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Abstract. Mercury(II) complexes of thiolates having the general formula [Hg(RS)Cl2]− and [Hg(RS)2] have been prepared
and characterized by IR and NMR (1H and 13C) spectroscopy (RSH = 2-aminoethanethiol hydrochloride (Aet), cysteine (Cys),
thiosalicylic acid (Ts) and 2-mercaptonicotinic acid (Mnt)). The spectral data suggests that the coordination of thiolates to
mercury(II) occurs through the sulfur as indicated by the absence of S–H vibrations in IR and significant downfield shifts
in the C–S resonance in 13C NMR. However, in Mnt complexes, coordination through both sulfur and nitrogen is indicated.
Antimicrobial activities of the complexes were evaluated by minimum inhibitory concentration and the results showed that the
complexes exhibited a wide range of activities against gram-negative bacteria (E. coli, P. aeruginosa), while moderate activity
was observed against a mold, P. citrinum.
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1. Introduction

The interaction of mercury(II) with sulfur-containing molecules is an important area in bioinorganic
chemistry because such studies provide models for naturally occurring sulfur-containing compounds
[1–10]. The biological chemistry of mercury is dominated by coordination to cysteine thiolate groups
in agreement with the preference of this metal ion for the soft sulfur ligands and a great deal of re-
search has been conducted to understand how the amino acid interacts with metals [11–15]. Several
types of cysteine derivatives (e.g., pencillamine and N -actylcysteine) form soluble complexes and have
been suggested as possible detoxification agents [16–19]. Although mercury(II) being a soft Lewis acid
forms quit stable complexes with thiol groups [20–23], many thiolates remain labile and undergo ligand
exchange, which is more pronounced in low (two and three)-coordinate compounds [24,25]. Mercury–
thiolates provide representative examples of the structural diversity shown by the extensive family of
metal thiolates [5–8,13,26–28]. They are well known for their unusual coordination environment and
exhibit structural variability both in the solution form and solid states. Thiols combine with a mer-
cury halide to form complicated clusters or polymeric structures containing Hg–S and in some cases
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Scheme 1. Structures of thiolates used in this study and their resonance assignment.

Hg–X interactions [5–8,15,23,28]. Homoleptic thiolates of mercury(II) can be mononuclear (Hg(SR)2,
Hg(SR)3, Hg(SR)4), dinuclear (Hg2(SR)3, Hg2(SR)6), trinuclear (Hg3(SR)4), tetranuclear (Hg4(SR)6),
pentanuclear (Hg5(SR)8), or polynuclear ([Hg(SR)n]∞) (and with variable charge depending on the
R group) [12,27–32]. In contrast, heteroleptic thiolates of mercury(II) (i.e. containing both monoden-
tate thiolate and halide) are polymeric and either one dimensional ([Hg(SR)Cl2]∞) or two dimensional
([Hg(SMe)X]∞ (X = Cl or Br) and [Hg(SPri)Cl]∞) [33–35]. As an attempt to explore further the chem-
istry of mercury–thiolates, the present study describes the synthesis of mercury complexes with thiolates
and their characterization by IR and NMR (1H and 13C) spectroscopic methods. The structures of ligands
used in this study and their resonance assignments are described in Scheme 1.

2. Experimental procedure

2.1. Chemicals

Mercury(II) chloride was obtained from Merck Chemical Co., Germany. Cysteine (Cys),
2-aminoethanethiol hydrochloride (Aet), thiosalisylic acid (Ts) and 2-mercatonicotinic acid (Mnt), were
purchased from Acros Organics, Belgium.

2.2. Spectroscopic measurements

The solid state IR spectra of the ligands and their mercury(II) complexes were recorded on a Perkin–
Elmer FTIR 180 spectrophotometer using KBr pellets over the frequency range 4000–400 cm−1. The
1H NMR spectra of the complexes in DMSO-d6 were obtained on Jeol JNM-LA 500 NMR spectrometer
operating at a frequency of 500.00 MHz at 297 K. The 13C NMR spectra were obtained at the frequency
of 125.65 MHz with 1H broadband decoupling. The spectral conditions were: 32k data points, 0.967 s
acquisition time, 1.00 s pulse delay and 45◦ pulse angle. The 13C chemical shifts were measured relative
to TMS.

2.3. Synthesis of the complexes

The complexes were prepared by adding 1 or 2 equivalents of thiolates in methanol (cysteine was
dissolved in distilled water, while 2-mercaptonicotinic acid was taken as suspension in methanol) to
0.271 g (1 mmol) of HgCl2 in methanol and stirring the mixture for 25–30 min. Mixing of the two
solutions resulted in precipitates that were filtered, washed with methanol and air-dried. The isolated
complexes are white except for the Mnt complexes, which are light yellow. The product yield is about
70–80%. The melting points of the complexes are given in Table 1.
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Table 1

Melting points and selected IR absorptions (cm−1) of mercury(II)–thiolate complexes

Species m.p. (◦C) ν(C–S) ν(N–H) ν(C=O)
Aet – 757 –
[Hg(Aet)Cl2] 220 670 3446, 3088 –
[Hg(Aet)2Cl2] 214 670 3455, 3056 –
Cys – 678 3179 1627
[Hg(Cys)Cl] 170 675 3125 1678
[Hg(Cys)2] 184 675 3124 1678
Ts – 651 – 1681
[Hg(Ts)Cl] 280 644 – 1674
[Hg(Ts)2] 260 646 – 1670
Mnt – 640 – 1682
[Hg(Mnt)Cl] 240 643 – 1721
[Hg(Mnt)2] 250 643 – 1721

2.4. Antimicrobial studies of the complexes

Antimicrobial activities of the mercury(II) compounds prepared here were estimated by minimum in-
hibitory concentration (MIC; µg ml−1) [36]. Standard culture media of bacteria, Escherichia coli (ATCC
13706) and Pseudomonas aeruginosa (MTCC 424), and molds, Aspergillus niger (MTCC 1349) and
Penicillium citrinum (MTCC 5215) were obtained from Qingdao Yijia Huuyi Co., China. Bacteria were
inoculated into 5 ml of liquid SCD medium (soybean, casein and digest) and cultured for 24 h at 35.5◦C.
The cultured fluids were diluted, adjusted to a concentration of 105–106 microorganisms per ml and used
for inoculation in the MIC test. In the case of mold culture, the agar slant (potato and dextrose) medium
for one week cultivation at 27◦C was gently washed with saline containing 0.05% Tween 80. The spore
suspension obtained was adjusted to the concentration of 105 microorganisms per ml and used for inocu-
lation in the MIC test. The test materials (mercury(II) complexes) were suspended in water, and solutions
were then diluted with SCD medium for bacteria and with GP medium (glucose and polypeptone) for
mold. Using them the two-fold diluted solutions with concentrations of 1000 mg ml−1 to 10 mg ml−1

were prepared. Each 1 ml of culture medium containing various concentrations of test materials was
inoculated with 0.1 ml of the microorganism suspension prepared above. Bacteria were cultured for 24 h
at 35.5◦C and mold for 7 days at 25◦C. Growth of the microorganisms was monitored during this period.
When no growth of microorganism was observed in the medium containing the lowest concentration of
test materials, the MIC of the test material was defined at this point of dilution.

3. Results and discussion

The reaction of HgCl2 with thiolates in a 1:1 or 1:2 molar ratio in methanol or methanol–water me-
dia resulted in a product of composition of the [Hg(RS)2] or [Hg(RS)Cl2]−. The differential thermal
analysis (DTA) of both types of complexes exhibited the endothermic transitions at different temper-
atures between 200–300◦C suggesting that different compounds were formed in both cases. The most
significant IR frequencies of the ligands and their mercury(II) complexes are summarized in Table 1. In
all the IR spectra, disappearance of S–H peak at around 2550–2500 cm−1 indicates that the S–H bonds
in ligands have been replaced by the S–Hg bond in complexes, showing high affinity of sulfur towards
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Hg(II). A significant change in the C–S stretches of all complexes with respect to free ligands also sug-
gests the Hg–S coordination. The IR spectra of cysteine and Aet complexes show the presence of N–H
stretching frequencies at around 3400 and 3100 cm−1. In Aet, the two bands are indicative of NH3

+

group rather than NH2. Similar observation for the presence of NH3
+ groups were made in [Cd(NH3-

CH-(CH2-SH)COO)2] (3404 and 3010 cm−1) [37]. Also, peaks at around 1600 and 1470 cm−1 can be
assigned to symmetric deformations and degenerate deformation modes, respectively, for NH3

+ group
[7]. These values are lower than those in free ligand (1690 and 1484 cm−1) showing its involvement
in hydrogen bonding. Similar peaks have been observed for mercury complexes with L-cysteine (1606
and 1487 cm−1) and for L-cysteine methyl ester (1582 and 1495 cm−1) [17]. A sharp band around
1700 cm−1 was observed for C=O stretch of thiolates except in Aet complexes.

In proton NMR spectra of the complexes, disappearance of the S–H signal indicates the replacement
of S–H hydrogen by mercury(II) ions. In the spectra of Hg–Aet complexes, a significant downfield shift
of the methylene protons attached to sulfur is observed with respect to the free ligands (3.06 and 3.15 for
Aet1 and Aet2, respectively, vs. 2.69 ppm) showing the binding of mercury(II) to sulfur. These values
are comparable to those for [Hg3Cl5(SCH2CH2NH3)3Cl]n (3.08) and [Hg6Cl8(SCH2CH2NH3)8]Cl4 ·
4H2O (3.14 ppm), while they are lower than in [Hg(SCH2CH2NH3)2]+ (3.27 ppm) [5–7]. Appearance
of almost similar resonances for the N–CH2 protons to that of free ligand (∼3.0 ppm) indicates that
Hg–N contact is absent. Also the resonances at about 7.8 ppm show the presence of NH3

+ group in
the complexes. The integration of amine protons (NH:CH protons = 1:1.4) indicates the presence of an
ammonium group, NH3

+ rather than NH2. Similarly, in Hg–Cys complexes a downfield shift of about
0.5 ppm was recorded in CH2 protons of cysteine (3.5 vs. 3.0 ppm). The 1H NMR spectra of Ts and
Mnt complexes display resonances at 7.0–8.35 ppm for aromatic protons that can be assigned easily.
In Ts, the protons at C-3 and C-4 appear as doublets, while the other two appear as triplets at 7.973,
7.56, 7.436 and 7.250 ppm, respectively. The C-2, C-3 and C-4 protons of Mnt are observed at 8.552,
7.166 and 8.188 ppm, respectively. Except in C-2 proton of Mnt, no significant change in chemical shift
is observed in the aromatic protons upon complexation, since they are not involved directly in binding.
The C–N proton of Mnt has shifted 0.2 ppm upfield showing coordination by nitrogen atom.

The 13C chemical shifts of the ligands and complexes are summarized in Table 2. The assignment of
Ts and Mnt resonances is based on the peak intensities, electronegativity relationships and the splitting
pattern of aromatic protons in 1H NMR. In the 13C NMR spectra for all complexes, a prominent down-
field shift is observed for the C–S resonance with respect to that of free ligands indicating the binding of
mercury(II) to sulfur atom of thiolates. The strength of the binding can be estimated by the magnitude
of chemical shift changes in 13C NMR. The greatest shift in Ts resonances suggests its strongest binding
capacity among these thiolates. The difference in C–S shift of 3–4 ppm in Aet and Cys complexes shows
their comparable binding capacity. In the complexes of cysteine and Aet, the C–N resonance, however,
does not show profound shift with respect to free ligands, supporting that nitrogen is not involved in
coordination in these complexes. In Mnt complexes, significant downfield shifts are also observed in the
C–N resonance indicating that nitrogen atom of Mnt is also involved in binding to mercury(II). Similar
downfield shifts have been observed for a Pd(II)–Mnt complex that involves both the sulfur and nitrogen
atoms of Mnt in metal binding and this observation was also supported by the X-ray structure of the
complex [38].

We could not get any of these compounds in the crystalline form; therefore, their X-ray analysis could
not be carried out. However, the spectral data presented here would be useful for the study of mercury
interaction with sulfur-containing biomolecules, and understanding the role of thiolates in detoxification
of mercury.
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Table 2
13C chemical shifts (δ) of thiolates and their Hg(II) complexes in DMSO

Species C-1 C-2 C-3 C-4 C-5 C=O
Aet 22.0 42.0 – – – –
[Hg(Aet)Cl2] 25.85 42.90 – – – –
[Hg(Aet)2Cl2] 26.73 42.67 – – – –
Cys 25.5a 56.6a – – – 173.0a

[Hg(Cys)Cl] 28.95 55.68 – – – 170.50
[Hg(Cys)2] 28.85 55.37 – – – 170.12
Ts 126.56 131.43 130.95 124.62 132.47 167.65

(138.21)b

[Hg(Ts)Cl] 134.42 130.95 130.05 125.66 135.69 169.88
(137.07)b

[Hg(Ts)2] 134.88 130.75 129.82 125.48 135.62 169.93
(137.13)b

Mnt 173.2 143.9 115.0 143.1 129.4 165.1
[Hg(Mnt)Cl] 170.73 147.29 118.98 141.49 128.85 166.58
[Hg(Mnt)2] 169.27 146.06 117.25 142.10 128.57 166.04

aValues in D2O; bchemical shift of C-6.

Table 3

Antimicrobial activities of mercury(II)–thiolate complexes evaluated by the minimum inhibitory concentration (MIC: µg ml−1)

Complexes Microbial activity (in terms of MIC: µg ml−1)

Escherichia coli Pseudomonas aeruginosa Aspergillus niger Penicillium citrinum

[Hg(Aet)Cl2] 120 60 >1000 90
[Hg(Aet)2Cl2] 90 20 >1000 70
[Hg(Cys)Cl] 50 30 >1000 80
[Hg(Cys)2] 80 40 >1000 250
[Hg(Ts)Cl] 960 810 >1000 >1000
[Hg(Ts)2] 1000 780 >1000 >1000
[Hg(Mnt)Cl] 960 >1000 >1000 >1000
[Hg(Mnt)2] 850 >1000 >1000 >1000

3.1. Antimicrobial activities

The antimicrobial activities of the mercury(II) complexes (average of three measurements) estimated
by minimum inhibitory concentrations (MIC; µg ml−1) are listed in Table 3. Table 3 shows that the tested
complexes displayed wide range of activity against two gram-negative bacteria (E. coli, P. aeruginosa)
and moderate activity against a mold, P. citrinum. However, tested complexes did not show any activity
against the mold, A. niger. Similarly no antimicrobial activity of Ts and Mnt complexes was noted
against P. citrinum. This fact could be attributed to whether or not the complexes possess the tendency to
further ligand replacement with the biological ligands such as proteins and DNA. The complexes of Aet
and Cys ligands particularly possess significant activities against the bacteria and a mold, P. citrinum.
This suggests that mercury is labile in these complexes with replacement by biological ligands being
possible. The presence of C–NH2 bonding may play a role in the antimicrobial activities. In case of Ts
and Mnt complexes, probably a stable chelate is formed due to which the ligands could not be displaced
easily by biological ligands and as a result the activities are poor.
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