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Abstract. Cyclic dipeptides are relatively simple compounds that can exhibit a great variety of important biological activities.
The fragmentation pathways of protonated cyclic dipeptides have been studied by electrospray ionization multistage mass
spectrometry (ESI-MSn). The mass spectra studies of the cyclic dipeptides showed that the cyclic dipeptides with the similar
substituents, the side chains of amino acid residues at the diketopiperazine ring, followed the same fragmentation pathway.
In the fragmentation spectra of protonated cyclic dipeptides, some characteristic fragment ions were observed and could be
used to distinguish the cyclic dipeptides. The hydrogen/deuterium (H/D) exchange experiment and the high-resolution mass
spectrometry (Q-TOF) were used to verify and rationalize the proposed fragmentation pathways. These observations may have
some potential applications in the structural elucidation and interpretation of the mass spectra of homologous compounds.
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1. Introduction

Cyclic dipeptides are relatively simple compounds and, therefore, are the most common cyclic pep-
tide found in nature. Since the first cyclic dipeptide, cyclo(Gly-Gly) was synthesized by Curtius and
Gloebel in 1888 [1], until early in the 20th century, their existence as a special group of compounds in
nature was recognized [2,3]. Naturally occurring and synthesized cyclic dipeptides exhibit a great va-
riety of biological activities as antiviral, antibiotic, antimicrobial and antitumor agents [4,5]. There are
many reports in the literature that cyclic dipeptides were identified in several beverages and foods [6,7].
However, identification of the structures of cyclic dipeptides in foods and beverages is still at a low out-
put manipulation because of the limited availability of standards [6]. Electrospray ionization multistage
mass spectrometry (ESI-MSn) using low-energy collision-induced dissociation (CID) has been used as a
powerful analytical method for investigating various kinds of organic and inorganic compounds with ex-
cellent sensitivity [8,9]. For full structure-elucidation of their mass data, it is necessary to understand all
the gas-phase chemistry involved in each fragmentation step and to clarify the relationships between all
the different possible pathways. Nevertheless, only a few reports have been published, so far, concern-
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Fig. 1. Synthesis and structures of cyclic dipeptides.

ing the systemic studies of the fragmentation of cyclic dipeptides by ESI-MSn. Further understanding
of the fragmentation mechanisms of more cyclic dipeptides has certain significance. It can be applied
to the fragmentation elucidation of larger, more complex natural products and compounds of biological
significance that may contain cyclic dipeptides as part of their structures. At the same time, the study
can also enrich the gas-phase ionic chemistry of ESI-MS under low-energy CID condition. In this pa-
per, nine homo-cyclic dipeptides consisting of the same amino acids and five hetero-cyclic dipeptides
consisting of the different amino acids were synthesized (Fig. 1). Their fragmentation pathways were
studied in order to evaluate the role of the substituents at the diketopiperazines (DKPs) ring on the frag-
mentation of the cyclic dipeptides. The fragmentation mechanisms were investigated by multistage mass
spectrometry incorporating hydrogen/deuterium (H/D) exchange experiments and high-resolution mass
spectrometry.

2. Experimental procedure

2.1. Mass spectrometer and conditions

Mass spectral analysis was performed by a Bruker Esquire 3000 (Bruker Dalton, Germany) ion trap
mass spectrometer that interfaced an electrospray ionization (ESI) source. Ionization of analytes was
carried out using the following setting of ESI: nebulizer gas flow 7 psi, dry gas 4 l/min, dry temperature
300◦C, capillary voltage 4000 V. Calibration of m/z was performed using a standard ESI-tuning-mix.
Scan range was 15–500 m/z and scan resolution was normal (13,000 m/z s−1). An isolation width of
2.0 m/z was used to isolate the selected peaks. The collision conditions were maintained at 0.30–0.90 V
of fragmentation voltage amplitude, and 40 ms of fragmentation time. High-resolution mass spectra
were performed on an ESI-Q-TOF-MS spectrometer (Micromass, England). Solutions of the compounds
(0.1 mg/ml) were prepared by dissolving the compounds in methanol.
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2.2. Synthesis process

Compounds 1–9 were synthesized from L-amino acids and phosphorus trichloride. Each L-amino
acid (20 mmol) was dissolved in THF (30 ml), and then PCl3 (10 mmol) was added in batches. The
mixture was stirred and refluxed for 2 h. After evaporation of the solvent, H2O was added and the so-
lution was adjusted to pH 7–8 with saturated aqueous NaHCO3. Then the reaction mixture was filtered
and the solid was washed with water (3 × 10 ml). The crude cyclic dipeptide was obtained. Analytical
sample was obtained by column chromatography (silica gel, methanol/ethyl acetate = 1:19 or 1:4) or
recrystallization from acetone and petroleum ether as white solid. The yield of cyclic dipeptide was 20–
60%. The structures were characterized by 1H NMR, 13C NMR, ESI-MS, HRMS and IR methods. The
homo-cyclic dipeptides, cyclo(Ala-Ala) (1), cyclo(Leu-Leu) (2), cyclo(Ile-Ile) (3), cyclo(Val-Val) (4),
cyclo(Phe-Phe) (5), cyclo(Trp-Trp) (6), cyclo(Tyr-Tyr) (7), cyclo(Met-Met) (8), cyclo(Pro-Pro) (9), were
used to investigate their mass dissociation pathways. Compounds 10–14 were also synthesized from L-
amino acids and phosphorus trichloride. Each of two different L-amino acid (10 mmol) was dissolved
together in THF (30 ml), and then PCl3 (10 mmol) was added in batches. The mixture was stirred and re-
fluxed for 4 h. After evaporation of the solvent, H2O was added and the solution was adjusted to pH 7–8
with saturated aqueous NaHCO3. Then the reaction mixture was filtered and the solid was washed with
water (3 × 10 ml). The crude cyclic dipeptide was obtained. Analytical sample was obtained by column
chromatography (silica gel, methanol/ethyl acetate = 1:19) as white solid. The hetero-cyclic dipep-
tides, cyclo(Ala-Leu) (10), cyclo(Ala-Phe) (11), cyclo(Ala-Pro) (12), cyclo(Ala-Trp) (13), cyclo(Phe-
Trp) (14), were acquired and analyzed by ESI-MS without further purification. Methanol (HPLC grade)
was obtained from Tedia Company and deionized water (Milli-Q) was used throughout the study.

3. Results and discussion

3.1. ESI-MSn spectra of protonated homo-cyclic dipeptides

Data from ESI-MSn spectra of the cyclic dipeptides 1–14 are shown in Tables 1 and 2. Comparison
among the structures of compounds 1–9, which differ only in the substituents at C(3) and C(6) of DKPs
ring, revealed that the fragmentation patterns are associated with the presence of these substituents at
C(3) and C(6). Therefore, in accordance with the different substituents at DKPs ring, the homo-cyclic
dipeptides are divided into four categories. The first category contains alkyl substituents, including com-
pounds 1–4. The second category contains aromatic substituents, including compounds 5–7. And then
the third is compound 8 with hetero-atom in its alkyl substituents. The last is a special cyclic dipeptide,
compound 9, with three rings structure.

It has been previously reported that, in most of the cases, the protonation of lactam rings is proposed to
take place initially at the carbonyl oxygen. However, in the CID process, the proton has been proposed to
migrate from the carbonyl oxygen to the adjacent nitrogen, and then resulting in the N-protonated species
from which the amide bond is cleaved [10]. Moreover, other study has also proven that in gas phase, the
protonation of DKPs takes place directly at the nitrogen atom by analyzing the Fukui functions [11].
The knowledge of the protonation site of DKPs is useful for understanding the effect of the CID process
on the protonated molecules’ structures and their subsequent fragmentation reactions. Therefore, using
density functional theory, the geometries of the protonated molecule (A ion, in Scheme 1) and the pos-
sible fragment ions were optimized at the B3LYP/6-31++G (d, p) level (data not shown). The result
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Table 1

ESI-MS2 data of protonated cyclic-dipeptides

Compounds Type of ions (relative abundance %)

A B C D E F G H I J
cyclo(Ala-Ala) (1) 143.0 (17) 114.8 (82) 97.9 (100) 72.0 (2)

a 143.0742 115.0793 98.0527 72.0371
b 143.0820 115.0801 98.0507 72.0258

cyclo(Leu-Leu) (2) 227.0 (5) 198.7 (10) 181.7 (100) 113.8 (4) 153.7 (11) 86.0 (51) 97.9 (12)
a 227.1681 199.1732 182.1466 114.0841 154.1517 86.0892
b 227.1759 199.1791 182.1532 114.0884 154.1569 86.0889

cyclo(Ile-Ile) (3) 227.0 (2) 198.8 (38) 181.7 (100) 113.8 (6) 153.8 (69) 86.0 (98) 97.9 (14)
a 227.1681 199.1732 182.1466 114.0841 154.1517 86.0892
b 227.1759 199.1809 182.1556 114.0903 154.1610 86.0933

cyclo(Val-Val) (4) 199.0 (1) 170.7 (46) 153.7 (100) 99.8 (3) 125.8 (45) 72.2 (82)
a 199.1447 171.1498 154.1232 100.0763 126.1283 72.0814
b 199.1446 171.1491 154.1228 100.0746 126.1260 72.0770

cyclo(Phe-Phe) (5) 295.0 (9) 266.8 (29) 249.7 (6) 221.7 (6) 119.8 (100)
a 295.1447 267.1498 250.1232 222.1283 120.0735
b 295.1446 267.1546 250.1243 222.1271 120.0811

cyclo(Trp-Trp) (6) 373.0 (2) 168.7 (17) 241.7 (24) 213.7 (7) 129.7 (100)
a 373.1659 242.0924 130.0651
b 373.1664 242.0897 130.0648

cyclo(Tyr-Tyr) (7) 327.0 (4) 298.9 (55) 253.8 (10) 135.8 (100) 220.8 (15) 192.8 (7)
a 327.1345 299.1396 254.1181 136.0763 221.0926 193.0977
b 327.1345 299.1412 254.1215 136.0756 221.0945 193.0986

cyclo(Met-Met) (8) 263.0 (14) 214.7 (100), 166.6 (21) 138.7 (3)
a 263.0810 215.0776, 167.0742 139.0793
b 263.0888 215.7830, 167.6349 139.5317

cyclo(Pro-Pro) (9) 195.0 (16) 97.9 (8) 70.2 (100)
cyclo(Ala-Leu) (10) 185.0 (6) 156.9 (23) 139.9 (100) 86.2 (51)
cyclo(Ala-Phe) (11) 219.0 (31) 190.8 (70) 173.8 (28) 119.9 (100)
cyclo(Ala-Pro) (12) 169.0 (2) 140.9 (97) 123.8 (43) 70.3 (100)
cyclo(Ala-Trp) (13) 258.0 (16) 129.9 (100)
cyclo(Phe-Trp) (14) 334.0 (5) 129.9 (100)

Notes: a – The exact mass by theoretical calculation; b – the actual mass determined by high-resolution ESI-Q-TOF-MS.
A: [M + H]+, B: [M + H − CO]+, C: [M + H − HCONH2]+, D: [M + H − residue]+, E: [M + H − CO − HCONH2]+, F: [M + H − CO − residue]+,
G: [E − substituent]+, H: [M + H − substituent]+, I: [M + H − substituent − CO]+, J: [substituent]+.
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Table 2

ESI-MSn data of protonated cyclic-dipeptides

Compounds Precurser ions Fragment ions (relative abundance %)
cyclo(Ala-Ala) (1) 143.0 (17) 114.8 (82), 97.9 (100), 72.0 (2), 44.9 (81)
cyclo(Leu-Leu) (2) 227.0 (5) 198.7 (10), 181.7 (100), 153.7 (11), 125.7 (2), 113.8 (4), 97.9 (12), 86.0 (51)

182.0 (24) 163.7 (9), 125.7 (13), 97.9 (100)
cyclo(Ile-Ile) (3) 227.0 (2) 198.8 (38), 181.7 (100), 153.8 (69), 113.8 (6), 97.9 (14), 86.0 (98)

199.0 (15) 153.8 (100), 86.0 (27)
182.0 (37) 153.7 (100), 113.8 (21), 97.9 (78)
154.0 (3) 97.9 (100), 86.0 (49), 84.0 (51)

cyclo(Val-Val) (4) 199.0 (1) 170.7 (46), 153.7 (100), 125.8 (45), 99.8 (3), 72.2 (82)
171.0 (11) 125.8 (100), 72.2 (32)
154.0 (7) 125.8 (100), 111.8 (2), 84.0 (7), 70.2 (2)
126.0 (3) 108.8 (6), 84.0 (100), 70.2 (8)

cyclo(Phe-Phe) (5) 295.0 (9) 266.8 (29), 249.7 (6), 221.7 (6), 119.8 (100), 102.8 (7)
267.0 (4) 221.7 (30), 129.7 (15), 119.7 (100), 102.8 (4)
222.0 (2) 129.7 (100)
120.0 (3) 102.8 (71), 92.9 (100)

cyclo(Trp-Trp) (6) 373.0 (2) 241.7 (24), 213.7 (7), 168.7 (17), 129.7 (100)
242.0 (3) 213.7 (71), 185.7 (45), 168.7 (100), 129.7 (44)
214.0 (72) 185.7 (100), 168.7 (68)

cyclo(Tyr-Tyr) (7) 327.0 (4) 298.9 (55), 253.8 (10), 220.8 (15), 192.8 (7), 135.8 (100), 118.8 (14)
299.0 (64) 253.8 (56), 145.8 (30), 135.8 (100)
254.0 (2) 145.7 (100)

cyclo(Met-Met) (8) 263.0 (14) 214.7 (100), 166.6 (21), 138.7 (3)
215.0 (3) 166.6 (100), 138.7 (16), 110.8 (7)
167.0 (4) 138.7 (37), 110.7 (100)

cyclo(Pro-Pro) (9) 195.0 (16) 164.7 (24), 97.9 (8), 70.2 (100)
165.0 (4) 136.7 (100), 70.2 (16)

cyclo(Ala-Leu) (10) 185.0 (6) 156.9 (23), 139.9 (100), 86.2 (51)
157.0 (17) 112.0 (15), 86.1 (100)
140.0 (42) 121.9 (20), 112.0 (100)

cyclo(Ala-Phe) (11) 219.0 (31) 190.8 (70), 173.8 (28), 119.9 (100)
191.0 (4) 145.8 (8), 119.9 (100)
174.0 (28) 155.8 (90), 145.9 (100)

cyclo(Ala-Pro) (12) 169.0 (2) 140.9 (97), 123.8 (43), 70.3 (100)
cyclo(Ala-Trp) (13) 258.0 (16) 129.9 (100), 112.9 (10)
cyclo(Phe-Trp) (14) 334.0 (5) 129.9 (100)

showed that protonation occurs directly at the nitrogen of DKP ring instead of the carbonyl oxygen, as
shown ions A in Scheme 1.

Then different categories of cyclic dipeptides follow different fragmentation pathways; and at the same
time, the same categories of cyclic dipeptides follow similar fragmentation pathways. For the protonated
ions A of compounds 1–4 with alkyl substituents, the base peak is produced by a loss of 45 Da to form
ions C, [M + H − HCONH2]+, which has a large conjugated structure and can stabilize the positive
electrical charge as shown in Scheme 1. The previous work has also observed the product ions [M + H −
CO − HCONH2]+ and [M + H − H2O − HCONH2]+ for a series of DKPs isolated from Aspergillus
fumigatus [11]. Furthermore, compounds 1–4 show other common fragmentation pathways with loss of
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Scheme 1. The fragmentation pathways of protonated cyclic dipeptides.

CO from ions A to form ions B and then successive loss of 45 Da to form ions E. The product ions E
can, subsequently, lose one unsaturated substituent to form ions G. However, in the ESI-MS2 spectrum
of compound 1, only ion B and C can be observed. In addition, for compounds 2–4, the ions F can be
produced by an elimination of an amino acid residue from ions B. In the same manner as the previous
work [11], the product ions F of compounds 2–4, which are secondary or tertiary carbenium, are more
stable than the corresponding primary carbenium of compound 1 because of the hyperconjugative effect
of their alkyl groups. Therefore, the ion F of compound 1 cannot be observed in the mass spectra, while
the ions F are the secondary strong peaks in the mass spectra of compounds 2–4. As the example, the
ESI-MS2 spectra of compounds 1, 2 and 4 are shown in Fig. 2. Figure 2(a) shows the ESI-MS2 spectra of
compound 1, cyclo(Ala-Ala). Figure 2(b) shows the ESI-MS2 spectra of compound 2, cyclo(Leu-Leu)
and Fig. 2(c) shows the ESI-MS2 spectra of compound 4, cyclo(Val-Val). The base peaks of compounds
1, 2 and 4 are all produced by a loss of 45 Da to form ions C ([M + H − HCONH2]+) at m/z 98, 182
and 154 respectively. Furthermore, other common fragmentation pathways are observed with loss of CO
from ions A to form ions B at m/z 115, 199 and 171 respectively.

Compounds 5–7, with aromatic substituents at C(3) and C(6), show other fragmentation character-
istics. The base peaks of compounds 5 and 7 are produced by the sequential losses of CO and amino
acid residue to form ions F. The ions F of compounds 5 and 7 with aromatic substituents are secondary
carbenium, which are more stable than the corresponding ions of compounds 1–4 since the electron-
release-inductive and hyperconjugative effects of the benzyl group. Therefore, ions F become the base
peaks in the mass spectra of compounds 5 and 7. At the same time, compounds 5 and 7 have some com-
mon fragmentation pathways as compounds 1–4. The product ions B ([M + H − CO]+) and E ([M +
H − CO − HCONH2]+) can also be observed in their spectra. However, it is strange that compound 6
has different fragmentation pathways compared with the compounds 5 and 7. Its base peak is the pro-
tonated subsistent, ion J at m/z 130. From the ESI-MSn data, it can be presumed that first, ion A of
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Fig. 2. ESI-MS2 spectra of compounds 1 (a), 2 (b) and 4 (c).

compound 6 eliminates a substituent molecule, 3-methyl-1-H-indole, to produce ion H, and then ion H
dissociates further to form ions I and J as shown in Scheme 1. Of course, ion J can be directly produced
from ion A, and ion J is observed as base peak in the mass spectrum of compound 6, since 3-methylene-
1-H-indole positive ion, ion J, can rearrange to the more stable structure, protonated quinoline ion as
shown in Scheme 1.

For compound 8 with sulphur atom in its substituent, the main fragmentation is driven by the het-
erolytic cleavage at the sulphur atom from protonated molecule A to form the base peak at m/z 215 by a
loss of CH3SH, and it can subsequently lose another CH3SH to form the ion at m/z 167 as base peak in
the ESI-MS3 spectrum. Then the ions at m/z 139 and 111 are produced by sequential losses of CH2CH2

molecule validated by ESI-MSn data. The fragmentation pathway of compound 9 is relatively simpler
than those of other compounds. The protonated molecule A of compound 9 loses a proline residue to
form ion D, then successively loses CO to form ion F, which is the base peak formed via a concerted
fragmentation reaction similar to the literature [11]. In addition, the ion at m/z 165, resulting from the
loss of HCHO from the parent ion at m/z 195, can subsequently loss CO to form the ion at m/z 137,
which is the base peak in the ESI-MS3 spectrum of compound 9.

Some interpretations are supported by hydrogen/deuterium (H/D) exchange experiments. The
deuterium-labeled samples were prepared by dissolving the sample in CH3OD and shaking to exchange
the labile protons. The deuterated and non-deuterated samples were analyzed under the same experi-
mental conditions. As an example, the ESI-MS2 spectra of compound 2 are shown in Fig. 3. Figure 3(a)
shows the spectrum of the deuterated sample and Fig. 3(b) shows that of the non-deuterated sample. As
shown in Fig. 3(a), the deuterium-labeled protonated molecule ion of compound 2 at m/z 230, which
includes three deuterium atoms, gives a base product ion C [M(2D) + D − 47] at m/z 183, which is
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Fig. 3. Deuterium-labeled (a) and non-deuterium-labeled (b) ESI-MS2 spectra of compound 2.

formed by elimination of a HCOND2 molecule. Another product ion F [M(2D) + D − 143] at m/z 87
is formed by the successive elimination of a CO molecule and an amino acid residue molecule. The
result suggested that not only HCOND2, but also the amino acid residue eliminated from the parent
ion A contain the active hydrogen. The result also showed that the fragmentation pathways obtained
by hydrogen/deuterium (H/D) exchange experiments are consistent with the proposed mechanisms. To
further verify the mechanisms proposed above, ESI-MS2 of the fragment ions A was carried out by high
resolution mass spectra and the data are listed in Table 1. The results of high-resolution ESI-Q-TOF-MS
testified that the main fragmentation pathways for homo-cyclic dipeptides are in full agreement with the
results as shown in Scheme 1.

3.2. ESI-MSn spectra of hetero-cyclic dipeptides

For the sake of validating the fragmentation pathways proposed, the fragmentation pathways of five
protonated hetero-cyclic dipeptides, compounds 10–14, under low-energy CID conditions were investi-
gated. ESI-MSn spectra data of protonated hetero-cyclic dipeptides are shown in Tables 1 and 2. Hetero-
cyclic dipeptides 10–14 have two different substituents. Compounds 10–13 contain an alkyl substituent
and an aromatical substituent or cyclic substituent; at the same time, compound 14 has two aromati-
cal substituents. According to the mechanism proposed above, the protonated cyclic dipeptides tend to
eliminate a molecular CO to form ions B, to eliminate a HCONH2 to form ions C or to lose an amino
acid residue to form ions D. So, it is clearly that the compounds 10–12 should have the common product
ions B and C. For compound 10 cyclo(Ala-Leu), which has two alkyl substituents, its base peak is ion C,
followed by ion F (51%) and ion B (23%). However, there are two alternative pathways to form ion F:
the protonated molecule ion of compound 10 can lose alanine residue to form ion F with leucine sub-
stituent, or on the contrary, lose leucine residue to form the ion F with alanine substituent. As discussion
above, the ion F with leucine substituent is a tertiary carbenium, and more stable than the corresponding
primary carbenium of ion F with alanine substituent. Consequently, the ion F observed in mass spectra
of compound 10 is all tertiary carbenium with leucine substituent. As to compound 11 cyclo(Ala-Phe),
with a benzyl group, show the same fragmentation characteristic as compound 5 cyclo(Phe-Phe). Its base
peak is the ion F with a benzyl substituent, produced by losing of a CO molecule and alanine residue.
And in the same way, since the electron-release-inductive and hyperconjugative effects of the benzyl
group, the ion F with benzyl substituent can arrange to the more stable ions with the larger conjugated
structure. Therefore, the ion F become the base peak of compounds 11, followed by ion B (70%) and
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ion C (28%). Though compound 12 cyclo(Ala-Pro) has a special cyclic substituent from proline, its
fragmentation characteristic is similar to compound 11. Its base peak is the ion F, produced by losing of
a molecular CO and alanine residue, owing to the stability of tertiary carbenium. Ions B (97%) and C
(43%) also are the product of compound 12. Both compound 13 cyclo(Ala-Trp) and 14 cyclo(Phe-Trp)
are consisted of tryptophan, so the protonated substituent, ions J, become the base peak of compounds 13
and 14, which are similar to the spectra of compound 6 cyclo(Trp-Trp). Therefore, the observations from
the mass spectra of five hetero-cycil dipeptides are quite in agreement with the proposed fragmentation
pathways of homo-cycil dipeptides.

4. Conclusions

ESI-MSn spectra of nine homo-cyclic dipeptides and five hetero-cycil dipeptides in positive mode
were investigated and the fragmentation pathways were elucidated. Under low-energy CID conditions,
the protonated cyclic dipeptides tend to eliminate CO, HCONH2, amino acid residue or saturated sub-
stituent molecule (R + H) to form ions B, ions C, ions D or ions H. Using hydrogen/deuterium (H/D)
exchange experiments and combining with the high-resolution mass data, it is found that the cyclic
dipeptides with alkyl substituents tend to eliminate the HCONH2 molecular to form ions C, [M + H −
HCONH2]+. At the same time, the cyclic dipeptides with aromatical substituents (Phe, Tyr) tend to suc-
cessively eliminate the amino acid residue and CO molecule to form ions F, [M + H − CO − residue]+.
However, the cyclic dipeptides consisting of tryptophan are apt to form ions J, [substituent]+. These
observations may have some potential applications in the structural elucidation and interpretation of the
mass spectra of homologous compounds.
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