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The gas-phase reactions between glycolic acid andn@ue been investigated by means of mass spectrometry
techniques. The mass-analyzed ion kinetic energy (MIKE) spectrum reveals that the adduct ions,{HOCH
COOH-Cu'] decompose spontaneously by losing/Ok CO, and HO. A minor fragmentation corresponding

to the loss of H is also observed. The structures and bonding characteristics of the different complexes
involved in the glycolic acie-Cu* potential energy surface (PES) have been theoretically studied by density
functional theory (DFT) calculations carried out at the B3LYP/6-8G12df,2p)//B3LYP/6-31G* level. The
attachment of Ctito glycolic acid gives rise to two energetically degenerated structures: a chelated form in
which Cut interacts with the carbonyl oxygen and the hydroxyl oxygen atoms and another one in which the
attachment of Ctitakes place exclusively at the carbonyl oxygen atom. The estimated glycolie @aid
binding energy is 222 kJ/mol. Different mechanisms for the spontaneous fragmentations observed
experimentally are proposed. The main conclusion is that the loss of 46 u should correspond dominantly to
the loss of formic acid and in a lower proportion to the loss of €®1,0.

Introduction mainly on theoretical grounds, for which their treatment at high
The cationization of neutral molecules by association with |€vels becomes prohibited. A reasonably good alternative is to
metal cations is one of the most important topics in gas-phaseModel the big molecules by smaller systems that present similar
ion chemistry, and it has received a great deal of attention both acuve_snes_wnhln similar environments. Hence,_for this purpose,
from the experiment&f® and the theoreticét® points of view. glycolic acid (CHOHCOOH), which is the simplest-hy-
Very often, metal cation association is accompanied by signifi- droxycarboxylic acid, can be a good model. To investigate its
cant bond activation effects, which lead to specific fragmenta- cOmplexing properties, we have chosen “Cfor several
tions, that are very often of analytical utilit§-14 On the other ~ reasons: first, Ctihas a & closed-shell ground state with a
hand, these interactions are crucial in many biological processes!0W-lying empty 4s orbital, so it is reasonable to expect that

and as a consequence, many efforts have been also devoted € interaction of glycolic acid with this transition metal
the investigation of the formation, intrinsic properties, and Monocation would have important covalent contributions, as has

reactivity of organometallic complexes of biochemical rele- Peen found in reactions of Cwwith small oxygen and nitrogen
vancel5-18 In this respect, it is worth noting that some metal bases??® second, Ct is a system of relevance from a
cations, in particular, toxic elements or radioelements, and their Piochemical viewpoint, and important efforts have been devoted
gradual change in time constitute a main concern as far as thef© investigate its reactivity wittu-amino acids from both the
preservation of the environment is concerned. Indeed the experimentdt and the theoretic# points of view; third, we
migration and propagation of these elements (in traces) in naturalnave recently started a systematic investig&fiét® on the
surroundings can be widely facilitated by some organic mac- interaction between Cuand small molecules that are suitable
romolecules such as hydroxycarboxylic acids (HQEHHOH),- models of more complex biological species, and glycolic acid
COOH), which can be produced by the alkaline degradation of is also of interest in this particular context because it can be
cellulose. These acids are known to have strong complexing considered structurally analogous to glycine, which is the
properties and could play a fundamental role in the transport Simplesta-amino acid. In fact, both compounds have three
of metal ions in aqueous media. possible basic sites, which can lead to several kinds of
Although there are many studies devoted to investigating the complexations. In the case of glycine, Hoyau and Ohané&sian
reactivity of these systems from a macroscopic point of view, showed that different modes of complexation and several
very little is known about the mechanisms at the molecular level, conformers are indeed possible, the most stable structure being
which are the ultimate responsible for the observed macroscopic@ five-membered ring in which Cuinteracts simultaneously
behavior. A good knowledge of these mechanisms is essentialWith the nitrogen and the carbonyl oxygen atoms.
to understand, in a subsequent step, the role of the medium and, Hence, the aim of this work is to carry out a study of the
what is more important, to predict the behavior of related complexing ability of glycolic acid toward Cy as well as an
compounds. In this context, the gas-phase reactions appear t@nalysis of the unimolecular reactivity of the corresponding
be a well-suited alternative. However, the size of such hydroxy- [glycolic acid, Cu] adducts by means of fast atom bombard-
carboxylic acids is so large that it prevents a detailed analysis, ment mass spectrometry (FAB/MS/MS) techniques. The ratio-
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Figure 1. FAB Mass spectrum of the gas-phase reaction between glycolic acid and Cu

nalization of the most important features of the FAB spectrum Hay?132 (referenced as 6-311G*) for Cu and the 6-31G* basis
so obtained requires a reliable knowledge of the topology of set for the remaining atoms of the system. The harmonic vibra-
the associated potential energy surface (PES), which will be tional frequencies of the different stationary points of the poten-
obtained through the use of the density functional theory (DFT) tial energy surface (PES) have been calculated at the same level.
B3LYP approach, which performs very well for this purpose This allowed us to identify the local minima and the transition
when using flexible enough basis set expansions. These resultstates (TS), as well as to estimate the corresponding zero-point
will allow us to compare the behavior of glycolic acid and energies (ZPE). To identify the minima connected by a given

glycine when they react with Cu TS, we have also performed, for some cases, linear synchronous
transit (LSTY® calculations at the same level of theory.
Experimental Section The final energies of the different stationary points of the

PES were obtained in DFT/6-3%15(2df,2p) single-point
Ralculations using the aforementioned DFT-optimized geom-
etries. For Cu, the basis set 6-31G(2df,2p) corresponds to
the (14s9p5d/9s5p3d) Wachteiiday’l32 basis supplemented
with a set of (1s2p1d) diffuse functions and with two sets of f
Sunctions (rather than d) and one set of g functions (rather than
f). All of these calculations have been carried out by using the
Gaussian 98 suite of prograrfs.

The mass spectrometric measurements were recorded on
double-focusing ZAB-HSQ mass spectrometer (Fisons Instru-
ments) of BEqQ configuration (B and E represent the magnetic
and electric sectors, q is a collision cell consisting of a rf-only
quadrupole, and Q is a mass-selective quadrupole). This mas
spectrometer is equipped with a FAB ion source using the
following conditions: accelerating voltage, 8 kV; neutral xenon

beam of 7 keV; neutral current 6¢10 A. The Cu ions are To investigate the nature of the €0 bond and, in general,

; " )
"k‘?'y _formed fr_om Cd* salt (e.g., CuGl d|hydr_ate) by the bonding features of the complexes under consideration, we
oxidation/reduction processes as has been previously postu- - ) .
28 . i . - have used the natural bond orbital (NBO) analysis of Weinhold
lated?® Hence, glycolic acid was dissolved in a few drops of a a5 -
: L et al®® and the atoms in molecules (AIM) theory of Badeér.
saturated aqueous CuyCiolution. A few microliters of the

. . . The first formalism allowed us to obtain the atomic natural
resulting mixture was transferred onto the FAB probe tip. The N S
. . ..~ _charges and a description of the bonding in terms of the natural
unimolecular reactions of the mass-selected organometallic ions, h .
. . . . . hybrids centered on each atom. Using the second approach, we
corresponding to [glycolic acid, Cli metastable ions, which

take place in the second field-free region (second FFR) behind have located the b_ond C”t'.cal points (bqp s), that is, points where
. - N the electron density functiop(r) is minimum along the bond
the magnet, were studied by mass-analyzed ion kinetic energy : : o
path and maximum in the other two directions. The charge

(MIKE) spectroscopy. This technique consists of focusing density at the bcp’s is a good measure of the strength of the

magnetically the relevant ion into the second FFR and detectingIinkage On the other hand, the energy densityy), evaluated

the products of spontaneous fragmentations by scanning the . . ; i
; at these points gives information about the nature of the
electrostatic analyzer, E. The MIKE spectra were recorded at a. . . - o
- interactions. Negative values fbi(r) indicate that a stabilizing
resolving power of~1000.

) . . . charge concentration takes place within the bonding region,
¢ rﬁ:y$0|lcri?}CIdtiWr?S purchased from Aldrich and used without which is a typical situation for covalent bonds. Conversely,
urther purincation. positive values are associated with closed-shell interactions

ically f in ionic link h .
Computational Details typically found in ionic linkages or hydrogen bonds

The geometries of the different species under consideration Results and Discussion

have been optimized by using the hybrid density functional  Experimental Results.Fast atom bombardment of glycolic
B3LYP method?® which includes the Becke’s three parameter acid dissolved in a aqueous solution containing Guitlydrate
nonlocal hybrid exchange potenfidind the nonlocal correlation  produces [glycolic acid, Cd]adduct ions atw/z = 139 and
functional of Lee, Yang, and Pai?.All of these calculations 141 with a weak intensity, as shown in the mass spectrum of
were performed using the all electron basis of Wachters Figure 1. Copper ions are seen in their natural abundance, that



Reactions between Glycolic Acid and Cu

100

m

o

T T T T T T T T
4200 4700 5200 5700 6200 6700 7200 7700

Figure 2. MIKE spectrum of HOCHCOOH-Cu" ions produced in
glycolic acid+ Cu' reactions.

is, 69%53Cu and 3196°Cu. The existence of these two isotopes
leads to an easy identification of copper-containing ions. We
can also observe in our experimental conditions the formation
of three ions atm/z = 161, 163, and 165 resulting from the
association of two molecules of water with the 8 cluster.

It is worth noting that the CiH™ ion was also detecté¥las a
product in the reactions between formamide and".Clihe

results presented hereafter will refer to the more abundant adduc

ion atm/z = 139 containing the isotop&Cu.

As far as the unimolecular behavior of the [glycolic acid,
Cu]" complex is concerned, the MIKE spectrum presented in
Figure 2 shows that the/z= 139 ion undergoes fragmentation
by four distinct pathways. The major fragmentation is the
elimination of 46 u leading to the ion at'z = 93 assigned to
the [Hp, C, O, Cu]' complex. Characteristic minor fragments

atm/z= 121 and 111 are also observed and may be assigned

respectively, to the loss of @ and CO. The spectrum presents
also a weak peak at/z = 137 corresponding to a dehydroge-
nation process.

Theoretical Analysis.Among the eight different conformers
that are local minima of the glycolic acid PESwe have only

considered the three most stable ones, which have been name

asA, B, andC in Figure 3. Their corresponding energies are
summarized in Table 1. Two of them, andC, are stabilized

by different intramolecular hydrogen bonds, which take place
between then-hydroxyl group and the oxo group or between

both hydroxyl groups. A topological analysis of these hydrogen

bonds (see Table 2) reveals that the strongest one is that o

conformerC, which is however the less-stable form (see Table
1). In agreement with the experimental microwave stugfié$,
which concluded that glycolic acid belongs to thesymmetry
with the hydroxyl group pointing toward the carbonyl oxygen,
our results show that the global minimum is conformer~or
conformerB, no bcp was found between both hydroxyl groups,

so in this case, no intramolecular hydrogen bond seems to exist.

The relative stabilities of conforme#s, B, andC obtained at
the B3LYP/6-31G* level are in good agreement with previous
MP2/6-31G(d,p) theoretical estimatédt is worth noting that
the same trends were reported for neutral glyéthe.

Glycolic Acid—Cu™ Complexes. Structures and Bonding.
Starting from the neutral speciés B, andC, we can envisage
seven different [glycolic acidCu]* complexes 1—7, Figure
3). Complexesl, 4, and7 can be considered as the result of

J. Phys. Chem. A, Vol. 106, No. 40, 2002361

oxo-carboxylic oxygen atom of conformet is practically
degenerate with the chelated forimthe energy gap between
the two being smaller than 1 kJ/mol (see Table 1). This can be
understood if one takes into account that while the formation
of complex 1 from conformer A destroys the ©H---O
intramolecular hydrogen bond (IHB) the formation of complex
2 from conformerC implies a significant reinforcement of the
corresponding IHB. Consistently, the-®i---O bond distance
decreases 0.104 A, and the charge density at the bcp increases
0.004 e an® as can be seen in Table 2. Similarly, the attachment
of Cu* to the donor OH group of conform@&to yield complex
6 leads to a significant reinforcement of the interaction between
both hydroxyl groups. The result is that an IHB that does not
exist in the neutral form appears and, as a consequence, the
O—H--- distance decreases 0.359 A. Conversely, attachment of
Cu'™ to the carbonyl oxygen yielding complex leads to a
weakening of the aforementioned interaction. Accordingly, the
O—H---O distance increases 0.432 A, and the corresponding
complex is found to be 40 kJ midi less-stable than the global
{ninimum. Hence, in general, the complexes in which" QG
attached to one of the hydroxyl groups of glycolic acid are much
less-stable than complex@ésnd2 because of the low intrinsic
basicity of these groups as compared with the carbonyl group.
Only when Cu interacts simultaneously with both groups an
enhanced stability of the system is observed, but compliex
still about 27 kJ mol? less-stable than the global minimum.
Consistently, both the NBO and the AIM analyses show that
the C=0—Cu bonds in the complexdsand2 have an important
‘covalent character as compared to the HTuw ones. As
illustrated in Table 2, the charge densities at theCZ-Cu bcp’s
of both complexed4 and2 are more than twice as large as those
in typical ionic linkagesi}=43 while those associated with the
Cu---O—H bcp’s are much smaller. It can be also observed that
Hwe energy densityH(r), is slightly negative indicating a
onnegligible covalent character of the interaction. Indeed, an
inspection of the occupied molecular orbitals of complexes in
which Cu" is attached to the carbonyl oxygen of the glycolic
acid shows the existence of an orbital exhibiting a bonding
interaction between aabrbital of Cu aml a p orbital of oxygen

#see Figure 4). Consistent with this analysis, the NBO method

shows for complexe& and5, in which the Cd is attached to
the carbonyl oxygen, the existence of a bonding MO involving
an almost pure p orbital of O and a sd hybrid of'Clihe domi-
nant contribution£92%) of the O-hybrid and the strong s char-
acter (~86%) of the sd hybrid of Cupermit classification of
this interaction as a dative bond, which involves the lone pair
of the base and the initially empty 4s orbital of the metal cation.

Conversely, no bonding orbital is found between the hydroxyl
oxygen and Ctiin complexest and6, reflecting a lower donor
ability of the —OH groups with respect to the=€D ones. This
would be consistent with the dominant electrostatic character
of the interaction in this particular case, although polarization
effects are also important, as reflected by a relatively large value
of the charge density at the corresponding bcp (see Table 2).

It must be mentioned that, consistent with our findings, the

Cu* attachment to the three basic centers of the most stableMost stable structure of [glycine,C}#*44*°involves also the

conformerA of glycolic acid. Complexeg, 5, and6 are the
result of Cu association to either the carboxylic oxygen or the
proton-donor hydroxyl group of conformeBsandC. Finally,
complex3 is the result of Cti attachment to the two OH groups
of conformersB or C. The most stable complex corresponds to
a chelated structuré in which the metal cation is bridging
between the oxo-carboxylic oxygen and the hydroxyl group.
However, complex2 in which Cu" attaches exclusively to the

formation of a five-membered ring in which €us bound
simultaneously to the nitrogen and the carbonyl oxygen atoms.
Equally important is the fact that structugeis essentially
degenerate with for [glycolic acid + Cu* but significantly
higher in energy for the analogous glycine complex.

At the highest level of theory used in this study, the estimated
glycolic acid-Cu' binding energy is 222 kJ mol. It is well-
known that the B3LYP binding energies are generally larger
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Figure 3. Optimized structures of the most-stable conformers of glycolic a&jd3( C) and their Ctr adducts {—7). Bond lengths are in A and
bond angles in deg.

than experimental ones, the average deviation being around &luded that all of these fragmentation pathways participate in

kJ molt. Our calculated Ct binding energy is 81 kJ mot the 46 u loss. This is also corroborated by neutralization-reioni-

smaller than that estimated for glycine at a similar level of zation mass spectrometry (NRMS) experiments recently re-

theory. This implies that, as expected, the substitution of a ported>!

hydroxyl group by an amino group enhances significantly the  Taking as a reference the most stable conformer of glycolic

basicity of the system. As we shall discuss in forthcoming acidA, these processes are also estimated to be exothermic in
sections, this difference will have a crucial importance as far reactions with Cti with the only exception of the loss of

as the different mechanisms of the unimolecular fragmentations C(OH),.

of glycolic—Cu"™ complexes are concerned as compared with

those involving glycine.
b e =0--Cut AE = -129 kJ/mol

Glycolic Acid—Cu* Reactivity. The major unimolecular ~ **< CHam0-Cu + (COZ * Hz) "
fragmentation of glycolic acidCut corresponds to a loss of et 4 0 AE = -100 kJ/mol
H,CO,. A brief report of the reactions of Cuwith some amino A+ Cu CHm0=¢ H_‘{o/” "
acids studied by different techniques of mass spectrometry )

. N =0--Cu* AE = -84 kJ/mol

(plasma desorption mass spectrometry (PDRSYFAB/MS/ A+ Cu Cro-cu + H_<0 "
MS *84%laser desorption chemical ionization Fourier transform b

mass spectrometry (LD/CI/FTMS) show in all cases also the
loss of 46 u. Several neutral fragments can be associated with
this process including HCOOH and C(QHand also the
combination of HO + CO and CQ + H,. The authors con-

A+Cuyt ——— CHp=0-Cu" + (co + HzO) AE = -62.5 kJ/mol

A+Cut —————  CH=0-Cu" + H\o /c\o’H AE = 77 k/mol
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TABLE 1: Total Energies (E, hartree)?, Zero-Point Energies TABLE 2: Charge Density, p, and Energy Density,H(r), at

(ZPE, hartree),” and Relative Energies AE, kJ mol~1)c for Relevant Bond Ciritical Points of Glycolic Acid and Some of
the Stationary Points of the [G, Hy4, O,, Cu]™ Potential Its Cu™ Complexe$
Energy Surface OH-++O IHB co-Cu HO-Cu
system E ZPE AE system I H(r) P H(r) o H(r)
glycolic acidA —304.418 504 0.066 960 0
glycolic acidB —304.4142950  0.067 099 11 A
glycolic acidC —304.412 942 0.067 609 16 1 ' ' 0093 —-0.010 0.041 —0.006
Cu* —1640.176 694 : ) ’ :
2 0.034 0.007 0.106 —0.012
1 —1944.681 039 0.068 266 —222 3 0.05» —0.00%
2 —1944.681 012 0.068 625 —221 0.076  —0.00F
3 —1944.670 718 0.067 769 —196 6 0.028 0.000 0.102 —0.006
?‘.b _gﬁgg; %3 8823 ggz _igg aAll values in au.’ Values corresponding to the HGCu bond
5 —1944.665 892 0.068 323 —182 involvi_ng the hydroxyl group o_f the _acidic functiofValues corre-
6 —1944.658 149 0.068 473 —161 spondlr_]g to th_e H©Cu bond involving the hydroxyl group of the
7 —1944.639 26 0.067 262 —115 alcoholic function.
TS14 —1944.657 01 0.06920 —156
TS13 —1944.619 88 0.06312 75
TS44b —1944.646 64 0.06700 -—135
TS3I12 —1944.587 92 0.065 40 15
11 —1944.602 82 0.06700 —20
12 —1944.598 66 0.06555 —13
13 —1944.586 37 0.063 87 15
14 —1944.557 83 0.062 62 87
TS1I11 —1994.589 46 0.065 52 11
TSI1I2 —1944.596 80 0.065 35 -8
TSI2I13 —1944.578 60 0.064 28 36
TSI1l4 —1944.533 80 0.061 06 146
TSI14C2 —1944.524 88 0.058 80 163
C1 —1944.671 18 0.066 00 —202
Cc2 —1944.666 77 0.066 34 —189
C3 —1944.663 40 0.06506 —184
Cc4 —1944.647 02 0.066 76 —137
C5 —1944.630 37 0.06761 —91
TSC1C2 —1944.644 80 0.06400 —138
TSC1C3 —1944.646 77 0.06349 -—144
TSC1C5 —1944.624 92 0.066 877 —78
TSC4C5 —1944.607 77 0.06547 37
TSC1T1 —1944.598 81 0.05928 —30
Ts4bC4 —1944.639 55 0.066 70 —134
TSC3H2 —1944.549 48 0.054 44 87 Figure 4. Density contour map of the 28th occupied canonical MO
D1 —1944.699 531 0.067 620 —271 of complex2 sh_owing a bonding interaction between aatbital of
D2 —1944.699 596 0.066 095 —276 Cu and a p orbital of the carbonyl oxygen.
T1 —1944.702 809 0.061 376 —296
P1+ CO —1944.673 25 0.05978 —224
P1b+ CO —1944.214 43 0.056 455 55
P2+ H,0O —1944.671 968 0.058 851 —223
P3+ H0O —1944.605 47 0.061545 —41.2
P4+ H,0O —1944.586 438 0.060 636 6.4
CH,COCu™ (P5)+  —1944.566 29 0.06304 —100
HCOOH
CH,COCu™ (P5)+  —1944.607 64 0.05562 —63
CO + Hy0
P6+ H, —1944.665 747 0.052 844 —222

2Values obtained at the B3LYP/6-31G(2df,2p) level.’ Values
obtained using a 6-31G(d) basis set for first-row atoms and a 6-311G(d)
basis set for Cu (see texf)Values realtive to the entrance chann®l (
-+ Cu") obtained at the B3LYP/6-311G(2df,2p) level after including
the corresponding ZPE corrections.

1.302

However, as we shall discuss later, the mechanisms that can be
envisaged for the combined loss of H CO, involve activation
barriers that are above the entrance channel. Hence, the observe
loss of 46 u can be only associated with the loss of formic acid Figure 5. Optimized structures of the dicoordinated complexes between
or the loss of HO + CO, which as we shall discuss later involve  Cu*, formaldehyde, and formic acid. Bond lengths are in A and bond
energy barriers below the entrance channel. As we haveangles in deg.

mentioned, the loss of carbenes (C(QH)nstead of formic

acid, is predicted to be always endothermic, and therefore, it It is also important to note that no fragmentations leading to
should be discarded. HCOOH-Cu" + CH,0 (loss of 30 u) are observed in the MIKE




9364 J. Phys. Chem. A, Vol. 106, No. 40, 2002 Boutreau et al.

178.7

Figure 6. Optimized structures of the relevant stationary points of the (8, Os, Cul* PES. Bond lengths are in A and bond angles in deg.

spectrum. This is, in principle, a quite surprising result be- C4 andC5 in which Cu" is attached to the carbenic isomer of
cause the calculated Cwinding energy of formic acid is 17  glycolic acid (see Figure 6), are appropriate precursors for the
kJ mol higher than the Cu binding energy of formalde- loss of formic acid. Furthermore, they are also very stable. In
hyde. Therefore, the loss of 30 u should be thermodynamically fact, because of their high stability with respect to both the
favored with regards to the loss of 46 u, in clear contrast with entrance and the exit channels, if they dissociate ine®LCu"

the experimental evidence. Indeed, the complexes between Cu + C(OH), the carbene formed has enough energy to isomerize
with formic acid and formaldehyd®1 andD2 (see Figure 5), to yield formic acid (the estimated barrier for this isomeri-
are very stable reflecting the well-established ability of" Gl zation being only 129 kJ mot in agreement with previous
form linear or nearly linear dicoordinated complexes between theoretical?->* and experiment&}>6 results), and this overall
two neutral moietied?2325Despite that, these complexes can- process is more exothermic than the dissociation ir@®H-

not play any significant role in glycolieCu™ reactions be- (OH),C—Cu" by 57 kJ motl. On the other hand, any
cause they would lead to a preferential loss of formaldehyde, attempt to shift one of the hydroxyl hydrogens of the carbenic
which is not observed. There are, however, alternative dicoor- moiety in complexesC1—C5 toward the carbon atom leads
dinated complexes between formaldehyde and the carbenicdirectly to the dissociation into #£OCu"” + formic acid.
isomers of formic acid. These complex€4,—C3, together with Therefore, the next question to be solved is what are the possible
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Figure 7. Energy profile of the [H, C;, Os, Cul" PES. All values are in kJ mol.

mechanisms leading to the formation of these@B—Cu—
(OH).C]* complexes.
Unimolecular Reactivity through Complexes C+C5. Loss

of 46 u. Let us consider in the first place the possible mech-

anisms with origin in the most stable glycoli€u™ complex
1, the energy profiles of which are given in Figure 7. The

TSI1I4 and TSI4C2, much higher than the entrance channel.
In other words, if this mechanism would be possible, one should
observe Cti as a product of the reaction, which is not the case.
This means that the fact that the binding energy of Gu
glycolic acid is smaller than that of glycine implies that
mechanisms that are open for glycin@u* reactions cannot

structures of the different local minima have been included in play any significant role in glycolie Cu® reactions, for which
Figure 6. The geometries of the corresponding transition statesthe potential energy surface, in particular, those parts of it that

are provided as Supporting Information. The insertion of Cu
into the C-C bond of glycolic acid, which is a necessary step
to form dicoordinated complexes involving formaldehyde and
the carbenic isomers of formic acid, leads to comgiexn a
slightly exothermic process. Complék may evolve through
the transition stat&Sl114 to complexl4, which in turn leads,
through a 1,2-H shift, to a very stable compleéX2. Once
complexC2 is formed it can either dissociate into @BICu”

+ HCOOH or isomerize yielding compleX1, the latter process
being the most favorable one. Compl&d can be also an
appropriate precursor for the loss of formic acid. Alternatively,
a 1,3-H shift would connect this structure with a very stable
tricoordinated complext1 between Ct and formaldehyde,
carbon monoxide, and water. Compl&s can dissociate by
losing a molecule of CO or a molecule of water. In these
processes, the product ioR& andP2, respectively (see Figure

8), would be formed. As illustrated in Figure 7, both processes

are equally exothermic. It is also worth noting that a simulta-
neous loss of CG- H,O would be also an overall exothermic

process. Nevertheless, this mechanism, which resembles closely

that proposed for glycineNi* reactions’ has to be discarded

are substantially affected by metabn or intramolecular
H-bonding interactions with the Nt-br the OH group, appear
shifted up with respect to the entrance channel.

There are however alternative ways of producing the desired
complexesC1—C5 starting from adduct4 (see Figure 7).
Furthermore, the isomerization barrier betwé&eand4 through
the TS14 transition state is well below the entrance channel,
which implies that such a mechanism can also have its origin
in structurel. Apparently, the easiest way of going from struc-
ture 4 to a complex with a carbenic moiety would be a proton
transfer through the corresponding intramolecular hydrogen
bond; however, structurdais not a stationary point of the PES
because it collapses t

Cu
\O-"’H\

0
HzC—C

O—H
4a

because it involves activation barriers, those associated with Hence, the only remaining alternative step consists of an
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Figure 8. Optimized structures of some relevant product ions of the gas-phase reactions between glycolic acid Boddlengths are in A and
bond angles in deg.

internal rotation of the OH group not involved in the IHB to tricoordinated speci€EL. In this case, the product id?2 would

yield complex4b, which evolves through a rather low activation have enough internal energy to undergo a subsequent dissocia-
barrier to a carbenic-type compleé4. Once complexC4 is tion into CHLCOCuU" + CO. On the other hand, the addu@ts
formed, there are two alternative pathways: its direct dissocia- and6 are also good precursors for the loss of water by means
tion to yield CHOCu" + HCOOH or its isomerization, through  of a proton transfer through the corresponding IHB. In the first

the intermediateC5, to finally yield complexCL1. In this way, case, the product ion would be compleg and in the second
this second mechanism will be connected with the one discussedone P4 (see Figure 8). From the values in Table 1, it can be
previously. observed, however, that while the first process is slightly
As indicated above, in principle, the combined loss efH exothermic the second one is slightly endothermic. Furthermore,
CO, would be also an exothermic process. This mechanism in the second process, the activation barrier for the proton
would involve aC1—C3 isomerization through th&SC1C3 transfer lies above the entrance channel. Therefore, we must
which involves an activation barrier of 58 kJ mél Complex conclude that the loss of water can be only produced from adduct
C3 can now either dissociate into GEICu"™ + HCOOH or into 2. It is also important to mention that the corresponding
P6 + H, (see Figure 8). However, this dissociation takes place activation barrier is 70 kJ mot lower than that reported by
through theTSC3H2 transition state, which lies 87 kJ madl Domingo et aP8 for the loss of water from neutral glycolic acid.
above the entrance channel. This implies that this unimolecular fragmentation is catalyzed
In summary, complexe€1—C5 are suitable precursors for by Cu* association, as a direct consequence of the reinforcement
the loss of 46 u that can be formed from addutter 4 or of the OH--O intramolecular hydrogen bond, which occurs upon

both. On the other hand, the loss of 46 u should correspond Cut association. Although for the neutral, the subsequent

dominantly to the loss of formic acid and in a lower proportion fragmentation of the three-membered ring inteCd + CO

to the loss of COt+ H,O but not to a combined loss of,H+- implies similar activation barriers as those involved in the loss

CO.. of water®® in our case, these barriers would be well above the
Mechanisms for the Loss of HO. According to our previous entrance channel, so a subsequent loss of CO #8rannot

discussion part of the loss of water may come from the be expected.
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above, the dissociation of compl&i into P1+ CO is predicted via the Internet at http://pubs.acs.org.
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