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Different mass spectrometry (MS) techniques have been applied to the study of modified
tryptophan isomers obtained by photochemical reactions. The gas phase behavior of the
molecular ions and the most abundant fragment ions produced under electron ionization has
been selectively studied by MS/MS experiments. Both the fragmentation reactions occurring
in the ion source, as well as those produced under collision-induced dissociation conditions
have allowed to characterize and differentiate each isomer from the others. Investigation of a
bisubstituted derivative has been useful in the rationalization of the gas phase behavior of this
series of modified tryptophans. This study has allowed the evaluation of the role played by the
substituents and their positions at the indolic ring on the gas phase decompositions that are
distinctive and selective for each isomer. The occurrence of regiospecific reactions suggests
that isomerization phenomena do not occur either in the molecular ions or in the main
fragment ions in the gas phase. (J Am Soc Mass Spectrom 2002, 13, 1298–1303) © 2002
American Society for Mass Spectrometry

There is a growing interest in synthesizing modi-
fied amino acids and in the creation of unnatural
amino acid combinatorial libraries. With modi-

fied compounds it is possible to obtain new inhibitors of
enzymes [1], information about the importance of some
structural elements, and assess the role of residues in
catalytic/substrate binding, enzyme structure, and
thermal stability of the molecule. Modified amino acids
can be also useful markers for specific sites inside the
structures of peptides and proteins thus representing an
important tool for their structural characterization.
Tryptophan residues are essential for the activity of
various endogenous peptides [2, 3], and their modifica-
tion can completely alter the activity of the enzymes
[4, 5].

The availability of methods that allow an unambig-
uous characterization and differentiation of modified
amino acid derivatives is very important. As most of
them are isomers, high specificity and selectivity, to-
gether with good sensitivity, are required. Mass spec-
trometry is an important tool that can be conveniently
used for the characterization of isomeric ion structures.
In particular, it has been used in studying the indole
skeleton that characterizes tryptophan [6–12].

In the frame of a research project aimed at the gas
phase characterization and differentiation of heterocy-
clic isomers [13–16], we wish to report here on a study

of the modified tryptophans 1–4 (Scheme 1) obtained by
photochemical reactions [17]. As these compounds are
potentially useful in the chemistry of peptides and
proteins, their characterization and differentiation are
particularly interesting.

Compounds 1–3 are positional isomers, differing for
the position of the �-cyanoethyl substituent at the
indolic ring. The behavior of high internal energy ions
formed in the source has been investigated by low and
high resolution MS. MS/MS experiments have been
carried out on both the molecular and the most abun-
dant fragment ions. The comparison with the bisubsti-
tuted derivative 4 has allowed the evaluation of the
influence of the position of the �-cyanoethyl substituent
on the decomposition pathways.

Experimental

Compounds 1–4 were synthesized by photochemical
irradiation of N-acetyltryptophan methyl ester in the
presence of an excess of acrylonitrile, as previously
reported [17]. Mass spectrometric measurements were
performed on a VG 70-250S two sector mass spectrom-
eter (VG Analytical Ltd., Manchester, UK) connected to
an OPUS 2000 data system. Electron ionization was
performed at 70 eV, emission current 0.2 mA, with a
source temperature of 200 °C. The accelerating voltage
was 8 kV and the resolution was 1000 M/�M (10%
valley), or 10,000 M/�M (10% valley) under high reso-
lution conditions.

The samples were introduced in the EI source via the
direct inlet without heating the probe. Appropriate
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linked scans between the electrostatic and the magnet
sectors were used to detect parent and product ions,
and decompositions involving neutral losses. Collision-
induced dissociation (CID) experiments were carried
out by introducing argon in the collision cell located in
the first field free region until the intensity of the main
beam was reduced to 50% of its original value. Repli-
cated measurements showed that the reproducibility of
the relative peak abundances in CID spectra was within
10%.

Results and Discussion

Mass Spectra

Unlike from positional isomers that often produce sim-
ilar mass spectra [13], the compounds under investiga-
tion give rise to fragmentation reactions in the ion
source that result in being distinctive and specific
depending on the position of the �-cyanoethyl substitu-
ent at the indolic ring (Figure 1). Most of the unimo-
lecular reactions are the same for all the isomers, but
there are great differences in the relative abundances of
the product ions.

For Compounds 1–3, the molecular ions are not very
abundant (6 (3) � 22% (2)). The base peak is at m/z 183
and corresponds to the elimination of the
�CH(COOCH3)NHCOCH3 radical from the molecular
ion. Similar to analogous derivatives [18, 19], the high
stability of the species at m/z 183 can be reasonably
attributed to an expansion of the five membered ring
yielding a very stable �-cyanoethylquinolinium ion
(Scheme 2).

Another common unimolecular process followed by
isomers 1–3 yields fragment ions at m/z 254. They might
be produced by loss of the �COOCH3 radical or by that

of NH2COCH3 from the molecular ions. Accurate mass
measurements have allowed the determination that the
elimination of NH2COCH3 occurs. This reaction in-
volves the rearrangement of one hydrogen on the
leaving group, reasonably from the adjacent methylene
group.

The position of the substituent yields specific and
distinctive fragmentation reactions. The spatial proxim-
ity between the substituent at position 3 of the indolic
ring and the �-cyanoethyl group causes a distinctive
loss of methanol from ions at m/z 254 of derivative 2
(Figure 1, middle), yielding fragment ions at m/z 222.
These ions can further lose a CH3CO� radical producing
cations at m/z 179, that are distinctive for isomer 2
(Figure 1, middle).

Isomers 1–3 show other common fragmentation
pathways with large differences in relative abundances
of the product ions. One of these consists of the loss of
HCN from the species at m/z 183, thus producing ions at
m/z 156, whose abundance is very scarce for isomers 1
and 3 (�5%) but high for compound 2 (64%) (Figure 1,
Scheme 2). Also ions at m/z 168, whose elemental

Scheme 1

Figure 1. Electron ionization (70 eV) mass spectra of derivatives
1 (top), 2 (middle), and 3 (bottom).
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composition corresponds to [C11H8N2]��, show differ-
ences in their relative abundances in the mass spectra of
the three isomers, being more abundant for compounds
2 and 3 (Figure 1).

Another important isomeric differentiation concerns
the ions at m/z 129 and 130 that formally correspond to
a quinolyl radical cation and a quinolinium ion, respec-
tively. Ions at m/z 129 show close abundances for 1
(16%) and 2 (12%), while for isomer 3 they are very
scarce. On the other hand, the formation of quinolinium
ions (m/z 130) occurs in a large extent only for 1, thus
allowing a further differentiation from isomers 2 and 3
(Figure 1).

The insertion of a second �-cyanoethyl substituent at
the indolic ring, as it occurs in derivative 4, does not
produce big changes in the fragmentation reactions
occurring in the ion source (Figure 2, top). The molec-
ular ion (m/z 366) has a relative abundance (20%) close
to those observed for isomers 1–3. Similarly, the base
peak is produced by fragmentation of the substituent at
position 3 of the indolic ring and it corresponds to the
elimination of the �CH(COOCH3)NHCOCH3 radical
from the molecular ion, yielding species at m/z 236. The
latter can further decompose by loss of CH2CHCN
giving product ions at m/z 183. Alternatively, the mo-
lecular ion of 4 can eliminate NH2COCH3 as confirmed
by accurate mass measurements of ions at m/z 307,
followed by loss of HCN, thus producing ions at m/z 280.

Collision-Induced Dissociations

Molecular ions. The CID product ion mass spectra
obtained by selecting the molecular ion of isomers 1–3
as the main beam show two kinds of reactions: common
decomposition pathways that yield the most abundant
ions and regiochemical reactions whose occurrence is

depending on the position of the �-cyanoethyl group at
the indolic ring.

For the three isomers, the most abundant ions are at
m/z 254 and 183, suggesting behavior similar to that
shown by high internal energy ions inside the source
(Scheme 2). The isomeric differentiation is highly evi-
dent and specific by considering minor ionic species
present in the CID spectra. As an example, ions at m/z
227 that are specific for isomer 1 originate from ions at
m/z 254 by loss of HCN. Ions at m/z 129, which formally
correspond to a quinolyl radical cation, are produced
distinctively by the same isomer.

In addition to the different relative intensity of ions
at m/z 183, isomer 2 can also be distinguished from the
two others by the presence of ions at m/z 222 and 170.
The former are produced by loss of methanol from the
species at m/z 254. The loss of methanol ions at m/z 254
is favored by isomer 2 because there is spatial proximity
between the two substituents at positions 3 and 4 of the
indolic ring (see below). Ions at m/z 170 formally
correspond to 4-(1-cyanoethyl)indole and might be
formed by loss of the substituent at position 3 from M��

with hydrogen rearrangement. Derivative 3 can be
easily differentiated from the other isomers by the
absence of ions at m/z 227, 222, and 170, while ions at
m/z 183 have the lesser abundance. Ions at m/z 168 are
also present in the CID mass spectrum of 3. The CID
product ion mass spectrum of derivative 4 (Figure 2,
bottom) shows the most abundant ions at m/z 307 that
correspond to the loss of NH2COCH3 from the molec-
ular ion. Similarly to what occurs for isomer 1, a

Scheme 2

Figure 2. Gas phase characterization of Compound 4: Mass
spectrum (EI, 70 eV) (top), and CID product ion spectrum of its
molecular ion (m/z 366) (bottom).
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prominent loss of HCN is observed from this species
producing ions at m/z 280. It follows that the detection
of this reaction pathway is highly specific and diagnos-
tic for the presence of the �-cyanoethyl substituent at
the endocyclic nitrogen.

Ions at m/z 236 are analogous to those at m/z 183
produced by isomers 1–3 and correspond to the elimi-
nation of �CH(COOCH3)NHCOCH3 from the molecular
ion. Their relative abundance (36%) is close to that
observed for the ions at m/z 183 produced by 1. Unlike
from isomers 1–3, ions [M � 43]�, attributable to the
loss of the �COCH3 radical, are observed for 4.

[M � NH2COCH3]�� fragment ions. The study of the
CID mass spectra produced by fragment ions allows a
better insight into the structural characterization and
isomeric differentiation of compounds 1–4. Further-
more, it is useful to establish whether isomerization
phenomena occur after partial decomposition of the
molecular ion.

By analyzing the CID product ion mass spectra
obtained by selecting the species [M � NH2COCH3]��

(m/z 254) formed in the ion source by isomers 1–3 two
main decomposition pathways can be envisaged: one
begins from the fragmentation of the substituent at
position 3, the other involves the decomposition of the
�-cyanoethyl group (Figure 3). A spectacular regio-
chemical effect is observed with regard to the most
abundant ions produced under the CID regime: while
for isomers 1 and 3 they are at m/z 223, for compound 2
they are at m/z 222 (Figure 3). In the former case a
methoxy radical is lost, while elimination of methanol
occurs distinctively from 2. The latter can be rational-
ized by considering the spatial proximity effect between
the substituents at positions 3 and 4 of the indolic ring
in the structure of 2. This should allow a hydrogen
transfer from the methine of the �-cyanoethyl group to
the methoxyl thus allowing elimination of CH3OH.

Owing to the loss of �OCH3 from ions at m/z 254 of
isomers 1 and 3, a new fused five membered ring can
reasonably be formed, thus producing very stable tri-
cyclic cations at m/z 223. The latter further decompose
by loss of HCN yielding ions at m/z 196, whose relative
intensities are similar for the two isomers. The radical
ions at m/z 222 yielded by 2 do not lose HCN.

Another decomposition pathway followed by the
species [M � NH2COCH3]�� involves the loss of a
methyl radical and produces cations at m/z 239 whose
relative intensity increases passing from 2 (4%) to 1
(18%) and 3 (93%) (Figure 3). The large difference in the
relative intensities of the product ions suggests that the
loss of �CH3 occurs from the �-cyanoethyl substituent
whose position is distinctive for each isomer. Owing to
this, it is reasonable to say that the pendant C2HN chain
gives rise to a new pyrrole ring fused at different edges
of the indolic ring, depending on the position of the
substitution. Also, the CID mass spectrum of the ions
[M � NH2COCH3]�� produced by the 1,6-bisubstituted
compound 4 shows the loss of �CH3 and that of �OCH3.

As this behavior is similar to that shown by compound
3, it is reasonable to say that the loss of the methyl
radical occurs from the substituent at position 6.

An additional factor that might contribute to the
high intensities of the species [(M � NH2COCH3) �
CH3]� observed for 3 and 4 might be ascribed to the
competition between the two decomposition reactions
that involve the loss of �OCH3 and �CH3. This competi-
tion, absent in the case of 2 and relatively scarce for 1,
strongly differentiates isomer 3 and compound 4 from
the other two regioisomers. Ions at m/z 239 produced by
1–3 can decompose by loss of HCN or by elimination of
methylformiate yielding cations at m/z 212 and 179,
respectively. The large differences in their relative in-
tensities still allow isomeric differentiation of the three
compounds. Analogous pathways are also observed for
4 and produce ions at m/z 265 and 232, respectively.

Another common decomposition concerns the elim-
ination of the whole substituent at position 3 of the
indolic ring. This causes the formation of ions at m/z 169
that are much more intense for 3 and 1 than for 2
(Figure 3). An analogous pathway occurs also for 4 and

Figure 3. CID product ion spectra obtained by selecting the [M �
NH2COCH3]�� fragment ions (m/z 254) from isomers 1 (top), 2
(middle), and 3 (bottom).
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yields ions at m/z 222. These can further fragment by
loss of a methyl radical thus producing cations at m/z
207. Unlike from 2 and 3, the [M � NH2COCH3]�� ions
produced by isomer 1 give rise to other decomposition
reactions that yield not very intense but highly distinc-
tive ionic species, such as the loss of HCN and the
elimination of the �-cyanoethyl group bound to N(1).

[M � CH(COOCH3)NHCOCH3]� fragment ions. Owing
to the elimination of the �CH(COOCH3)NHCOCH3 rad-
ical from the molecular ions of isomers 1–3, it is
reasonable to say that a rearrangement yielding a ring
expansion of the pyrrole ring occurs in the gas phase
[19]. The resulting substituted quinolinium cations (m/z
183, Scheme 2) show decompositions that are strongly
influenced by the position of the �-cyanoethyl group.
Ions at m/z 183 generally follow the same CID pathways
but great differences in product ion intensities are
observed, thus evidencing specific and distinctive gas
phase behavior (Figure 4).

For isomer 1, in which the substituent is bound to the
indolic nitrogen, a quite extended decomposition pat-
tern is observed (Figure 4, top). The most intense
product ions are at m/z 129 (100%) and 130 (73%) due to
the elimination of the �-cyanoethyl radical and C3H3N,
respectively. These abundant decompositions, detect-
able only at trace level for the other two isomers, are
diagnostic for the presence of the �-cyanoethyl group at
the indolic nitrogen. Ions at m/z 129 can further elimi-
nate HCN, a typical fragmentation of quinoline, thus
producing the species at m/z 102 (Figure 4, top). Al-
though quinolinium cations formed by isomers 2 and 3
have the �-cyanoethyl substituent at the benzene ring,
they follow regiospecific decomposition reactions that
allow their unambiguous characterization and differen-
tiation in the gas phase. In the case of 2, ions at m/z 156,
due to elimination of HCN, carry most of the total ion
current (Figure 4, middle). The same loss is also ob-
served for isomers 1 and 3, reasonably from the �-cya-
noethyl substituent. On the other hand, for compound 3
the most important decomposition reaction corre-
sponds to the loss of a methyl radical (Figure 4, bottom).

Product ions at m/z 140 are also produced in small
amount by isomers 1–3, and correspond to consecutive
eliminations of �CH3 and �CH2N from ions at m/z 183.
The loss of the �CH(COOCH3)NHCOCH3 radical from
the molecular ion of derivative 4 produces ions at m/z
236. As expected, most of the CID decompositions
resembles those produced by isomers 1 and 3. The
losses of �CH3 and HCN yield intense ions at m/z 221
and 209, respectively, while the most abundant product
ions are at m/z 183. They are produced by elimination of
C3H3N, most probably from the position 1 of the indolic
ring; formally they correspond to a monosubstituted
�-cyanoethyl quinolinium ion. This latter can eliminate
a methyl radical or HCN producing ions at m/z 168 and
156, respectively. Alternatively, a �C3H4N radical can be
lost from the species at m/z 236. The resulting ions (m/z

182) can lose a methyl radical yielding abundant ions at
m/z 167.

Conclusion

The present study has shown that different mass spec-
trometry and MS/MS techniques are useful tools for the
structural characterization and differentiation of modi-
fied tryptophan isomers. These compounds can be
potentially useful in the creation of unnatural amino
acid libraries and in the synthesis of modified peptides.

The study of the mass spectra of isomers 1–3 and
derivative 4 has evidenced specific and distinctive frag-
mentation reactions that occur in the ion source de-
pending on the position of the substituents at the
indolic ring. The investigation has been extended to the
study of CID reactions followed by the molecular ions
and the most intense fragment ions produced in the
source. This has allowed to increase specificity and

Figure 4. CID product ion spectra obtained by selecting the [M �
CH(COOCH3)NHCOCH3]� fragment ions (m/z 183) from isomers
1 (top), 2 (middle), and 3 (bottom).
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selectivity and to obtain useful information on gas
phase ion structures. Also, under the CID regime regio-
specific decompositions occur, depending on the posi-
tion of the �-cyanoethyl moiety at the indolic ring.

The results have shown that each compound main-
tains its own distinctive structure, not only after one
electron removal like it occurs under electron ioniza-
tion, but also after partial decomposition of its substitu-
ents at the indolic ring. The detection of regiospecific
reactions that characterize each ionic species has al-
lowed to exclude the occurrence of isomerization phe-
nomena in the gas phase.
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