt RING-H2 through the Quickchange (Stratagene)
mutagenesis kit. 15N isotopic labeling of the mutant C955R
was obtained using M9 medium supplemented with 2 g/l
15NH4Cl as nitrogen source.

2.3. Preliminary Protein Characterization. The purity of
all polypeptides was checked by SDS-PAGE in 17%
polyacrylamide gels after staining of protein bands with
Coomassie Blue R-250. The concentration of RING domains
of Arkadia was determined by using two methods: the
first is based on the extinction coefficients at 280 nm of
each construct, as estimated by PROTPARAM software

(http://www.expasy.org/tools/protparam.html/) and the sec-
ond, which is more accurate, on the Quick start Bradford
protein assay (BIORAD) [22].

2.4. Atomic Absorption Spectrometry. Elemental analysis for
zinc was performed employing Atomic Absorption Spec-
trometry (Perkin Elmer AAnalyst 300). The zinc content was
measured in wt RING-H2 and the mutant C955R RING
constructs. In order to exclude any matrix effect in zinc
measurements, the standard addition method was applied
[23]. Four samples were prepared for the first construct,
the unspiked and three aliquots (spiked) to which known
amounts of the analyte zinc from a stock standard solution
(AA Panreac 1.000 ± 0.002 g/l Zn) were added (Table 1).
For the nonnative construct, three samples were prepared,
respectively: the unspiked and two spiked. The spiked
concentration ranged from 0 (unspiked sample) to 0.6 ppm.
The volume was kept equal for all samples by means of
addition of PBS buffer. Preliminary tests assured that the
overall concentration of zinc was lying within the linear
range of the technique (1 ppm). Absorbance of all samples
at the appropriate wavelength (213.9 nm) was measured
twice. An appropriate calibration curve for each protein was
constructed (Table 3, Figure 3). The concentration of zinc in
the unspiked samples was determined, dividing the intercept
by the slope of calibration curve [23].

2.5. NMR Spectroscopy. 1D 1H-NMR and 1H-15N HSQC
spectra were recorded at 298 K on a Bruker Avance 600 MHz
spectrometer, equipped with a cryogenically cooled pulsed-
field gradient triple-resonance probe (TXI) and on a Bruker
Avance DRX 400 MHz, equipped with two multinuclear
broadband probes (inverse BBI and direct BBO). 1H 1D
spectra were acquired in the 16 ppm spectral width using a
variety of pulse sequence for water suppression and spectra
were calibrated relatively to the water proton resonances. The
2D 15N HSQC spectra were acquired using a spectral width
of 40 ppm for ω1 and 8 ppm for ω2. The NMR samples
contained 1 mM and 0.2 mM protein of wt Arkadia and
mutant construct C955R, respectively, in 50 mM phosphate
buffer, pH = 7, in the presence of 90% H2O/10% D2O.

3. Results and Discussion

The C-terminal RING finger domains of wt and Arkadia
mutants were expressed in M9 minimal growth media
supplemented with ZnCl2. Both of the mutants: C955R and
H960R, reveal remarkably lower expression yield in respect
with the native polypeptide of Arkadia RING-H2 finger
domain. Small-scale test expression of RING constructs in
the absence of ZnCl2 suggests that additional zinc enrich-
ment of growth media does not affect the expression yield of
soluble RING constructs. In Figure 2, it is presented the total
cell lysate of wt (a), the mutant C955R (b) and H960R (c),
at 37◦C with ZnCl2 at a final concentration 100 μM. Finally,
from the above mutants, the expression yield of the C955R
mutant was sufficient for recombinant protein isolation and
preliminary studies.
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Table 1: Samples of each construct spiked with Zn prepared and analyzed.

Sample Volume of the unknown protein sample used (μl) Final volume of the sample (ml) Spiked Concentration of Zn (ppm)

RING-H2 construct

A 15.0 5.0 0

B 15.0 5.0 0.2

C 15.0 5.0 0.4

D 15.0 5.0 0.6

Mutant RING construct (C955R)

A 9.0 2.0 0

B 9.0 2.0 0.1

C 9.0 2.0 0.2

Table 2: Cumulative results of zinc: protein ratio for the samples analyzed.

Protein sample
Zn concentration

(mM)
Protein concentration

(mM)
Zn : protein

ratio

RING-H2 1.04300 (±0.00460) 0.498 (±0.001) 2.094

Mutant RING
(C955R)

0 0.201 (±0.001) 0

(a) (b) (c)

Figure 2: The total cell lysate of wt (a), the mutant C955R (b), and
H960R (c) at 37◦C with ZnCl2 at a final concentration 100 μM.

Elemental analysis for zinc was performed employing
Atomic Absorption Spectrometry. A calibration curve for
each protein sample (Figure 3) was constructed as described
in Section 2. The concentration of zinc in the unspiked
sample of both constructs was determined, dividing the
intercept by the slope of the calibration curves [23] (Table 3).
The concentration of zinc in the initial samples of 0.5 mM
RING-H2 and 0,2 mM C955R mutant of Arkadia was
calculated to be 1 mM and 0 mM, respectively, (Table 2).
It should, also, be stressed that the zinc content of the
constructs remained stable in excess of ZnCl2 in the growth
media (>100 μM). The atomic absorption measurements of
the native RING construct suggest a stoichiometry of two
zinc ions per molecule, a value that is in agreement with
the classic binding properties of RING fingers. However, the
elemental analysis of the C955R mutant suggests that the
mutated construct does not bind zinc at all, indicating that
the substitution of one of the three cysteines in the second
tetrahedral zinc binding motif abolishes the global metal
binding capacity of the hole polypeptide.

It is known that the protein structure of the Arkadia
zinc loaded wt RING-H2 domain is well folded and the zinc
incorporation is a major determinant for its structure and
stability [17–21]. Indeed, when EDTA was added to a sample
of the Arkadia RING finger domain at a 1 : 1 molar ratio
with respect to Zn(II) substantial changes were observed for
a number of residues in a 1H-15N HSQC spectrum. Further
addition of EDTA up to a final Zn : EDTA molar ratio of
1 : 2 led to dramatic changes in the 1H-15N HSQC typical for
structureless polypeptide [21]. The 1D 1H-NMR spectrum
of C955R mutant (Figure 4(a)) and its comparison with the
1D NMR spectrum of the wt (Figure 4(b)) suggests that the
C955R RING construct is not a folded protein.

Heteronuclear NMR spectroscopy, and especially 2D 1H-
15N-HSQC experiments provides the fingerprint spectrum
of each polypeptide and are diagnostic tools for the folding
properties and aggregation state of recombinant proteins.
Additionally, this technique can probe fine structural rear-
rangements upon amino acids substitutions and for this
reason it is applied to probe the effect of C955R mutation.
Indeed, the 1H-15N-HSQC exhibits dramatic changes in
respect with the spectrum of the native RING construct,
with no signal dispersion of the backbone amide groups
(Figure 4). This remarkable lack of the chemical shift
dispersion is almost identical to that observed in the HSQC
spectrum of the unstructured wt RING construct, due to
the presence of EDTA excess [21]. EDTA is a powerful metal
chelating agent and competes the RING polypeptide for zinc
binding. Excess of EDTA in RING Finger solution uptakes
the zinc ion and RING polypeptide structure collapses as
evidenced by the HSQC. Mutation of the Cys955 by Arg seems
to result to an unstructured polypeptide that has abolished
the zinc binding ability.

The substitution of the His960 and Cys955 residues by an
Arg was driven by the fact that Arg, according to Blosum
matrix, is among the residues with the higher probability to
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Figure 3: Calibration curves for the additions of zinc in (a) RING-H2 and (b) mutant RING (C955R) of Arkadia.

Table 3: Linear regression data for the calibration curves.

Protein sample Intercept (A) Slope (B) Correlation Coefficient (R)

RING-H2 0.02220 (±0.00009) 0.10850 (±0.00240) 0.99951 (±0.00107)

Mutant-RING (C955R) −0.00002 (±0.00004) 0.14500 (±0.00289) 0.99980 (±0.00004)

substitute His in polypeptide sequence, due to the similar
length and nature of its side chain and its basic character.
Additionally, its linear side-chain is not expected to impose
significant steric interaction that may alter dramatically
the spatial geometry of the other potential Zn(II) binding
residues (three Cysteines). Since the expression yield of
the H960R mutant was very low for protein isolation,
preliminary studies were performed only for the C955R
mutant. It is proposed that the new mutated motif does not
bind zinc at all, in contrast to the stoichiometry of two zinc
ions per molecule for the native RING construct. Although
the alteration occurred in the second binding motif, both
binding sites are losing their metal binding capacity. Addi-
tionally, NMR spectroscopy indicates that C955R mutant of
RING Arkadia undergoes significant structural rearrange-
ments losing its proper folding, in respect with the native
polypeptide. This result may provide new insights into the
sequential metal loading by the two tetrahedral binding sites
of the RING-H2 domain of Arkadia. Since the net effect
of the C955R substitution is the collapse of the structure
it is suggested that the second site may be an important
regulator that affects the formation of the first site and the
overall metal-dependent folding of the polypeptide. In the
past, the sequential binding was considered to be a general
characteristic of RING finger domains, but its biological
significance has not yet been established [5, 24, 25]. One
characteristic example is the metal binding properties of
peptide corresponding to the RING finger domain from the
tumor suppressor gene product BRCA1. It is found that the

above metal binding is thermodynamically sequential with
cobalt(II) almost saturating one of the two sites in each
polypeptide prior to binding to the other site. Analysis of
the absorption spectra due to cobalt(II) bound to the two
sites revealed that the higher affinity site is comprised of four
cysteinate ligands whereas the lower affinity site has three
cysteinate and one histidine ligands. Upon binding a metal
ion to site 1 (Cys4), the peptide becomes somewhat more
structured and, perhaps, more rigid in a manner that affects
the regions involved in forming site 2 (Cys3His). This, in
turn, increases the difficulty in binding a metal ion to site 2,
leading to the observed anticooperativity [5]. The same metal
binding properties were found in the RING finger domain
of HDM2 C-terminal domain. In this case the metal binds
to the higher-affinity binding site were monitored through
fluorescence energy transfer, revealing two binding events
separately: the stronger binding site C4 and the weaker one
C3H. Furthermore, synthetic knockout mutants not only
enabled to assign the coordinating residues in the HDM2
RING finger domain but also revealed that metal binding to
HDM2 was also anticooperative [6].

In summary, we reinforce the theory that substitution
of zinc-binding amino acids in RING finger domains may
possesses an immense role in the biochemical and biological
activity of RING Finger E3 ligases. Herein, we demonstrate
that even one point mutation (C955R) in the RING finger
domain of Arkadia can have a dramatic effect in the domain
structure, leading to the breakdown of the global structural
integrity of the RING construct. This phenomenon is
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Figure 4: The 1D 1H-NMR of amide proton resonances (7,5–
10 ppm) and 1H-15N HSQC of the mutant (a) and the native RING
(b).

expected to prevent the formation of a E3-E2 productive
complex and finally to reduce its ubiquitin ligase activity.
In the past, similar results have been reported regarding
mutants in the zinc binding motif of HDM2 (429–491).
RING finger domain (such as His452Ala and His457Ala)
was studied through NMR spectroscopy revealing a lack
of dispersion and broad resonances in 15N-HSQC spectra,
characteristic of unfolded protein [26]. The correlation
between mutations in the RING finger domain of E3 ligases
and their ubiquitination activity was well established in
the past through the detection of mutations within the
BRCA1 RING domain that predispose to cancer due to the
abolishment of BRCA1 ligase activity [27]. Furthermore, site
mutations in the RING finger of E3 ligases are associated with
various consequences in biological processes such as their
unusual distribution in the cell, like the large cytoplasmic
and nuclear inclusion of the two mutant isoforms of Parkin
RING finger protein [28]. In this light, the verification of
this probable occurrence of a sequential metal binding by the
wt/mutant of RING finger domains of Arkadia and the study
of their mechanism remain to be done.

Abbreviations

RING: Really interesting new gene
TGF-β: Transforming growth factor β
NMR: Nuclear Magnetic Resonance.
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N,N’-diethylurea (DEU) was employed as a ligand to form the octahedral complexes [M(DEU)6]2+ (M=Co, Ni and Zn).
Compounds [Co(DEU)6](BF4)2 (1), [Co(DEU)6](CIO4)2 (2), [Ni(DEU)6](CIO4)2 (3), and [Zn(DMU)6](CIO4)2 (4) have
been prepared from the reactions of DEU and the appropriate hydrated metal(II) salts in EtOH in the presence of 2,2-
dimethoxypropane. Crystal structure determinations demonstrate the existence of [M(DEU)6]2+ cations and CIO4

− (in 2–4) or
BF4

− (in 1) counterions. The [M(DEU)6]2+ cations in the solid state are stabilized by a pseudochelate effect due to the existence
of six strong intracationic N-H · · ·O(DEU) hydrogen bonds. The [M(DEU)6]2+ cations and counterions self-assemble to form
hydrogen-bonded 2D architectures in 2–4 that conform to the kgd (kagome dual) network, and a 3D hydrogen-bonded rtl (rutile)
network in 1. The nature of the resulting supramolecular structures is influenced by the nature of the counter-ion. The complexes
were also characterized by vibrational spectroscopy (IR).

1. Introduction

In 1828, Wöhler attempted to synthesize ammonium cyanate
by reacting silver isocyanate (AgNCO) with ammonium
chloride (NH4Cl). The outcome of this failed attempt was
urea H2NCONH2 (U, Scheme 1) which represents the first
organic molecule synthesized in the laboratory from purely
inorganic materials [1]. Urea has also been recognized as
the first organic molecule that was synthesized without
the involvement of any living system [1]. Nowadays, urea
represents not only an important molecule in biology [2] but
also an important raw material in chemical industry [3].

Restricting further discussion to the coordination chem-
istry of urea and its substituted derivatives, metal-urea
complexes have attracted considerable interest since the
discovery of the active site of urease, a metalloenzyme that
catalyzes the hydrolysis of urea into carbon dioxide and

ammonia [4, 5]. Considerable efforts have been devoted
to devise useful bioinorganic models for the active site of
urease and provide information for the intermediates and
its catalytic mechanism. That in turn drove to the struc-
tural and spectroscopic characterization of many metal-urea
complexes [6]. Urea usually coordinates as a monodentate
ligand through the oxygen atom, forming a C=O· · ·M
angle considerably smaller than 180◦, in accordance with
the sp2 hybridization of the O atom (A in Scheme 2). The
rare N,O-bidentate coordination mode (B in Scheme 2)
has been found in a very limited number of cases [7, 8],
while in [Hg2Cl4U2] each U molecule bridges the two
HgII atoms through the oxygen atom [9] (C in Scheme 2).
Of particular chemical/biological interest is the ability of
U to undergo metal-promoted deprotonation [4, 10]; the
monoanionic ligand H2NCONH− adopts the μ2 (D in
Scheme 2) and μ3 (E in Scheme 2) coordination modes.
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Scheme 2: The crystallographically established coordination modes of urea (U) and its symmetrically substituted alkyl derivatives
(RHNCONHR).

The N,N’-alkyl symmetrically substituted derivatives of urea
(RHNCONHR), such as the N,N’-dimethylurea (DMU) and
N,N’-diethylurea (DEU) (Scheme 1) have only been found to
coordinate as monodentate ligands through the oxygen atom
(F in Scheme 2).

Urea and its substituted derivatives have been extensively
studied within the frame of organic crystal engineering due
to their ability to form extended hydrogen bonded frame-
works. In particular, symmetrically substituted ureas (i.e.,
RHNCONHR) form α-networks with each urea molecule
donating two hydrogen bonds and “chelating” the carbonyl
oxygen of the next molecule in the network. In contrast to
the great number of studies concerning free ureas [11–15],
little is known about the supramolecular structures based
on hydrogen bonding interactions between simple metal-
ureas complexes. Over the last decade, we have been studying
the coordination chemistry of urea and its symmetrically
substituted derivative DMU [16–21]. In all cases, ureas
form stable complexes which are further connected to create
extended frameworks by intermolecular/interionic hydrogen
bond interactions. Despite the large number of metal-urea
complexes which have been structurally characterized, the
metal-DMU complexes are considerably less studied while
there only three reports with crystal structures of metal-
DEU complexes [22–24]. In this report we present our first
results from the study of metal-DEU complexes, extending
the known crystal structures of metal-DEU complexes to
seven.

2. Experiments

All manipulations were performed under aerobic conditions
using materials and solvents as received. IR spectra were
recorded on a Perkin-Elmer PC16 FT-IR spectrometer with
samples prepared as KBr pellets. C, H and N elemen-
tal analyses were performed with a Carlo Erba EA 108
analyzer.

Caution. Perchlorate salts are potentially explosive. Although
no detonation tendencies have been observed in our experi-
ments, caution is advised and handling of only small quantities
is recommended.

[Co(DEU)6](BF4)2 (1). A pink solution of Co(BF4)2·6H2O
(0.68 g, 2.0 mmol) in EtOH (30 mL) and dimethoxypropane
(DMP) (2.5 mL) was refluxed for 20 minutes, cooled to
room temperature and then treated with solid DEU (1.40 g,
12 mmol). No noticeable colour change occurred. The reac-
tion mixture was refluxed for a further 15 minutes, cooled
to room temperature, and layered with Et2O (30 mL). Slow
mixing gave pink crystals suitable for X-ray crystallography,
which were collected by filtration, washed with cold EtOH
(2 mL) and Et2O, and dried in vacuo over CaCl2. Typical
yields were in the 70–80% range. Found %: C, 38.96; H,
7.59; N, 17.90. Calc % for C30H72N12O6CoB2F8: C, 38.77;
H, 7.81; N, 18.08. IR data (KBr, cm−1): 3332 sb, 2976 s,
2934 m, 2878 m, 1626 vs, 1576 vs, 1482 w, 1454 m, 1380 m,
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1338 m, 1294 m, 1160 m, 1142 m, 1110 sb, 1032 s, 922 w,
890 w, 768 m, 578 mb.

[Co(DEU)6](ClO4)2 (2). A pink-red solution of Co(ClO4)2·
6H2O (0.73 g, 2.0 mmol) in EtOH (20 mL) and dimethoxy-
propane (DMP) (2.5 mL) was refluxed for 20 minutes, cooled
to room temperature and then treated with solid DEU
(1.40 g, 12 mmol). No noticeable colour change occurred.
The reaction mixture was refluxed for a further 20 min-
utes, cooled to room temperature, and layered with Et2O
(50 mL). Slow mixing gave pink crystals suitable for X-ray
crystallography, which were collected by filtration, washed
with cold EtOH (2 mL) and Et2O, and dried in vacuo over
CaCl2. Typical yields were in the 75–85% range. Found %: C,
37.92; H, 7.49; N, 17.80. Calc % for C30H72N12O14CoCl2: C,
37.74; H, 7.60; N, 17.60. IR data (KBr, cm−1): 3332 sb, 2972 s,
2934 m, 2876 w, 1628 vs, 1570 vs, 1482 w, 1452 w, 1378 w,
1338 w, 1296 w, 1264 w, 1142 s, 1114 s, 1086 s, 922 w, 890 w,
768 w, 626 m.

[Ni(DEU)6](ClO4)2 (3). A pale green solution of
Ni(ClO4)2·6H2O (0.73 g, 2.0 mmol) in EtOH (15 mL)
and dimethoxypropane (DMP) (2.5 mL) was refluxed for 15
minutes, cooled to room temperature and then treated with
solid DEU (1.40 g, 12 mmol). No noticeable colour change
occurred. The reaction mixture was refluxed for a further 20
minutes, cooled to room temperature, and layered with Et2O
(30 mL). Slow mixing gave green crystals suitable for X-ray
crystallography, which were collected by filtration, washed
with cold EtOH (2 mL) and Et2O, and dried in vacuo over
CaCl2. Typical yields were in the 75–85% range. Found %:
C, 37.90; H, 7.45; N, 17.82. Calc % for C30H72N12O14NiCl2:
C, 37.75; H, 7.60; N, 17.61. IR data (KBr, cm−1): 3328 sb,
2976 m, 2934 w, 2876 w, 1636 vs, 1570 vs, 1508 w, 1450 m,
1380 w, 1334 w, 1268 m, 1146 s, 1118 s, 1086 s, 922 w, 772 w,
626 m.

[Zn(DEU)6](ClO4)2 (4). A colourless solution of Zn(
ClO4)2·6H2O (0.74 g, 2.0 mmol) in EtOH (10 mL) and
dimethoxy-propane (DMP) (2.5 mL) was refluxed for 20
minutes, cooled to room temperature, and then treated
with solid DEU (1.40 g, 12 mmol). The colourless reaction
mixture was refluxed for a further 20 minutes, cooled
to room temperature, and layered with Et2O (25 mL).
Slow mixing gave colourless crystals suitable for X-ray
crystallography, which were collected by filtration, washed
with cold EtOH (2 mL) and Et2O, and dried in vacuo over
CaCl2. Typical yields were in the 75–85% range. Found %: C,
37.62; H, 7.39; N, 17.60. Calc % for C30H72N12O14ZnCl2: C,
37.49; H, 7.55; N, 17.49. IR data (KBr, cm−1): 3340 sb, 2972 s,
2932 m, 2876 w, 1624 vs, 1582 vs, 1484 w, 1456 w, 1380 w,
1334 w, 1262 m, 1144 s, 1114 s, 1088 s, 924 w, 772 w, 636 m.

2.1. X-ray Crystallography. X-ray data were collected at 298 K
using a Crystal Logic Dual Goniometer diffractometer with
graphite-monochromated Mo-Ka radiation (λ = 0.71073 Å).
Lorentz, polarization, and Ψ-scan absorption corrections
were applied using Crystal Logic software. The structures
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Figure 1: An ORTEP representation of the cation [Co(DEU)6]2+

present in complex 1. Open bonds indicate intramolecular hydro-
gen bonds. The symmetry-equivalent atoms are not labeled.

were solved by direct methods using SHELXS-86 [25]
and refined by full-matrix least-squares techniques on F2

with SHELXL-97 [26]. Details of the data collection and
refinement are given in Table 1. Topological analysis of the
nets was performed using TOPOS program package [27, 28].

3. Results and Discussion

3.1. Synthetic Comments. The preparation of the three
complexes reported here is summarized in (1):

MX2 · 6H2O + 6DEU
EtOH−−−→

T, DMP
[M(DEU)6]X2 + 6H2O (1)

M = Co, X = BF4 (1); M = Co, X = ClO4 (2); M = Ni, X =
ClO4 (3); M = Zn, X = ClO4 (4).

2,2-dimethoxypropane (DMP), is a known dehydrating
agent which under heating eliminates the possibility of
[M(H2O)6]2+ formation in solution.

Complexes 1–4 seem to be the only products from the
MX2·6H2O/DEU reaction systems (M=Co, Ni, Zn, X= ClO4

and M=Co, X=BF4). Changing the solvent from EtOH to
MeCN to THF and Me2CO as well as the DEU : MII reaction
ratio from 6 : 1 to 12 : 1, 8 : 1, 4 : 1 and 3 : 1 does not seem to
influence the identity of the products.

3.2. Description of Structures. Bond distances and angles for
complexes 1, 2, 3 and 4 are listed in Tables 2, 3, 4, and
5, respectively. ORTEP plots of the cations [Co(DEU)6]2+,
[Ni(DEU)6]2+, and [Zn(DEU)6]2+ present in complexes 1,
2, 3, and 4 are shown in Figures 1, 2, 3, and 4, respectively.
Details of the hydrogen bonds of 1, 2, 3, and 4 are provided
in Tables 6, 7, 8, and 9, respectively. Complexes 2, 3,
and 4 crystallise in the triclinic space group P 1 and are
isostructural. Complex 1 crystallizes in the monoclinic space
group P21/c. The structures of 2–4 consist of almost perfect
octahedral [M(DEU)6]2+ cations and ClO4

− counterions,
while the same [M(DEU)6]2+ cation and BF−4 anions are
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Table 1: Crystal data and structure refinement for 1–4.

Compound 1 2 3 4

Empirical formula C30H72B2CoF8N12O6 C30H72CoCl2N12O14 C30H72NiCl2N12O14 C30H72ZnCl2N12O14

Formula weight 929.52 954.81 954.59 961.26

Crystal size 0.10 × 0.20 × 0.20 0.10 × 0.15 × 0.20 0.10 × 0.15 × 0.20 0.10 × 0.20 × 0.20

Crystal system monoclinic triclinic triclinic triclinic

Space group P21/c P 1 P 1 P 1

θ range for data 1.85 ≤ θ ≤ 25.00 1.93 ≤ θ ≤ 25.00 1.76 ≤ θ ≤ 25.00 1.76 ≤ θ ≤ 25.00

collection. ◦

a, Å 9.495(3) 13.341(5) 9.063(3) 9.092(6)

b, Å 22.063(7) 11.935(4) 11.951(6) 11.978(9)

c, Å 12.615(4) 9.052(3) 13.357(6) 13.370(10)

α,◦ 90 101.925(12) 114.54(2) 114.34(2)

β, ◦ 109.932(11) 100.871(11) 100.74(2) 100.91(2)

γ, ◦ 90 114.455(10) 102.03(2) 102.07(2)

V, Å3 2484.6(14) 1221.3(7) 1225.1(9) 1233.7(15)

Z 2 1 1 1

ρcalcd, g cm−3 1.242 1.298 1.294 1.294

μ, mm−1 0.423 0.528 0.572 0.672

GOF 1.024 1.054 1.054 1.055

R1a 0.0615 0.0571 0.0570 0.0817

wR2 0.1978 0.1723 0.1799 0.2533
aI > 2σ(I).
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Figure 2: An ORTEP representation of the cation [Co(DEU)6]2+

present in complex 2. Open bonds indicate intramolecular hydro-
gen bonds. The symmetry-equivalent atoms are not labeled.

present in the structure of 1. In all four structures, the
metal ion sits on an inversion centre and is surrounded by
six O-bonded DEU ligands. The M–O(DEU) bond distances
in 1–4 are comparable to those in [M(DMU)6]2+ [17, 18].
The average M–O(DEU) bond lengths change according to
the sequence 1 [2.098 Å] ∼= 2 [2.096 Å] >3 [2.072 Å] <4
[2.108 Å] following the Irving-Williams series [29]. The DEU
molecules in 1–4 are coordinated in a bent fashion forming

N22

N21

N12

O11

O21

O1

Ni

N1

N2

N11

Figure 3: An ORTEP representation of the cation [Ni(DEU)6]2+

present in complex 3. Open bonds indicate intramolecular hydro-
gen bonds. The symmetry-equivalent atoms are not labeled.

C=O· · ·M angles ranging from 127.6◦ to 132.5◦. This is the
usual way of coordination of urea and its derivatives and has
been observed in the similar [M(DMU)6]X2 complexes [16–
21]. Linearly or approximately linearly coordinated ureas
are rare and have been observed only in a few cases [21].
There are six strong intramolecular (intracationic) hydrogen
bonds inside each cation with atoms N(1), N(11), and N(21)
(and their symmetry equivalents) as donors, and atoms
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Table 2: Selected bond lengths (Å) and angles (◦) for 1.

Co–O(1) 2.094(2) N(11)–C(13) 1.327(5)

Co–O(11) 2.088(2) C(13)–N(12) 1.323(5)

Co–O(21) 2.112(2) N(12)–C(14) 1.456(7)

O(1)–C(3) 1.262(4) C(14)–C(15) 1.417(8)

O(11)–C(13) 1.267(4) C(21)–C(22) 1.451(8)

O(21)–C(23) 1.256(4) C(22)–N(21) 1.456(5)

C(1)–C(2) 1.486(6) N(21)–C(23) 1.325(5)

C(2)–N(1) 1.450(5) C(23)–N(22) 1.335(5)

N(1)–C(3) 1.331(5) N(22)–C(24) 1.450(6)

C(3)–N(2) 1.325(5) C(24)–C(25) 1.390(9)

N(2)–C(4) 1.462(7) B–F(1) 1.279(6)

C(4)–C(5) 1.372(9) B–F(2) 1.311(9)

C(11)–C(12) 1.289(9) B–F(3) 1.331(8)

C(12)–N(11) 1.459(6) B–F(4) 1.265(10)

O(11)#1–Co–O(11) 180.00(19) C(3)–N(2)–C(4) 124.0(4)

O(11)#1–Co–O(1) 92.93(10) C(5)–C(4)–N(2) 111.7(6)

O(11)–Co–O(1) 87.07(10) C(11)–C(12)–N(11) 119.0(7)

O(11)#1–Co–O(1)#1 87.07(10) C(13)–N(11)–C(12) 126.9(4)

O(11)–Co–O(1)#1 92.93(10) O(11)–C(13)–N(12) 119.6(4)

O(1)–Co–O(1)#1 180.00(8) O(11)–C(13)–N(11) 120.4(3)

O(11)#1–Co–O(21)#1 86.69(10) N(12)–C(13)–N(11) 120.0(4)

O(11)–Co–O(21)#1 93.31(10) C(13)–N(12)–C(14) 125.1(4)

O(1)–Co–O(21)#1 87.20(10) C(15)–C(14)–N(12) 112.8(6)

O(1)#1–Co–O(21)#1 92.80(10) C(21)–C(22)–N(21) 113.9(5)

O(11)#1–Co–O(21) 93.31(10) C(23)–N(21)–C(22) 127.9(4)

O(11)–Co–O(21) 86.69(10) O(21)–C(23)–N(21) 121.0(3)

O(1)–Co–O(21) 92.80(10) O(21)–C(23)–N(22) 120.1(3)

O(1)#1–Co–O(21) 87.20(10) N(21)–C(23)–N(22) 119.0(3)

O(21)#1–Co–O(21) 180.00(12) C(23)–N(22)–C(24) 124.3(4)

C(3)–O(1)–Co 132.5(2) C(25)–C(24)–N(22) 114.1(6)

C(13)–O(11)–Co 127.6(2) F(4)–B–F(1) 111.2(9)

C(23)–O(21)–Co 129.7(2) F(4)–B–F(2) 103.0(7)

N(1)–C(2)–C(1) 111.0(4) F(1)–B–F(2) 115.0(6)

C(3)-N(1)-C(2) 125.8(3) F(4)-B-F(3) 105.1(8)

O(1)-C(3)-N(2) 119.9(4) F(1)-B-F(3) 115.1(5)

O(1)-C(3)-N(1) 121.2(3) F(2)-B-F(3) 106.3(7)

N(2)-C(3)-N(1) 118.9(4)

Symmetry transformation used to generate equivalent atoms: #1 −x, −y, −z.

O(1), O(11) and O(21) (and their symmetry equivalents) as
acceptors for 1, 3 and 4 and N(2), N(12) and N(22) (and their
symmetry equivalents) as donors, and atoms O(1), O(11)
and O(21) (and their symmetry equivalents) as acceptors for
2. These intracationic hydrogen bonds create six-membered
pseudochelate rings providing extra stabilization to the
[M(DEU)6]2+ cation. Overall the structural characteristics,
that is, bond distances, agnles and intracation hydrogen
bonding interactions in the [M(DEU)6]2+ resemble those
found in the [M(DMU)6]2+ cations [17, 18] with an excep-
tion regarding two additional C-H · · ·O H-bonds (and
their symmetry equivalent) found in [Co(DMU)6](ClO4)2

and [Co(DMU)6](BF4)2 [18]. Complexes 1–4 extend to

seven the number of structurally characterised DEU com-
pounds. The three, previously structurally characterised,
compounds are [SnBr4(DEU)2] [22], [Fe(DEU)6](ClO4)2

[23] and [Mn(DEU)6][MnBr4] [24]. Complexes 2–4 are
isostructural to [Fe(DEU)6](ClO4)2. The average Fe-ODEU

bond distance is 2.105 following the Irving–Williams series
as stated above.

Although the intracationic H-bonding interactions are
the same along the [M(DEU)6]2+ series as well as very
similar with those found in the [M(DMU)6]2+ cations,
the intermolecular/interionic interactions are quite different.
That the complexes 2–4 are isostructural implies that the
interionic hydrogen bonding interactions are the same.
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Table 3: Selected bond lengths (Å) and angles (◦) for 2.

Co–O(1) 2.090(2) N(11)–C(13) 1.329(4)

Co–O(11) 2.100(2) C(13)–N(12) 1.323(5)

Co–O(21) 2.097(2) N(12)–C(14) 1.446(5)

O(1)–C(3) 1.259(4) C(14)–C(15) 1.213(9)

O(11)–C(13) 1.260(4) C(21)–C(22) 1.424(7)

O(21)–C(23) 1.265(4) C(22)–N(21) 1.456(6)

C(1)–C(2) 1.329(8) N(21)–C(23) 1.330(4)

C(2)–N(1) 1.455(6) C(23)–N(22) 1.324(4)

N(1)–C(3) 1.329(4) N(22)–C(24) 1.457(5)

C(3)–N(2) 1.328(4) C(24)–C(25) 1.489(7)

N(2)–C(4) 1.455(4) Cl–O(34) 1.257(8)

C(4)–C(5) 1.488(6) Cl–O(32) 1.295(5)

C(11)–C(12) 1.456(7) Cl–O(31) 1.307(5)

C(12)–N(11) 1.455(6) Cl–O(33) 1.386(8)

O(1)#1–Co–O(1) 180.00(9) C(3)–N(2)–C(4) 125.7(3)

O(1)#1–Co–O(21) 86.56(9) N(2)–C(4)–C(5) 110.8(4)

O(1)–Co–O(21) 93.44(9) N(11)–C(12)–C(11) 112.4(4)

O(1)#1–Co–O(21)#1 93.44(9) C(13)–N(11)–C(12) 123.5(3)

O(1)–Co–O(21)#1 86.56(9) O(11)–C(13)–N(12) 121.2(3)

O(21)–Co–O(21)#1 180.00(16) O(11)–C(13)–N(11) 120.4(3)

O(1)#1–Co–O(11) 93.24(9) N(12)–C(13)–N(11) 118.4(3)

O(1)–Co–O(11) 86.76(9) C(13)–N(12)–C(14) 127.8(4)

O(21)–Co–O(11) 86.22(8) C(15)–C(14)–N(12) 120.2(5)

O(21)#1–Co–O(11) 93.78(8) C(21)–C(22)–N(21) 113.4(5)

O(1)#1–Co–O(11)#1 86.76(9) C(23)–N(21)–C(22) 123.9(3)

O(1)–Co–O(11)#1 93.24(9) O(21)–C(23)–N(22) 121.1(3)

O(21)–Co–O(11)#1 93.78(8) O(21)–C(23)–N(21) 120.3(3)

O(21)#1–Co–O(11)#1 86.22(8) N(22)–C(23)–N(21) 118.6(3)

O(11)–Co–O(11)#1 180.00(11) C(23)–N(22)–C(24) 126.2(3)

C(3)–O(1)–Co 129.82(19) N(22)–C(24)–C(25) 110.0(4)

C(13)–O(11)–Co 129.3(2) O(34)–Cl–O(32) 114.5(8)

C(23)–O(21)–Co 129.46(18) O(34)–Cl–O(31) 119.6(7)

C(1)–C(2)–N(1) 115.3(6) O(32)–Cl–O(31) 112.1(5)

C(3)–N(1)–C(2) 123.4(3) O(34)–Cl–O(33) 98.7(9)

O(1)–C(3)–N(2) 121.6(3) O(32)–Cl–O(33) 105.0(7)

O(1)–C(3)–N(1) 119.8(3) O(31)–Cl–O(33) 104.2(6)

N(2)–C(3)–N(1) 118.5(3)

Symmetry transformation used to generate equivalent atoms: #1 −x, −y, −z.

Therefore, only the hydrogen bonding of the representative
complex 4 will be discussed. The [Zn(DEU)6]2+ and ClO4

−

ions in 4 have assembled to create an infinite 2D net-
work through three crystallographically independent inter-
molecular (interionic) N-H· · ·O(perchlorate) hydrogen bonds
(and their symmetry related) (Figure 5). Each perchlorate
accepts three hydrogen bonds with the O(31), O(32), and
O(33) atoms acting as hydrogen bond acceptors while each
[Zn(DEU)6]2+ connects to six ClO4

− anions through the
remaining N-H groups (Figure 5). As a consequence of the
participation of O(31), O(32), and O(33) in hydrogen bond-
ing, the Cl-O(31), Cl-O(32), and Cl-O(33) bond lengths
[1.402(1), 1.318(1) and 1.440(1) Å, resp.] are slightly longer

than the Cl-O(34) [1.290(1) Å]. In this arrangement, a
binodal (3,6)-connected network forms with Schläfli sym-
bol (43)2(46.66.83) (Figure 6). This two-dimensional (2D)
hydrogen-bonded kgd net is the dual of the kagome kgm-
(3.6.3.6) net. It is worth noting that the 2D network adopted
by 2–4 was not adopted by any of the [M(DMU)6](ClO4)2

complexes [17, 18] suggesting that the substitution of DMU
by DEU substantially changes the intermolecular (interionic)
interactions probably due to the larger ethyl groups (in DEU)
instead of the smaller methyl groups (in DMU). Similar 2D
networks have been adopted by [Zn(DMU)6](ClO4)2 [17]
and [Co(DMU)6](BF4)2 [18] with the ClO4

− and the BF4
−

anions acting as 3-connected nodes and the [M(DMU)6]2+
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Table 4: Selected bond lengths (Å) and angles (◦) for 3.

Ni–O(1) 2.068(2) N(11)–C(13) 1.323(5)

Ni–O(11) 2.073(2) C(13)–N(12) 1.334(5)

Ni–O(21) 2.076(2) N(12)–C(14) 1.461(6)

O(1)–C(3) 1.257(4) C(14)–C(15) 1.415(8)

O(11)–C(13) 1.266(4) C(21)–C(22) 1.337(16)

O(21)–C(23) 1.263(4) C(22)–N(21) 1.460(5)

C(1)–C(2) 1.498(7) N(21)–C(23) 1.322(5)

C(2)–N(1) 1.462(5) C(23)–N(22) 1.335(5)

N(1)–C(3) 1.329(5) N(22)–C(24) 1.454(6)

C(3)–N(2) 1.336(5) C(24)–C(25) 1.462(8)

N(2)–C(4) 1.458(7) Cl–O(34) 1.274(8)

C(4)–C(5) 1.368(9) Cl–O(32) 1.298(5)

C(11)–C(12) 1.488(7) Cl–O(31) 1.310(6)

C(12)–N(11) 1.459(5) Cl–O(33) 1.378(9)

O(1)#1–Ni–O(1) 180.00(11) C(3)–N(2)–C(4) 123.0(4)

O(1)#1–Ni–O(11) 86.68(10) C(5)–C(4)–N(2) 114.0(6)

O(1)–Ni–O(11) 93.32(10) N(11)–C(12)–C(11) 110.5(4)

O(1)#1–Ni–O(11)#1 93.32(10) C(13)–N(11)–C(12) 126.5(3)

O(1)–Ni–O(11)#1 86.68(10) O(11)–C(13)–N(11) 121.6(3)

O(11)–Ni–O(11)#1 180.00(17) O(11)–C(13)–N(12) 120.0(3)

O(1)#1–Ni–O(21)#1 86.72(10) N(11)–C(13)–N(12) 118.4(3)

O(1)–Ni–O(21)#1 93.28(10) C(13)–N(12)–C(14) 123.8(4)

O(11)–Ni–O(21)#1 93.76(10) C(15)–C(14)-N(12) 113.9(5)

O(11)#1–Ni–O(21)#1 86.24(10) C(21)–C(22)–N(21) 117.1(9)

O(1)#1–Ni–O(21) 93.28(10) C(23)–N(21)–C(22) 128.0(4)

O(1)–Ni–O(21) 86.72(10) O(21)–C(23)–N(21) 121.5(3)

O(11)–Ni–O(21) 86.24(10) O(21)–C(23)–N(22) 119.7(4)

O(11)#1–Ni–O(21) 93.76(10) N(21)–C(23)–N(22) 118.8(3)

O(21)#1–Ni–O(21) 180.00(13) C(23)–N(22)–C(24) 123.8(4)

C(3)–O(1)–Ni 130.2(2) N(22)–C(24)–C(25) 112.7(5)

C(13)–O(11)–Ni 129.4(2) O(34)–Cl–O(32) 113.6(8)

C(23)–O(21)–Ni 129.5(2) O(34)–Cl–O(31) 118.5(8)

N(1)–C(2)–C(1) 110.3(4) O(32)–Cl–O(31) 113.0(5)

C(3)–N(1)–C(2) 125.5(3) O(34)–Cl–O(33) 98.6(10)

O(1)–C(3)–N(1) 121.9(3) O(32)–Cl–O(33) 105.1(7)

O(1)–C(3)–N(2) 119.8(3) O(31)–Cl–O(33) 105.7(7)

N(1)–C(3)–N(2) 118.3(3)

Symmetry transformation used to generate equivalent atoms: #1 −x, −y, −z.

acting as 6-connected nodes but the connections are achieved
through two N-H· · ·X and one C-H· · ·X hydrogen bonds
(and their symmetry equivalents), (X = O(perchlorate) or
F(tetrafluoroborate), resp.).

The intermolecular hydrogen bonding interactions in 1
are far more interesting that those in 2–4. The [Co(DEU)6]2+

and the BF4
− anions have assembled to create a three-

dimensional (3D) hydrogen-bonded framework through
three crystallographically independent intermolecular (inte-
rionic) N-H· · ·F(tetrafluoroborate) hydrogen bonds (and their

symmetry equivalents). Each BF4
− accepts three hydrogen

bonds with the F(1), F(2) and F(3) atoms acting as hydrogen
bond acceptors while each [Co(DEU)6]2+ connects to six
BF4

− anions through the remaining N-H groups (Figure 7).
In this arrangement, a (3,6)-connected network forms with
the [Co(DEU)6]2+ cations acting as the 6-connected nodes
and the BF4

− anions as the 3-connected nodes. Although
the connectivity of each ion seems identical to that found in
2–4, the arrangement of the [Co(DEU)6]2+ and BF4

− ions
is quite different resulting in a binodal 3D hydrogen-bonded
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Table 5: Selected bond lengths (Å) and angles (◦) for 4.

Zn–O(1) 2.108(3) N(11)–C(13) 1.330(6)

Zn–O(11) 2.107(3) C(13)–N(12) 1.328(6)

Zn–O(21) 2.111(3) N(12)–C(14) 1.470(9)

O(1)–C(3) 1.265(5) C(14)–C(15) 1.313(12)

O(11)–C(13) 1.263(5) C(21)–C(22) 1.208(14)

O(21)–C(23) 1.279(5) C(22)–N(21) 1.469(7)

C(1)–C(2) 1.485(10) N(21)–C(23) 1.315(7)

C(2)–N(1) 1.457(6) C(23)–N(22) 1.328(6)

N(1)–C(3) 1.331(6) N(22)–C(24) 1.437(9)

C(3)–N(2) 1.337(6) C(24)–C(25) 1.496(10)

N(2)–C(4) 1.452(8) Cl–O(34) 1.29(2)

C(4)–C(5) 1.431(10) Cl–O(32) 1.318(12)

C(11)–C(12) 1.510(9) Cl–O(31) 1.402(13)

C(12)–N(11) 1.461(6) Cl–O(33) 1.440(16)

O(11)#1–Zn–O(11) 180.0(2) C(3)–N(2)–C(4) 124.0(5)

O(11)#1–Zn–O(1)#1 92.91(13) C(5)–C(4)–N(2) 113.5(7)

O(11)–Zn–O(1)#1 87.09(13) N(11)–C(12)–C(11) 109.7(5)

O(11)#1–Zn–O(1) 87.09(13) C(13)–N(11)–C(12) 124.8(4)

O(11)–Zn–O(1) 92.91(13) O(11)–C(13)–N(12) 119.8(4)

O(1)#1–Zn–O(1) 180.00 O(11)–C(13)–N(11) 121.5(4)

O(11)#1–Zn–O(21) 92.83(12) N(12)–C(13)–N(11) 118.7(4)

O(11)–Zn–O(21) 87.17(12) C(13)–N(12)–C(14) 123.6(5)

O(1)#1–Zn–O(21) 93.04(12) C(15)–C(14)–N(12) 116.1(8)

O(1)–Zn–O(21) 86.96(12) C(21)–C(22)–N(21) 121.2(8)

O(11)#1–Zn–O(21)#1 87.17(12) C(23)–N(21)–C(22) 128.4(5)

O(11)–Zn–O(21)#1 92.83(12) O(21)–C(23)–N(21) 121.3(4)

O(1)#1–Zn–O(21)#1 86.96(12) O(21)–C(23)–N(22) 119.2(5)

O(1)–Zn–O(21)#1 93.04(12) N(21)–C(23)–N(22) 119.4(4)

O(21)–Zn–O(21)#1 180.00(18) C(23)–N(22)–C(24) 124.9(5)

C(3)–O(1)–Zn 129.5(3) N(22)–C(24)–C(25) 112.6(7)

C(13)–O(11)–Zn 129.6(3) O(34)–Cl–O(32) 122.9(10)

C(23)–O(21)–Zn 128.7(3) O(34)–Cl–O(31) 124.7(11)

N(1)–C(2)–C(1) 109.9(5) O(32)–Cl–O(31) 109.2(7)

C(3)–N(1)–C(2) 126.0(4) O(34)–Cl–O(33) 85.0(9)

O(1)–C(3)–N(1) 120.6(4) O(32)–Cl–O(33) 106.6(8)

O(1)–C(3)–N(2) 120.5(4) O(31)–Cl–O(33) 97.5(8)

N(1)–C(3)–N(2) 118.9(4)

Symmetry transformation used to generate equivalent atoms: #1 −x, −y, −z.

Table 6: Dimensions of the unique hydrogen bonds (distances in Å and angles in ◦) for complex 1.†

D‡–H· · ·A§ D‡ · · ·A§ H· · ·A§ <D‡HA§

N(1)–H(1)· · ·O(11)a 2.952(1) 2.177(1) 158.68(3)

N(11)–H(11)· · ·O(21)a 2.878(1) 1.983(1) 156.88(2)

N(21)–H(21)· · ·O(1) 2.861(1) 2.060(1) 160.05(3)

N(2)–H(2)· · ·F(1)b 2.930(1) 2.272(1) 159.06(3)

N(12)–H(12)· · ·F(2)c 2.947(1) 2.247(1) 163.27(3)

N(22)–H(22)· · ·F(3) 2.964(1) 2.135(1) 151.44(2)
†

Symmetry transformation used to generate equivalent atoms: a −x, −y, −z; b 1−x, 0.5+y, 0.5−z; c 1−x, −y, 1−z.
‡D = donor atom.
§A = acceptor atom.
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Table 7: Dimensions of the unique hydrogen bonds (distances in Å and angles in ◦) for complex 2.†

D‡–H· · ·A§ D‡ · · ·A§ H· · ·A§ <D‡HA§

N(2)–H(2)· · ·O(21) 2.905(1) 2.154(1) 155.07(4)

N(12)–H(12)· · ·O(1)a 2.914(1) 2.177(1) 159.29(3)

N(22)–H(22)· · ·O(11)a 2.908(1) 2.153(1) 153.49(2)

N(1)–H(1)· · ·O(31)b 3.081(1) 2.381(1) 151.68(3)

N(11)–H(11)· · ·O(32) 3.013(1) 2.234(1) 150.97(2)

N(21)–H(21)· · ·O(33)c 3.072(1) 2.386(1) 160.41(5)
†

Symmetry transformation used to generate equivalent atoms: a −x, −y, −z; b −x, 1−y, 1−z; c 1−x, 1−y, 1−z.
‡D = donor atom.
§A = acceptor atom.

Table 8: Dimensions of the unique hydrogen bonds (distances in Å and angles in ◦) for complex 3.†

D‡–H· · ·A§ D‡ · · ·A§ H· · ·A§ <D‡HA§

N(1)–H(1)· · ·O(11) 2.886(1) 2.055(1) 156.94(5)

N(11)–H(11)· · ·O(21)a 2.892(1) 2.082(1) 155.01(5)

N(21)–H(21)· · ·O(1)a 2.890(2) 2.091(1) 154.16(6)

N(2)–H(2)· · ·O(31) 3.097(1) 2.343(1) 159.73(6)

N(12)–H(12)· · ·O(33)b 3.077(2) 2.390(1) 156.88(5)

N(22)–H(22)· · ·O(32)c 3.038(1) 2.369(1) 144.26(5)
†

Symmetry transformation used to generate equivalent atoms: a −x, −y, −z; b x, y, 1 + z; c 1− x, 1− y, −z.
‡D = donor atom.
§A = acceptor atom.

O21

Zn

N21

N22

N11

O1

O11

N1

N2

N12

Figure 4: An ORTEP representation of the cation [Co(DEU)6]2+

present in complex 4. Open bonds indicate intramolecular hydro-
gen bonds. The symmetry-equivalent atoms are not labeled.

network with a rutile (rtl) topology [30, 31] and Schläfli
symbol (4.62)2(42.610.83) (Figure 8). It is worth noting that
none of the [M(DMU)6]X2 complexes [17, 18] adopts a 3D
net.

3.3. Vibrational Spectra of the Complexes. Table 10 gives
diagnostic IR bands of the free ligand and complexes 1–
4. Assignments have been given in comparison with the

Figure 5: A view of the 2D framework formed by hydrogen bonding
between the [Zn(DEU)6]2+ cations and the ClO4

− anions in 4. The
same framework is adopted by complexes 2 and 3.

data obtained for the free DMU [32], the free DEU [33]
and its Co(II) and Ni(II) complexes [34]. The bands with
ν(CN) character are situated at higher wavenumbers in the
spectra of 1–4 than for free DEU, whereas the ν(CO) band
shows a frequency decrease. These shifts are consistent with
oxygen coordination, suggesting the presence of +N=C-O−
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Table 9: Dimensions of the unique hydrogen bonds (distances in Å and angles in ◦) for complex 4.†

D‡–H· · ·A§ D‡ · · ·A§ H· · ·A§ <D‡HA§

N(1)–H(1)· · ·O(21)a 2.905(2) 1.876(1) 150.35(6)

N(11)–H(11)· · ·O(1) 2.904(2) 1.932(1) 152.80(6)

N(21)–H(21)· · ·O(11)a 2.921(2) 2.314(2) 162.75(10)

N(2)–H(2)· · ·O(33) 3.153(2) 2.392(2) 160.19(8)

N(12)–H(12)· · ·O(31)b 3.086(2) 2.234(1) 155.95(7)

N(22)–H(22)· · ·O(32)c 3.035(2) 2.365(1) 150.81(8)
†

Symmetry transformation used to generate equivalent atoms: a −x, −y, −z; b x, y, 1− z; c 1− x, 1− y, 1− z.
‡D = donor atom.
§A = acceptor atom.

Table 10: Most characteristic and diagnostic IR fundamentals (cm−1) for DEU and complexes 1–4.a

Assignments DEU 1 2 3 4

ν(NH) 3342 sb 3332 sb 3332 sb 3328 sb 3340 sb

ν(CH)
2973 s, 2932 m, 2976 s, 2934 m, 2972 s, 2934 m, 2976 m, 2934 w, 2972 s, 2932 m,

2874 m 2878 m 2876 w 2876 w 2876 w

as(CN)amide + δasν(NH) 1625 vs 1576 vs 1570 vs 1570 vs 1582 vs

ν(CO) 1586 vs 1626 vs 1628 vs 1636 vs 1624 vs

δs(NH) 1540 m sh 1454 m 1452 w 1450 m 1456 w

δas(NH) + as(CN)amideν 1259 m 1338 m 1338 w 1334 w 1334 w
aKBr pellets.

Figure 6: A view of the 2D hydrogen-bonded kgd-(43)2(46.66.83)
net adopted by complexes 2–4. Black spheres represent the 6-
connected [M(DEU)6]2+ cations [M = Co (2), Ni (3) and Zn (4)]
and yellow spheres the 3-connected ClO4

− anions.

resonant forms [17, 18]. Upon coordination via oxygen, the
positively charged metal ion stabilizes the negative charge
on the oxygen atom; the NCO group now occurs in its
polar resonance form and the double bond character of
the CN bond increases, while the double bond character
of the CO bond decreases, resulting in an increase of the
CN stretching frequency with a simultaneous decrease in
the CO stretching frequency [17, 18]. The ν3(F2) [νd(BF)]
and ν4(F2) [δd(FBF)] vibrations of the tetrahedral (point

group Td) BF4
− anion appear at 1100-1000 and at 522–

580 cm−1 (broad bands), respectively, in the IR spectrum
of 1 [35]. The IR spectra of 2–4 exhibit strong bands at
∼1100 and 626 cm−1 due to the ν3(F2) and ν4(F2) vibrations,
respectively, of the uncoordinated ClO4

− [35]. The broad
character and splitting of the band at ∼1100 cm−1 indicate
the involvement of the ClO4

− ion in hydrogen bonding as it
was established crystallographically (see above).

4. Conclusions

Following our studies on the coordination chemistry of
urea (U) and N,N’-dimethylurea (DMU), N,N’-diethylurea
(DEU) was employed as a ligand to form the stable octahe-
dral complexes [M(DEU)6]2+ with cobalt(II), nickel(II) and
zinc(II). The structural characteristics of the [M(DEU)6]2+

cation are very similar to the DMU analogs, that is,
[M(DMU)6]2+. All six DEU molecules are coordinated to
metal centre in a bent fashion forming a C=O· · ·M angle of
∼130◦, while six strong intracationic N-H · · ·O(DEU) hydro-
gen bonds stabilize the [M(DEU)6]2+ cations by creating
six six-membered pseudochelate rings. The [M(DEU)6]2+

cations and counterions (ClO4
− or BF4

−) self-assemble
to form extended hydrogen-bonded architectures via 3
unique N-H· · ·X hydrogen bonds, (X = O(perchlorate) or
F(tetrafluoroborate)). The nature of the resulting supramolecular
architectures is influenced by the nature of the counter-ion
since the presence of ClO4

− counter-ions gives rise to the
formation of 2D hydrogen-bonded networks that conform to
the kgd net while the presence of BF4

− counter-ions results in
a 3D hydrogen-bonded net with an rtl topology. By compar-
ing the supramolecular architectures of the [M(DEU)6]X2
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(a) (b)

Figure 7: Views of the 3D framework formed by hydrogen bonds
between the [Co(DEU)6]2+ cations and the BF4

− anions in 1.

Figure 8: A view of the binodal 3D hydrogen-bonded rtl-
(4.62)2(42.610.83) net that 1 adopts. Black spheres represent the
6-connected [Co(DEU)6]2+ cations and yellow spheres the 3-
connected BF4

− anions.

(X=ClO4 or BF4) and the [M(DMU)6]X2 (X=ClO4 or BF4)
we can conclude that the substitution of DMU by DEU
considerably affected the nature of the hydrogen-bonded
networks. We are presently pursuing our studies on the
coordination chemistry of urea and its symmetrically or
unsymmetrically substituted alkyl derivatives to generate a
rich variety of hydrogen-bonded networks.
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Metal complexes bearing dichalcogenated imidodiphosphinate [R2P(E)NP(E)R′2]− ligands (E = O, S, Se, Te), which
act as (E,E) chelates, exhibit a remarkable variety of three-dimensional structures. A series of such complexes,
namely, square-planar [Cu{(OPPh2)(OPPh2)N-O,O}2], tetrahedral [Zn{(EPPh2)(EPPh2)N-E,E}2], E = O, S, and octahedral
[Ga{(OPPh2)(OPPh2)N-O,O}3], were tested as potential inhibitors of either the platelet activating factor (PAF)- or thrombin-
induced aggregation in both washed rabbit platelets and rabbit platelet rich plasma. For comparison, square-planar
[Ni{(Ph2P)2N-S-CHMePh-P,P}X2], X = Cl, Br, the corresponding metal salts of all complexes and the (OPPh2)(OPPh2)NH
ligand were also investigated. Ga(O, O)3 showed the highest anti-PAF activity but did not inhibit the thrombin-related pathway,
whereas Zn(S, S)2, with also a significant PAF inhibitory effect, exhibited the highest thrombin-related inhibition. Zn(O, O)2 and
Cu(O, O)2 inhibited moderately both PAF and thrombin, being more effective towards PAF. This work shows that the PAF-
inhibitory action depends on the structure of the complexes studied, with the bulkier Ga(O, O)3 being the most efficient and
selective inhibitor.

1. Introduction

Extensive research work over the last few years has revealed
a remarkable structural variability of transition metal com-
pounds bearing dichalcogenated imidodiphosphinate type
of ligands, that is, [R2P(E)NP(E)R′2]−, E = O, S, Se, Te; R,
R′ = various aryl or alkyl groups. These ligands have been
shown to display great coordinating versatility, producing
both single and multinuclear metal complexes, with a variety
of bonding modes [1–3]. The coordinating flexibility of
these (E,E) chelating ligands is attributed, mainly, to their
large (ca. 4 Å) E· · ·E bite, which would accommodate a
range of coordination sphere geometries. For instance, it
was recently shown that the [ iPr2P(Se)NP(Se) iPr2]− ligand
affords both tetrahedral and square-planar complexes of

Ni(II) [4], in agreement with an earlier observation on
the analogous [Ph2P(S)NP(S)Ph2]− ligand [5]. Moreover,
the nature of the R and R′ peripheral groups of the
[R2P(S)NP(S)R′2]− ligand has been shown to affect the
geometry of the complexes formed upon its coordination
to Ni(II) [6, 7]. In a more general sense, depending on
the nature of the metal ion, the chalcogen E atom and the
R peripheral group, complexes bearing the above type of
ligands were shown to contain rather diverse coordination
spheres [8]. Such structural differences are of significant
importance, as they are expected to lead not only to
different stereochemical characteristics, but also to varied
electronic properties of the metal site, which, in turn,
could potentially result in significant biological reactivity
[9].



2 Bioinorganic Chemistry and Applications

The aim of this work was to investigate a series of
structurally diverse metal coordination compounds bear-
ing dichalcogenated imidodiphospinate ligands, as poten-
tial inhibitors of PAF (1-O-alkyl-2-acetyl-sn-glycero-3-
phosphocholine). PAF is a phospholipid signalling molecule
of the immune system and a significant mediator of inflam-
mation. PAF transmits outside-in signals to intracellular
transduction systems in a variety of cell types, including key
cells of the innate immune and haemostatic systems, such as
neutrophiles, monocytes, and platelets [10, 11]. In addition,
it exhibits biological activity through specific membrane
PAF-receptors, coupled with G-proteins. The binding of PAF
on its receptor induces intracellular signaling pathways that
lead to several cellular activation mechanisms, depending
on the cell or tissue type [12]. It is well established that
increased PAF-levels in blood or tissues lead to various
inflammatory manifestations [10–12] such as cardiovascular,
renal and periodontal diseases [13–16], allergy [17], diabetes
[18], cancer [19] and AIDS [20].

A great variety of chemical compounds, both natural and
synthetic, have demonstrated an inhibitory effect towards
the PAF-induced biological activities, acting either through
direct antagonistic/competitive effects by binding to the PAF-
receptor, or through indirect mechanisms. In the latter case,
the biofunctionality seems to correlate with changes in the
membrane microenvironment of the PAF-receptor. Natural
and synthetic PAF antagonists exhibit variable chemical
structures that might lead to different pharmacological
profiles. Since PAF is assumed to play a central role in
many diseases, the effects of its antagonists have been widely
studied in experimentally induced pathologies and in clinical
studies [21–24].

The use of metal complexes as potential pharmaceutics is
increasingly gaining ground [25, 26]. Particularly, complexes
of Ga(III) bearing (O,O) chelating ligands have been studied
thoroughly as promising nonplatinum compounds with
superior anticancer activity and lower side effects [27, 28].
These complexes have also shown anti-inflammatory activity
towards reumatoidis arthritis or Alzheimer’s disease [25].
Cu(II) complexes have been investigated as anticancer agents,
based on the assumption that endogenous metals may be
less toxic [29]. In addition, Ni(II) and Cu(II) complexes
have been screened for their in vitro antibacterial and
antifungal activity [30], whereas Zn(II) complexes have been
investigated as agents against diabetes mellitus and ulcer
[31]. A mechanistic understanding of how metal complexes
exhibit their biological activity is crucial to their clinical
success, as well as to the rational design of new compounds
with improved pharmacological properties. In that respect,
the in vitro investigation of novel metal complexes with
targeted biomolecules may prove extremely valuable, before
the in vivo tests in animal models.

In this study, we examined the in vitro effects of repre-
sentative bis- or tris-chelated complexes of dichalcogenated
imidodiphosphinate ligands, involving Cu(II), Zn(II) and
Ga(III) centers, against PAF-induced biological activities.
For this purpose, the potent inhibitory effect of these metal
complexes was studied on PAF-induced platelet aggregation
towards both washed rabbit platelets (WRPs) and rabbit

platelet rich plasma (PRP). The complexes investigated con-
tain diverse metal coordination spheres, exhibiting square-
planar, tetrahedral and octahedral geometries. In addition,
two square-planar complexes of Ni(II), bearing one bidentate
diphosphinoamine ligand [32] and two halide ions were also
investigated, with a view of revealing the necessary structural
features, among this set of coordination compounds, that
would ensure efficient and selective inhibition of PAF.
Moreover, the inhibitory action of some of these complexes
towards thrombin was also investigated, in order to probe
their selectivity with respect to either the PAF- or the
thrombin-dependent platelet aggregation.

2. Experimental Part

2.1. Materials and Methods. The following complexes
were prepared according to published procedures: [Cu
{(OPPh2)(OPPh2)N-O,O}2] [33], [Zn{(OPPh2)(OPPh2)
N-O,O}2] [34], [Zn{(SPPh2)(SPPh2)N-S, S}2] [35], [Ga
{(OPPh2)(OPPh2)N-O,O}3] [36], [Ni{(Ph2P)2N-S-
CHMePh-P,P}Cl2] [37]. These complexes are abbreviated
as Cu(O,O)2, Zn(O,O)2, Zn(S,S)2, Ga(O,O)3 and Ni(P,P)Cl2,
respectively. The synthesis of the analogous to Ni(P,P)Cl2,
bromide-containing Ni(P,P)Br2 complex, was carried
out according to the published procedure [37], with
the exception of using Ni(DME)Br2 (DME = 1,2-
dimethoxyethane) as a starting material. The detailed
synthesis and characterization of Ni(P,P)Br2 will be
described elsewhere. The (OPPh2)(OPPh2)NH ligand
was prepared as described in the literature [38]. The
following metal salts, CuCl2, ZnCl2, Ga(NO3)3·9H2O and
NiCl2·6H2O, were also tested for comparison purposes. All
chemical reagents used were purchased from Sigma-Aldrich
(St. Louis, Mo, USA).

UV-vis spectra were recorded in a Varian Cary 3E
spectrophotometer.

Bovine serum albumin (BSA), PAF (1-O-hexadecyl-2-
acetyl-sn-glycero-3-phosphocholine), thrombin and analyt-
ical solvents for the biological assays were purchased from
Sigma.

Centrifugations were performed in a Heraeus Labofug
400R and a Sorvall RC-5B refrigerated super-speed cen-
trifuge (Sigma-Aldrich). Aggregation studies were per-
formed in a Chrono-Log aggregometer (model 400, Haver-
town, Pa, USA) coupled to a Chrono-Log recorder (Haver-
town) at 37◦C with constant stirring at 1200 rpm.

2.2. Biological Assay on WRPs and Rabbit PRP. The potential
inhibitory effect of a range of metal complexes towards
PAF-related biological activities was estimated by biological
assays based on WRPs aggregation [10]. The examined
metal complexes were first dissolved in dimethylsulfoxide
(DMSO), at an initial concentration of (4–8) × 10−3 M.
Subsequently, different aliquots of the complexes’ solutions
were added in a BSA solution (2.5 mg BSA/mL of saline).
PAF was also dissolved in the same BSA solution. The
metal salts were dissolved in saline. The platelet aggregation
induced by PAF (4.4 × 10−11 M final concentration in the
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Figure 1: Crystal structure of [Cu{(OPPh2)(OPPh2)N-O,O}2]
[33]. Color code: Cu (brown), O (red), P (orange), N (light blue),
C (grey).

aggregometer cuvette) or by thrombin (0.1 IU) on WRPs,
was measured before (considered as 0% inhibition) and
after the addition of the sample examined. A linear plot of
inhibition percentage (ranging from 20% to 80%) versus the
concentration of the sample was established for each metal
complex. From this curve, the concentration of the sample
that inhibited 50% of the PAF-induced aggregation (IC50)
was calculated. Biological assays were performed several
times (n > 3), according to methods of Demopoulos et al.
[10] and Lazanas et al. [39], so as to ensure reproducibility.
The same procedure was also followed in the case of rabbit
PRP, as previously described [40].

2.3. Statistical Methods. All results were expressed as mean±
standard deviation (SD). The t-test was employed to assess
differences among the IC50 values of each metal complex
against either the PAF- or thrombin-induced aggregation.
Differences were considered to be statistically significant
when the statistical p value was smaller than 0.05. Data
were analyzed using a statistical software package (SPSS for
Windows, 16.0, 2007, SPSS Inc. Chicago, IL) and Microsoft
Excel 2007.

3. Results

3.1. Molecular Structures and Stability of the Complexes.
The crystallographic structures of Cu(O,O)2 [33], Zn(O,O)2

[34], Ga(O,O)3 [36] and Ni(P,P)Cl2 [37], as well as
the (OPPh2)(OPPh2)NH ligand [41] have been already
described (Figures 1–5). A variety of metal core geometries is
demonstrated: Cu(O,O)2 and Ni(P,P)Cl2 are square-planar,
whereas Zn(O,O)2 is tetrahedral and Ga(O,O)3 is octahedral.
The Zn(S,S)2 and Ni(P,P)Br2 complexes are expected to be
structurally similar to Zn(O,O)2 and Ni(P,P)Cl2, respectively.
UV-vis absorption spectra of the light blue DMSO solutions
of Cu(O,O)2 confirmed that the complex was stable for the
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Figure 2: Crystal structure of [Zn{(OPPh2)(OPPh2)N-O,O}2]
[34]. Color code: Zn (pink), O (red), P (orange), N (light blue),
C (grey).
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Figure 3: Crystal structure of [Ga{(OPPh2)(OPPh2)N-O,O}3]
[36]. Color code: Ga (pink), O (red), P (orange), N (light blue),
C (grey).

time-span of the study. This is expected since Cu(O,O)2

and the rest of the dichalcogenated imidodiphosphinate
complexes, contain highly stable six-membered M-E-P-N-P-
E chelating rings [1, 2]. On the other hand, for Ni(P,P)2X2,
X = Cl, Br, the intensity of the absorption maximum
was gradually decreasing. Therefore, degradation of the
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Figure 4: Crystal structure of [Ni{(Ph2P)2N-S-CHMePh-P,P}Cl2]
[37]. Color code: Ni (green), Cl (light green), P (orange), N (light
blue), C (grey).
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Figure 5: Crystal structure of the (OPPh2)(OPPh2)NH ligand [41].
Color code: O (red), P (orange), N (light blue), C (grey).

complexes at some extent is likely, which is expected to affect
their inhibitory action.

3.2. Inhibitory Effect of Metal Complexes and Metal Salts
towards the PAF-Induced WRP’s Aggregation. All metal
complexes under investigation inhibited the PAF-induced
aggregation of WRPs. This inhibitory effect was expressed
by their IC50 value (Figure 6). Among the metal complexes
tested, Ga(O,O)3 exhibited the strongest inhibitory effect
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Figure 6: The inhibitory effect of metal complexes towards the PAF-
induced WRP’s aggregation.
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Figure 7: The inhibitory effect of metal salts towards the PAF-
induced WRP’s aggregation.

towards the PAF-induced WRP’s aggregation, with an IC50

value of 62.4 ± 45.0 nM, which is more than one order of
magnitude lower compared to the IC50 value of the other
complexes tested. The Cu(O,O)2, Zn(O,O)2 and Zn(S,S)2

complexes also exhibited a significant inhibitory effect, with
IC50 values (300–600 μM) being more than one order of
magnitude smaller compared to the value of the Ni(P,P)Cl2
and Ni(P,P)Br2 complexes.

In order to assess whether the observed inhibitory effect
of the metal complexes was due to their properties—
mainly their three-dimensional structure—we also tested
the corresponding metal salts. All metal salts examined
exhibited a weak inhibitory effect, with their IC50 values
ranging between 0.1 and 1 mM (Figure 7), significantly
lower than those of the corresponding metal complexes
(p < 0.001) (Figure 6). Moreover, since Ga(O,O)3 showed
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Figure 8: The inhibitory effect of metal complexes towards the PAF-
induced rabbit PRP aggregation.

Table 1: The inhibitory effect of metal complexes towards the
thrombin-induced WRP’s aggregation.

Metal complex IC50 value (μM)

Ga(O,O)3 —

Cu(O,O)2 7.86 ± 4.77

Zn(O,O)2 12.80 ± 5.62

Zn(S,S)2 0.594 ± 0.41

the most prominent inhibitory effect, we also examined
the corresponding (OPPh2)(OPPh2)NH ligand, which has
already been structurally characterized [41]. This compound
exhibited a significantly smaller inhibitory effect (two orders
of magnitude) against PAF (IC50 = 1.57 ± 0.37 μM) com-
pared with the Ga(O,O)3 complex (p < 0.001). This ligand’s
IC50 value is clearly smaller than those of the metal salts,
but significantly greater than those of the Cu(O,O)2 and
Zn(O,O)2 complexes (p < 0.05).

3.3. Inhibitory Effect of Metal Complexes and Metal Ions
against the Thrombin-Induced WRP’s Aggregation. The metal
complexes exhibiting the stronger inhibitory effect against
the PAF-induced WRP’s aggregation were further tested
for their potential inhibitory effect towards the thrombin-
induced WRP’s aggregation [10]. The data of Table 1 show
that, among all complexes tested, Ga(O,O)3 did not inhibit
thrombin, even at concentrations up to 10−4 M, while
Zn(S,S)2 showed the strongest inhibitory effect, displaying an
IC50 value at least one order of magnitude smaller than that
of Cu(O,O)2 and Zn(O,O)2.

3.4. Inhibitory Effect of Metal Complexes and Metal Ions
against the PAF-Induced Rabbit PRP Aggregation. The metal
complexes that inhibited the PAF-induced WRP’s aggrega-
tion were further tested for their potential inhibitory effect
against the PAF-induced rabbit PRP aggregation. All metal

complexes indeed showed such inhibitory behavior, with
IC50 values presented in Figure 8. The Ga(O,O)3, Zn(S,S)2

and Ni(P,P)Br2 complexes exhibited the highest inhibitory
effect, since their IC50 values were significantly lower than
that of all the other complexes tested (p < 0.05).

Moreover, we also tested the potential inhibitory effect
of the corresponding metal salts. From all metal salts tested,
only CuCl2 exhibited a weak inhibitory effect (IC50 = 12.3
± 1.13 mM), three orders of magnitude larger than that of
its corresponding Cu(O,O)2 complex (p < 0.001). On the
contrary, the Ga(III), Ni(II) and Zn(II) salts did not inhibit
the PAF-induced aggregation of rabbit PRP. Similarly, the
(OPPh2)(OPPh2)NH ligand did not show such an inhibitory
action.

4. Discussion

The successful application of several anti-PAF agents [11–
24], and metal complexes [25–31] towards various inflam-
matory pathological situations, led us to study the effect of
the metal complexes described above towards PAF-related
biological activities. In that respect, we have primarily
studied the in vitro effects of these compounds on the PAF-
induced platelet aggregation. We have previously showed
that cis-[RhL2Cl2]Cl, L = 2-(2’-pyridyl)quinoxaline, is a
potent inhibitor of this type, having an IC50 value of 210 nM
(at 0.02 nM PAF), with the inhibitory effect taking place,
partly, through the PAF-receptor dependent way [42].

In this study, the biological assays were focused on the
PAF-induced WRP’s and rabbit PRP aggregation. In particu-
lar, our study on WRPs probes the anti-PAF activity of metal
complexes under the experimental conditions applied, while,
in the case of rabbit PRP, the conclusions drawn pinpoint
the effect of these compounds towards the PAF activation
at more similar to the in vivo conditions. Our work leads to
the unprecedented conclusion that several metal complexes
inhibited the PAF-induced aggregation towards both WRPs
and rabbit PRP, in a dose-dependent manner. Significantly
higher concentrations (at least one order of magnitude)
of each compound were needed in order to inhibit the
PAF-induced aggregation of rabbit PRP, compared to those
needed in order to inhibit the corresponding aggregation of
WRPs. The metal complexes with the most prominent anti-
PAF activity were additionally tested towards the thrombin-
induced aggregation of WRPs.

The IC50 values reflect the inhibition strength of each
metal complex, since a low IC50 value reveals stronger
inhibition of the PAF-induced aggregation for a given metal
complex concentration. It is of significant importance that
the IC50 values of these compounds (expressed as μM)
against the PAF-induced aggregation are comparable with
the IC50 values of some of the most potent PAF receptor
antagonists, namely WEB2170, BN52021, and Rupatadine
(0.02, 0.03 and 0.26 μM, resp.) [43–45]. This observation
demonstrates that the metal complexes in question exhibit
a strong inhibitory effect against the PAF activity. The
octahedral Ga(O,O)3 complex, which contains the larger
number (12) of phenyl rings in the second coordination



6 Bioinorganic Chemistry and Applications

sphere (Figure 3), is clearly the bulkier compared to the rest
of the complexes studied (Figures 1, 2, and 4). This tris-
chelated complex exhibited the strongest inhibitory effect
against the PAF-induced aggregation of WRPs, with an IC50

value of 0.062 ± 0.045 μM. The fact that this complex did
not inhibit the thrombin-induced aggregation of WRPs,
even at high doses, suggests that it antagonizes the platelet
aggregation through the selective inhibition of the PAF-
receptor pathway. Moreover, since the complexes of Cu(II)
(square planar) and Zn(II) (tetrahedral), bearing the same
(OPPh2)(OPPh2)NH ligand, exhibited an appreciable but
lower inhibitory effect against the PAF-induced aggregation
of both WRPs and rabbit PRP compared to Ga(O,O)3,
it is concluded that this action depends primarily on the
complexes’ three-dimensional structure. This proposal is also
supported by the fact that the corresponding metal salts
either inhibited weakly the PAF-induced WRP’s aggregation,
or showed no inhibitory action at all when tested in rabbit
PRP. As far as the inhibitory effect of ZnCl2 is concerned, our
results are consistent with those reported earlier [46].

It should be stressed that, even though the
(OPPh2)(OPPh2)NH ligand (Figure 5) inhibited the PAF-
induced aggregation of WRPs, this effect was significantly
less prominent compared with the effects observed in
the case of the metal complexes studied. In addition, this
ligand did not influence the PAF-induced aggregation of
rabbit PRP, a fact that confirms the importance of specific
structural characteristics of the inhibitors. Moreover,
it emphasizes that the coordination of metal ions to
ligands, each separately showing some PAF-inhibitory
action, enhances these inhibitory properties. Similar
phenomena of pharmacological profile enhancement are
also reported in the case of classic anti-inflammatory
drugs like indomethacin, as well as antioxidants such as
bioflavonoid rutin and naringin, coordinated to transition
metals [47–50]. Similar behavior was also established in the
case of Cu(II) and Pt(II) complexes with various ligands
[25, 50–52].

Besides their anti-PAF activity, Cu(O,O)2 and Zn(O,O)2

inhibited also the thrombin-induced aggregation of WRPs,
but at higher concentrations than those tested against PAF,
suggesting that these metal complexes exhibit a more general
anti-inflammatory action, which, however, is more specific
towards the PAF-related pathway. As far the tetrahedral
Zn(S,S)2 complex is concerned, it exhibited the highest
inhibitory effect against the PAF-induced aggregation of
rabbit PRP, even when compared with that of Ga(O,O)3.
At the same time, this complex showed also a strong
inhibitory effect against the PAF-induced aggregation of
WRPs, which although lower than that of Ga(O,O)3, it is
almost twice as strong (statistically borderline significant
with p = 0.065) than that of Zn(O,O)2 and Cu(O,O)2.
Also, this complex inhibited strongly the thrombin-induced
aggregation of WRPs, at similar concentrations with those
tested against PAF in WRPs, having an IC50 value at least
one order of magnitude lower than those of Zn(O,O)2

and Cu(O,O)2. This result suggests that Zn(S,S)2 exhibits a
more general anti-inflammatory activity, since it can equally
inhibit both the PAF and thrombin-related activities. Taking

also into account that in severe inflammatory procedures
implicated in cancer situations like melanoma, the PAF- and
thrombin-activated pathways are interrelated, thus regulat-
ing, for instance, both the melanoma cell adhesion and its
metastasis [53, 54], compounds such as Zn(S,S)2, Zn(O,O)2

and Cu(O,O)2, with inhibitory effects towards both PAF
and thrombin-related activities, are promising candidates as
potential anticancer or antithrombotic agents.

Regarding the square-planar complexes of Ni(II) studied
in this work, both Ni(P,P)Cl2 and Ni(P,P)Br2 only weakly
inhibited the PAF-induced aggregation of WRPs compared
with the imidodiphosphinate-containing complexes. The
gradual degradation of these complexes in DMSO, docu-
mented by their UV-vis spectra, is the most likely explanation
for this observation. However, the fact that, in the case of
rabbit PRP, the Ni(P,P)Br2 complex exhibited a noticeable
inhibitory effect against the PAF-induced aggregation, at lev-
els comparable to those of Ga(O,O)3 and Zn(S,S)2 (Figure 8),
shows that the integrity of its structure is sufficiently
retained. The observed instability of Ni(P,P)X2, X = Cl, Br, in
DMSO renders them unsuitable for inhibitory action, at least
under the conditions employed in this work. Therefore, the
thrombin-induced WRP’s aggregation by these complexes
was not investigated.

5. Conclusions

A series of metal complexes, bearing dichalcogenated imi-
dodiphosphinate ligands, inhibited the PAF-induced aggre-
gation of both WRPs and rabbit PRP, at concentrations
comparable with those of classical PAF-inhibitors. The
compounds with the stronger anti-PAF activities exhibited
different specificity against the thrombin-induced platelet
aggregation: Ga(O,O)3, with the highest anti-PAF activity,
did not inhibit the thrombin-related pathway, whereas
Zn(S,S)2, with also a strong inhibitory effect against PAF,
exhibited the highest inhibition against thrombin. On the
other hand, Zn(O,O)2 and Cu(O,O)2 inhibited moderately
both PAF and thrombin, being more effective towards
PAF. The metal salts and the (OPPh2)(OPPh2)NH ligand
showed no appreciable anti-PAF or antithrombin activity. By
comparing the relative inhibitory activities of all compounds
studied, it is concluded that the biological activities of
the metal complexes depend, at least in part, on their
stereochemical properties. In this respect, the more spherical
and bulky structure of Ga(O,O)3 seems to be the most
suitable for a PAF-related inhibitory action. On the contrary,
this complex is totally inactive towards the thrombin-related
pathway. Whether this remarkable selectivity is indeed due
to a more efficient interaction of Ga(O,O)3 with the PAF-
receptor, remains to be investigated in future studies. It is
of interest that similar tris-chelated Ga(III) complexes have
shown significant pharmaceutical action towards various
pathological cases [27, 28]. The exploration of additional
complexes of variable metal ions and three-dimensional
structures is clearly needed, in an effort to further elucidate
the necessary electronic or structural features for a significant
and selective PAF- or thrombin-related inhibitory function.
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Cea-Olivares, “Tetrahedral versus square-planar NiS4 core in
solid-state bis(dithioimidodiphosphinato)nickel(II) chelates.
Crystal and molecular structures of Ni[(SPR2)(SPPh2)N]2(R
= Ph, Me),” Inorganica Chimica Acta, vol. 241, no. 2, pp. 47–
54, 1996.

[7] D. Maganas, A. Grigoropoulos, and S. S. Staniland, “Tetra-
hedral and square-planar Ni[(SPR2)2N]2 complexes, R =
Ph&iPr revisited: experimental and theoretical analysis of
interconversion pathways, structural preferences and spin
delocalization,” Inorganic Chemistry, vol. 49, no. 11, pp. 5079–
5093, 2010.

[8] T. Q. Ly and J. D. Woollins, “Bidentate organophosphorus
ligands formed via P-N bond formation: synthesis and
coordination chemistry,” Coordination Chemistry Reviews, vol.
176, no. 1, pp. 451–481, 1998.

[9] E. I. Solomon, R. K. Szilagyi, S. DeBeer George, and L.
Basumallick, “Electronic structures of metal sites in proteins
and models: contributions to function in blue copper pro-
teins,” Chemical Reviews, vol. 104, no. 2, pp. 419–458, 2004.

[10] C. A. Demopoulos, R. N. Pinckard, and D. J. Hanahan,
“Platelet-activating factor. Evidence for 1-O-alkyl-2-acetyl-
sn-glyceryl-3-phosphorylcholine as the active component (a
new class of lipid chemical mediators),” Journal of Biological
Chemistry, vol. 254, no. 19, pp. 9355–9358, 1979.

[11] G. A. Zimmerman, T. M. McIntyre, S. M. Prescott, and D. M.
Stafforini, “The platelet-activating factor signaling system and
its regulators in syndromes of inflammation and thrombosis,”
Critical Care Medicine, vol. 30, no. 5, pp. S294–S301, 2002.

[12] D. M. Stafforini, T. M. McIntyre, G. A. Zimmerman, and S. M.
Prescott, “Platelet-activating factor, a pleiotrophic mediator of

physiological and pathological processes,” Critical Reviews in
Clinical Laboratory Sciences, vol. 40, no. 6, pp. 643–672, 2003.

[13] G. Montrucchio, G. Alloatti, and G. Camussi, “Role of
platelet-activating factor in cardiovascular pathophysiology,”
Physiological Reviews, vol. 80, no. 4, pp. 1669–1699, 2000.

[14] C. A. Demopoulos, H. C. Karantonis, and S. Antonopoulou,
“Platelet activating factor—a molecular link between
atherosclerosis theories,” European Journal of Lipid Science
and Technology, vol. 105, no. 11, pp. 705–716, 2003.
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The reactions of 2,4- and 2,5-dihydroxybenzoic acids (dihydroxybenzoic acid, DHBA) with chromium(III) in weak acidic aqueous
solutions have been shown to take place in at least two stages. The first stage of the reactions has an observed rate constant
k1(obs) = k1[DHBA] + C and the corresponding activation parameters are ΔH /=

1(2,4) = 49, 5 kJ/mol−1, ΔS /=
1(2,4) = −103, 7 J mol−1

K−1, ΔH /=
1(2,5) = 60, 3 kJ/mol−1, and ΔS /=

1(2,5) = −68, 0 J mol−1 K−1. These are composite activation parameters and the breaking
of the strong intramolecular hydrogen bonding in the two ligands is suggested to be the first step of the (composite) first
stage of the reactions. The second stage is ligand concentration independent and is thus attributed to a chelation process. The
corresponding activation parameters are ΔH /=

2(2,4) = 45, 13 kJ/mol−1, ΔS /=
2(2,4) = −185, 9 J mol−1 K−1, ΔH /=

2(2,5) = 54, 55 kJ/mol−1,
and ΔS /=

2(2,5) = −154, 8 J mol−1 K−1. The activation parameters support an associative mechanism for the second stage of the
reactions. The various substitution processes are accompanied by proton release, resulting in pH decrease.

1. Introduction

Chromium at low concentrations has been proved to be ben-
eficial to many plant species, being toxic in the same plants
at higher concentrations [1]. The bioinorganic chemistry of
chromium(III) and its biological role is not very well studied
because (a) chromium(III) complexes are substitution inert
and this implies that a catalytic role is forbidden, (b)
chromium(III) complexes are generally redox inactive espe-
cially with most of the biological ligands, (c) the electronic
spectra of the chromium(III) complexes usually lack of
intense characteristics such as charge-transfer bands (an
exception being organochromium complexes, i.e., complexes
bearing Cr-C σ-bonds [2–4]), and (d) the paramagnetic
nature of chromium(III) (spin 3/2) does not allow studies
with NMR techniques [5]. A chromium(III) compound
however has been identified as a reactive component of the
Glucose Tolerance Factor, GTF [6], where the chromium(III)
coordination sphere is occupied by various amino-acids. A
biomolecule, termed as low-molecular-weight chromium-

binding substance (LMWCr) or chromoduline, is known.
It has been isolated from the liver and kidneys of sev-
eral species. It is an oligopeptide which contains glycine,
cysteine, aspartic, and glutamic acid residues [6, 7]. A
biomimetic to chromoduline molecule, the trinuclear cation
[Cr3O(O2CCH2CH3)6(H2O)3]+ has been reported [8].

Phenolic acids are examples of phenolic compounds that
are present in fruits and plants and constitute a big fraction
of the chemical structure of humic substances. The phenolic
acids play an important role, probably, in the ability of humic
substances to coordinate with the metals, increasing thus
their bioavailability [9–11].

The phenolic acids that were studied for their
reactions with chromium(III) and are presented
here are 2,4-dihydroxybenzoic acid (2,4-DHBA) and
2,5-dihydroxybenzoic acid (2,5-DHBA) (Figure 1).

We wish to report, in this work, the kinetics and mech-
anisms of the reactions between Cr(III) and 2,4- and 2,5-
dihydroxybenzoic acids. The two ligands bear both phenolic
and carboxylic sites and the study of the mechanisms of
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their complex formation with chromium(III) as well as
the stability of the complexes formed will help in the
understanding of the role of complexation in the uptake of
chromium(III) by plants.

2. Experimental Results

2.1. Reagents and Materials. All reagents used were of
analytical grade. Dihydroxybenzoic acids (Alfa Aesar) were
used as received. They were dissolved in water in con-
centrations ranging 6.64·10−3–4.87·10−2 M (2,4-DHBA)
and 4.42·10−3–4.87·10−2 M (2,5-DHBA). In order to avoid
transformation and decomposition reactions, the ligand
solutions were used shortly after their preparation. Stock
solutions of Cr(III) were prepared using Cr(NO3)2.9H2O.
Adjustment of the ionic strength was done with KNO3. Due
to Cr(III) acidic hydrolysis the pH was constantly kept below
4.

2.2. Kinetic Experiments. The kinetic experiments were
carried out at pH values below 4.0 in the presence of air.
The kinetics was followed at various wavelengths yielding
identical results. The absorbances and the electronic spectra
were recorded on a Varian Cary 3E, UV-vis spectropho-
tometer. Pseudo-first-order conditions were employed for
all the experiments. The plots of ln(At − A∞) (first stage)
and ln(A∞ − At) (second stage) against time, where At and
A∞ are absorbances at time t and, after the completion
of the reaction, were found to be linear for both ligands
(Figure 2). The rate constants were calculated from the slope
of the lines. At different temperatures for various ligand
and chromium(III) concentrations, the experimental results
show similar behavior. The uncomplexed Cr(III) species
absorbance is not causing a problem in the graphs (Figure 2)
since it is included in both At and A∞ and is thus eliminated.

The k1 (first stage) and k2 (second stage) values at various
temperatures are given in Table 1.

Analysis according to activated complex theory
gives the activation parameters ΔH /=

1(2,4), ΔS /=
1(2,4) for 2,4-

DHBA/Cr(III), ΔH /=
1(2,5), ΔS /=

1(2,5) for (2,5-DHBA)/Cr(III),
corresponding to k1 (the first stage of the reaction),

calculated from the linear Eyring plots. Activation
parameters corresponding to k2 (the second stage of
the reaction for both 2,4- and 2,5-DHBA/Cr(III)) were also
calculated from the corresponding linear Eyring plots. All
the values of the activation parameters thus obtained are
given in Table 2.

The values of A∞ used in Figure 2 and the other graphs
were very close to the true values since they were also
obtained by plotting A = f (t) at the certain wavelengths.
In this way it was possible to check if the reaction was
completed. For the reactions studied, A∞ was obtained after
more than 3 half-lives.

3. Discussion

3.1. Kinetics and Mechanisms. Strong hydrogen bonding
(intramolecular) occurs in the ligand molecules (2,4- and
2,5-DHBA). Complexation with chromium(III) can occur
only after the breaking of these strong bonds. The two
ligands exist as neutral molecules (abbreviated as DHBA)
and monoanions (abbreviated as DHBA−). At pH < 4
chromium(III) exists mainly as hexa-aqua monomeric ion,
[Cr(H2O)6]3+ or Cr3+, the species [Cr(H2O)5(OH)]2+ or
[Cr(OH)]2+ being present in small amounts. However,
reaction with [Cr(H2O)5(OH)]2+ should be considered over
the pH range 3-4 since pKa (Cr3+/[Cr(OH)]2+) is about 4
[12, 13].

The dissociation equilibria of the two ligands (acids) and
the [Cr(H2O)6]3+complex are

DHBA 	 DHBA− + H+ K1 (1)

DHBA− 	 DHBA2− + H+ K2 (2)

DHBA2− 	 DHBA3− + H+ K3 (3)

Cr(H2O)3+
6 	 Cr(H2O)5(OH)2+ + H+ Ka (4)

PH < 4 (5)

The reaction is suggested to be a multistep process
since there is a decrease in absorbance at short reaction
times and increase at longer reaction times. Because of
protonation of the ligands, the groups (hydroxyls and
carboxyl) are efficiently blocked and thus the attacks by
chromium(III) can take place on them only upon the release
of protons, provided that the strong hydrogen bonds have
been first broken. This causes a pH decrease in the solution
(Figure 3).

The fact that the second first-order step was found to be
independent on ligand and chromium(III) concentrations
suggests transformations that take place within the first
complex that is formed upon the first attack by Cr(III) on
the ligand.

In the first step, reaction between the reactive forms of
the reactants and chromium(III) takes place, which results
in the formation of complex A. The first step that is
characterized by an absorbance decrease is revealed through
experiments conducted at low temperatures. This step is
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Figure 2: Plots of ln(At−A∞) (first stage) and ln(A∞−At) (second stage) versus time (a) [2,4-DHBA] = 2,92·10−2 M, [Cr(III)] = 2,50·10−3 M,
T = 281 K, (b) [2,5-DHBA] = 8,85·10−3 M, [Cr(III)] = 8,10·10−2 M, T = 308 K.
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Figure 3: The pH versus time plots of typical mixtures of DHBA/Cr(III). Conditions: (a) [2,4-DHBA]0 = 4,87·10−2 M, [Cr(III)]0 = 2,50
10−3 M, T = 298 K; (b) [2,5-DHBA]0 = 4,87·10−2 M, [Cr(III)]0 = 2,50·10−3 M, T = 298 K.

Table 1: Values of k1 and k2 at various temperatures.

2,4-DHBA 2,5-DHBA

T(K) k1(M−1s−1) (·10+2) k2 (s−1) (·10+5) T(K) k1(M−1s−1) (·10+2) k2 (s−1) (·10+5)

281 1.57 279 0.87

287 2.10 283 1.24

290 2.14 291 2.12

296 5.06 298 4.17

298 1.45 298 1.40

303 1.86 303 1.89

308 2.88 308 2.78

313 3.95 313 4.44

313 3.48 313 4.31
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Figure 4: UV-vis spectra of Cr(III)/DHBA solutions: (a) [Cr(III)] = 9.0·10−3 M and [2,4-DHBA] = 9.0 .10−3 M; (b) [Cr(III)] = 9.0·10−3 M
and [2,5-DHBA] = 9.0 .10−3 M.

Table 2: Activation parameters for steps 1 (k1) and 2 (k2)
for the reactions of the two ligands 2,4- and 2,5-DHBA with
chromium(III).

2,4-DHBA 2,5-DHBA

ΔH /=
1 (kJ/mol−1) 49,5 60,3

ΔS /=
1 (J mol−1K−1) −103,7 −68,0

ΔH /=
2 (kJ/mol−1) 45,13 54,55

ΔS /=
2 (J mol−1K−1) −185,9 −154,8

followed by the slower second step, which is independent on
both ligand and chromium(III) concentrations.

The formation of a light green complex, C1, from an
initially violet (Cr3+

(aq)) and a colourless ligand solution
(Figure 4) is observed upon mixing of the reactants. The
characterisation of C1, the light green complex, as an oxygen-
bound chromium(III) compound is supported by the UV/vis
spectra (λmax = 579, 415 nm) and the formation kinetics
and subsequent transformation (substitution) kinetics. All of
the kinetic data and the associated spectra obtained during
the decrease in absorbance are presumed to begin with the
already associated complex C1.

In Figure 5 spectra of the reaction mixture are recorded
at various times after mixing, starting from complex C1.
The final spectrum corresponds to complex C2. Spectra
recorded at intermediate times correspond to mixtures of
C1and C2.

3.1.1. First Stage of the Reaction: First Attack of Chromium(III)
on the Ligands. The first stage (k1(obs)) is characterized by an
absorbance decrease at 575nm (a d-d transition of Cr3+

(aq)).
The attacks of [Cr(H2O)5OH]2+ at the carboxylic ligand
groups leading to the complexes C1, and C2 result in shifting
equilibrium (4) to the right. The k1 pathways occur by

attacks of [Cr(H2O)5OH]2+ at the carboxylic ligand groups
leading to complexes which in the presence of H+ are fast
protonated.

In order to obtain information on how many ligands
react at the first step, the dependence of k1(obs) on the ligand
concentration was studied. The kinetics of the first stage of
the reaction (k1(obs)) followed a first-order rate law. The first-
order rate constant was found to have a linear dependence
on ligand concentration (Figure 6), that is, to obey to the
relation k1(obs) = k1[DHBA] + C.

Measurements were conducted for the reactions of 2, 4-
DHBA with chromium(III) at 281, 287, 290, 296 K and for 2,
5-DHBA with chromium(III) at 279, 283, 291, 298 K.

Below temperature 298 K the plots in Figure 6 are linear
within experimental error, and above temperature 298 K
the second reaction (k2) involving the chelation becomes
significant.

In our study of 3,4-dixydroxylphenylpropionic acid with
chromium(III) [14] we observed an inverse dependence on
[H+] which was discussed for the possibility of ligand-H+

that is, DHBA− reacting with Cr3+
aq or DHBA reacting with

[Cr(OH)]2+.

An Id mechanism is expected for step 1 since the reactive
species can only be the conjugate base [Cr(H2O)5OH]2+

for the reactions of which dissociative mechanism Id is
supported [15], because of the strong labilizing effect of
the coordinated OH− presumably on the trans H2O which
results to a 102–103-fold enhanced rate for the hydroxy- over
the hexa-aqua ion.

Thus, for the first attack, a reaction between [Cr(OH)]2+

and the protonated molecule of the ligand can be proposed
(Scheme 1), the reaction resulting in proton release (pH
decrease). Upon the chelation reaction that follows, proton
release takes also place resulting in further pH decrease.
Hence for the reactions of 2,4-DHBA and 2,5-DHBA with
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chromium(III), the mechanism which can be proposed,
according to the experimental results (rate laws), is

[Cr(H2O)6]3+ 	 [Cr(H2O)5(OH)]2+ + H+ Ka

DHBA + H+ 	 [DHBAH]+ Kb

[DHBAH]+ + [Cr(H2O)5(OH)]2+

−→ [
Cr(H2O)5(OH)

(
DHBAH+)]3+ k1−→

−→ [
Cr(H2O)5

(
DHBA−

)]2+ + H3O

[
Cr(H2O)5

(
DHBA−

)]2+ k2−→
[

Cr(H2O)4

(
DHBA2−)]+

+H3O+

Ka =
[

Cr(H2O)5(OH)2+
] [

H+]/[Cr(H2O)3+
6

]
Kb =

[
DHBAH+]/[DHBA]

[
H+] (6)

Hence, R = k1 [DHBAH+] [Cr(H2O)5(OH)2+] and by
substituting [Cr(H2O)5(OH)2+] and [DHBAH+], results the
following:

R = k1Kb [DHBA] [H+] Ka [Cr(H2O)3+
6 ] / [H+] = k1KbKa

[DHBA] [Cr(H2O)3+
6 ] and k1(obs) = k1KbKa [DHBA] (in

excess DHBA).
The k2(obs) dependence on chromium(III) and ligand

concentration were studied in order to find if another Cr(III)
ion and / or ligand molecule is entering the compound C1

which is produced in step 1.
The concentrations of DHBA and of Cr(III) have no

effect on the observed rate constants k2(obs) in the range
of concentrations applied as is shown in Figure 7. Higher
concentrations were not possible to be achieved due to
solubility reasons of 2,4- and 2,5-DHBA in weak acidic
aqueous solutions. The k2(obs) values, for the DHBA and
chromium(III) concentration range studied, at various
temperatures are given in Table 1 and the corresponding
ΔH /=

2(obs), ΔS /=
2(obs) values in Table 2.

The activation parameters are deduced from the tem-
perature dependence experiments and lead to structures
of the activated complexes and of the type of mechanism
taking place. The negative values of ΔS /= (ΔS /=

1(obs)) suggest
an associative mechanism for the first stage of the reaction.
[Cr(H2O)5OH]2+, however, as stated above, reacts/follows
an Id mechanism. This suggests that composite activation
parameters ΔH /=

1(obs) = ΔH0 + ΔH /=
1 and ΔS /=

1(obs) = ΔS0 +

ΔS /=
1 are applied where ΔH0 and ΔS0 correspond to a pre-

equilibrium K0 and ΔH /=
1 and ΔS /=

1 correspond to the first
step (complexation, k1).

Thus the resulting negative values of ΔS /= as well as the
resulting values of ΔH /= do not correspond to step 1, which
is taking place by an Id mechanism due to the reactive species
[Cr(H2O)5OH]2+.

The negative values of ΔS /=
2(obs), the independence on

ligand(s) and chromium(III) concentrations of k2(obs),
the increase of the extinction coefficients (increase in
absorbance), and the pH decrease (Figure 3) led to the
assignment of the studied transformations as associatively
activated substitution reactions of water molecules from

the Cr(III) coordination sphere by the ligand(s) through
chelation, with concomitant proton release (Scheme 1).

The absorbance increase of the second stage is due to the
chelation and the pH decrease is due to the release of protons
upon the course of these reactions (Figure 3, Scheme 1).
These changes are attributed to the formation of an oxygen-
bound chromium(III)-DHBA acid complex (k1) followed by
chelation (k2).

Stoichiometry of 1 : 1 for the reaction of Cr(III) with
2,4- and 2,5-DHBA is proposed, according to the observed
k1 dependence on ligand concentration and the chelation
reactions in the Cr(III) center. In accordance with the
stoichiometry resulting from the kinetics are the elemental
analysis results for the isolated in the solid form final
product. The isolation was achieved by addition of KOH
solution in the final reaction mixture. Thus the experimental
percentages C = 11.82% and H = 3.49% correspond to the
formula [Cr(2,5-DHBA−3H)(H2O)4].3KNO.

38H2O (MW =
722) for which the calculated percentages (theoretical values)
for C and H are C = 11.63% and H = 3.74%.

Hence, the formation of C2, the final chelated complex,
occurs actually in at least two stages.

3.1.2. Structures of the Activated Complexes C /=
1 and C /=

2 .
These are given in Scheme 2. Associative mechanisms have
been found to be operative in reactions of Cr(III) [4, 16, 17].
The negative values of the entropies of activation ΔS /= that
have been calculated for our systems suggest an associative
mode of activation. The original complex C1 could also be
a chelate itself. This could easily explain the formation of
compounds containing Cr-O bonds. The negative entropies
of activation ΔS /= , however, suggest the formation of more
structured transition states from the less organized reactants.
Therefore, complex C1 is not in chelated form and the
mechanisms shown in Scheme 1 are thus supported. If the k2

path proceed via attack by an external ligand on the complex
C1, the k2 path could be ligand concentration dependent. In
the suggested mechanism the phenolic groups act as internal
attacking groups to the chromium-bound H2O molecules
and supply a proton to the H2O in the same complex
(Scheme 2), which is released as H3O+.

The final product C2 could be chelated at the carboxylic
group through its oxygens. This alternative is not supported
because a five-membered ring, which is formed according
to the suggested mechanism, is more stable than the four-
membered ring which would result if chelation at the
carboxylic group took place.

The UV/vis spectrum which exhibits a maximum at
575 nm and a shoulder at 412 nm (d→d transitions of
Cr(III)) upon complexation changes, as expected, due to
continuous changes in the ligand field. This is caused by
the new ligand(s) which enters in the coordination sphere
of Cr(III). Water molecules are being replaced by the ligand
groups leading to C1 and finally to C2. The conditions are
kept acidic suggesting that oxidation does not take place and
the only changes that are expected in the spectrum are only
those being caused by the change of the ligand field. This
means that only a shift of the maximum and disappearance
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Figure 5: (a) UV-Vis spectra of the reaction mixture Cr(III)/2,4-DHBA. Spectra on the left: [2,4-DHBA] = 8,85·10−3 M, [Cr(III)] =
0,067 M,T = 288 K. Spectra on the right: [2,4-DHBA] = 8,85·10−3 M, [Cr(III)] = 0,09 M, T = 298 K. (b) UV-Vis spectra of the reaction
mixture Cr(III)/2,5-DHBA. Spectra on the left: [2,5-DHBA] = 8,85·10−3 M, [Cr(III)] = 0,09 M,T = 288 K. Spectra on the right: [2,5-DHBA]
= 8,85·10−3 M, [Cr(III)] = 0,09 M, T = 298 K.

of the shoulder in the UV region take place; this last change is
due to the high absorptivities of the resulting complexes that
hide the shoulder.

The chelation of the first formed complex produces PhO-
bound chromium(III) species, characterized by the UV/vis
spectra and the kinetic behavior which are typical of other
known complexes containing Cr-O bond(s) [16, 17].

3.2. Structure of the Complexes-Mode of Binding. The
isolation of a pure product C2 is already mentioned
(page 18) that corresponds to the formula [Cr(2,5-
DHBA−3H)(H2O)4].3KNO.

38H2O according to the elemental

analysis and all other experimental data that suggest, as
previously discussed, that binding is taking place through
the carboxylic and the nearby phenolic group (Scheme 1, for
ligands 2,4- and 2,5-DHBA). Catecholic type of binding is
established in the coordination complexes of dihydrocaffeic,
caffeic and ferulic acids with Co(II), Ni(II), Cu(II), Fe(III),
Mn(II), Mn(III), V(V), V(IV,V), Zn(II) [18–22], and dihy-
droxyphenylpropionic acid (dihydrocaffeic acid) with Cr(III)
[14]. The same type of coordination, that is, catecholic, has
been also suggested for the reaction of caffeic acid with
Cr(III) [23] and 3,4-dihydroxybenzoic acid with Cr(III) [24].
In some of the above presented structures both catecholic
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Scheme 1: A possible mechanism of the reactions of Chromium(III) with 2,4-and 2,5-dihydroxybenzoic acids in weak acidic aqueous
solutions.
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Figure 6: Ligand concentration dependence of k1(obs). Conditions: (a) [2,4-DHBA] = 2, 92–4, 87 10−2 M, [Cr(III)] = 2, 50 10−3 M, T = 296 K,
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Figure 7: Ligand and Cr(III) concentration dependence of k2(obs). Conditions: (a) [2,4-DHBA] = (6.64–8.85) 10−3 M, [Cr(III)] = 1.25
10−3 M, T = 313 K, (b) [2,5-DHBA] = (4,42–8.85) 10−3 M, [Cr(III)] = 1.25 10−3 M, T = 313 K, (c) [2,4-DHBA] = 8.8510−3 M, [Cr(III)] =
(4.5–9.00) 10−2 M, T = 313 K, (d) [2,5-DHBA] = 8.85 10−3 M, [Cr(III)] = (4.5–9.0) 10−2 M, T = 308 K.
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and carboxylic binding is observed. Catecholic type of
coordination was found in Fe(III)-2,3-dihydroxybenzoic
acid complex for which the kinetics of the coordination
and oxidation process have been reported [25, 26]. In the
systems studied in this work (2,4- and 2,5-dihydroxybenzoic
acids and chromium(III)), binding is supported to take
place between chromium(III) and the carboxylic and the 2-
phenolic group of the ligands. Analogous binding between
the carboxylic and the 2-phenolic group of the ligand was
reported for the reaction between chromium(III) and 2,3-
dihydroxybenzoic acid [27].

4. Conclusions

Our results indicate that the reactions between chrom-
ium(III) and 2,4- and 2,5-DHBA in weak acidic aqueous
solutions follow a two-step mechanism according to which
an initial step 1 consisting of an attack between the acid
molecule (ligand) and the [Cr(H2O)5OH]2+ complex to give

a carboxylate bound Cr(III) is followed by a nonligand
and nonchromium(III)-dependent step assigned to be a
chelation step due to the negative entropies of activation.
Both steps are followed by pH decrease suggesting that
proton release is taking place. The protons are released in an
associatively activated mode.

The first step depends on 2,4- or 2,5-DHBA concentra-
tion and [Cr(H2O)5OH]2+ is the reactive metal complex.
This is followed by a slower step, the rate of which depends
only on the concentrations of their respective intermediate
complexes C1, with negative entropies of activation, suggest-
ing that the transition states are associatively activated.

The negative values of the entropies of activation of the
second step, the independence on ligand and chromium(III)
concentrations of their rate, the displacement of the wave-
lengths maxima, the increase of the extinction coefficients,
the pH decrease due to release of protons upon complexa-
tion, and the various transformations lead to the mechanism
presented in Scheme 1. The observed transformations are
assigned as substitution of water molecules from the coordi-
nation sphere of Cr(III) by the ligand through complexation
followed by chelation. A dissociative Id mechanism is
supported for step 1 and an associative mechanism for step 2.
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The use of 2-pyridinealdoxime (paoH)/N,N′-donor ligand (L-L) “blend” in cobalt chemistry has afforded two cationic
mononuclear cobalt(III) complexes of the general type [Co(pao)2(L-L)]+, where L-L = 1,10-phenanthroline (phen) and
2,2′-bipyridine (bpy). The CoCl2/paoH/L-L (1 : 2 : 1) reaction system in MeOH gives complexes [CoIII(pao)2(phen)]Cl·2H2O
(1·2H2O) and [CoIII(pao)2(bpy)]Cl·1.5MeOH (2·1.5MeOH). The structures of the complexes were determined by single-crystal
X-ray crystallography. The CoIII ions are six-coordinate, surrounded by three bidentate chelating ligands, that is, two pao− and
one phen or bpy. The deprotonated oxygen atom of the pao− ligand remains uncoordinated and participates in hydrogen bonding
with the solvate molecules. IR data of the complexes are discussed in terms of the nature of bonding and the known structures.

1. Introduction

Oximes and their metal complexes are of current interest
because of their rich physicochemical properties, reactivity
patterns, and potential applications in many important
chemical processes in the fields of medicine [1, 2], bioor-
ganic chemistry [3], catalysis [4], and electrochemical and
electrooptical sensors [5].

In the treatment of organophosphate insecticide toxicity
in man and animals, the use of acetylcholinesterase reac-
tivators in conjunction with atropine has been found to
be the most effective treatment [6]. Among various acetyl-
cholinesterase reactivators, 2-pyridinealdoxime (paoH) is
routinely used in human and veterinary practices. It is
furthermore known that metal complexes of active drugs
as ligands can have important pharmaceutical activities
because of several factors. In fact, the field of medicinal
inorganic chemistry emerged a long time ago [7], and it
is based on certain principles that can be summarized as

follows. Complexation with the metal protects the drug
against enzymatic degradations because of the inertness
of certain metal-ligand linkages. The metal complex can
have better hydrophobicity/hydrophilicity properties than
the free ligand and, through this, it can improve the transport
processes in the tissues. In addition, the metal complex can
release the active drug(s) in a specific organ, and its activity
can be reinforced by the combination of effects from the
ligands and from the metal residue. The application of these
principles has already resulted in the design of successful
metal-based drugs [8, 9].

Since 1905, when Tschugaeff introduced dimethylgly-
oxime as a reagent for the analysis of nickel, oxime ligands
have played an important role in the continuing progress of
coordination chemistry [10]. Furthermore, the ability of the
oximate(-1) group (>C=N–O−) to stabilize oxidized forms
of metal ions, for example, NiIII or NiIV, has a vital impor-
tance in their role in the areas of technological applications
[11]. In contrast to the great number of studies dealing with
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Figure 1: Structural formulae and abbreviations of the ligands discussed in the text.

metal complexes of simple oximes and salicylaldoximes [12],
relatively little is known about complexes of 2-pyridyloximes
[13–15] although this class of compounds could offer unique
features in terms of structural and physical properties.

Few years ago our group explored the influence of
these ligands on the Co cluster chemistry by reacting cobalt
carboxylate salts with neutral 2-pyridyloximes; the main
objectives were the access to new structural types of clusters
with interesting magnetic and spectroscopic properties and
the study of Co-mediated reactions of the oxime group. Reac-
tion schemes involving di-2-pyridyl ketone oxime, dpkoxH
(Figure 1), and various Co carboxylate sources led [16] to
the first mixed-valence Co(II,III), inverse 12-metallacrown-4
complexes, namely, [CoII

2 CoIII
2 (OR)2(O2CR′)2(dpkox)4S2]X2

(R = H, CH3; R′ = CH3, C6H5, (CH3)3; S = solvent;
X = ClO4, PF6). The use of phenyl 2-pyridyl ketone
oxime, phpkoxH (Figure 1), methyl 2-pyridyl ketone
oxime, MepaoH (Figure 1), and 2-pyridinealdoxime,
paoH (Figure 1) in Co carboxylate chemistry yielded [17]
the trinuclear, mixed-valence, carboxylate-free Co(II,III)
complexes [Co3(phpkox)6](PF6)2, [Co3(Mepao)6](ClO4)2,
and [Co3(pao)6](ClO4)2. The core of these complexes has
an open-topology comprising one CoII center and two CoIII

ions. Recently [18] two of us reported complexes [CoIII
3 O(O2

CPh)3(pao)3]2[CoII
3 (O2CPh)8], [CoIII

3 O(O2CPh)3(pao)3]
(O2CPh), [CoIII

3 O(O2CPh)3(pao)3]2(O2CPh)(NO3),
and [CoIII

2 CoII(OH)Cl3(pao)4]. The above prior results
encouraged us to proceed to the amalgamation of 2-
pyridyl oximes with N,N′-donor ligands, that is, 1,10-
phenanthroline (phen) and 2,2′-bipyridine (bpy) (Figure
1), in cobalt chemistry. The primary aim of this project was
the synthesis and structural characterization of a series of
cobalt building blocks that could act as “metalloligands”
for the construction of one-dimensional heterometallic
assemblies with various transition metal ions (e.g., MnIII,
CrIII, FeII) or lanthanides; the latter chains would probably
provide interesting magnetic, optical, and spectroscopic
properties. A secondary goal was the study of the biological
properties of the resulting mixed-ligand complexes.
Herein, we concentrate on the synthetic investigation of

the general CoCl2/paoH/phen or bpy reaction system
and describe the preparation and characterization of the
cationic mononuclear complexes [Co(pao)2(phen)]Cl and
[Co(pao)2(bpy)]Cl.

2. Experiments

2.1. Starting Materials and Physical Measurements. All
manipulations were performed under aerobic conditions
using reagents and solvents as received. Cobalt(II) chloride,
2-pyridinealdoxime (paoH), 1,10-phenanthroline hydrate
(phen·H2O), and 2,2′-bipyridine (bpy) were purchased from
Aldrich Co. Elemental analyses (C, H, N) were performed by
the University of Ioannina (Greece) Microanalytical Labora-
tory using an EA 1108 Carlo Erba analyzer. Ir spectra (4000–
450 cm−1) were recorded on a Perkin-Elmer 16 PC FT-IR
spectrometer with samples prepared as KBr pellets. Solid-
state (diffuse reflectance, 28.5–12.5 kK) electronic spectra
were recorder on a Varian Cary 100 instrument. Magnetic
susceptibility measurements were carried out at 25◦C by
the Faraday method using a Cahn-Ventron RM-2 balance
standardized with [HgCo(NCS)4]n.

2.2. Compound Preparation

2.2.1. Preparation of [Co(pao)2(phen)]Cl·2H2O (1·2H2O).
To a pale yellow, stirred solution of paoH (0.12 g, 1.0 mmol)
in MeOH (20 cm3) was added a colourless solution of
phen·H2O (0.10 g, 0.5 mmol) in the same solvent (5 cm3).
To the resulting, almost colourless solution, a pink solution
of CoCl2 (0.07 g, 0.5 mmol) in MeOH (10 cm3) was added.
The deep orange solution obtained was stirred at ambient
temperature for 30 min and allowed to very slowly evaporate
at 6–8◦C for one week. Well-formed, X-ray quality crystals of
the product slowly appeared. The orange prismatic crystals
were collected by filtration, washed with cold MeOH (2 ×
3 cm3) and Et2O (2 × 4 cm3), and dried in air. Yields as
high as 70% were obtained (found: C, 51.9; H, 3.8; N, 15.6.
C24H22CoN6O4Cl calcd.: C, 52.1; H, 4.0; N, 15.2%).
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Table 1: Crystallographic data for complexes 1·2H2O and 2·1.5MeOH.

Parameter 1·2H2O 2·1.5MeOH

Color (habit) Red/orange prisms Red prisms

Crystal size (mm) 0.33 × 0.08 × 0.05 0.50 × 0.35 × 0.30

Chemical formula C24H22CoN6O4Cl C23.5H19CoN6O3.5Cl

M 552.86 535.83

Crystal system Tetragonal Orthorhombic

Space group I41/acd Ic2m

Unit cell dimensions

a (Å) 17.098(5) 13.134(6)

b (Å) 17.098(5) 8.900(4)

c (Å) 31.903(9) 21.293(8)

V (Å
3
) 9327(5) 2489(2)

Z 16 4

Dcalc (g cm−3) 1.575 1.430

μ (mm−1) 0.896 0.836

Radiation (Å) MoKα (0.71073) MoKα (0.71073)

Temperature (K) 298 298

Scan mode/speed (◦min−1) θ-2θ/2.6 θ-2θ/3.5

Scan range (◦) 2.1 + α1α2 separation 2.3 + α1α2 separation

θ range (◦) 2.1–23.0 1.8–25.0

Reflections collected 3157 3561

Unique reflections 1627 (Rint = 0.0276) 2253 (Rint = 0.0240)

Reflections used [I > 2σ(I)] 1237 1882

Parameters refined 164 204

[Δ/σ]max 0.000 0.014

[Δρ]max/[Δρ]min (e Å−3) 0.712/−0.444 0.695/−0.244

GoF (on F2) 1.101 1.079

R(a)
1 [I > 2σ(I)] 0.0543 0.0424

wR(b)
2 [I > 2σ(I)] 0.1453 0.1097

(a)R1= Σ(|Fo| − |Fc|)/Σ(|Fo|); (b)wR2 = {Σ[w(F2
o − F2

c )
2
]/Σ[w(F2

o )2]}1/2
, w = 1/[σ2(F2

o ) + (aP)2 + bP] where P = (max(F2
o , 0) + 2F2

c )/3.

2.2.2. Preparation of [Co(pao)2(bpy)]Cl·1.5MeOH (2·
1.5MeOH). To a pink, stirred solution of CoCl2 (0.07 g,
0.5 mmol) in MeOH (15 cm3) was added solid paoH
(0.12 g, 1.0 mmol). To the resulting deep orange solution a
colourless solution of bpy (0.08 g, 0.5 mmol) in the same
solvent (5 cm3) was added. The solution was stirred at
ambient temperature for 25 min, filtered, and the filtrate was
layered with Et2O/n-hexane (40 cm3, 1 : 1 v/v). Slow mixing
gave well-formed, X-ray quality crystals of the product.
The reddish orange prismatic crystals were collected by
filtration, washed with cold MeOH (2 × 3 cm3) and Et2O
(2 × 3 cm3), and dried in air. Yields as high as 75% were
obtained. The crystals were found to lose solvent readily;
the dried sample analysed for [Co(pao)2(bpy)]Cl, that is, 2
(found: C, 53.3; H, 3.4; N, 17.2. C22H18CoN6O2Cl calcd.: C,
53.6; H, 3.7; N, 17.1%).

2.3. X-Ray Crystallographic Studies [1]. Suitable crystals
of 1·2H2O were sealed in capillary filled with drops of

the mother liquor, while crystals of 2·1.5MeOH were
mounted in air and covered with epoxy glou. Diffraction
measurements of 1·2H2O and 2·1.5MeOH were made on a
Crystal Logic dual goniometer diffractometer using graphite-
monochromated Mo radiation. Crystal data and full details
of the data collection and data processing are listed in
Table 1. Unit cell dimensions were determined and refined
by using three angular settings of 25 automatically centred
reflections in the range 11◦ < 2θ < 23◦ for both complexes.
Three standard reflections, monitored every 97 reflections,
showed less than 3% intensity variation and no decay.
Lorentz-polarisation corrections were applied for 1·2H2O
and 2·1.5MeOH using Crystal Logic software.

The structures were solved by direct methods using
SHELXS-97 [19] and refined by full matrix least-squares on
F2 with SHELXL-97 [20]. For both structures, all non-H
atoms were refined using anisotropic thermal parameters.
Some H-atoms were located by difference maps and refined
isotropically. No H-atoms for the solvate molecules of
1·2H2O were included in the refinement.
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Figure 2: Partially labeled plot of the molecular structure of the
cation that is present in 1·2H2O. Primes are used for symmetry
related atoms. H atoms have been omitted for clarity.

Reference [1] CCDC codes are 771333 and 771334 for
complexes 1·2H2O and 2·1.5MeOH, respectively.

3. Experiments

3.1. Synthetic Comments. The reaction system that we inves-
tigated was the CoCl2/paoH/phen or bpy one. Treatment
of a solution of CoCl2 with two equivalents of paoH and
one equivalent of 1,10-phenanthroline (phen) in MeOH,
under aerobic conditions, followed by slow evaporation of
the resulting solution allowed orange crystals of the product
to be obtained in a form suitable for crystallography. The
product was identified as the cationic mononuclear complex
[Co(pao)2(phen)]Cl·2H2O (1·2H2O). Following a similar
reaction scheme and replacing only the corresponding
bidentate ligand with 2,2′-bipyridine (bpy), we were able
to obtain red crystals suitable for crystallography. The
new product was identified as [Co(pao)2(bpy)]Cl·1.5MeOH
(2·1.5MeOH).

The most noticeable feature of this reaction scheme
is the deprotonation of the oximato group without the
presence of a strong base in the reaction system. Reduction
products of the atmospheric oxygen, which is responsible for
CoII → CoIII oxidation, are possible agents for the former
deprotonation. The formation of 1 and 2 can be summarized
by the stoichiometric equations (1) and (2), respectively,

2CoCl2 + 4paoH + 2phen ·H2O + 1/2 O2

MeOH−−−−→ 2
[
Co
(
pao

)
2

(
phen

)]
Cl + 2HCl + 3H2O

(1)

2CoCl2 + 4paoH + 2bpy + 1/2 O2

MeOH−−−−→ 2
[
Co
(
pao

)
2

(
bpy

)]
Cl + 2HCl + H2O

(2)

The following experimental points should be mentioned
at this point. (a) The reactions between CoCl2, paoH
and N,N′-donor ligands in MeOH are [OH−]-independent.

Addition of one equivalent of LiOH · H2O in the above
described reaction mixtures leads to complexes 1 · 2H2O
and 2 · 1.5MeOH as well as to unidentified noncrystalline,
hydroxo compounds. (b) A number of attempts were made
for the isolation of new products by increasing or decreasing
the paoH/Co reaction ratio, keeping constant (1 : 1) the phen
or bpy : Co ratio. Increasing the former ratio, that is, to 3 : 1
or 4 : 1, complexes 1 and 2 remained the main products;
however, these were contaminated with variable amounts of
the known product [CoIII(pao)3] [21] (analytical evidence,
unit cell determination of the isolated dark orange crystals).
Reducing the above reaction ratio (1 : 1 and/or 0.5/1), paoH-
“free” products were isolated containing only bpy or phen
and chloride ions. We have not yet found evidence for the
existence of the mixed-ligand species [Co(pao)(phen)2]Cl2
and [Co(pao)(bpy)2]Cl2. (c) Both complexes are soluble in
water, dimethylformamide, dimethylsulfoxide, and acetoni-
trile, less soluble in nitromethane and ethanol, and insoluble
in benzene, chloroform and dichloromethane.

3.2. Description of Structures. Labeled ORTEP plots of
complexes 1·2H2O and 2·1.5MeOH are shown in Figures 2
and 4, respectively. Selected bond distances and angles for
complexes 1·2H2O and 2·1.5MeOH are listed in Table 2.

Disregarding the different nature of the N,N′-donor
ligands, compounds 1·2H2O and 2·1.5MeOH display strik-
ingly similar molecular structures. Thus, only the structure
of the former will be described in detail.

Complex 1·2H2O crystallizes in the tetragonal space
group I41/acd. Its structure consists of the mononuclear
[Co(pao)2(phen)]+ cation, one chloride ion, and two solvate
water molecules; the latter three will not be further discussed.
The metal ion lies on a crystallographic 2-fold axis. The CoIII

center is in a six-coordinate ligand environment comprising
the two nitrogens from two chelating, anionic pao−ligands,
[N(1)/N(2) and their symmetry-related partners] and two
aromatic nitrogens from the chelating phen molecule [N(3)
and N(3′)]. The metal coordination geometry is well
described as distorted octahedral, its chromophore being
CoIIIN6. Two trans positions of the octahedron are occupied
by the pyridyl nitrogen atoms of the two pao− ligands [N(1)–
Co–N(1′) = 173.8(3)◦]; thus, the two oximate nitrogen atoms
[N(2), N(2′)] are in cis position. Angular distortions from
perfect octahedral geometry are primarily a consequence of
the chelating rings and their restricted bite angles. The Co–
N bond lengths agree well with values expected for low-spin
CoIII in octahedral environments [21].

In the crystal lattice of 1·2H2O, the molecules inter-
act through hydrogen bonds forming 1D zig-zag chains
(Figure 3). These include the water lattice molecules, the
oximate oxygen atom, and the Cl− counteranion; their
dimensions are presented in Table 3.

Complex 2·1.5MeOH crystallizes in the orthorhombic
space group Ic2m; the metal ion lies on a crystallographic
twofold axis. One half of the molecule comprises the
asymmetric unit of the structure. The three ligands are N,N′-
bidentate chelating. Again the pyridyl nitrogen atoms of the
two pao− ligands are in trans positions. A packing diagram
of the complex is shown in Figure 5.
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Figure 3: A part of the 1D structure of 1·2H2O due to H-bonding interactions (dashed lines) along the a axis. Chlorides (green) are
emphasized using space filling models.

Table 2: Selected bond distances (Å) and angles (◦) for complexes 1·2H2O and 2·1.5MeOH,a with the estimated standard deviations in
parentheses.

1·2H2O 2·1.5MeOH

Bond distances

Co–N(1) 1.928(4) 1.937(3)

Co–N(2) 1.904(4) 1.909(4)

Co–N(3) 1.986(4) 1.977(4)

Co–N(1′) 1.928(4) 1.937(3)

Co–N(2′) 1.904(4) 1.909(4)

Co–N(3′) 1.986(4) 1.977(4)

N(2)–O/O(1) 1.294(6) 1.273(5)

N(3)–C(7) 1.322(7) 1.343(6)

N(1)–C(1) 1.343(7) 1.340(6)

N(2)–C(6) 1.298(7) 1.309(7)

Bond angles

N(3)–Co–N(3′) 82.7(2) 82.2(2)

N(1)–Co–N(3) 88.6(2) 93.6(2)

N(1)–Co–N(2) 83.7(2) 83.7(2)

N(2)–Co–N(2′) 89.9(3) 89.8(2)

N(1)–Co–N(3′) 96.1(2) 90.7(2)

Co–N(2)–O/O(1) 122.7(4) 123.3(3)
aUnprimed and primed atoms are related by symmetry.

N3 N3′

Co

N1N1′

N2N2′

O1O1′

Figure 4: Partially labeled plot of the molecular structure of the
cation that is present in 2·1.5MeOH. H atoms have been omitted
for clarity. Primes are used for symmetry related atoms.

Since the space group of 1·2H2O is centrosymmetric
and the space group of 2·1.5MeOH involves a mirror plane,
both complexes are racemic mixtures of their Δ and Λ
enantiomorphs.

Complexes 1 and 2 join a small family of structurally
characterized homo- [17, 18, 21] and heterometallic [22,
23] Co complexes featuring pao− as ligand. Many years
ago Blackmore and Magee [24, 25] and Grant and Magee
[26] studied the reactions between 2-pyridinealdoxime and
various CoII sources under a variety of reaction condi-
tions. Structural assignments of the solid products [24,
26] were based on spectroscopic data; no X-ray structures
were reported. The authors did not prepare mixed-ligand
complexes.

3.3. Physical and Spectroscopic Characterization. Complexes
1 and 2 are diamagnetic, in accordance with their low-spin
3d6 character.



6 Bioinorganic Chemistry and Applications

Table 3: Hydrogen bonding interactions in 1·2H2O.

Interaction D–H· · ·A D· · ·A (Å) H· · ·A (Å) D–H· · ·A (◦) Symmetry operation of A

OW-HWA· · ·O 2.854(7) 1.740(4) 161.7(3) x, y, z

OW-HWB· · ·Cl 3.124(6) 1.978(2) 163.5(3) x, y, z

Figure 5: Packing diagram of complex 2·1.5MeOH along the c axis.
The metal coordination spheres are polyhedron designed (purple).
The chloride counteranions and the methanol solvate molecules
have been omitted.

The solid-state (diffuse reflectance) UV-Vis spectra of
the two complexes are almost identical and typical for low-
spin CoIIIN6 chromophores [27]. The low-spin octahedral
ground term is 1A1g , and there are two relatively low
lying spin allowed transitions, with lower lying spin triplet
partners, all derived from (t2g)5(eg). Under this scheme, the
bands in the spectra of 1 and 2 at ∼29.0, 21.5, 17.0, and
13.5 kK are assigned [27] to the 1A1g → 1T2g , 1T1g , 3T2g ,
and 3T1g transitions, respectively, although a superposition
of the highest energy d-d transition and a charge transfer
band should not be ruled out.

Two bands, one of medium intensity at ∼1015 cm−1

assigned to ν(N–O) and one strong at 1599 cm−1 assigned
to ν(C=N) oximate are common in the IR spectra of the two
complexes [21]; the higher-wavenumber band most probably
overlaps with an aromatic stretch. The in-plane deformation
of the 2-pyridyl ring of the free paoH at 627 cm−1 shifts
upward on coordination in the spectra of 1 (643 cm−1) and
2 (645 cm−1) [28].

4. Conclusions

The present work extends the body of results that empha-
sizes the ability of the monoanionic ligand pao− to form
interesting structural types in 3d metal chemistry. The use of
both paoH and phen or bpy in reactions with CoII sources

has led to products 1 and 2, the first mixed-ligand CoIII

noncarboxylate complexes involving paoH/pao−. Of interest
is the nonparticipation of the deprotonated oximate oxygen
atom in coordination; this is due to the involvement of the
negatively charged oxygen in hydrogen bonding.

Complexes of trivalent 3d metals (e.g., CrIII, MnIII, FeIII)
other than CoIII with the pao−/phen or bpy ligand combina-
tions are not known to date, and it is currently not evident
whether the structures of such compounds are dependent on
the particular nature of the metal ion. We are studying this
matter. Synthetic efforts are also in progress to use 1 and
2 as “metalloligands” for the preparation of heterometallic
CoIII/MIII complexes (M = Fe, Mn, lanthanides).
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As part of our interest into the bioinorganic chemistry of gallium, gallium(III) complexes of the azole ligands 2,1,3-
benzothiadiazole (btd), 1,2,3-benzotriazole (btaH), and 1-methyl-4,5-diphenylimidazole (L) have been isolated. Reaction of btaH
or btd with GaBr3 or GaCl3 resulted in the mononuclear complexes [GaBr3(btaH)2] (1) and [GaCl3(btd)2] (2), respectively, while
treatment of GaCl3 with L resulted in the anionic complex (LH)2[GaCl4] (3). All three complexes were characterized by single-
crystal X-ray crystallography and IR spectroscopy, while their antiproliferative activities were investigated against a series of human
and mouse cancer cell lines.

1. Introduction

The coordination chemistry of gallium(III) has become an
area of increasing research activity due to its relevance with
both materials science [1–6] and biomedical developments
[7–21]. In the area of materials science, for example,
complex [Ga2(saph)2q2], where saph2− is the Schiff-base
ligand bis(salicylidene-o-aminophenolate)(-2) and q− is 8-
quinolinate(-1), is a very good candidate as a novel electron-
transporting and emitting material for organic light-emitting
diodes (OLEDs) [4]. [Gaq3] is also a promising electrolumi-
nescence (EL) material, exhibiting higher power efficiency
than the aluminum analogue, [Alq3] [5, 6]. The biologi-
cal interest of gallium(III) complexes originates from the
incorporation of gallium(III) radionuclides (67Ga3+, 68Ga3+)
into diagnostic radiopharmaceuticals [7]. In addition, the
gallium salts GaCl3 and Ga(NO3)3 as well as few gallium(III)

complexes [8–19] have exhibited antitumour activity, while
Ga(NO3)3 and some GaCl3/L complexes (L = various azoles)
showed in vitro anti-HIV (HIV = human immunodeficiency
virus) activity [20]. The biological activity of gallium(III)
complexes has often been attributed to the fact that gal-
lium(III) is the diamagnetic biological mimic of iron(III)
[21]. It is worth mentioning that [Gaq3], which is of current
interest in materials science [5, 6], is also being evaluated
in clinical trials, along with other Ga(III) complexes, such
as gallium maltolate [tris(3-hydroxy-2-methyl-4H-pyran-4-
onato)gallium(III)], for anticancer activity [22–24].

Following our interest in the coordination chemistry
of gallium(III) [25–31] which is focused on the synthesis,
structural characterization, physical/spectroscopic study and
evaluation of the biological (antitumour and antiviral)
activity of Ga(III) complexes with biologically relevant
and nonrelevant ligands, we report herein the synthesis,
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structural characterization, and antiproliferative activity of
three gallium complexes based on the azole ligands 2,1,3-
benzothiadiazole (btd), 1,2,3-benzotriazole (btaH), and 1-
methyl-4,5-diphenylimidazole (L).

2. Experimental

2.1. Reagents and Physical Measurements. All manipulations
were performed under a dinitrogen atmosphere, using
standard inert atmosphere techniques and purified solvents
unless otherwise noted. All other chemicals were purchased
from commercial sources and used without further purifica-
tion. L was synthesized as described elsewhere [32]. Micro-
analyses (C, H, and N) were performed by the University of
Ioannina Microanalytical Laboratory using an EA 1108 Carlo
Erba analyzer. IR spectra (4000–450 cm−1) were recorded on
a Perkin-Elmer 16 PC spectrometer with samples prepared
as KBr pellets. Far-IR spectra (500–50 cm−1) were recorded
on a Bruker IFS 113v FT spectrometer as polyethylene
pellets.

2.2. Compound Preparation

2.2.1. Preparation of [GaBr3(btaH)2] (1) . A solution of
GaBr3 (0.3 g, 0.9 mmol) in 3 ml of toluene/diethyl ether
(80 : 20, v/v) was added dropwise to a stirred solution of btaH
(0.3 g, 2.5 mmol) in toluene (20 ml). The resultant solution
was refluxed for about 3 hours and then left undisturbed at
room temperature. Upon standing, X-ray quality colorless
crystals of 1 formed over a period of 3 days. The crystals
were collected by filtration, washed with toluene and dried in
vacuum. Yield: 0.31 g (63%); Anal. Calc. for C12H10N6Br3Ga:
C, 26.32; H, 1.84; N, 15.34. Found: C, 26.28; H, 1.82; N,
15.33%. Selected IR data (cm−1): 3238 m [ν(N–H)], 1222 mb
[ν(N=N)], 1116 s [ν(N–N)], 291s [ν(Ga–Br)], and 224w
[ν(Ga–N)].

2.2.2. Preparation of [GaCl3(btd)2] (2). A solution of GaCl3
(0.25 g, 1.40 mmol) in 5 ml of toluene/diethyl ether (80 : 20,
v/v) was added dropwise to a stirred solution of btd (0.6 g,
4.4 mmol) in toluene/diethyl ether (60 : 40, v/v) (10 ml).
The resultant solution was refluxed for about 2 hours and
then left undisturbed at −10◦C. Upon standing at low
temperature for several days, X-ray quality yellowish crystals
of 2 formed. The crystals were collected by filtration, washed
with diethyl ether and dried in vacuum. Yield: 0.60 g (95%);
m.p.: 112◦C. Anal. Calc. for C12H8N4S2Cl3Ga: C, 32.14;
H, 1.80; N, 12.49. Found: C, 32.13; H, 1.78; N, 12.49%.
Selected IR data (cm−1): 1612 s and 1528 s [ν(C=C)], 1482 s
[ν(C=N)], 961 m and 922 s [ν(S–N)], 382s [ν(Ga–Cl)], and
207 w [ν(Ga–N)].

2.2.3. Preparation of (LH)2[GaCl4]Cl (3) . A solution of
GaCl3 (0.2 g, 1.13 mmol) in 5 ml of toluene/diethyl ether
(80 : 20, v/v) was added dropwise to a stirred mixture of
L (0.6 g, 2.6 mmol) in diethyl ether (1 ml). The resultant
mixture was stirred until a clear yellowish solution was
obtained. Slow evaporation of the resultant solution afforded

a microcrystalline solid. The solid was collected by filtration,
washed with toluene and diethyl ether, and dried in vacuum.
The product was recrystallised three times from toluene to
give crystals of 3 suitable for X-ray structural analysis. The
crystals were collected by filtration, washed with toluene
and dried in vacuum. Yield: 0.18 g (45%); Anal. Calc. for
C32H30N4Cl5Ga: C, 53.56; H, 4.21; N, 7.81. Found: C, 53.36;
H, 4.17; N, 7.78%. Selected IR data (cm−1): 3146–2620 sb
[ν(N–H)], 1622 m [ν(C=N)], 1578 w [ν(C=C)], and 369s
[ν(Ga–Cl)].

2.3. Single-Crystal X-Ray Crystallography. Crystals of 1 and
2 were mounted in air, while crystals of 3 were mounted
in air and covered with epoxy glue. Diffraction measure-
ments for 1 and 2 were made on a Crystal Logic Dual
Goniometer diffractometer using graphite-monochromated
Mo radiation, while those for 3 were made on a P21
Nicolet diffractometer using graphite-monochromated Cu
radiation. Complete crystal data and parameters for data
collection and processing are reported in Table 1. Unit
cell dimensions were determined and refined by using the
angular settings of 25 automatically centred reflections in the
ranges 11 < 2θ < 23◦ for 1 and 2 and 22 < 2θ < 54◦ for
3. Three standard reflections monitoring every 97 reflections
showed less than 3% variation and no decay. Lorentz,
polarization and ψ-scan (only for 1) corrections were applied
using CRYSTAL LOGIC software. The structures were solved
by direct methods using SHELXS-86 [33] and refined by full-
matrix least squares techniques on F2 with SHELXL-97 [34].
All hydrogen atoms were located by difference maps and
refined isotropically, except those on the methyl groups of
3 which were introduced at calculated positions as riding on
bonded atoms. For all the three structures, all nonhydrogen
atoms were refined using anisotropic thermal parameters.

2.4. In Vitro Cytotoxic Activity

2.4.1. Test Substances. All test substances (complexes 1, 2,
and 3) were diluted in methanol at a concentration of
200 mM. Final concentration of methanol in culture was
always less than 0.5%, a concentration that produced no
effects on cell growth and proliferation, as was experimen-
tally confirmed.

2.4.2. Cell Lines. Cell lines used were HeLa [35] (human
cervical cancer), OAW-42 [36] (human ovarian cancer),
HT29 [37] (human colon cancer), MCF-7 [38] (human
breast cancer), T47D [39] (human breast cancer), and L929
(929 is a clone isolated [40] from the parental strain L
derived from normal subcutaneous areolar and adipose
tissues of a mouse [41]). Cells were grown as monolayer
cultures in T-75 flasks (Costar), were subcultured twice
a week at 37◦C in an atmosphere containing 5% CO2

in air and 100% relative humidity. Culture medium used
was Dulbecco’s modified Eagle’s medium (DMEM, Gibco
Glasgow, UK), supplemented with 10% Fetal Bovine Serum
(FBS, Gibco, Glasgow, UK), 100 μg/ml streptomycin and
100 IU/ml penicillin.
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2.4.3. Cell Growth and Proliferation Assays. Adherent cells at
a logarithmic growth phase were detached by addition of
2-3 ml of a 0.05% trypsin (Gibco, 1 : 250) −0.02% EDTA
mixture and incubation for 2–5 min at 37◦C. Cells were
plated (100 μl per well) in 96-well flat-bottom microtiter
plates (Costar-Corning, Cambridge) at a density of 5,000
(HeLa and L929) or 10,000 (HT-29, OAW-42, MCF-7 and
T47D) cells per well. Cells were left for 24 h at 37◦C to
resume exponential growth. An equal volume (100 μl) of
either complete culture medium (control wells), or twice
the final substance concentration diluted in complete culture
medium, was added 24 h later. Six replicate wells for each
concentration were used for the sulforhodamine B (SRB)
assay and three replicate wells for the bromodeoxyuridine
(BrdU) assay. Background control wells (n = 8), containing
the same volume of complete culture medium, were included
in each experiment. Cell growth or DNA-synthesis was
evaluated 48 h later by means of the SRB or BrdU assays. All
experiments were performed at least twice.

2.4.4. SRB Assay. The SRB assay was carried out by a
modification [42] of the previously reported method [43]. In
brief, culture medium was aspirated prior to fixation using a
microplate-multiwash device (Tri-Continent Scientific, Inc.
Grass Valley, CA) and 50 μl of 10% cold (4◦C) TCA were
gently added to the wells. Microplates were left for 30 min at
4◦C, washed 5 times with deionized water and left to dry at
room temperature for at least 24 hr. Subsequently, 70 μl 0.4%
(w/v) sulforhodamine B (Sigma) in 1% acetic acid solution
were added to each well and left at room temperature for
20 min. SRB was removed and the plates were washed 5
times with 1% acetic acid before air drying. Bound SRB was
solubilized with 200 μl 10 mM unbuffered Tris-base solution
(E. Merck, Darmstadt, Germany) and plates were left on a
plate shaker for at least 10 min. Absorbance was read in a 96-
well plate reader (Anthos-2001, Anthos labteck instruments,
A-5022, Salzburg) at 492 nm subtracting the background
measurement at 620 nm. The test optical density (OD) value
was defined as the absorbance of each individual well, minus
the blank value (“blank” is the mean optical density of
the background control wells, n = 8). Mean values and
CV from six replicate wells were calculated automatically.
Results were expressed as the “survival fraction” (sf), derived
from the following equation: sf = ODx/ODc, (where ODx
and ODc represent the test and the control optical density,
resp.).

2.4.5. BrdU Assay. DNA-synthesis was estimated by the
BrdU assay [44] using a standard colorimetric ELISA
(Boehringer Mannheim). After 47 h exposure to test sub-
stances, cells were incubated at 37◦C for further 60
min in the presence of 10 μM BrdU. Subsequently, cells
were fixed with an ethanol-containing fixative, an anti-
BrdU mouse monoclonal antibody conjugated with per-
oxidase was added and plates were incubated at 37◦C
for 60 min. After washing, peroxidase substrate (tetram-
ethylbenzidine) was added, the reaction was stopped 10
min later by 1 M H2SO4 and absorbance was read at

450 nm subtracting the background measurement at 620 nm.
Results from each triplicate well (ODBrdUx/ODBrdUc)
were divided by the results of a parallel experiment
estimated with the SRB assay (ODSRBx/ODSRBc) and
they were expressed as the ”DNA synthesis fraction”
(fDNA) (derived from the following equation: fDNA =
(ODBrdUx×ODSRBc)/(ODBrdUc×ODSRBx), where ODx
and ODc represent the test and the control optical density
resp.), resulting in an estimation of the DNA synthesis per
cell number.

2.4.6. Cell Cycle Analysis by Flow Cytometry. For cell cycle
experiments 1.5 × 106 (HeLa and L929) or 2.5 × 106

(HT-29, OAW-42, MCF-7 and T47D) cells were seeded
in 75 cm2 flasks and left for 24 h in incubator to resume
exponential growth. Cells were exposed to test substances
(at concentrations that produced 50% inhibition of cell
growth—estimated by the SRB assay) and after 48 h they
were harvested (using trypsin/EDTA as above), washed in
PBS and counted in a hemocytometer chamber; 3×106 cells
were resuspended in 125 μl cold “Saline GM” (g/L: glucose
1.1; NaCl 8.0; KCl 0.4; Na2HPO4·12H2O 0.39; KH2PO40.15;
and 0.5 mM EDTA) followed by the addition of 375 μl of 95%
nondenatured, ice-cold ethanol [45]. Cells were kept in 4◦C
for a maximum period of 3 days (short-term storage does not
alter results, as was experimentally confirmed) until analysis
was performed.

For cell cycle analysis a 10% of standard chicken ery-
throcyte nuclei were added as a control. The samples were
processed in a DNA-preparation Epics Workstation (Coulter,
El). By this method the content of cellular DNA is assessed
using Propidium Iodide [46, 47]. To avoid an increased
signal by staining artifact on double stranded RNA, cells were
digested with DNase-free RNase A [48].

Cellular DNA content was measured using an Epics
II flow cytometer (Coulter, El). The fluorescent signals
from 10,000–20,000 cells were collected and the result was
displayed as a frequency-distribution histogram (DNA his-
togram). The mean channel, cell count, standard deviation
(SD), coefficient of variation (CV), DNA index (DI), and
cell cycle distribution were calculated for each sample using
the Multicycle Cell Cycle Analysis Software (Phoenix Flow
Systems Inc.). Care was taken to exclude any doublets or cell
debris noise from the assessment.

3. Results and Discussion

3.1. Brief Synthetic Comments. Complexes 1 and 2 were
prepared by the simple reactions of GaBr3 or GaCl3 and btaH
or btd in toluene/diethyl ether under nitrogen employing
1 : 3 molar ratios, respectively. A similar reaction involving
GaCl3 and btaH has yielded [GaCl3(btaH)2] [25]. An
1 : 1 complex of GaCl3/btaH has also been isolated and
structurally characterized [25]. An attempt to isolate the
1 : 1 GaBr3/btaH complex was unsuccessful resulting in 1
in a lower yield. Complex 2 is also the only product
resulting from the GaCl3/btd reaction mixtures in various
molar ratios. Complex 3 might be regarded as a product of
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Table 1: Crystallographic data for complexes [GaBr3(btaH)2] (1), [GaCl3(btd)2] (2), and (LH)2[GaCl4]Cl (3).

1 2 3

Empirical formula C12H10N6Br3Ga C12H8N4S2Cl3Ga C32H30N4Cl5Ga

Formula weight 547.68 448.42 717.60

Crystal colour, habit Colourless, prism Colourless, prism Colourless, prism

Crystal dimensions (mm) 0.15× 0.25× 0.40 0.20× 0.25× 0.40 0.15× 0.15× 0.35

Crystal system Monoclinic Monoclinic Triclinic

Space group I2/a C2/c P − 1

a (Å) 16.797(10) 12.098(11) 10.2358(10)

b (Å) 7.058(4) 7.525(6) 14.9649(16)

c (Å) 14.276(9) 18.968(16) 12.2350(11)

α (◦) 90 90 69.235(4)

β (◦) 106.60(2) 107.65(3) 86.879(3)

γ (◦) 90 90 74.939(4)

V (Å3) 1621.9(17) 1646(2) 1690.7(3)

Z 4 4 2

Dcalc (g/cm−3) 2.243 1.810 1.410

F(000) 1040 888 732

μ (mm−1) 9.091 2.411 4.966

Radiation (λ, Å) 0.71073 0.71073 1.54180

Temperature (K) 298 298 298

Scan mode θ-2θ θ-2θ θ-2θ

Scan speed (◦ min−1) 3.5 4.2 4.5

Scan range (◦) 2.3 + α1α2 separation 2.4 + α1α2 separation 2.25 + α1α2 separation

θ range (◦) 2.53–25.00 2.25–24.99 3.67–61.97

hkl ranges
0 to 19 −14 to 13 −10 to 9

0 to 8 −8 to 0 −14 to 17

−16 to 16 0 to 22 0 to 14

Reflections collected 1486 1499 4586

Independent reflections (Rint) 1430 (0.0250) 1450 (0.0219) 4368 (0.0149)

No of refined parameters 121 118 479

Observed reflections [I > 2σ(I)] 1293 1341 3740

GOF (on F2 ) 1.143 1.062 1.087

Final R indicesa[I > 2σ(I)]
R1 = 0.0332 R1 = 0.0301 R1 = 0.0345

wR2 = 0.0903 wR2 = 0.0826 wR2 = 0.0830

R indicesa(all data)
R1 = 0.0375 R1 = 0.0333 R1 = 0.0448

wR2 = 0.0930 wR2 = 0.0852 wR2 = 0.1009

Largest difference peak and hole (e Å−3) 0.681 and −1.263 0.546 and −0.387 0.418 and −0.493
a
Defined as: R1 = Σ(|Fo| − |Fc|)/Σ(|Fo|), wR2 = {Σ[w(F2

o − F2
c )]/Σ[w(F2

o )
2
]}1/2

, where w = 1/[σ2(F2
o ) + (aP)2 + (bP)] with P = [max(F2

o , 0) + 2F2
c ]/3.
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Figure 1: A labeled ORTEP plot of [GaBr3(btaH)2] (1) showing 30% probability ellipsoids.
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(a)

(b)

Figure 2: The hydrogen-bonded tape of [GaBr3(btaH)2] (1) running parallel to a axis (a) and the stacking of the tapes (b).
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Figure 3: A labeled ORTEP plot of [GaCl3(btd)2] (2) showing 30% probability ellipsoids.
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Figure 4: The stacking of the [GaCl3(btd)2] molecules in 2.
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Figure 5: A labeled ORTEP plot of the asymmetric unit of (LH)2[GaCl4]Cl (3), showing 30% probability ellipsoids.

Ga

Cl4

Cl1

Cl1

Cl4

N13
N11

Cl5
N3 N1

N13
N11

N1N3

N3

N3
N1

N1

H38A

H38A
Ga
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Figure 7: Dose-effect plots of complex 1 against a panel of human
and mouse cancer cell lines 24 h after the administration of the
agents. Cytotoxicity was estimated via SRB assay (each point
represents a mean of six replicate wells).
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Figure 8: Dose-effect plots of complex 2 against a panel of human
and mouse cancer cell lines 24 h after the administration of the
agents. Cytotoxicity was estimated via SRB assay (each point
represents a mean of six replicate wells).
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Table 2: Selected interatomic distances (
′

Å) and angles (◦) for
complex 1.

Ga–N(3)′ 2.212(3) N(3)–N(2) 1.314(5)

Ga–N(3) 2.212(3) N(3)–C(8) 1.378(6)

Ga–Br(2) 2.3204(17) N(1)–N(2) 1.323(5)

Ga–Br(1)′ 2.3436(11) N(1)–C(9) 1.344(6)

Ga–Br(1) 2.3436(11) N(1)–HN1 0.89(7)

N(3)′–Ga–N(3) 176.2(2) Br(2)–Ga–Br(1)′ 123.81(3)

N(3)′–Ga–Br(2) 88.08(10) N(3)′–Ga–Br(1) 90.13(10)

N(3)–Ga–Br(2) 88.08(10) N(3)–Ga–Br(1) 92.01(10)

N(3)′–Ga–Br(1)′ 92.01(10) Br(2)–Ga–Br(1) 123.81(3)

N(3)–Ga–Br(1)′ 90.13(10) Br(1)′–Ga–Br(1) 112.39(6)

(′)Symmetry code: −x + 1/2, y, −z + 1.

Table 3: Selected interatomic distances (
′

Å) and angles (◦) for
complex 2.

Ga–Cl(1) 2.171(2) N(3)–C(8) 1.357(4)

Ga–Cl(2)′ 2.180(1) N(3)–S(2) 1.631(3)

Ga–Cl(2) 2.180(1) S(2)–N(1) 1.601(3)

Ga–N(3) 2.201(3) N(1)–C(9) 1.336(5)

Ga–N(3)′ 2.201(3)

Cl(1)–Ga–Cl(2)′ 120.24(4) Cl(2)′–Ga–N(3)′ 88.34(9)

Cl(1)–Ga–Cl(2) 120.24(4) Cl(2)–Ga–N(3)′ 90.45(9)

Cl(2)′–Ga–Cl(2) 119.52(7) N(3)–Ga–N(3)′ 177.58(12)

Cl(1)–Ga–N(3) 91.21(6) C(8)–N(3)–S(2) 107.52(19)

Cl(2)′–Ga–N(3) 90.45(9) C(8)–N(3)–Ga 130.00(19)

Cl(2)–Ga–N(3) 88.34(9) S(2)–N(3)–Ga 122.41(14)

Cl(1)–Ga–N(3)′ 91.21(6) N(1)–S(2)–N(3) 99.20(15)

(′)Symmetry code: −x + 1, y, −z + 1/2.

Table 4: Selected interatomic distances (
′

Å) and angles (◦) for
complex 3.

Ga–Cl(3) 2.152(1) C(2)–N(3) 1.309(5)

Ga–Cl(4) 2.166(1) N(3)–C(4) 1.389(4)

Ga–Cl(1) 2.171(1) N(11)–C(22) 1.320(5)

Ga–Cl(2) 2.173(1) N(11)–C(25) 1.392(4)

N(1)–C(2) 1.320(5) N(11)–C(38) 1.463(4)

N(1)–C(5) 1.393(4) C(22)–N(13) 1.318(5)

N(1)–C(18) 1.460(4) N(13)–C(24) 1.383(4)

Cl(3)–Ga–Cl(4) 110.87(5) Cl(3)–Ga–Cl(2) 110.55(5)

Cl(3)–Ga–Cl(1) 110.17(5) Cl(4)–Ga–Cl(2) 108.62(5)

Cl(4)–Ga–Cl(1) 109.49(5) Cl(1)–Ga–Cl(2) 107.05(5)

hydrolysis which is pretty usual in Ga(III) chemistry in water
or water containing solutions [30].

3.2. IR Spectra. The IR spectrum of 1 exhibits a medium
intensity band at ∼3238 cm−1, assignable to ν(N–H). The
bands at 1222 and 1116 cm−1 are attributed to the ν(N=N)
and ν(N–N) vibrations, respectively, and are shifted to higher
wavenumbers with respect to the spectrum of the free

Table 5: Cell cycle distribution of cells before (control) and after
48 h exposure to IC50 values of 3 as determined by flow cytometry.

G1 (%) S (%) G2 (%)

HeLa Control 62.0 26.6 11.4

3 57.7 35.0 7.3

T47D Control 57.4 28.4 14.3

3 58.1 34.3 7.6

HT29 Control 43.5 39.4 17.1

3 53.2 24.6 22.2

MCF-7 Control 42.0 50.4 7.6

3 54.1 35.4 10.5

OAW-42 Control 47.8 11.3 40.9

3 87.2 11.8 1.0

L929 Control 42.0 48.0 10.0

3 43.0 23.6 33.4
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Figure 9: Dose-effect plots of complex 3 against a panel of human
and mouse cancer cell lines 24 h after the administration of the
agents. Cytotoxicity was estimated via SRB assay (each point
represents a mean of six replicate wells).

ligand (1208 versus and 1084 m, resp.). The IR spectrum
of 2 exhibits three strong intensity bands at 1612, 1528
and 1482 cm−1 assignable to stretching carbon-carbon and
carbon-nitrogen vibrations. These bands are not shifted
significantly with respect to the spectrum of the free ligand
[1608 w, 1518 s and 1476 s]. The bands at 950 and 916 cm−1

in the spectrum of btd, which are assigned to the ν(S–
N) mode, have been shifted to higher wavenumbers in the
spectrum of 2 [961 and 922 cm−1]. A set of broad bands in
the region of 3146–2620 cm−1 in the spectrum of 3 can be
assigned to the ν(N–H) of the protonated ligand, LH+. The
ν(C=N) and ν(C=C) of the free L at 1602 and 1575 cm−1 have
shifted to 1622 and 1578 cm−1 in the spectrum of 3 due to
protonation.

The far-IR spectra of all three complexes are expected to
show one Ga–X (X = Cl or Br) stretching mode [25] and
these modes appear at 291s [ν(Ga–Br) in 1], 382s [ν(Ga–
Cl) in 2], and 369s [ν(Ga–Cl) in 3]. The far-IR spectra
of complexes 1 and 2 exhibit one more band at 224 and
207 cm−1, respectively, which are attributed to the ν(Ga–N)
mode [25].
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Figure 10: DNA synthesis inhibition of human and mouse cancer
cell lines 48 h after the administration of complex 3.

3.3. Description of Structures. An ORTEP diagram of 1
is shown in Figure 1. Selected bond distances and angles
are given in Table 2. Complex 1 is isostructural with
[GaCl3(btaH)2] [25]. Its structure consists of the monomeric
discrete [GaBr3(btaH)2] units. The gallium coordination
geometry is trigonalbipyramidal with the bromo ligands
defining the equatorial plane. There is a two-fold crystal-
lographic axis along the Ga–Br2 bond. The Ga–N bond
length in complex 1 [2.212(3) Å] is longer than that of
[GaCl3(btaH)2] [2.169(2) Å]. The dihedral angle between
the best planes of the btaH molecules is 10.90 Å and is
larger than that of [GaCl3(btaH)2] [7.4◦]. The N1 pro-
ton is hydrogen bonded to atom Br1 of a neighboring
molecule [N1· · ·Br1′ (1 − x, −y, 1 − z) 3.425(4) Å,
HN1· · ·Br1′ 2.64(7) Å and N1–HN1· · ·Br1′ 149(6)◦] cre-
ating a hydrogen-bonded tape running parallel to the a axis
(Figure 2). These tapes are hold together in the crystal lattice
through π-π interactions. Those interactions form between
the phenyl groups of the coordinated btaH molecules of
neighboring tapes [centroid· · · centroid′ (1 − x, 0.5 + y,
1.5− z) 3.658(4) and 3.906(4) Å] (Figure 2).

Complex 2 crystallizes in the monoclinic space group
C2/c. An ORTEP diagram of 2 is shown in Figure 3, while
selected bond distances and angles are listed in Table 3.
Its structure consists of monomeric discrete [GaCl3(btd)2]
units. The gallium coordination geometry is again trigonal-
bipyramidal with the choro ligands defining the equatorial
plane. There is a two-fold crystallographic axis along the
Ga–Cl1 bond. The Ga–Cl bond lengths in complex 2
[2.171(2) and 2.180(1) Å] compare favourably with those
of [GaCl3(btaH)2] [2.204(1) and 2.178(2) Å]. The Ga–N
bond length in complex 2 [2.201(3) Å] is longer than that of
[GaCl3(btaH)2] [2.169(2) Å], but compares well with that of
1 [2.212(3) Å]. The dihedral angle between the best planes
of the btd molecules is 52.51 Å and is much larger than
that of 1 and [GaCl3(btaH)2] (10.90 and 7.4◦, resp.). There
appear to be intermolecular stacking interactions between
the nearly parallel btd ligands. Those interactions involve
both the thiadiazole and the phenyl groups of the btd ligands
as shown in Figure 4.

An ORTEP diagram of the asymmetric unit of 3 is
shown in Figure 5. Selected bond distances and angles are
listed in Table 4. The crystal of 3 consists of protonated
LH+ ligand cations, tetrachlorogallate(III) anions and Cl−

anions. The Ga–Cl distances in the tetrahedral [GaCl4]− ion
are in the narrow range 2.152(1)–2.173(1) A◦ with the Cl–
Ga–Cl angles varying from 107.1(1)◦ to 110.9(1)◦. These
values are similar to those observed for other complexes
containing the tetrachlorogallate(-1) ion [13, 29]. The crystal
structure of (LH)2[GaCl4]Cl is dominated by an intermix-
ture of N–H· · ·Cl and CMe–H· · ·π hydrogen bonds, Ga–
Cl· · ·πazole and π-π interactions (Figure 6). The organic
moieties LH+ are connected through N–H· · ·Cl and C–
H· · ·πphenyl interactions to form a chain; data are as follows
N3· · ·Cl5′ (2 − x, −y, 2 − z) 3.088(3) Å, HN3· · ·Cl5′

2.24(4) Å and N3–HN3· · ·Cl5′ 160(4)◦; N13· · ·Cl5′′ (x −
1, 1 + y, z − 1) 3.066(4) Å, HN13· · ·Cl5′′ 2.19(5) Å
and N13–HN13· · ·Cl5′′ 177(5)◦; C38· · ·Centroid′ (1 −
x, −y, 2 − z) 3.691(5) Å, H38A· · ·Centroid′ 2.85(1) Å
and C38–H38A· · ·Centroid′ 147(1)◦. The organic chains
are bridged through Ga–Cl· · ·πazole interactions to form
layers [Cl1· · ·Centroid′′ (−x, 1 − y, 1 − z) 3.455(2) Å and
Cl4· · ·Centroid′′′ (1 − x, 1 − y, 1 − z) 3.550(2) Å], which
are further bridged through π-π interactions in the third
dimension [centroid· · · centroid′ (1−x, −y, 2− z) 3.778(3)
and centroid· · · centroid′′′′ (−x, 2− y, 1− z) 3.878(3)].

3.4. Antiproliferative Activity. Complexes 1 (Figure 7) and 2
(Figure 8) had no significant inhibition on cellular prolifer-
ation against HeLa, HT29 and OAW-42 cancer cell lines and
a small effect against L929 normal fibroblastic cell line. In
contrast, complex 3 inhibited cellular growth of all cell lines,
with IC50 concentrations varying between 75 and 125 μM
(Figure 9).

DNA synthesis was not inhibited in HT29, HeLa, MCF-7
or L929 cell lines when they were exposed to 3 at concen-
trations up to 100 μM. Higher concentrations exhibited an
inhibition of DNA synthesis per cell number only in HeLa
and at a lower level in L929 cells (Figure 10).

Treatment with IC50 concentrations of 3 for 48fh had
no effects on cell cycle distribution of HeLa and T47D cells
(Table 5). HT29 and MCF-7 were partially arrested at the
G1 phase, OAW-42 were arrested at the G1 phase with a
percentage of 87.2% and L929 fibroblasts exhibited a partial
G2-phase arrest. However, the overall effect of 3 on cell cycle
distribution (except with OAW-42 cells) was not significant,
an observation in concert with the results of the BrdU assay,
where no inhibition of DNA-synthesis was observed.

4. Concluding Comments

In this study, three gallium(III) azole complexes were synthe-
sized and structurally characterized, while their antiprolifer-
ative activities were studied. The three different azole ligands
were chosen in order to be able to draw structure-properties
relations. In two of the complexes (1 and 2) the Ga(III)
atom is in a trigonal-bipyramidal coordination environment
where the terminal azole ligands occupy the axial positions.
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The third complex (3) consists of [GaCl4]− anions, chlorine
anions and protonated imidazole cations. From the three
complexes tested only 3 exhibited a potent anti-proliferative
activity against all cell lines tested. The order of cell lines in
respect to their sensitivity to 3 (at IC50 values) is as follows:
HeLa > MCF-7 > T47D > L929 > HT29 > OAW-42. Complex
3 does not inhibit DNA synthesis at concentrations that exert
antiproliferative activity (IC50s) and does not produce major
disturbances in cell cycle distribution (with the exception of
OAW-42 cells that, notably, are the most resistant to its anti-
proliferative activity).

5. Supplementary Information

CCDC 717554, 717555, and 717553 contain the supplemen-
tary crystallographic data for 1, 2, and 3. These data can be
obtained free of charge from the Cambridge Crystallographic
Data Center via http://www.ccdc.cam.ac.uk/data request/cif.
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The reaction of N ,N-bis(2-hydroxyethyl)glycine (bicine; bicH3) with Cd(O2CPh)2 · 2H2O in MeOH yielded the polymeric
compound [Cd2(O2CPh)2(bicH2)2]n(1). The complex crystallizes in the tetragonal space group P41212. The lattice constants
are a = b = 12.737(5) and c = 18.288(7) Å. The compound contains chains of repeating {Cd2(O2CPh)2(bicH2)2} units.
One CdII atom is coordinated by two carboxylate oxygen, four hydroxyl oxygen, and two nitrogen atoms from two symmetry-
related 2.21111 (Harris notation) bicH2

− ligands. The other CdII atom is coordinated by six carboxylate oxygen atoms, four
from two bicH2

− ligands and two from the monodentate benzoate groups. Each bicinate(-1) ligand chelates the 8-coordinate,
square antiprismatic CdII atom through one carboxylate oxygen, the nitrogen, and both hydroxyl oxygen atoms and bridges the
second, six-coordinate trigonal prismatic CdII center through its carboxylate oxygen atoms. Compound 1 is the first structurally
characterized cadmium(II) complex containing any anionic form of bicine as ligand. IR data of 1 are discussed in terms of the
coordination modes of the ligands and the known structure.

1. Introduction

There are many areas illustrating the importance of cad-
mium coordination and bioinorganic chemistry and the
need for further research in this field. The mobilization
and immobilization of CdII in the environment, in the
organisms, and in some technical processes can depend
significantly on the complexation by chelating organic
ligands [1]. For example, anthropogenic chelators released
into the environment, humic acids, and several types of
ligands produced by microorganisms contribute to the
transfer of this metal ion between solid and aqueous phases
[2]. Examples of applied cadmium coordination chemistry
are found in wastewater treatment and organic separation
problems [1, 3]. Cadmium is also important in the inter-
disciplinary field of Bioinorganic Chemistry. Though CdII

probably does not have any biological function, the body
of a normal human adult usually contains some milligrams
of it [4], mainly in metallothioneins, where it is tightly
bonded to cysteinyl sulfur atoms [5]. In special cases of
cadmium poisoning, the so-called “chelation therapy” can
be applied in which synthetic chelators, like EDTA4− and
2,3-dimercapto-1-propanol (BAL), are given as antidotes [6].
A number of research groups have been also using 113Cd
NMR spectroscopy as a “spin spy” in the study of ZnII-
containing proteins [7]. Systematic comparative studies on
the coordination chemistry of CdII and ZnII with ligands
containing donor groups of biological relevance are useful in
this topic. The stereochemical adaptability of this d10 metal
ion favours structural variations, and this fact makes CdII

a central “player” in the fields of Crystal Engineering and
Metallosupramolecular Chemistry [8, 9].
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Scheme 1: Formulae of N,N-bis(2-hydroxyethyl)glycine (bicine; bicH3) and glycine (glyH) discussed in the paper.

Amongst the ligands that have never been used for the
preparation and study of CdII complexes, neither in the solid
state nor in solution, is N,N-bis(2-hydroxyethyl)glycine,
generally known as bicine (bicH3, Scheme 1). This is a
currently “hot” ligand in Bioinorganic Chemistry. Bicine was
first prepared in 1926 by Kiprianov and subsequently became
a widely used buffer substance in many biochemical studies
[11]. As with its parent compound, the amino acid glycine
(glyH) also shown in Scheme 1, the monoanion of bicine,
that is, the bicinate (−1) ion (bicH2

−), forms metal com-
plexes. The stability constants of many divalent transition
metal complexes of bicinate (−1) have been determined,
and it has been found that the [M(bicH2)(H2O)x]+ species
is always the predominant species in solution [12]. It has
repeatedly emphasized [13–15] that as a consequence of its
strong complexation properties, the use of bicine as a pH
buffer in biochemical or medical studies under the assump-
tion that only little (or no) interaction with divalent metal
ions occurs is not justified. It has been shown that not only
do bicH3 and related compounds buffer H+ concentrations
but also the resultant metal complexes buffer H+ and metal
ion concentrations; therefore the employment of bicH3 as
a buffer requires great care to avoid conflicting data and
erroneous conclusions [13–15]. Even though bicinate metal
complexes have been studied in solution for years [12–18],
mainly through the excellent research of Sigel [12], only
few metal complexes have been structurally characterized in
the solid state through single-crystal, X-ray crystallography.
In those structural studies it was found (see “Results and
Discussion”) that the anionic bicH2

−, bicH2−, and bic3−

ligands are versatile and behave in a variety of terminal and
bridging modes. Due to this versatility, the anionic forms of
bicine are promising ligands for the isolation of polynuclear
transition metal complexes (clusters) [19, 20]. Transition
metal cluster chemistry is a currently “hot” research field in
contemporary inorganic chemistry [21].

In this paper we report the amalgamation of the above-
mentioned two research areas by reporting the preparation,
structural characterization, and spectroscopic study of the
first cadmium(II) bicinate complex. This paper can be
considered as a continuation of our interest in the coordi-
nation chemistry of bicine [11] and in the CdII carboxylate
chemistry [22].

2. Experiments

All manipulations were performed under aerobic conditions
using materials and solvents as received. Cd(O2CPh)2·2H2O
was prepared by the reaction of Cd(O2CMe)2·2H2O with

an excess of PhCO2H in CHCl3 under reflux. C, H, and N
analyses were performed with a Carlo Erba EA 108 analyzer.
IR spectra (400–450 cm−1) were performed with a Perkin-
Elmer PC16 FT-IR spectrometer with samples prepared as
KBr pellets.

[Cd2(O2CPh)2(bicH2)2]n (1). Solid bicH3 (0.120g, 0.74 mmol)
was added to a colourless solution of Cd(O2CPh)2·2H2O
(0.289 g, 0.74 mmol) in MeOH (40 cm3); the solid soon
dissolved. The solution was refluxed for 20 min and allowed
to slowly evaporate at room temperature. Well-formed, X-
ray quality colourless crystals of the product appeared within
a period of three days. The crystals were collected by vacuum
filtration, washed with cold MeOH (2 × 2 cm3) and Et2O
(3 × 5 cm3), and dried in air. The yield was ca. 75%. Found
%: C, 39.12; H, 3.97; N, 3.50. Calc % for C26H34N2O12Cd2: C,
39.46; H, 4.34; N, 3.54. IR data (KBr, cm−1): 3235 (sb), 3070
(mb), 2972 (m), 2940 (w), 2894 (w), 1606 (s), 1582 (s),1490
(w), 1445 (w), 1418 (m), 1384 (s), 1334 (m), 1264 (m), 1237
(m), 1174 (w), 1157 (w), 1138 (m), 1069 (s), 1017 (s), 992
(w), 943 (m), 885 (s), 846 (m), 797 (w), 727 (s), 608 (m), 584
(m), 552 (w).

2.1. X-ray Crystallography. X-ray data were collected at 298 K
using a Crystal LOGIC dual Goniometer diffractometer with
graphite-monochromated Mo-Ka radiation (λ = 0.71073 Å).
The appropriate crystal was mounted in air and covered
with epoxy glue. Unit cell dimensions were determined and
refined by using the angular settings of 25 automatically
centered reflections in the range 11 < 2θ < 23◦. Intensity data
were recorded using a θ–2θ scan. Three standard reflections
showed less than 3% variation and no decay. Lorentz
polarization and Ψ-scan absorption corrections were applied
using Crystal Logic software. The structure was solved by
direct methods using SHELXS-97 [23] and refined by full-
matrix least-squares techniques on F2 with SHELX-97 [24].
Hydrogen atoms were located by difference maps and refined
isotropically, except those on O(3), C(6), and C(15) which
were introduced at calculated positions as riding on bonded
atoms with U equal 1.3 times the U(eq) of the respective
atom. All nonhydrogen atoms were refined anisotropically.
CCDC 771321 contains the supplementary crystallographic
data for this paper. This data can be obtained free of charge
at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: ++44-1223-336 033; E-
mail: deposit@ccdc.cam.ac.uk]. Important crystal data and
parameters for data collection and refinement are listed in
Table 1.
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Table 1: Crystal data and structure refinement for complex 1.

Empirical formula C26H34Cd2N2O12

Formula weight 791.35

Crystal size (mm) 0.20× 0.23× 0.50

Crystal system Tetragonal

Space group P41212

Flack parameter x 0.01(3)

θ range for data collection (◦) 1.95 ≤ θ ≤ 25.04

a, Å 12.737(5)

b, Å 12.737(5)

c, Å 18.288(7)

α◦ 90

β◦ 90

γ◦ 90

V, Å3 2967(2)

Z 4

ρcalcd, g cm−3 1.772

μ, mm−1 1.498

F(000) 1584

Limiting indices, (◦)
0 ≤ h ≤ 15

0 ≤ k ≤ 15

−21 ≤ l ≤ 21

Reflections collected 5741

Unique reflections 2632 (Rint = 0.0454)

Reflections used [I > 2σ(I)] 2448

Parameters 246

GoF (on F 2) 1.047

R1a 0.0273

wR2a 0.0674

(Δρ)max/(Δρ)min, e Å−3 0.742/ − 0.570
aI > 2σ(I).

3. Results and Discussion

3.1. Synthetic Comments. Treatment of bicH3 with
1.5 equivalent of Cd(O2CPh)2·2H2O in refluxing
MeOH gave a colourless solution from which complex
[Cd2(O2CPh)2(bicH2)2]n(1) was obtained in 60% yield
(based on the ligand). Its formation can be represented by
the stoichiometric equation

2n Cd(O2CPh)2 · 2H2O + 2n bicH3
MeOH−−−−−−−−→

T

[Cd2(O2CPh)2(bicH2)2]n + 2n PhCO2H + 4n H2O
(1)

The “wrong” CdII to bicH3 reaction ratio (1.5 : 1)
employed for the preparation of 1 did not prove detrimental
to the formation of the product. With the identity of
1 established by single-crystal X-ray crystallography, the
“correct” stoichiometry (1 : 1) was employed and led to the
pure compound in 75% yield (see Section 2).

The PhCO−
2 group present in the reaction mixture plays

a double role. It helps the deprotonation of bicH3 and
participates in the complex as ligand.

Table 2: Selected bond lengths (Å) and angles (◦) for complex 1a.

Cd(1)-O(1) 2.373(2) Cd(2)-O(11) 2.190(3)

Cd(1)-O(3) 2.375(3) C(1)b-O(1) 1.242(5)

Cd(1)-O(4) 2.557(3) C(1)b-O(2) 1.253(5)

Cd(1)-N(1) 2.465(3) C(11)c-O(11) 1.264(5)

Cd(2)-O(1) 2.550(2) C(11)c-O(12) 1.234(5)

Cd(2)-O(2) 2.311(4)

O(1)-Cd(1)-O(1′) 153.4(1) O(1)-Cd(2)-O(1′′) 156.8(1)

O(1)-Cd(1)-N(1′) 119.8(1) O(1)-Cd(2)-O(2) 52.9(1)

O(3)-Cd(1)-O(3′) 87.7(2) O(2)-Cd(2)-O(2′′) 94.2(2)

O(3)-Cd(1)-O(4′) 155.3(1) O(2)-Cd(2)-O(11) 129.6(1)

O(4)-Cd(1)-O(4′) 75.3(2) O(11)-Cd(2)-O(11′′) 117.6(2)

O(4)-Cd(1)-N(1′) 84.8(1) O(11)-Cd(2)-O(2′′) 93.1(1)

N(1)-Cd(1)-N(1′) 147.5(2) O(1)-C(1)b-O(2) 121.2(4)

N(1)-Cd(1)-O(4) 69.3(1) O(11)-C(11)c-O(12) 123.0(4)
aSymmetry transformations used to generate equivalent atoms:(′) y, x,−z;
(′′) −− y + 1, −z + 1, −z + 1/2.
bThis carbon atom (not labeled in Figure 1) belongs to the carboxylate
group of the bicinate(−1) ligand.
cThis carbon atom (not labeled in Figure 1) belongs to the carboxylate
group of the benzoate ligand.

As a next step we decided to use a large excess of
Cd(O2CPh)2·2H2O (CdII : bicH3 = 3 : 1) or to add base
(LiOH, Et3N, Bun

4NOH) in the reaction mixture targeting
the double or/and triple deprotonation of bicine. We repeat-
edly isolated a powder, analyzed as Cd2(O2CPh)(bic)(H2O)2,
but we could not crystallize it; thus this second product has
yet to be structurally characterized.

3.2. Description of Structure. Selected interatomic distances
and angles for complex 1 are listed in Table 2. The molecular
structure of the compound is shown in Figure 1.

The compound contains chains of repeating
{Cd2(O2CPh)2(bicH2)2} units. Each unit contains two
crystallographically independent CdII atoms [Cd(1),
Cd(2)] which lie on crystallographic twofold axes. Cd(1)
is coordinated by two carboxylate oxygen atoms [O(1),
O(1′)], four hydroxyl oxygen atoms [O(3), O(4), O(3′),
O(4′)] and two nitrogen atoms [N(1), N(1′)] from two
symmetry-related bicinate(−1), that is, bicH2

−, ligands.
Cd(2) is coordinated by six carboxylate oxygen atoms;
four of them [O(1), O(1′′), O(2), O(2′′)] belong to
two symmetry-related bicH2

− ligands, and two [O(11),
O(11′′)] come from two symmetry-related monodentate
PhCO2− groups. Each bicH2

− simultaneously chelates Cd(1)
through one carboxylate oxygen, the nitrogen, and both
hydroxyl oxygen atoms forming three stable, 5-membered
chelating rings and bridges Cd(2) through its carboxylate
oxygen atoms; thus, one carboxylate oxygen atom [O(1)]
of bicH2

− is μ2. Adopting Harris notation in [10], the
crystallographically unique bicH2

− group behaves as a
2.21111 ligand (Scheme 2).

The Cd-Ocarboxylate bond distances are in the wide
range 2.190(3)–2.550(2) Å. The bridging Cd-O(1) distances
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Scheme 2: The to-date crystallographically established coordination modes of the bicH2
−, bicH2−, and bic3− ligands and the Harris notation

in [10] that describes these modes.

[2.373(2), 2.550(2) Å] are asymmetric. The Cd(2)-O(1)
bond distance for the bridging bicinate carboxylate oxygen
atom is longer than the distance exhibited by the terminal
oxygen atom [O(2)] to the same CdII atom [2.550(2) versus
2.311(4) Å]. The increase in bond length upon bridging
relative to terminal ligation has been observed previously
[22] in complexes containing carboxylate ligands with one
bridging oxygen atom. Based on theoretical and experimen-
tal studies which have indicated that the syn-lone pairs of
the carboxylate group are more basic than the anti-lone pairs
[38], one might expect the Cd(2)-O(1) distance to be shorter
than the Cd(1)-O(1) distance; however, the reverse relation

holds for 1 (see Table 2). This result, which is in accordance
with other CdII carboxylate complexes [22], suggests that the
Cd-O bond lengths involving η1 : η2: μ2 carboxylate groups
are mainly influenced by geometrical factors rather than the
electronic properties of the carboxylate group. The Cd(2)-
O bond lengths agree well with values found for other 6-
coordinate cadmium(II) carboxylate complexes [39, 40]. The
average value for the Cd(2)-O bond distances [2.350(4) Å]
is smaller than that for the Cd(1)-O ones [2.435(3) Å],
due to the lower coordination of Cd(2) compared to the
coordination number of Cd(1) [6 versus 8]. The intrachain
Cd(1) · · ·Cd(2) distance is 4.739(2) Å.
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Figure 2: The distorted trigonal prismatic geometry of Cd(2) in
complex 1. Double primes are used for symmetry-related atoms
(see footnote of Table 2).
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Figure 3: The distorted square antiprismatic stereochemistry about
Cd(1) in complex 1. The coordination bonds have not been
drawn for clarity. Primes are used for symmetry-related atoms (see
footnote of Table 2).

The coordination geometry of Cd(2) can be described
as a very distorted trigonal prismatic (Figure 2). The two
carboxylate oxygen atoms of bicH2

− and the benzoate oxygen
atom constitute each trigonal face. The angles of triangular
faces are in the wide range 32.9–91.9◦. The two trigonal
faces are not parallel, with the planes defined by O(1)-
O(2)-O(11′′) and O(11′′)-O(2′′)-O(11) making an angle
of 27.6◦. The coordination polyhedron of the donor atoms
about Cd(1) is best described as a distorted square antiprism
(Figure 3). Since even the more stable of the possible
8-coordinate geometries (square antiprismatic, triangular
dodecahedral, and cubic) differ slightly in energy from one
another, the geometry observed may be largely a reflection
of constraints placed on the complex by ligand requirements
and packing considerations.

Compound 1 is hydrogen bonded. Metric parameters for
the bonds are listed in Table 3. The O-H· · ·O hydrogen
bonds are intrachain. Both hydroxyl oxygen atoms [O(3),

O(4)] are involved as donors, while both the coordinated
[O(11)] and uncoordinated [O(12)] benzoate oxygen atoms
act as acceptors. A weak interchain hydrogen bond, involving
one benzoate carbon atom [C(16)] as donor and the
terminally ligated carboxylate oxygen atom [O(2)] of a
bicH2

− ligand from a neighbouring chain as acceptor, is
responsible for the formation of a 2D network.

Compound 1 joins a family of mononuclear, polynuclear,
and polymeric complexes with the mono- (bicH2

−), di-
(bicH2−), and trianionic (bic3−) derivatives of bicine as
ligands [11, 19, 20]. The members of this family are
listed in Table 4, together with the coordination modes
of the bicinate ligands for convenient comparison. The
to-date crystallographically established coordination modes
of bicH2

−, bicH2−, and bic3− are shown in Scheme 2.
Compound 1 is the first cadmium(II) bicinate complex
which has been structurally characterized. The bicH2

−

ligand in 1 adopts the extremely rare coordination mode
2.21111; see Scheme 2. This ligation mode has been
observed in the past only in the 1D coordination polymer
{Mn2(bicH2)2(H2O)2]Br2·2H2O}n [36], in which the MnII

ions are 7 coordinate with a slightly distorted pentagonal
bipyramidal coordination geometry.

3.3. IR Spectroscopy. IR assignments of selected diagnostic
bands for bicH3(the free ligand exists in its zwitterionic
form in the solid state with the carboxylic group being
deprotonated and the tertiary nitrogen atom protonated
[41]) and complex 1 are given in Table 5.

The IR spectrum of complex 1 exhibits a medium
intensity, broad band at 3070 cm−1, attributable to the O-H
stretching vibration of the bicinate(−1) ligand [11, 27, 28].
The broadness and low frequency of this band are both
indicative of strong hydrogen bonding [11]. The ν(OH)bicH2

−

mode is situated at lower frequencies in the spectrum of
1 than for free bicH3 (at 3190 and 3090 cm−1 [28]); this
shift is consistent with the coordination of the –OH groups.
The νas(CO2)bicH2

− and νs(CO2)bicH2
− bands of 1 appear

at 1582 and 1418 cm−1 [11]. The corresponding bands of
free, zwitterionic bicH3 are at 1639 and 1401 cm−1 [28,
29]. The fact that Δcomplex (164 cm−1) < ΔbicH3 (238 cm−1),
where Δ = νas(CO2) − νs(CO2), is in accordance with
the crystallographically established chelating-bridging mode
(η1:η2:μ2) of the bicinate(−1) carboxylate group [42]. The
strong bands at 1606 and 1384 cm−1 in the spectrum of 1 are
assigned to the νas(CO2) and νs(CO2) modes of the benzoate
ligands, respectively [42]. The parameter Δ is 222 cm−1

significantly larger than that for NaO2CPh (184 cm−1), as
expected for the monodentate mode of benzoate ligation
[42].

4. Conclusions and Perspectives

Complex 1 covers a gap in literature, because it is the
first structurally characterized cadmium(II) bicinate com-
pound. The bicinate(−1) ligand adopts the extremely rare
pentadentate 2.21111 coordination mode, while the two
crystallographically independent CdII centers are found in
two different stereochemistries.
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Table 3: Dimensions of the hydrogen bonds (distances in Å and angles in ◦) for complex 1.

Da-H· · ·Ab Da · · ·Ab H · · ·Ab < DaHAb Symmetry code of A

O(3)-H(30)· · ·O(11) 2.768(4) 1.91(5) 157(5) y, x,−z
O(4)-H(40)· · ·O(12) 2.730(5) 1.99(4) 168(5) 1− x, 1− y,−1/2 + z

C(16)-H(16)· · ·O(2) 3.088(7) 2.38(5) 128(4) −1/2 + y, 1/2− x,−1/4 + z
aD = donor atom
bA = acceptor atom.

Table 4: Formulae and coordination modes of the bicinate(−1,−2,−3) groups of the structurally characterized metal complexes containing
various forms of bicine as ligands.

Complexa Coordination modesb References

[Cu(bicH2)2] 1.10101 [25, 26]

[Ni(bicH2)2] 1.10101 [27]

[CuCl(bicH2)] 1.10111 [28]

{[Cu(bicH2)](ClO4)}n 2.11111 [29]

[Cu(SCN)(bicH2)]n
c 1.10111 [30]

[CuBr(bicH2)] 1.10111 [31]

[CuBr(bicH2)(H2O)] 1.10111 [31]

[Mn2Cl2(bicH2)2]n 2.11111 [32]

{[Mn2(bicH2)2(H2O)2]Br2}n 2.21111 [33]

[Cu(bicH2)(bzimH)](ClO4)d 1.10111 [34]

[Cu(bicH2)(Iq)](ClO4)e 1.10111 [34]

{[La(bicH2)2]Cl}n 1.10111, 2.11111 [35]

[Gd(O2CMe)(bicH2)(phen)(H2O)](ClO4) 1.10111 [11]

[Fe6(bic)6] 3.10221 [19]

[ReCl(bicH2){N = NC(O)Ph}(PPh3)] 1.10101 [36]

[ReOCl(bicH)(PPh3)] 1.10101 [37]

(Et2NH2)2[Fe6O2(OH)2(O2CCMe3)8(bic)2] 3.10221 [20]

[Fe12O4(O2CCMe3)8(bic)4(bicH)4] 3.10221f, 2.10211g, 4.11301g [20]

[Cd2(O2CPh)2(bicH2)2]n 2.21111 This paper
aSolvate and other lattice molecules have been omitted.
bUsing the Harris notation in [10].
cThe CuII ions are bridged by the SCN− ligands.
dbzimH: benzimidazole.
eIq: isoquinoline.
fFor the bic3− ligands.
gFor the bicH2− ligands.

Table 5: Most characteristic and diagnostic IR fundamentals
(cm−1) for bicH3 and complex 1.

Assignment bicH3 1

ν(OH) 3190 (sb),
3090 (mb)

3070 (mb)

ν(CH) 2904 (m),
2844 (w)

2972 (m), 2940 (w),
2894 (w)

νas(CO2)bicH3/bicH2
− 1644 (sb) 1582 (s)

νas(CO2)PhCO2
− 1606 (s)

νs(CO2)bicH3/bicH2
− 1394 (s) 1418 (m)

νs(CO2)PhCO2
− 1384 (s)

The results presented here support our belief that
the bicH3/RCO2

− (R = various) ligand “blends” may
be effective generators of interesting structural types in

the chemistry of other transition metals. Reactions of
CdCl2, CdBr2, CdI2, and Cd(NO3)2 with bicH3 have
not been studied to date, and we do believe that the
structural types of the products will be dependent on
the particular nature of the CdII source. Analogues of 1
with zinc(II) have not yet been reported, but preliminary
results in our laboratories indicate completely different
chemistry compared with that of cadmium(II). Synthetic
efforts are also in progress to “activate” the potential
of bicH2− and bic3− to bridge more than four metal
ions.
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The employment of 3-pyridine aldoxime, (3-py)CHNOH, in ZnII chemistry has afforded two novel compounds: [Zn(acac)2{(3-
py)CHNOH}]·H2O (1·H2O) [where acac− is the pentane-2,4-dionato(-1) ion] and [Zn2(O2CMe)4{(3-py)CHNOH}2] (2).
Complex 1·H2O crystallizes in the monoclinic space group P21/n. The ZnII ion is five-coordinated, surrounded by four oxygen
atoms of two acac− moieties and by the pyridyl nitrogen atom of the (3-py)CHNOH ligand. Molecules of 1 interact with the water
lattice molecules forming a 2D hydrogen-bonding network. Complex 2 crystallizes in the triclinic P-1 space group and displays a
dinuclear paddle-wheel structure. Each ZnII exhibits a perfect square pyramidal geometry, with four carboxylate oxygen atoms at
the basal plane and the pyridyl nitrogen of one monodentate (3-py)CHNOH ligand at the apex. DNA mobility shift assays were
performed for the determination of the in vitro effect of both complexes on the integrity and the electrophoretic mobility of pDNA.

1. Introduction

During the last decades, there has been considerable interest
in the interaction of small molecules with DNA [1, 2]. DNA
is generally the primary intracellular target of anticancer
drugs, so such interactions can cause damage in cancer cells,
block their division and consequently result in cell death
[3]. Small synthetic binders can interact with DNA through
the following three noncovalent modes: intercalation, groove
binding, and external static electronic effects [4]. Transition
metal complexes are a particularly interesting class of DNA-
binders because of their cationic character, well-defined
three-dimensional structure, aptitude to perform hydrolysis
and redox reactions, as well as extensively developed sub-
stitution chemistry that allows easy modulations of their
binding and reactive properties [5].

Among the various metal ions studied with nucleic acids
and nucleobases, ZnII has occupied a special position [6],
mainly due to the following reasons [7]: ZnII is a strong Lewis

acid and exchanges ligands very rapidly; is of low toxicity; it
has no redox chemistry, catalyzing only hydrolytic cleavage
of DNA. For all the above mentioned reasons, the binding
of ZnII complexes with DNA has attracted much attention
[8, 9]. It has been reported that the binding properties
of the complexes depend on several factors, such as the
coordination geometry, the type of the donor-atoms and the
planarity of ligands [10].

The ligand used in this work (Scheme 1) belongs to
the family of pyridyl oximes. The coordination chemistry
of these compounds has been extensively explored over the
last two decades, mainly with paramagnetic 3d metal ions
towards new molecular materials with interesting magnetic
properties [11]. As a consequence, the diamagnetic character
of the ZnII ion has led to a “gap” in the literature, concerning
the area of the coordination chemistry of oximes. Recently,
we have tried to fill this gap by the use of simple pyridyl
oximes (the term “simple” means here ligands with only one
pyridyl and one oxime group as donors) in ZnII coordination
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Scheme 1: Structural formula and abbreviation of the ligand
employed in this work.

chemistry. We reported the largest up to date Zn(II)/oxime
cluster [12], as well as the first complexes of ZnII with 3- and
4-pyridine aldoxime [13].

In this study, our efforts were initiated by the synthe-
sis and characterization of new ZnII/3-pyridine aldoxime
complexes, while our next objective was to investigate
the interaction of these compounds with plasmid DNA.
The structural formula of the free ligand is illustrated in
Scheme 1.

2. Experiments

2.1. Starting Materials and Physical Measurements. All mani-
pulations were performed under aerobic conditions using
reagents and solvents as received. Zinc acetylacetonate,
zinc acetate, and 3-pyridinealdoxime were purchased from
Aldrich Co. Elemental analyses (C, H, N) were performed
by the University of Ioannina (Greece) Microanalytical
Laboratory using an EA 1108 Carlo Erba analyzer. IR spectra
(4000–450 cm−1) were recorded on a Perkin-Elmer 16 PC
FT-IR spectrometer with samples prepared as KBr pellets.

pDNA isolation was performed from a fully grown
culture of Escherichia coli Top10F− harboring the pBluescript
plasmid. The Macherey-Nagel plasmid DNA isolation kit was
used. All plastics and glassware used in the experiments were
autoclaved for 30 min at 120◦C and 130 Kpa.

2.2. Compound Preparation

2.2.1. Preparation of [Zn(acac)2{(3-py)CHNOH)}]·H2O (1·H2O).
Zn(acac)2·H2O (0.210 g, 0.80 mmol) was suspended in
MeOH (10 cm3) and then dissolved upon stirring by adding
a solution of (3-py)CHNOH (0.195 g, 1.60 mmol) in the
same solvent (10 cm3). The resulting colourless solution was
stirred at ambient temperature for 30 min and allowed to
slowly evaporate at room temperature. Well-formed, X-ray
quality colourless crystals of the product appeared within a
period of four days. The crystals were collected by vacuum
filtration, washed with cold MeOH (2 × 2 cm3) and Et2O
(3 × 5 cm3), and dried in air. The yield was ca. 65%. Found
%: C, 47.60; H, 5.84; N, 6.73. Calc % for C16H24N2O6Zn:
C, 47.36; H, 5.96; N, 6.90. IR data (KBr, cm−1): 3468 (wb),
3196 (wb), 3084 (wb), 2998 (w), 2960 (w), 2914 (w), 2804
(w), 1956 (vw), 1654 (sh), 1586 (s), 1552 (vs), 1400 (s),
1340 (sh), 1316 (sh), 1268 (m), 1190 (m), 1124 (w), 1102
(vw), 1058 (vw), 1020 (w), 986 (m), 928 (w), 890 (vw), 818
(vw), 770 (w), 702 (w), 654 (w), 560 (w), 528 (vw), and
464 (vw).

2.2.2. Preparation of [Zn2(O2CMe)4{(3-py)CHNOH}2] (2).
Zn(O2CMe)2·2H2O (0.110 g, 0.50 mmol) was suspended in
Me2CO (10 cm3) and then dissolved upon stirring by adding
a solution of (3-py)CHNOH (0.122 g, 1.00 mmol) in the
same solvent (10 cm3). The resulting colourless solution was
stirred at ambient temperature for 30 min and then layered
with n-hexane (40 cm3). Slow mixing gave well-formed, X-
ray quality crystals of the product. The colourless crystals
were collected by filtration, washed with cold Me2CO (2 ×
3 cm3) and Et2O (2× 3 cm3), and dried in air. The yield was
ca. 53%. Found %: C, 39.10; H, 4.01; N, 9.23. Calc % for
C20H24N4O10Zn2: C, 39.34; H, 3.94; N, 9.17. IR data (KBr,
cm−1): 3454 (wb), 3192 (m), 3084 (m), 2996 (m), 2962 (m),
2914 (m), 2808 (w), 1656 (sh), 1586 (vs), 1522 (s), 1400 (vs),
1340 (s), 1316 (s), 1268 (s), 1192 (w), 1124 (w), 1102 (vw),
1058 (vw), 1020 (m), 986 (s), 928 (m), 890 (w), 818 (m), 770
(m), 702 (m), 682 (w) 654 (w), 562 (w), and 418 (vw).

2.3. X-Ray Crystal Structure Determination. Crystals of
1·H2O (0.22 × 0.34 × 0.45 mm) and 2 (0.12 × 0.14 ×
0.24 mm) were mounted in capillary. Diffraction measure-
ments for 1·H2O were made on a Crystal Logic Dual
Goniometer diffractometer using graphite monochromated
Mo radiation, and for 2 on a P21 Nicolet diffractometer
upgraded by Crystal Logic using graphite monochromated
Cu radiation. Unit cell dimensions were determined and
refined by using the angular settings of 25 automatically
centered reflections in the ranges of 11 < 2θ < 23◦ (for
1·H2O) and 22 < 2θ < 54◦ (for 2) and they appear in
Table 1. Intensity data were recorded using a θ-2θ scan. Three
standard reflections monitored every 97 reflections showed
less than 3% variation and no decay. Lorentz, polarization
and psi-scan absorption (only for 1·H2O) corrections were
applied using Crystal Logic software. The structures were
solved by direct methods using SHELXS-97 [14] and refined
by full-matrix least-squares techniques on F2 with SHELXL-
97 [15]. Further experimental crystallographic details for
1·H2O: 2θmax = 50◦; reflections collected/unique/used,
3449/3284 [Rint = 0.0179]/3284; 269 parameters refined;

(Δ/σ)max = 0.001; (Δρ)max/(Δρ)min = 0.453/ − 0.457 e/Å
3
;

R1/wR2 (for all data), 0.0371/0.834. Further experimental
crystallographic details for 2: 2θ max = 118◦; reflections
collected/unique/used, 1964/1820 [Rint = 0.0538]/1820; 167
parameters refined; (Δ/σ)max = 0.000; (Δρ)max/(Δρ)min =
0.559/ − 0.553 e/Å

3
; R1/wR2 (for all data), 0.0524/0.1205.

Hydrogen atoms were either located by difference maps and
were refined isotropically or were introduced at calculated
positions as riding on bonded atoms. All nonhydrogen
atoms were refined anisotropically. CCDC codes 789660 and
789661 contain the supplementary crystallographic data for
this paper. This data can be obtained free of charge at
http://www.ccdc.cam.ac.uk/conts/retrieving.html [or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: ++44-1223-336 033;
E-mail: deposit@ccdc.cam.ac.uk].

2.4. Effect on pDNA. 0.1 μg of pBluescript were incubated
at 25◦C in the presence of various concentrations of the
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Table 1: Crystallographic data for complexes 1·H2O and 2.

Parameter 1·H2O 2

Formula C16H22N2O6Zn C20H24N4O10Zn2

Fw 403.73 611.17

Space group P21/n P-1

a (Å) 10.531(4) 7.934(5)

b (Å) 15.779(5) 10.153(6)

c (Å) 11.602(4) 8.392(5)

α (◦) 90 70.05(2)

β (◦) 101.17(1) 87.34(2)

γ (◦) 90 89.07(3)

V (Å
3
) 1891.4(11) 634.8(7)

Z 4 1

T (◦C) 25 25

Radiation Mo Kα Cu Kα

ρcalcd (g cm−3) 1.418 1.599

μ (mm−1) 1.331 2.856

Reflections with I > 2σ(I) 2865 1585

Ra
1 0.0302 0.0438

wRa
2 0.0785 0.1125

aw = 1/[σ2(F2
o ) + (αP)2 + bP] and P = (max F2

o , 0) + 2F2
c )/3

R1 = Σ(|Fo|-|Fo|)/Σ(|Fo|) and wR2 = {Σ[w(Fo2-F2
c )

2
]/Σ[w(F2

o)
2
]}1/2

.

complexes under study. After 1h at 25◦C the reaction was
terminated by the addition of loading buffer consisting of
0.25% bromophenol blue, 0.25% xylene cyanol FF and 30%
(v/v) glycerol in water. The products resulting from DNA-
compound interactions were separated by electrophoresis on
agarose gels (1% w/v), which contained 1 μg/ml ethidium
bromide (EtBr) in 40 mM Tris–acetate, pH 7.5, 20 mM
sodium acetate, 2 mM Na2EDTA, at 5 V/cm. Agarose gel
electrophoresis was performed in a horizontal gel apparatus
(Mini-SubTM DNA Cell, BioRad) for about 4 h. The gels
were visualized in the presence of UV light. All assays were
duplicated.

3. Results and Discussion

3.1. Synthetic Comments. Our previous investigation on the
reaction between Zn(O2CPh)2 and (3-py)CHNOH led to
a trinuclear benzoate cluster [13]. In a subsequent step,
we expanded our research to similar or different types of
bidentate ligands, such as MeCO−

2 and acac−, respectively.
Our initial efforts involved the reaction of

Zn(acac)2·H2O with one equivalent of (3-py)CHNOH
in MeOH, which afforded colourless parallelepiped crystals
of 1·H2O upon slow evaporation of the reaction solution.
Its formation can be represented by the equation (1)

Zn(acac)2 ·H2O +
(
3-py

)
CHNOH

MeOH−−−−→ [
Zn(acac)2

{(
3-py

)
CHNOH

}] ·H2O

1 ·H2O

(1)

Treatment of Zn(O2CMe)2·2H2O with two equivalents
of (3-py)CHNOH in Me2CO afforded colourless paral-
lelepiped crystals of 2 upon layering of the reaction solution
with n-hexane. The chemically balanced equation for the
synthesis of 2 is:

2 Zn(O2CMe)2 · 2H2O + 2
(
3-py

)
CHNOH

Me2CO−−−−→
[
Zn2(O2CMe)4

{(
3-py

)
CHNOH

}
2

]
+ 4H2O

2
(2)

As a next step, we tried to modify the structural
identity of 1·H2O by using excess of Zn(acac)2·H2O. A
probable result would be the isolation of a paddle wheel
structure with four bidentate bridging acac− ligands and
two monodentate (3-py)CHNOH ligands, that is, a structure
analogous to that of compound 2. Unfortunately, our efforts
did not yield fruits; all the reactions lead to the isolation of
solids corresponding to compound 1·H2O, emphasizing the
reduced (compared to carboxylates) bridging capability of
acac−.

3.2. Description of Structures. Aspects of the molecular and
crystal structures of complexes 1·H2O and 2 are shown in
Figures 1–4. Selected interatomic distances and angles are
listed in Tables 2 and 3, while important hydrogen bonding
interactions are presented in Table 4.

Complex 1·H2O crystallizes in the monoclinic space
group P21/n. Its crystal structure consists of mononuclear
[Zn(acac)2{(3-py)CHNOH}] molecules and H2O molecules
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Figure 1: Partially labeled plot of the molecular structure of 1·H2O.
H atoms and the solvate H2O molecule have been omitted for
clarity.

Figure 2: A part of the 2D network in the crystal lattice of 1·H2O
due to hydrogen bonding interactions (dashed lines). Oxygen atoms
of the water lattice molecules are represented by blue spheres.
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Figure 3: Partially labeled plot of the molecular structure of 2· H
atoms have been omitted for clarity.

Table 2: Selected interatomic distances (Å) and angles (◦) for
complex 1·H2O.

Zn-O(2) 2.055(2) Zn-O(3) 1.988(2)

Zn-O(4) 2.029(2) Zn-O(5) 2.000(2)

Zn-N(1) 2.073(2)

O(3)-Zn-O(5) 137.1(9) O(4)-Zn-O(2) 169.1(8)

O(3)-Zn-O(4) 88.5(8) O(3)-Zn-N(1) 113.1(8)

O(5)-Zn-O(4) 89.6(7) O(5)-Zn-N(1) 109.7(8)

O(3)-Zn-O(2) 89.00(8) O(4)-Zn-N(1) 94.5(8)

O(5)-Zn-O(2) 85.1(7) O(2)-Zn-N(1) 96.3(7)

Figure 4: A small portion of the ladder-like 1D architectures of 2
due to H-bonding interactions (black dashed lines). The H atoms
have been omitted for clarity.

being present in the lattice. The metal center is five-
coordinated surrounded by two acetylacetonate (acac−) and
one (3-py)CHNOH ligand. Each of the acac− moiety acts in a
bidentate chelating way, while the (3-py)CHNOH behaves as
a monodentate ligand via the nitrogen atom of the pyridine
ring. The coordination geometry of the ZnII ion is heavily
distorted and thus it can be either described as distorted
square pyramidal or as distorted trigonal bipyramidal.
Analysis of the shape-determining angles using the approach
of Reedijk and coworkers [16] yields a trigonality index, τ,
value of 0.53 (τ = 0 and 1 for perfect sp and tbp geometries,
respectively). By adopting the square pyramidal geometry,
the basal plane is occupied by four acetylacetonate oxygen
atoms, while the apical position is taken by the pyridyl nitro-
gen atom of the oxime ligand. Adopting the trigonal bipyra-
midal description, the axial positions are occupied by O(2)
and O(4) and the equatorial ones by O(3), O(5), and N(1).

In the crystal lattice of 1·H2O, the molecules of 1 interact
with the water lattice molecules through hydrogen bonds,
forming a 2D network (Figure 2, Table 4).

Complex 2 is a new member of Zn(II) carboxylate
complexes with a paddle wheel structure [17–20]. The ZnII

ions are bridged by four syn, syn-η1:η1:μ MeCO−
2 ligands

and each one has a perfect square pyramidal coordination
geometry (τ = 0.01), with the apex provided by the pyridyl
nitrogen atom of a monodentate (3-py)CHNOH ligand.
The Zn· · ·Zn distance is 2.923(2)Å, while each ZnII ion
lies 0.386 Å out of its least-squares basal plane towards
the pyridyl nitrogen atom. The mean Zn–O(carboxylate)
bond length is approximately 2.044 Å which is typical and
unremarkable [21]. There is a crystallographically imposed
inversion center in the midpoint of the Zn· · ·Zn distance.
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Table 3: Selected interatomic distances (Å) and angles (◦) for complex 2a.

Zn-O(2) 2.088(3) Zn-O(4) 2.016(3)

Zn-O(3′) 2.055(3) Zn-O(5′) 2.016(3)

Zn-N(1) 2.049(4) Zn· · ·Zn′ 2.923(2)

O(4)-Zn-O(5′) 159.9(1) N(1)-Zn-O(3′) 101.4(1)

O(4)-Zn-N(1) 100.4(1) O(4)-Zn-O(2) 87.0(1)

O(5′)-Zn-N(1) 99.6(1) O(5′)-Zn-O(2) 90.2(1)

O(4)-Zn-O(3′) 88.1(2) N(1)-Zn-O(2) 98.4(1)

O(5′)-Zn-O(3′) 87.8(1) O(3′)-Zn-O(2) 160.2(1)
aSymmetry transformations used to generate equivalent atoms: (′)-x, 1-y, −z.

Table 4: Hydrogen bonding interactions in 1·H2O and 2.

InteractionaD-H· · ·A D· · ·A (Å) H· · ·A (Å) D-H· · ·A (◦) Symmetry operation of A

1·H2O

O(1W)-H(1WA)· · ·O(2) 3.002 2.5600 115.0 1/2− x, −1/2 + y, 1/2− z

O(1)-H(1O)· · ·O(1W) 2.663 1.970 168.0 1− x, −y, −z
O(1W)-H(1WB)· · ·N(2) 3.002 2.300 145.0 x, y, z

2

O(1)-H(1O)· · ·O2 2.712 1.910 166.0 x, y, −1 + z
aA = acceptor, D = donor.

In the crystal lattice of 2, the dinuclear molecules interact
through hydrogen bonds. Both oxime groups act as donors
to carboxylate oxygen atoms, forming double, ladder-like
chains along the c axis (Table 4, Figure 4).

3.3. IR Spectroscopy. The IR spectra of 1·H2O and 2 exhibit
weak bands at 3468 and 3454 cm−1, respectively, assignable
to the ν(OH) vibration of the coordinated pyridyl oxime
ligands [22]. The broadness and relatively low frequency
of these bands are both indicative of hydrogen bonding.
The medium intensity bands at 1636 and 1124 cm−1 in the
spectrum of the free ligand (3-py)CHNOH are assigned
to ν(C=N)oxime and ν (N–O)oxime, respectively [23]. In
the spectra of the complexes, these bands are observed
at approximately the same wavenumbers, confirming the
nonparticipation of the oxime group in coordination. The
in-plane deformation band of the pyridyl ring of free (3-
py)CHNOH (638 cm−1) shifts upwards (654 cm−1) in the
spectra of 1·H2O and 2, confirming the crystallography
established involvement of the ring-N atom in coordination
[24].

The presence of chelating acac− ligands in com-
plex 1·H2O is reflected by the presence of two strong
intensity bands at 1500–1600 cm−1. The higher frequency

band (1586 cm−1) is attributed to ν(C
- - -

C )coupled with

ν(C
- - -

O ), while the lower frequency band (1552 cm−1) is

attributed to ν(C
- - -

O )coupled with ν(C
- - -

C ) [25].

The strong intensity bands at 1522 and 1400 cm−1

in the spectrum of 2 are assigned to the νas(CO2) and
νs(CO2) modes of the acetate ligands, respectively [26]; the
former may also involve a pyridyl stretching character. The

1

II
III

I

2 3 4 5 6 7 8 9 10 11

Figure 5: Agarose gel electrophoresis pattern of pDNA in the
presence of the synthesized complexes and (3-py)CHNOH in
various concentrations. Lane 1, DNA + 1·H2O (5 mM); lane 2,
DNA + 2 (5 mM); lane 3, DNA+ (3-py)CHNOH (5 mM); lane 4,
DNA + 1·H2O (2.5 mM); lane 5, DNA + 2 (2.5 mM); lane 6, DNA
+ (3-py)CHNOH (2.5 mM); lane 7, DNA + 1·H2O (1 mM); lane 8,
DNA + 2 (1 mM); lane 9, DNA + 1·H2O (0.1 mM); lane 10, DNA +
2 (0.1 mM); lane 11, DNA control.

difference Δ, where Δ = νas(CO2) − νs(CO2), is 122 cm−1,
less than that for NaO2CMe (164 cm−1), as expected for
bidentate bridging ligation [26].

3.4. Effect on pDNA. DNA mobility shift assays were carried
out to investigate the ability of complexes 1·H2O and 2, as
well as that of the (3-py)CHNOH free ligand to interact with
plasmid DNA. The initial amount of pDNA was incubated
with increasing concentrations of the tested compounds.
When circular pDNA is subjected to electrophoresis, rela-
tively fast migration will be observed for the supercoiled
form (form I). If scission occurs on one strand (nicking),
the supercoils will relax to generate a slower-moving open
relaxed form (form II) [27]. If both strands are cleaved, a
linear form (form III) will be generated and migrate between
forms I and II [28].

Figure 5 shows the gel electrophoretic separations of
pDNA after incubation with 1·H2O, 2 and (3-py)CHNOH
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at various concentrations. Both complexes can break the
double strand of pDNA and convert it to the relaxed form
(II) and in a less extent to its linear form (III), at a
concentration of 5 mM (Figure 5, lanes 1 and 2). At lower
concentrations, the complexes display a minor effect on the
integrity and electrophoretic mobility of pDNA, whereas the
latter remains mostly in the supercoiled form (I). The (3-
py)CHNOH ligand (Figure 5, lanes 3 and 6) does not display
any interaction.

4. Conclusions

Two new complexes of ZnII, with 3-pyridine aldoxime as
ligand, have been synthesized and characterized by single-
crystal X-ray crystallography, elemental analyses, and IR
spectroscopy. In both structures, (3-py)CHNOH acts as
a monodentate ligand via the pyridyl nitrogen, while the
oxime group does not participate in coordination. This
coordination mode is the only one observed in complexes of
(3-py)CHNOH with any metal up to date. Complexes 1·H2O
and 2 are the second and the third structurally characterized
Zn(II) complexes of (3-py)CHNOH.

The two complexes affect both the integrity and elec-
trophoretic mobility of pDNA. At the highest tested con-
centration, 1·H2O and 2 are able to totally convert the
supercoiled form of pDNA to the relaxed form and in
less extent to its linear form. Other types of DNA-binding
experiments are currently in progress in order to determine
the way of interaction with pDNA. In the future, synthetic
efforts with different types of anionic ligands (e.g., NO−

3 ,
SO2−

4 ) can lead to a variety of (3-py)CHNOH complexes with
potentially interesting DNA-binding properties.
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