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Collision-induced dissociation experiments on the Ag�–phenylalanine complex using several
collision energies were shown to yield ten different fragment ions. Unambiguous assignment
of these fragment ions were made by careful analysis of deuterium labeling experiments. The
losses of H2O, CO, CO2, and AgH were commonly observed; also encountered were the losses
of H2, Ag, and H. Deuterium labeling experiments and density functional calculations have
been employed to probe fragmentation mechanisms that account for all experimental
results. (J Am Soc Mass Spectrom 2002, 13, 408–416) © 2002 American Society for Mass
Spectrometry

The interactions of metal ions with amino acids
and peptides in the gas phase is a topic of much
current interest [1–3]. Attempts have been made

to further our understanding of complicated biological
processes by modeling them using carefully planned
gas-phase studies. In the absence of solvent, one may
study the intrinsic modes of binding governing metal–
amino acid complexes. Mass spectrometric experiments
thus offer great potential for exploring the formation
and reactivity of isolated cationic species.
Amino acid complexes of transition metal ions were

first observed and studied using fast atom bombard-
ment (FAB) [4, 5]. However, the limited solubility of
metal salts and poor sensitivity prevented widespread
systematic study of these complexes. Sensitivity is not
typically an issue in matrix-assisted laser desorption/
ionization (MALDI) [6, 7], but the fragmentation yields
of its metastably decomposing ions are often poor. As
the fragment ions potentially give information on atom
connectivity and hence structure, MALDI is therefore
non-ideal for examining fragmentation pathways. One
technique that has proven effective for the study of
metal-containing amino acids and peptides, and the one
employed here, is electrospray tandem mass spectro-
metry. First, electrospray ionization [8] is a soft ioniza-
tion method and one that is efficient at producing
gas-phase metal-containing ions [9–15], whose solubil-
ity in water or water/methanol is typically high. Sec-

ond, fragmentation is efficient and is easily controlled
via collision-induced dissociation, the energy of which
is crucial in directing fragmentation products and their
yield.
Molecular orbital calculations are frequently com-

bined with experiments in studies to obtain a better
understanding of the structure and thermochemistry of
the organometallic species of interest [1, 2, 16, 17].
Recent density functional molecular orbital studies
have shown that Ag� can be mono-, di-, or tricoordinate
in complexes with �-amino acids [18]; tetracoordinate
Ag� has been postulated for relatively small peptides
[19, 20]. The binding of silver(I) to glycine, diglycine,
and triglycine, and to a number of other polypeptides,
has been investigated [19, 20]. In particular, the struc-
tures of argentinated glycine and its oligomers have
been examined in detail by means of density functional
theory [21].
The focus of this paper is the Ag�–phenylalanine

complex. Theory has shown the binding energy of Ag�

to phenylalanine to be about 7 kcal mol�1 higher than
that of Ag� to glycine [18]. This suggests that the
interactions of Ag� with the �-system is present in the
lowest energy conformer of the Ag�–phenylalanine
complex. � Interactions with metal cations are non-
covalent and have been suggested as being important in
molecular recognition by biological receptors, in en-
zyme catalysis and in the design of novel ionophores.
One of the objectives of this study is to provide some
experimental evidence of Ag�–� interactions in phenyl-
alanine as a test system for other aromatic amino acids.
A survey of the collision-induced dissociation products
of the Ag�–phenylalanine complex is provided and
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mechanisms for the dissociation reactions are postu-
lated. These are supported by the results of deuterium-
labeling experiments and by density functional theory
(DFT) calculations.

Experimental

Materials

Stock solutions were prepared by separately dissolving
2–3 mg of phenylalanine (99% Aldrich 14,796-6) and 2–3
mg of AgNO3 (99.8% Sigma S-0139) each in 1 mL of
H2O. Sample solutions were typically 1 mM in phenyl-
alanine and 0.1 mM in AgNO3 in a mixture of 1:1
(vol/vol) H2O/CH3OH. Deionized water and reagent
grade methanol (Aldrich) were used as solvents. Deu-
terium exchange experiments were carried out in solu-
tions that contain deuterium oxide (99.9% D CDN
isotopes) and CH3OD (99.5% D Aldrich 15,193-9) in-
stead of water and methanol.

Mass Spectrometry

Experiments were performed on an API 3000 prototype
and an API III; both are AB SCIEX (Concord, Ontario)
triple-quadrupole mass spectrometers. Sample solu-
tions were continuously infused at a rate of 4 �L min�1

into the pneumatically-assisted electrospray probe us-
ing dry air as the nebulizer gas. Mass spectra were
obtained in the positive ion detection mode with unit
mass resolution, with a step size of 0.1m/z unit and with
a dwell time of 10 ms/step. Typically 10 scans were
summed to produce a mass spectrum. Product and
precursor ion spectra were obtained using nitrogen
(argon in the case of the API III) as the collision gas at
a pressure of about 3 mTorr. For the acquisition of
product ion spectra center-of-mass collision energies
(Ecm) in the range of 0.5–5 eV were employed; for
precursor ion spectra laboratory collision energies (Elab)
between 5 and 50 eV were typically used. All precursor
ion spectra discussed in this paper are available as
supplementary material.

Computational Methods

Molecular orbital calculations were performed using
Gaussian 98 [22]. All structures were optimized without
symmetry constraints by density functional theory
(DFT) using the B3LYP hybrid method [23–28]; the
6-311��G(d,p) basis set was used to examine the
protonated phenylalanine complex, while the DZVP
basis set [29, 30] was employed to study the Ag�–
phenylalanine complex and its collision-induced disso-
ciation products. All critical points were characterized
by harmonic frequency calculations and were shown to
be at minima, unless otherwise stated. The B3LYP/
DZVP level of theory was previously used to calculate
enthalpies and free energies for association reactions of
Ag� and a variety of ligands containing nitrogen [16,

31] and oxygen [32] donor atoms to within 2 kcal mol�1

of the experimental values. This level of theory was also
successfully used to obtain silver ion affinities and
basicities of all naturally-occurring amino acids [18].
These calculated basicities were shown to compare
favorably with those obtained by the kinetic method
[33]. The B3LYP/DZVP approach was also used to
probe the fragmentation pathways and reaction mech-
anisms of silver-containing amines [34] and the Ag�-
proline complex in the gas phase [17].

Results and Discussion

Electrospraying phenylalanine in the presence of Ag�

produced an abundance of phenylalanine-containing
ions (Figure 1), Ag�–phenylalanine ions (m/z 272 and
274, corresponding to [M � 107Ag]� and [M � 109Ag]�

{M � phenylalanine}, respectively). Peaks at m/z 107
and 109 are almost equally abundant; these correspond
to the two isotopes of silver. Protonated phenylalanine
ions (m/z 166) were also observed. A signal at m/z 149,
due to the loss of NH3 from protonated phenylalanine
as a result of in-source fragmentation, was also evident.
Ions at m/z 120, most likely corresponding to the loss of
H2O and CO from protonated phenylalanine, due to
in-source fragmentation, provided the most abundant
signal.
The fragmentation pattern of protonated phenylala-

nine is illustrated in Figure 2. A plausible reaction
mechanism accounting for this fragmentation pattern is
shown in Scheme 1. The formation of an immonium ion
(atm/z 120 in Figure 2), via the loss of 46 Th correspond-
ing to the elements HCOOH has been commonly ob-
served in the fragmentation of protonated amino acids
and their complexes with Ni�, Cu�, Co� and Ag�, and
Zn2� [1, 35–41]. It is the current consensus that the
elements of HCOOH are not lost as a dihydroxycar-
bene, but rather as H2O and CO. In the case of proton-
ated phenylalanine this process produces the most
abundant species, in agreement with Figure 1. Other

Figure 1. Positive ion mode electrospray mass spectrum of a
solution of 1 mM phenylalanine and 0.1 mM AgNO3 in 1:1
(vol/vol) H2O/CH3OH.
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ions in the CID spectra of protonated phenylalanine
such as those at m/z 149 corresponding to the loss of
NH3, at m/z 131 corresponding to the loss of NH3 and
H2O, and those at m/z 103 corresponding to the loss of
NH3, H2O, and CO, are all minor species. This indicates
that the pathway to produce the immonium ion at m/z
120 is the most favorable. It has been suggested that the
loss of NH3 from protonated phenylalanine is facilitated
by a phenyl group migration (Scheme 1, Path B) to
produce a phenonium ion, [36] which was shown to be
stabilized by electron-donating groups such as an OH
substituent in the para position in the case of tyrosine
[35]. However, based on the relative energies of the
products, the loss of NH3 from protonated phenylala-
nine via a hydride-assisted migration (Scheme 1, Path
A) and the production of a benzyl cation, 1B (see Figure
3) is calculated to be more favorable by 14.1 kcal mol�1

with respect to 1P, the phenonium ion (see Scheme 1
and Figure 3). However, when reaction barriers for both
processes are considered, the hydride migration was

found to have a significant forward activation barrier,
1H3 1B, of 36.5 kcal mol�1, while the phenyl migra-
tion proceeds without a barrier and thus only has to
overcome the reaction’s endoergicity. The phenyl mi-
gration process requires the phenyl ring and the �NH3

�

group to be on opposite sides to allow for the produc-
tion of the phenonium ion (see Figure 3). This confor-
mation of the protonated phenylalanine complex, 1Ha,
is higher in free energy than 1H, the conformation
required for the hydride shift and the production of the
benzyl cation by 6.6 kcal mol�1. The interconversion
pathway between the phenonium ion, 1P, and the more
thermodynamically stable benzyl ion, 1B, was also
considered and was found to proceed via transition
state 1B3 1P which is 23.9 kcal mol�1 above the
phenonium ion, 1P; interconversion between the two
ions is therefore unlikely. According to our optimiza-
tions at the B3LYP/6-31��G(d,p) level of theory, the
tropylium ion was found to be 3.9 kcal mol�1 lower in
energy than the benzyl cation and 17.7 kcal mol�1 lower
than the phenonium ion. However, the pathway to inter-
conversion between these ions was shown to have a high
reaction barrier [42]. This lends further support to Harri-
son and co-workers’ [36] suggestion that the loss of NH3
from protonated phenylalanine proceeds by means of a
phenyl migration. The phenonium ion does not subse-
quently rearrange to a thermodynamically more stable
species, but instead loses H2O to produce an ion at m/z
131, which in turn loses CO to produce the ion at m/z 103
as observed in Figure 2. The fact that the immonium ion
(m/z 120), generated via the loss of H2O and CO from
protonated phenylalanine, is the most dominant species
suggests that if Path C in Scheme 1 has a reaction barrier
it must be significantly lower than 24.9 kcal mol�1, which
is the endoergicity required to generate the phenonium
ion, 1P (at m/z 149), while Path A may be discounted
because of its relatively high reaction barrier.
The fragmentation pattern of Ag�–phenylalanine is

given in Figure 4. Unambiguous assignment of the
peaks can be made by comparing the product ion
spectra of phenylalanine and that of d3–phenylalanine
(phenylalanine with its �NH2 and COOH hydrogen
atoms replaced by deuterium atoms) complexed with
the two silver isotopes. Comparing the fragmentation
patterns in Figure 4a and b, it is clear that each of the
ions in these spectra contains silver with the exception
of the ions at m/z 164, 146, 120, 119, and 118. The ions
containing silver were assigned as [M � H2O � Ag]�

m/z 254 (Figure 4a), m/z 256 (Figure 4b); [M � NH3 �
CO � Ag]� m/z 227 (Figure 4a), m/z 229 (Figure 4b); [M
� H2O � CO � Ag]� m/z 226 (Figure 4a), m/z 228
(Figure 4b); [M � NH3 � CO2 � Ag]� m/z 211 (Figure
4a), m/z 213 (Figure 4b); [Ag � NH3]

� m/z 124 (Figure
4a),m/z 126 (Figure 4b); and Ag� m/z 107 (Figure 4a)m/z
109 (Figure 4b). The ions which do not contain silver,
m/z 164 (Figure 4a and b), m/z 146 (Figure 4a and b) m/z
120 (Figure 4a and b), m/z 119 (Figure 4a and b) and m/z
118 (Figure 4a and b) are assigned as [(M � Ag) �
AgH]�, [(M � Ag) �Ag � H2O]

�, [(M � Ag) � AgH �

Figure 2. Collision-induced dissociation of protonated phenylal-
anine at 20.8 eV laboratory collision energy.

Scheme 1. Bold numbers are structure numbers; bold italicized
numbers are nominal m/z values of 107Ag- and 1H-containing ions.
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CO2]
�, [(M � Ag) � H2O � CO �Ag]� and [(M � Ag)

� H2O � AgH � CO]�, respectively. A comparison of
Figure 4b and c provides information on the number of
labile (exchangeable) hydrogen atoms contained within
the product ions. From this comparison it is apparent
that the ions in Figure 4b at m/z 229 and 213 must
contain no exchangeable hydrogen atoms, those at m/z
256, 228, and 146 must contain one exchangeable hy-
drogen atom, that at m/z 120 must contain two ex-
changeable hydrogen atoms and finally those at m/z
274, 164, and 126 must contain three exchangeable
hydrogen atoms.
Some of the fragmentation products of Ag�–phenyl-

alanine observed in Figure 4 are analogous to fragments
observed for amino acids cationized by a proton or by
metal ions such as Cu�, Fe� and Ni�, [36–38, 40, 42, 43]
while many of these fragment products in Figure 4
appear to be unique and may be induced by the
presence of Ag� [41]. The loss of H2O from Ag�–
phenylalanine was observed in the analogous Cu�

complex [40]. The formation of an immonium ion via
the loss of H2O and CO observed in the CID of
Ag�–phenylalanine was also observed for most
�-amino acid complexes with Ag� [44]. This fragmen-
tation to yield an immonium ion is very common and
has been observed for Cu� and Ni� complexes of
phenylalanine [37, 38, 40], for the Zn2� complex with
glycine [39], and for protonated amino acids [36, 43]
including phenylalanine, as is shown here in Figure 2.
By contrast, the CID spectra of K� and Cs� com-

plexes with phenylalanine are reported to contain only
the bare metal cation [41]. This is perhaps due to a lower
binding affinity of phenylalanine to K� and Cs�, com-
pared to its binding affinity to Fe�, Cu�, Ni�, or Ag�. A
higher binding affinity in the latter cases makes the
metal ion dissociation pathway competitive with other
dissociation pathways and thus product ions other than
the bare metal ions are formed for these complexes. In
fact, the CID spectrum of Ag�–glycine is the only
example in which the bare metal cation is the lone

fragment observed [44]; theoretical calculations have
shown that the binding energy of Ag� to glycine to be
at least 2 kcal mol�1 lower than that of any other amino
acid. Two pathways that appear to be unique to silver-
cationized species are the loss of AgH and the formation
of Ag�–NH3. The loss of AgHwas previously observed in
the CID of silver-cationized amines [34], as a product of
the reaction of Ag� with hydrocarbons [45], and as a
fragment product of Ag� complexes with most �-amino
acids [44], including the Ag�–proline complex [17]. The
mechanism leading to the loss of a neutral AgH molecule
was investigated in detail [17, 34].
Previous to these mechanistic studies, an alternate

explanation based on C™H bond activation and metal
insertion was proposed, but barriers for these processes
were not obtained [45]. The formation of Ag�–NH3
requires the attachment of Ag� to a ligand containing at
least one amino group and another coordination site. It
is thus not surprising that this ion was not observed in
the CID spectra of silver-cationized mono-amines [34],
but was present in those of silver-cationized diamines
(unpublished results). This ion is also a common frag-
mentation product of most of �-amino acid complexes
with Ag� [44].
From the precursor ion spectrum of m/z 211 (provid-

ed in the Appendix), it is evident that the major source
of this ion is the [M� 107Ag]� complex. Parenthetically,
two peaks at m/z 243 and m/z 229 are observed and
assigned as methanol and water adducts of the ion at
m/z 211, due to the in-source fragmentation of [M �
107Ag]� to producem/z 211 and its subsequent in-source
complexation with the solvent molecules. These ions at
m/z 243 and 229, in turn, lose CH3OH and H2O respec-
tively to produce m/z 211, and are thus recorded in the
precursor ion spectrum.
The precursor ion spectrum of m/z 164 (provided in

the Appendix) shows the dominant source of these ions
to be the ions [M � Ag]�, with minor sources from ions
at m/z 196 and 182, assigned as the adducts of m/z 164
with CH3OH and H2O, respectively. These adducts are
most likely produced in the front-end of the mass
spectrometer as previously described. These observa-
tions corroborate the formation of methanol and water
adduct species to fragment ions of the Ag�–phenylala-
nine complex most recently reported [41, 46].
The precursor ion spectrum of m/z 146 (provided in

the Appendix) shows both [M� Ag]� and [M�H2O�
Ag]� ions as sources for m/z 146, while the precursor
ion spectrum of m/z 124 (provided in the Appendix),
assigned as 107Ag�–NH3, shows [M � 107Ag]� as its
only source. The precursor ion spectrum of m/z 119
(provided in the Appendix) indicates m/z 120 as a
major source. Protonated phenylalanine (m/z 166) is
also shown as a source of m/z 119, which is most
likely formed after concomitant loss of H2O and CO
from [M � H]� (see Figure 2 and Scheme 1) to
produce m/z 120, which subsequently loses H� to
produce m/z 119. The ions [M � Ag]� (m/z 272 and

Figure 3. Relative free energies for species involved in the loss of
NH3 from protonated phenylalanine.
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274) and [M � H2O � CO � Ag]� (m/z 226 and 228)
are relatively minor sources of m/z 119.
The precursor ion spectrum of m/z 118 (provided in

the Appendix) shows the loss of H� from the ion at m/z
119 to be a dominant pathway of formation; a second
prominent source is the ion at m/z 120. A minor source
are the ions [M�H2O� CO�Ag]� atm/z 226 and 228,
which produce m/z 118 via neutral AgH loss, as is
shown in Scheme 2. The [M � Ag]� ions (m/z 272 and
274) are also a source for m/z 118. Taken collectively, the
results strongly suggest that [M � Ag]� dissociates first
to give [M�H2O� CO� Ag]�, which then dissociates
to yield m/z 118 after the loss of AgH (Scheme 2).
The structure at the global minimum on the Ag�–

phenylalanine complex surface is shown below (Struc-
ture 1, see also Scheme 2). In this form of the complex
the silver ion is tricoordinate, binding to the carbonyl
oxygen, the amino nitrogen and also interacting with
the �-system of the phenyl ring of phenylalanine.

Figure 4. Collision-induced dissociation at 26.9 eV laboratory collision energy of (a) 107Ag�–
phenylalanine, (b) 109Ag�–phenylalanine and (c) 109Ag�-d3–phenylalanine.

Structure 1

Structure 2
Scheme 2. Bold numbers are structure numbers; bold italicized
numbers are nominal m/z values of 107Ag- and 1H-containing ions.
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The major difference between Structure 2 (see also
Scheme 2) and 1 is the absence of the Ag–N interaction;
rearrangement of 1 leads to 2 by cleavage of one
coordination bond. Structure 2 then loses H2O (or D2O
for the d3 analogue, see Scheme 2) to produce 3, an
aziridinone structure which contains silver (see Figure
4a and b) and one labile (exchangeable) hydrogen atom
in accordance with a shift from m/z 256 (Figure 4b) to
m/z 257 (Figure 4c). This process from 1 to 3 has a
reaction enthalpy and a free energy of 55.8 and 43.3 kcal
mol�1. Fragmentation of ion 1 is unusual in this regard
as most argentinated amino acids lose both H2O and
CO simultaneously. Ion 3 subsequently loses CO pro-
ducing 4, a structure containing silver (see Figure 4a
and b) and one labile hydrogen atom, in accordance
with a shift from m/z 228 (Figure 4b) to m/z 229 (Figure
4c). This reaction from 3 to 4 has enthalpy and free
energy changes of 18.7 and 7.8 kcal mol�1, respectively.
Structure 4 in turn loses a silver atom to produce 5, a
radical cation with a m/z of 119, containing only one
exchangeable hydrogen atom. This is consistent with
the spectra in Figure 4 and the previously discussed
precursor ion scan results. The reaction enthalpy and
free energy for conversion of 4 to 5 are 82.8 and 54.0 kcal
mol�1, respectively. Structure 4 also loses AgH via a
different pathway to produce 7, having a m/z 118 and
containing one exchangeable hydrogen atom (Scheme
2). Conversion of 4 to 7 has a reaction enthalpy of 81.5
and a free energy of 70.3 kcal mol�1.
The aziridinone, Structure 3, also loses AgH to

produce 6, an ion which does not contain silver but has
one exchangeable hydrogen atom (Scheme 2), in accor-
dance with the results of product ion scans (Figure 4)
and precursor ion scans (Appendix). Ion 6 subsequently
loses CO to produce 7.

From Structure 2 the loss of AgH produces 8, an
ion containing three exchangeable hydrogen atoms,
in accordance with the shift from m/z 164 (Figure 4a
and b) to m/z 167 (Figure 4c). The enthalpy for
conversion from 1 to 8 is 66.5 and the free energy 54.9
kcal mol�1. Subsequent loss of CO2 from 8 produces
9, an ion with a m/z value of 120 (see Figure 4). This
reaction has an enthalpy of 12.4 and a free energy of
1.5 kcal mol�1. Structure 9 subsequently loses either a
hydrogen atom to produce 5 or a hydrogen molecule
to produce 7, in accordance with precursor ion scan
data.
Structure 10 is yet another form of the [M � Ag]�

complex and is in equilibrium with 1 and 2. The loss of
CO2 and styrene from 10 produces Ag�–NH3 or Ag

�–
ND3, ion 11. From Figure 4a and b it is clear that 11
contains silver and the shift from m/z 126 (Figure 4b) to
m/z 129 (Figure 4c) indicates the presence of three
exchangeable hydrogen atoms. Precursor ion scans in-
dicate that the [M � Ag]� ions are the only precursors
to Ag�–NH3. The enthalpy for converting 1 to 11 is 19.7
and the free energy �5.0 kcal mol�1.
Structure 10 can also lose NH3 (or ND3 for the d3

analogue) to produce a transient zwitterionic species, 12,
which loses CO2 to produce a carbene that, in turn,
rearranges to 13, a styrene molecule with Ag� complexed
to the �-system of the phenyl ring. Structure 13 contains a
silver atom, in accordance with the shift from m/z 211
(Figure 4a) to m/z 213 (Figure 4b) and contains no ex-
changeable hydrogen atoms, in accordance with Figure 4b
and c. Precursor ion data (shown in the Appendix) show
that the [M�Ag]� ions are the predominant source of the
m/z 211 ion. The reaction enthalpy from 1 to 13 is 27.5 and
the free energy 2.3 kcal mol�1.
The zwitterion 12 could also rearrange to an aziridi-

none structure 14, which subsequently loses CO to
produce 15, a structure containing silver, in accordance
with the shift fromm/z 227 (Figure 4a) tom/z 229 (Figure
4b) and contains no exchangeable hydrogen atoms, in
accordance with the peak at m/z 229 (Figure 4c). The

Figure 5. Relative free energies in parentheses at 298K in kcal
mol�1 of Ag�–phenylalanine and its dissociation products as
calculated at B3LYP/DZVP. All structures are at minima. Itali-
cized numbers are m/z values, bold numbers are structure num-
bers from Scheme 2. The loss of Ag� from 1, a common occurrence
for other Ag�-containing ions, is not included as the primary
interest here is the fragmentation of the ligand.

Figure 6. Energy-resolved collision-induced dissociation of
107Ag�–phenylalanine. The full-scale figure in the top right hand
corner is expanded and shown in the main figure for clarity.
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enthalpy for conversion of 1 to 15 is 37.6 and the free
energy 13.4 kcal mol�1.
The structures of the ions observed and their relative

free energies as calculated at B3LYP/DZVP are pre-
sented in Figure 5. This figure shows that the fragment
ions can be classified into three energy groups. The first
group is composed of the ions at m/z 124, 211, and 227.
These ions all have reaction free energies lower than 15
kcal mol�1. The second group is composed of the ions at
m/z 254, 226, 164, and 120. This latter group of ions have
reaction free energies between 40 and 60 kcal mol�1. A
final group of ions are those at m/z 118 and 119. These
two ions have a substantially higher reaction free ener-
gies at 91 and 105 kcal mol�1, respectively. It is inter-
esting to note that the summed free energy of formation
for the radical cation, 5, observed at m/z 119, and its
fragmentation partners AgH, CO2 and H (if ion, 10, at
m/z 120 is its precursor) or CO, H2O and Ag (if ion, 4, at
m/z 226 is its precursor), i.e., the reaction free energy is
the highest among all species observed relative to 1.
These calculated free energies are the minimum values
for the reaction barriers. Bearing in mind that the
collision-induced dissociations were carried out under
conditions in which there were tens of collisions, ions
that were observed under low lab-energy conditions
must, therefore, have relatively low calculated free
energies of dissociation. The reverse, however, is not
necessarily true, as an ion that has a low free energy
relative to 1 may require significant rearrangement to
allow its formation, and thus have a high reaction barrier.
The variation of fragmentation abundances as a func-

tion of collision energy is shown in Figure 6. From these
energy-resolved CID experiments it is apparent that the
loss of 107Ag� from [M � 107Ag]�, loss of NH3 and CO2
from [M � 107Ag]� to form 107Ag�–styrene, ion 13, at m/z
211, loss of H2O from [M � 107Ag]� to form the aziridi-
none, ion 3, at m/z 254, and loss of 107AgH from [M �
107Ag]� to form [M � 107Ag]�, ion 8, at m/z 164 are
efficient processes at relatively low lab-energy collision
conditions. At slightly higher collision energy conditions
the formation of ions 15, 11, and 4 atm/z 227, 124, and 226,
respectively, become dominant pathways. It is interesting
that while Figure 5 shows the formation of ion 11 (m/z 124)
from 1 to be exoergic by 5 kcal mol�1, based on the
summed free energies of Ag�–NH3, ion 11, CO2 and
styrene relative to [M � Ag]�, ion 1, the energy-resolved
CID spectrum in Figure 6 shows that this reaction is not
spontaneous, and that ion 11 reaches its maximum frac-
tional abundance at a lab-energy of about 25 eV. This
clearly indicates that this process must have a barrier
consistent with somemajor rearrangement as proposed in
Scheme 2. Figure 6 also shows that the formation of the
ions 9, 5, and 7 at m/z 120, 119, and 118, respectively,
become significant pathways only at very high lab ener-
gies, reaching their maximum fractional abundance at
about 38 eV in the lab frame. All of these ions were
calculated to have relatively high reaction free energies
and possibly even higher activation barriers (see Figure 5).
Silver-containing ions, with the exception of 11, have

Ag�–� interactions with the phenyl ring. The loss of
silver atom observed here produces a radical cation 5,
which together with the neutral products yields the
highest relative free energy. In the fragmentation of
Ag� complexes of amino acids that contain aliphatic
side chains, the losses of H2O and CO are concomitant;
however, in the case of Ag�–phenylalanine, the ion
produced by the loss of only water, 3, is not only
observed, but is one of the dominant ions at low lab
energies. The stability of this ion is attributed to Ag�–�
interaction with the phenyl ring. After the submission of
this contribution, a paper by Perera et al. [46] appeared in
which most of the observations and conclusions indepen-
dently reported here are corroborated. We thank one of
the reviewers for pointing out possible alternative path-
ways for the fragmentation reactions observed for the
Ag�–phenylalanine complex that involve activation of
and insertion of the metal ion into various C™C, C™N, and
C™H bonds and eventual fragmentation, which have pre-
viously been suggested for Cu�–phenylalanine [40, 47]
and for Ag�–hydrocarbon complexes [45]. These path-
ways appear to be high-energy processes; ruling them out,
however, would require a substantial amount of work and
is best left to a future investigation.

Acknowledgments
The authors are grateful to the reviewers of this manuscript for
their very insightful and helpful suggestions, and to Houssain El
Aribi and Steve Quan for technical assistance. The authors thank
the Natural Sciences and Engineering Council of Canada
(NSERC), MDS SCIEX, the Canadian Foundation for Innovation
(CFI), and the Ontario Innovation Trust (OIT) for financial sup-
port. TS acknowledges financial support in the form of an Ontario
Graduate Scholarship in Science and Technology.

Appendix
Precursor ion scans for m/z 211, 164, 146, 124, 119, and
118 are shown.
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