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bstract

The reactions between Cu+ and the four natural aromatic amino acids (AAarom = Phe, Tyr, Trp and His) have been investigated by means of
lectrospray ionization mass spectrometry. Metal cation complexes ([Cu AAarom]+) were formed in the electrospray source and collision-induced

63 +
ragmentations of the most abundant isotopic form, [ Cu AAarom] , were studied for each amino acid. The same fragmentation pattern is observed
or all the amino acids, the most important peak corresponding in all cases to the loss of CH2O2. Among the four aromatic amino acids, the [Cu
he]+ complex was selected for a computational study of the potential energy surface. Several mechanisms were studied at the B3LYP level and
ost of the observed fragmentations start with the metal cation insertion into the C C backbone bond or into the C R bond of the amino acid.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During the past years, considerable attention has been
irected towards the properties of gas phase complexes between
are transition metal cations and relevant biological molecules
1–3] particularly because metal cations interaction with neutral
ompounds implies a reorganization of the charge density of the
eutral moiety, which leads to an activation of some particu-
ar bonds that affects reactivity [4–6]. Furthermore, gas phase
tudies of transition metals interaction with biomolecules enable
s to know their intrinsic properties and can provide important
lues to understand the behaviour of more complicated systems
f biological importance.

Mass spectrometry techniques are very valuable for the
tudy of the interactions of metal cation–biomolecule com-
lexes in gas phase. Particularly, in the last years, the develop-
ent of electrospray ionization (ESI) and matrix-assisted laser
esorption–ionization (MALDI) has generalized the use of mass
pectrometry in the study of these systems. Mass spectrome-
ry permits not only to determine binding energies, but also to

∗ Corresponding author. Tel.: +34 93 581 1671; fax: +34 93 581 2920.
E-mail address: luis@qf.uab.es (L. Rodrı́guez-Santiago).
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tudy the reactivity induced by the activated bonds as a conse-
uence of the ion–neutral interaction. For example, the analysis
f the fragmentations of metal cationized peptides produced
nder mass spectrometry conditions can provide complemen-
ary information for peptide sequencing when the fragmentation
f the protonated peptide is not enough [7–11]. Moreover, the
pontaneous fragmentations or collision-induced dissociation
rocesses (CID) of the ion–neutral complexes observed can also
rovide information on the bonding and on some features of their
otential energy surface (PES).

There are 20 natural amino acids, among which 4 have an
romatic chain: histidine (His), phenylalanine (Phe), tyrosine
Tyr) and tryptophane (Trp). The aromatic group enable these
mino acids to establish an additional interaction with metal
ations: cation–� interactions [12]. These kind of interactions
re non-covalent binding forces which involve the �-face of
he aromatic amino acid, and are very important in many bio-
hemical processes such as biological molecular recognition
nd enzyme catalysis [12,13]. In the case of His the com-
lexity is increased because its acid–basic chain confers sev-

ral additional protonation and coordination sites [14,15]. It is
ell known that in some biological processes His residues are
ften involved in the active sites interacting with metal cations
16].

mailto:luis@qf.uab.es
dx.doi.org/10.1016/j.ijms.2006.06.017
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The interaction of different metal cations with amino acids,
ncluding the aromatic ones, have been studied by several
uthors from an experimental point of view, with special empha-
is on copper ions [17–27]. Since they play an important role in
everal biological processes such as electron transfer or dioxy-
en transport [28] Harrison and co-workers have reported the
ragmentation reactions of several Cu+ cationized amino acids
enerated by fast atom bombardment (FAB) [18]. Lavanant and
oppilliard [19] have studied the formation and fragmentation
f �-amino acids complexed by Cu+ in plasma desorption mass
pectrometry (PDMS). It is proposed that the fragmentations of
he complexes generated are induced by an insertion of the metal
ation into the amino acid bonds. For all these fragmentations,
he loss of mass 46 is mostly observed under CID conditions.
his loss is also observed by different mass spectrometry tech-
iques with other metal cations such as Ni+ and Fe+ [21,29–31].
heoretical calculations suggest that this mass of 46 u is asso-
iated to the losses of H2O and CO [27,30].

On the other hand, reactions of Ag+ with Phe have also
een studied both from experimental and theoretical points of
iew [32,33]. The fragmentation spectra obtained by ESI–CID
howed several peaks, the most relevant ones being those cor-
esponding to the loss of H2O followed by CO, the loss of NH3
nd CO, and the simultaneous loss of NH3 and CO2. They also
bserved the formation and the loss of AgH, and a peak belong-
ng to the [Ag NH3]+ complex.

The interaction of Cu+, a closed shell cation with a d10 (1S)
round state, with formamide, guanidine, glycine, urea, and
ther molecules that can be taken as model of biochemical sys-
ems has been investigated theoretically in our groups [34–37].
n the last years, theoretical calculations have been used to ratio-
alize the fragmentation processes of the complexes generated
y mass spectrometry by analyzing different reaction mecha-
isms. Recently, Hoppilliard et al. have presented an exhaustive
heoretical study of the fragmentation mechanisms of the com-
lexes of Cu+ with glycine ([Cu Gly]+) generated by ESI-MS
27].

In the present work, we will show the results, from an elec-
rosprayed solution, of Cu+ with the four natural aromatic amino
cids jointly with the fragmentations observed in the collision
ell of a triple quadrupole mass spectrometer. With the aim of
roposing an interpretation of the low energy decomposition
rocesses for [Cu AAarom]+ systems, the fragmentation mech-
nisms have been investigated by means of density functional
alculations only for [Cu Phe]+ as a model system. Thus, we
ave theoretically studied the possible modes of coordination of
u+ to Phe along with the possible pathways of decomposition

hat lead to the experimentally observed fragments.

. Experimental

Electrospray mass spectra were recorded on an Applied
iosystems/MDS Sciex API2000 triple-quadrupole instrument

tted with a “turboionspray” ion source. Samples were intro-
uced in the source using direct infusion with a syringe pump,
t a flow rate of 8 �l/min. Ionization of the samples was achieved
y applying a voltage of 5.0 kV on the sprayer probe and by the
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se of a nebulizing gas (GAS1, air) surrounding the sprayer
robe, intersected by a heated gas (GAS2, air) at an angle of
pproximately 90◦. The operating pressure of GAS1 and GAS2
re adjusted to 2.0 bar, by means of an electronic board (pres-
ure sensors), as a fraction of the air inlet pressure. The curtain
as (N2), which prevents air or solvent from entering the ana-
yzer region, was similarly adjusted to a value of 2.0 bar. The
emperature of GAS2 was set to 70 ◦C. MS/MS spectra were
arried out by introducing nitrogen as collision gas in the second
uadrupole at a total pressure of 3 × 10−5 mbar, the background
ressure being around 10−5 mbar. As detailed later, the declus-
ering potential (DP), defined as the difference of potentials
etween the orifice plate and the skimmer (grounded), and typ-
cally referred to as the “cone voltage” for other electrospray
nterfaces, was fixed to 100 V to perform MS/MS experiments
110 V in case of Phe).

Unless otherwise noted, mass to charge ratios mentioned in
hroughout this paper refer to as peaks which include the most
bundant Cu isotope (63Cu).

Amino acids and copper salts were purchased from Aldrich
nd were used without further purification. Sample solutions
ere prepared from CuSO4·5H2O/amino acid mixture with con-

entrations of 10−4 mol L−1 in a methanol/water 1:1 solvent.

. Computational details

Molecular geometries and harmonic vibrational frequencies
f the considered structures have been obtained using the non-
ocal hybrid three-parameter B3LYP [38,39] density functional
pproach, as implemented in Gaussian 03 set of programs pack-
ge [40]. In some cases we have carried out intrinsic reaction
oordinate (IRC) calculations at the same level of theory in
rder to corroborate the minima connected by a given transition
tate. Previous theoretical calculations have shown that B3LYP
pproach is a cost-effective method for studying transition metal
ation–ligand systems, yielding binding energies in fairly good
greement with the experimental values [41–43]. However, in
rder to assess the reliability of the calculate B3LYP energies
or this [Cu AA]+ systems, the CCSD(T) binding energy for the
ost stable structure of [Cu Phe]+ has also been computed, the

ifference between both methods being only 0.6 kcal/mol (the
alue of D0 is 83.5 kcal/mol at the B3LYP level and 82.9 at the
CSD(T) one).

Geometry optimizations and frequency calculations have
een performed using the following basis set. For Cu we
mployed the Watchers’ primitive set (14s9p5d), [44] supple-
ented with one s, two p and one d diffuse functions [44,45]

nd one f polarization function [46]. The final basis set is of the
orm (15s11p6d1f)/[10s7p4d1f]. For C, N, O and H we have
sed the 6-31++G(d,p) basis set.

. Results and discussion
The electrospray spectra of the copper sulfate/amino acid
ixtures is dependent on the cone voltage, also referred to as

eclustering potential (DP) in our instrument. At all low values
f DP the spectra are dominated by different Cu+ and Cu2+
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Fig. 1. ESI source spectra of the solutions of each arom

ydrated complexes. The [Cu AAarom]+ complexes only appear
t high values of DP. Fig. 1 shows the source spectra recorded at
P = 100 V (except for the case of Phe where DP = 110 V). The
resence of the two isotopes of Cu (63Cu and 65Cu) leads to an
asy identification of the Cu containing ions.

Low energy CID spectra of selected [Cu AAarom]+ complexes
ave been recorded at different collision energies. Several new
ons are observed on the collision spectra of each amino acid.
ig. 2 shows the relative abundances of these ions in front of

he collision energy. It can be observed that most of the frag-
entations are common for all systems: loss of 46 u (CH2O2),
hich is always the most important fragmentation, loss of 61 u

orresponding to the elimination of a fragment with CO2NH3
omposition, likely consecutive elimination of NH3 and CO2
s proposed before for the [Ag Phe]+ system, [32,33] and loss
f 18 u corresponding to the elimination of H2O. Two other
eaks observed in the spectra are those at m/z 63 (Cu+) and m/z
0 (NH3Cu+). It should be noted that in all cases the loss of
H3 + CO2 is a minor fragmentation of the complex except in

he case of His where it is a major fragmentation channel.
The loss of 137 u to give R+ is also observed in all cases, and

ifferent pathways could account for this elimination. Moreover,
he presence of the peak corresponding to the loss of 108 u

elimination of CuCOOH to give the NH2CHR+ imonium ion)
bserved for the four cationized amino acids, suggests a possible
onsecutive elimination of CuCOOH and NH CH2 instead of a
irect elimination of the CuC2O2NH4 group.

b
7
i
p

amino acid and CuSO4 in water/methanol 1:1 solvent.

The collision spectra also show the loss of 73 u corresponding
o the elimination of a fragment with C2O2NH3 composition.
his elimination can be the result of the consecutive elimination
f CH2O2 (the main fragmentation in all cases as noted above)
nd HCN or the direct elimination of C2O2NH3. Calculations
ill help us to identify the most probable pathway for this and

he other fragmentations.
It should be noted that at higher collision energies (not shown)

nly the peak corresponding to Cu+ (m/z 63) rises in intensity.
his is due to the fact that at high collision energies the deca-

ionization process is favored in front of other possible routes
nvolving several energy barriers at higher internal energies, as
ointed out by Hopilliard et al. for the case of [Cu Gly]+ [27].
herefore, the value of the binding energy of the [Cu AAarom]+

omplexes is a good limit to distinguish which processes will be
avorable.

Finally, based on the spectra of Fig. 1 one could think that
he [Cu AA]+ peaks of Tyr, Trp and His are contaminated by
he isobaric 13C satellites of the [Cu AA–H]+ complexes, which
ontain Cu2+. As a consequence, some of the fragments observed
n the CID spectra could arise from these satellites. However, the
xamination of the CID spectra of the [Cu AA–H]+ complexes
ave shown that the only peak with appreciable intensity shared

y both types of complexes is that corresponding to the loss of
3 u for the case of His. Therefore the loss of 73 peak observed
n the [Cu His]+ CID spectrum of Fig. 2 can contain a small
roportion of ions originated from the [Cu His-H]+ complex.



A. Rimola et al. / International Journal of Mass Spectrometry 257 (2006) 60–69 63

n of th

t
i
c
c
o
o
b
r

4

e
f
T
t
c
r
T
t

t
P
f
i
o
b
a
i
C
e
T
w
h
a

c
t

F
e

Fig. 2. Relative abundances of the observed ions after collisional activatio

The observed losses are very similar for all the aromatic sys-
ems and only differ in their relative intensities. Consequently,
t seems that losses do not involve the breaking of the side
hain of the amino acid, in agreement with other previous metal
ation–amino acid studies [32,33]. Therefore, we have selected
nly one of the considered systems, [Cu Phe]+, for the study
f its potential energy surface (including the ZPE corrections)
y means of the B3LYP density functional method in order to
ationalize the experimental findings.

.1. Coordination of Cu+ to Phe

The relative stability and structure of the different conform-
rs of [Cu Phe]+ have been considered. Among all the isomers
ound, three of them are separated by less than 4 kcal/mol.
he geometries and relative potential energies with the ZPE of

hese isomers are shown in Fig. 3. The most stable structure

orresponds to the metal cation interacting with the aromatic
ing, the amine nitrogen and the carbonyl oxygen (PheCu+-1).
he other two structures correspond to the coordination of Cu+

o the aromatic ring and the amine nitrogen (PheCu+-2), and to

b

t
m

ig. 3. B3LYP-optimized geometries for the most stable conformers of the [Cu Phe]+

nergies in kcal/mol.
e corresponding parent [Cu AAarom]+ ion in front of the collision energy.

he aromatic ring and the carbonyl oxygen (PheCu+-3) of Phe.
heCu+-1 is similar to the most stable structure previously

ound for alkali-aromatic amino acids [47–56] systems; that
s, the Cu+ is bound by the NH2, the CO and by the � system
f the aromatic group. However, a significant difference can
e observed: while for the alkaline systems the metal cations
re centered above the aromatic ring, for Cu+ the metal cation
s interacting with the ring but coordinating only with the

C bond, due to the ability of transition metal cations to
fficiently reduce Pauli repulsion by sd and dp hybridization.
ricoordinated structures in which the metal cation interacts
ith the amino group, the carbonyl group and the side chains,
ave also been found for other Cu+–amino acid systems such
s serine and cysteine [57].

Structure PheCu+-1 has been taken as reference for the cal-
ulations of the different mechanisms. The interaction energy for
his structure is 83.5 kcal/mol at the B3LYP level. This value will

e taken as the limit to consider if a process is favorable or not.

Hereafter, the following nomenclature will be used to iden-
ify the different stationary points involved in the fragmentation

echanisms. Species formed through mechanisms involving

system. The relative energies are shown in parenthesis. Distances are in Å and
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�-COOH insertion will be referred as CCn where n stands
or the mass lost. That is, CC46 structures correspond to species
nvolved in the loss of 46 via C C insertion mechanism. Simi-
arly, structures resulting from the metal insertion between C�

nd the lateral chain will be referred as CR.

.2. Loss of 46 u mechanisms

The composition associated with 46 u is CH2O2 and the cor-
esponding ion resulting from this fragmentation is commonly
bserved both in cationized and protonated amino acids. In our
ase, this is the most important elimination and different mech-
nisms have been proposed in the literature that account for
his fragmentation in cationized amino acids: loss of formic
cid (HCOOH), consecutive loss of H2O and CO or consec-
tive loss of CO2 and H2. It is generally accepted that the
ost probable mechanism involves the consecutive elimina-

ion of H2O and CO [24,27]. Moreover, Hoppilliard et al. have
hown that this mechanism is the less energetically demand-
ng in the case of [Cu Gly]+ [27]. On the other hand, elimi-
ation of CO2 and H2 has an activation barrier considerably
igher than the other two channels. As a consequence, we have
ocused in the elimination of HCOOH and the elimination of

2O + CO.
Insertion of the metal cation into the C C or the C OH bonds

f the amino acid have been traditionally invoked as the initial
teps of the mechanisms leading to the elimination of 46 u. We
ave investigated the C C insertion but not the C OH because
he initial [Cu Phe]+ structures do not seem to be suitable for
uch insertion. First, the structure that results upon complexation
o the OH and NH2 lays 16.4 kcal/mol above PheCu+-1 and
oes not involve coordination between the metal cation and the
romatic ring. Such a structure is similar to the analogous for

he [Cu Gly]+ complex and owing to that for this system the
nsertion to C OH was found to be less favorable than the C C
ne, we do not expect major changes for the present case. An
dditional non-insertion mechanism has been considered and is

t
s
o
i

Fig. 4. Potential energy profile for the loss of 46 u sta
ass Spectrometry 257 (2006) 60–69

nitiated by a hydrogen transfer from the amine to the OH group
eading to the formation of H2O.

Fig. 4 shows the mechanisms arising from the C C metal
ation insertion that lead to the elimination of 46 u. The
nsertion of Cu+ into the C C bond yields an intermediate
CC46-1) through the transition state CC46-TS1. The IRC
alculation from this structure indicates that the transition state
oes not connect with any of the three most stable structures
f [Cu Phe]+ but with another isomer, PheCu+-4, 8.4 kcal/mol
igher in energy than the most stable one. Any attempt to locate
transition state for the C C insertion connecting with the

ne of the most stable structures collapsed to the CC46-TS1
tructure. However, the interconversion barrier leading to
heCu+-4 (11.1 kcal/mol) is much lower than the other steps
f the mechanisms, as shown in Fig. 4.

The intermediate CC46-1 can evolve through two different
athways. The most energetic one (not shown) proceeds via
hydrogen transfer from the amine group to the carboxylic

roup through a transition structure whose energy barrier is
0.8 kcal/mol and producing an intermediate containing formic
cid as a ligand. Detachment of formic acid leads to the loss of
6 u product, CC46-6 located at 53.1 kcal/mol above PheCu+-1.
he second possible pathway proceeds via a hydrogen transfer

rom the amine group to the OH group of CC46-1 resulting
n the formation of CC46-2. This is a very stable tricoordi-
ated complex where the metal cation is coordinated to CO,
2O and to the aromatic ring. The fragmentation of CC46-2 can
roduce the elimination of one or two of these ligands. Elimina-
ion of H2O produces CC46-3 (5.9 kcal/mol above PheCu+-1),
hile elimination of CO leads to CC46-5 being 22.8 kcal/mol

bove PheCu+-1. It should be mentioned that in the cases of
Cu Phe]+, [Cu Tyr]+ and [Cu Trp]+ an almost insignificant
mount (its relative abundance is always inferior to 2%) of

he loss of CO product is observed in the CID spectra (not
hown in Fig. 2). Nevertheless, both fragmentation peaks, loss
f CO and loss of H2O disappear rapidly as the collision energy
ncreases.

rting with the Cu+ insertion into the C C bond.
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Fig. 5. Potential energy profile for the loss of 108 u.

Loss of CO from CC46-3 leads to Cu+RCH NH which is
2.0 kcal/mol higher in energy than PheCu+-1. The limiting step
f both mentioned pathways, elimination of HCOOH and con-
ecutive elimination of H2O and CO, is the metal cation insertion
o produce CC46-1 (51.5 kcal/mol) and therefore, the follow-
ng steps after the insertion will have enough internal energy to
ecompose directly to the final products in agreement with the
apid extinction of the peaks corresponding to the loss or CO
nd loss of H2O. Since the C C insertion barrier is the highest
ne, both paths are energetically viable for the elimination of
ass 46.
Elimination of C2H2O can also be achieved through another

echanism without any metal insertion. In this case a hydrogen
ransfer from the amine to the OH group of PheCu+-2 (after
otation of the C COOH bond) leads to the direct elimination of

2O and CO. The barrier for this fragmentation is 57.8 kcal/mol,
ignificantly higher than those involved in the C C insertion
echanism.

.3. Loss of CuCOOH (108 u)—formation of the immonium
on NH2CHR+

The mechanism associated to the formation of the immonium
on is shown in Fig. 5 and starts with the insertion of the metal
ation into the backbone C C bond. This insertion leads to the
C46-1 intermediate and direct elimination of CuCOOH from

his structure leads to the immonium ion [I-1]+. The energy
arrier of the limiting step in this mechanism (51.5 kcal/mol) is
he same that that of the loss of 46 u mechanism. However, Fig. 2
hows very different intensities for the peaks corresponding to
hese losses. This is probably due to the fact that for the loss of
08 the energy of the asymptote is of the same order than the

C insertion barrier, in contrast to the loss of 46 for which the
symptote is much lower in energy.
.4. Loss of 137 u

This fragmentation corresponds to the loss of a fragment
ith a CuC2O2NH4 composition and two possibilities have been

t
N
p
b

Fig. 6. Potential energy profile for the loss of 137 u.

xplored for this reaction. In the first case the consecutive elim-
nation of CuCOOH and NH CH2 has been considered. Elimi-
ation of CuCOOH leads to the immonium ion, as commented
bove ([I-1]+ in Fig. 5), and the subsequent elimination of
H CH2 would lead to the loss of 137 u peak. The barrier for this

ast elimination is more than 140 kcal/mol from the PheCu+-1,
somer showing that this pathway can be discarded. The second
ossibility (Fig. 6) is the direct elimination of COOHCHNH2Cu.
he path for this elimination starts with the insertion of the
etal cation into the C R bond leading to the CR137-1 com-

lex with an energy barrier of 45.3 kcal/mol. The decomposition
f CR137-1 directly leads to COOHCHNH2Cu + [I-2]+. The
nergy of this asymptote is 83.4 kcal/mol above the most sta-
le isomer, very similar to the binding energy of [Cu Phe]+

83.5 kcal/mol). It can be observed in Fig. 2 that both peaks,
3 u (Cu+) and loss of 137 u appear at high collision energies
about 25 eV). In addition, it can also be observed that the inten-
ity of this peak (loss of 137 u) is higher in the case of [Cu
rp]+ than in the other amino acids. This is probably due to the
resence of a second aromatic ring in the side chain of Trp that
an delocalize more efficiently the positive charge located in the
liminated side chain [I-2]+.

It should be noted that in the case of [Cu His]+ the H2OCu+

omplex also matches the loss of 137 peak. Formation of
2OCu+ can arise from the a tricoordinated complex similar to
C46-2 (see Fig. 4) after losing the other two ligands, the energy
f the final asymptote for this elimination being 70.6 kcal/mol.
herefore, this reaction channel cannot be completely discarded

the binding energy of [Cu His]+ is 98.8 kcal/mol) and, indeed,
he loss of 137 peak corresponds to a mixture of both complexes.

evertheless, this is a minor peak in the His spectrum and the
roportion corresponding to H2OCu+ is small as demonstrated
y the absence of this peak in the spectra of the other amino acids.
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Fig. 7. Potential energy

.5. Loss of 73 u (C2O2NH3)

As in the previous case, this fragmentation can occur through
wo different ways. In the first case, the loss of H2O + CO
ould be followed by the elimination of HCN from CC46-6
see Fig. 4). The energy barriers associated to these mecha-
isms are always larger than 114 kcal/mol. Thus, the consec-
tive loss of H2O, CO and HCN would not be a reasonable
echanism.
Another more probable way is the elimination of a C2O2NH3

ragment as shown in Fig. 7. This elimination starts from the Cu+

nserted intermediate CR137-1 which could evolve through two
ifferent paths because two different hydrogen atoms can be
ransferred from the backbone of the amino acid to the CH2
roup of R, the hydrogen of the COOH group or one hydrogen
tom of the NH2 group. In the first case (shown in Fig. 7) the
ydrogen transfer in CR137-1 leads to a high stable complex,
R73-2, through a barrier of 76.7 kcal/mol. This is a complex
here the cation is bound to the aromatic ring of R and to
ne oxygen of the CO2CHNH2 moiety. The direct decompo-
ition of this complex would lead to CR73-3 + +NH2CHCO2

−
ut such small zwitterionic structure is unstable in gas phase
nd very likely, while is being eliminated, simultaneous pro-
on rearrangement occurs leading to CR73-3 + NH CH-COOH,
he final products of this reaction path with a relative energy of
3.6 kcal/mol with regard to PheCu+-1. In the second case, in
rder to facilitate the transfer of the hydrogen atom of the NH2
roup, a previous rotation of the Cu CN bond should be pro-
uced. Unfortunately, all attempts of finding the transition state
orresponding to this step have failed, and thus we assume that

his process cannot proceed. However, the limiting step of the
rocess calculated has a barrier of 76.7 kcal/mol, higher than
he loss of 46 u mechanism, and therefore in agreement with the
ntensities of the spectra (Fig. 2).

t
t
C
m

le for the loss of 73 u.

.6. Loss of 61 u

As commented previously, this loss must correspond to the
limination of NH3 and CO2. This elimination can be achieved
hrough two different pathways. The first one is shown in Fig. 8
nd starts with the metal cation insertion into the C C bond of
he zwitterionic structure PheCu+-zwit leading to CC61-1 with
barrier of 44.7 kcal/mol above the most stable conformer of

Cu Phe]+ system. Consecutive elimination of CO2 and NH3
rom CC61-1 (not shown in Fig. 8) leads to an asymptote that
s 59.8 kcal/mol above PheCu+-1, higher than the barrier of
he other possible route. The second pathway leads to CC61-

from CC61-1 through a transition state, CC61-TS2, which
s 36.8 kcal/mol above the most stable conformer. CC61-2 can
ose CO2 without reverse activation barrier yielding CC61-3
15.3 kcal/mol less stable than PheCu+-1). The opening of the
hree-member ring of CC61-3 leads to CC61-4 + CO2 with an
ctivation barrier of 8.6 kcal/mol respect to CC61-3. It should
e noted that formation of CC61-4 avoiding three-membered
ing intermediates (CC61-2 and CC61-3) is expected to be
ess favorable since it implies a 1,2-proton transfer. Fragmen-
ation of CC61-4 can take place through the elimination of NH3
eading to CC61-6 + CO2 + NH3 (26.8 kcal/mol higher than the
nergy of the ground state structure), or through the elimination
f CC61-5 leading to NH3Cu+ + CC61-6 + CO2, 1.5 kcal/mol
ore stable than the previous asymptote. Thus this would be

he preferred elimination channel of this path. However, the
tep CC61-1 → CC61-2 through the CC61-TS2 transition state
mplies a very important reorientation of the NH3 and CO2 moi-
ties. The excess of internal energy into the system would favor

he direct cleavage of the C NH3 bond in CC61-TS2 leading to
he direct elimination of NH3. Further elimination of CO2 yields
C61-7 + CO2 + NH3, 59.8 kcal/mol higher in energy than the
ost stable complex. As a consequence, the limiting step in this
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Fig. 8. Profile for the loss of 61 u startin

echanism has an energy barrier of 59.8 kcal/mol, much larger
o that found in the case of the loss of 46 u, in agreement with the
ntensities found for both peaks in the CID spectra (see Fig. 2).

It is interesting to note that the peak corresponding to the elim-
nation of NH3 + CO2 is always a minor fragmentation channel
f the complexes except in the case of [Cu His]+ where the inten-
ity of that peak is very similar to the intensity of the loss of 46
peak. The difference between His and the rest of the aromatic

mino acids lies in the type of metal coordination. In the other
hree amino acids the most stable structure corresponds always
o the metal cation interacting with the � system of the aromatic
ing. However, in the case of His the metal cation coordinates to
ne nitrogen atom of the imidazole ring as shown in Fig. 9. The

rst conformer of [Cu His]+ with the metal cation coordinated

o the � system is around 20 kcal/mol above the most stable one.
his different coordination of the metal cation in the case of His
ill probably induce differences in the reaction mechanisms for

ig. 9. B3LYP-optimized geometry for the most stable conformer of the [Cu
is]+ system. Distances are in Å.
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h the Cu+ insertion into the C C bond.

he observed fragmentations and therefore, differences in the
bserved intensities. For instance, preliminary calculations on
he analogous CC61-1 and CC61-TS2 for the [Cu His]+ com-
lex show that the direct cleavage of the C NH3 bond is less
avorable than CO2 elimination since transition structures show

N distances of 2.59 and 2.78 Å, for the [Cu His]+ and [Cu
he]+ complexes, respectively. In this case, the barriers corre-
ponding to the loss of CH2O2 and CO2NH3 are similar (44.1
nd 46.5 kcal/mol, respectively) which would explain the similar
ntensities.

Finally, it is worth noting that the fragmentation patterns
bserved in the ESI-CID spectra of [Cu AAarom]+ systems are
imilar to those observed for [Cu Gly]+, that is, the most intense
eak corresponds to the loss of H2O and CO in all cases, and
he main difference is that eliminations in which the side chain
s implicated (loss of 73 and 137 u) and elimination of NH3 and
O are not observed for [Cu gly]+. Therefore, we can conclude

hat the side chain interaction has a minor influence on the frag-
entation pattern of the aromatic amino acids. However, some

eaks observed before in the ESI-CID spectrum of [Ag Phe]+ do
ot appear in the spectra of [Cu AAarom]+ complexes showing
hat different metal cations can induce different reactivity of the
romatic amino acids.

. Conclusions

The reactions of copper sulfate with aromatic amino acids in
he electrospray source lead to the formation of [Cu AAarom]+
omplexes at relatively high values of the declustering poten-
ial (DP). The collision-induced fragmentations of the metal
ation complexes at different collision energies have been stud-
ed. All the aromatic amino acids show the same fragmentations,
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he most important one being the loss of CH2O2 in all cases,
s for glycine. Other fragmentations correspond to the loss of
uC2O2NH4, CuCOOH, C2O2NH3, CO2NH3, H2O and forma-

ion of NH3Cu+. The dissociation of the complexes into Cu+ and
he respective amino acids is also observed in the spectra.

B3LYP calculations have been carried out for the [Cu Phe]+

omplex in order to rationalize the observed fragmentations.
irst, the structure of the [Cu Phe]+ ion has been investigated
nd the most stable structure PheCu+-1 corresponds to the metal
ation interacting with the nitrogen of the amino group, the
arbonyl oxygen and the aromatic ring. The computed binding
nergy including the ZPE for this structure is 83.5 kcal/mol.

The exploration of the potential energy surface shows that
ost of the observed eliminations are produced from insertion

f the metal cation into the backbone C C bond of Phe (losses of
H2O2, CuCOOH, and CO2NH3) or into the C R bond (losses
f CuC2O2NH4 and C2O2NH3). The energy barriers of the dif-
erent dissociation channels are in good agreement with the
bserved intensities in the CID spectrum of [Cu Phe]+. Elim-
nation of CH2O2 shows the lowest energy barrier in agreement
ith its larger intensity in the spectrum. For [Cu His]+, loss of
O2NH3 presents similar intensity with loss of CH2O2 in con-

rast to the other aromatic amino acids due to the influence of N
midazole coordinating to the metal cation.
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