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Abstract

Zn*t—carboxylate ions formed in methanol/water solutions are transferred in the gas phase by electrospray. At low col
voltage, species observed in the source spectra correspond to solvatedaihoxylates: [RCOOZn, (GIDH),]* (R = H,
CHgs; n = 1-3) ions. Under low energy collisions, all ions with> 1 lose exclusively methanol, mimicking some of the
last steps of ion desolvation. However, ions with only one molecule of solvent behave differently: [HCOOZDHTH
eliminates carbon dioxide and [GBOOZn, CHOH]* either loses the last molecule of methanol or fragments to give the
acylium ion [CHCO]J'. Labelling experiments as well as accurate molecular orbital calculations are used to explain this
different behaviour of [RCOOZn, C4#OH]™ ions which fragment (totally or partially) instead of losing the last molecule
of solvent. It appears that the loss of the last molecule of solvent from [HCOOZgOHH requires more energy than
does its isomerisation into [GOHZn, CH;OH] ™, precursor for the loss of GOFor [CHsCOOZn, CHOH] ™, isomerisation
processes and direct loss of methanol require very similar energies. In both cases, part of the gaseous ions formed &
complete desolvation are chemically different from their precursors in solution.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction are faithful images of their solution phase precursors
does not apply to certain categories of metal ions.
The common wisdom that electrospray ionisationis  Metal ions embedded in a large number of sol-
a gentle process which produces gas phase ions whichvent molecules have small desolvation energies, so
that stepwise desolvation is by far the lowest en-
ergy process. When solvent molecules get fewer,
* Corresponding author. Tel:-33-1-69-33-34-04; and especially when all are in the first coordination
fax: +33-1-69-33-30-41. . . . .
sphere of the metal ion, desolvation energies rise

E-mail address: yannik.hoppilliard@polytechnique.fr . ) )
(Y. Hoppilliard). sharply. For instance, dehydration enthalpies at 298 K
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of Zn?*t(H,0), to Zrét(H20),_1 plus HO remain
lower than 105 kJ/mol for > 4, and then rise to 179
and 233 whem decreases to 4 and 3. With= 2

and 1, dehydration energies reach values dramatically

high (368 and 431 kJ/mol, respectively). With such
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2. Experimental and computational
2.1. Experimental

Electrosprayed Z#t—carboxylate complexes of

large energies required, other processes may start tovarious carboxylic acids, RCOOH, were formed from

compete with simple desolvatidf,2].

In a previous papef3], we have shown that the
evaporation of the last molecule of methanol bound
to [CH3OZn]* requires a dissociation energy of
261 kJd/mol. From [Gly-Ht+Zn] T, this enthalpy is cal-
culated to be 186, 218 and 263 kJ/mol for the follow-
ing molecules of solvent: $0, CH;OH and CHCN,

a RCOOH/ZnG mixture (1mM and 50QuM, re-

spectively) in 50:50 v/v solutions of water/methanol.
Solutions were infused in the ion source with a sy-
ringe pump (Harvard, Southnatic, MA, USA) at a
flow rate of 1QuL/min. Formic and acetic acids were
purchased from Aldrich Chem. Co. (Saint Quentin
Fallavier, France) and anhydrous Zp@las obtained

respectively{6]. These energies are large enough that from Merck KGaA (Darmstadt, Germany). All sol-
there exist structural rearrangements requiring less vents were of HPLC grade.

energy than desolvation. Such rearrangements lead to All experiments were carried out on a triple
fully desolvated gaseous ions having a structure which quadrupole Quattro Il mass spectrometer (Micromass,
may be different from that of their condensed phase Manchester, UK). Source parameters were adjusted so
precursors, contrary to what is generally expected for as to optimize ion signals such as [RCOOH+Hn,
electrosprayed ions. In fact, a mixture of isomers may CHzOH]*. Typical voltage values were: capil-
be formed. Such rearrangements were shown to occurlary 2.5-3.5kV, counter electrode 0.1-0.3kV, RF

in the zinc complex of methanol [G3DZn, CH;OH] T

[3] isomerising into [CHO, HZn, CHOH]* and the
zinc complex of the simplest amino acid, glycine:
[Gly-H + Zn, CH3OH]™, in which three different
isomerisations were identifidd,5].

In this paper, we have investigated the decom-
position processes of [HCOOZn, (G&H),]*T and
[CH3COOZn, (CHOH),]*. As compared to glycine,
small aliphatic carboxylic acids lack the amino group

lens 0.7eV, skimmer 1.5V, cone voltage 10-
40 V.

Low energy collision-induced dissociation (CID)
of [RCOOH-H+ Zn, (CH3OH),]™ and their frag-
ments were performed with argon as the collision
gas (at a pressure of¥x 10~*mbar in the colli-
sion cell). The decomposition of [RCOOH—H Zn,
CH3OH]J ™ was studied as a function of collision en-
ergy in the laboratory frameE(yy), typically in the

and are therefore expected to be prone to less many0-24 eV range. The results are presented as break-
low-energy rearrangements. The question therefore down graphs showing the abundances of the vari-

arises: are there still rearrangements which may com-

pete with direct desolvation?
Mass spectrometric experiments were carried

ous fragment ions as a function of collision energy.
The gas pressure used is high enough to allow for
multiple collisions, so that the energies imparted to

out to determine the gas phase behaviour of the the ions may be higher than the collision energies

Zn?*t—carboxylate complexes of formic and acetic
acids micro-solvated with one to three molecules of
methanol. Collisional activation as well as deuterium
labelling were used to probe ion structures. Frag-
mentation pathways were determined with ab initio
calculations, providing a complete picture of the com-

indicated. Therefore, no attempt was made to re-
late the absolute collision energies to the computed
critical energies of the various fragmentations. All
CID experiments were preceded by mass selection
of the isotopomer of [RCOOH-H- Zn, CH;OH]*
involving 84Zn. Eachmiz ratio indicated in the text

petition between metal carboxylate isomerisation and for ions containing zinc corresponds to ti%8zn

solvent elimination.

isotope.
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2.2. Computational

As in our previous work[3—6], two basis sets
were used in this study. For geometry optimizations
and vibrational frequency calculations, the 6-31G
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3.1. Zn(ll)—acid formic complexes solvated by
methanol: [HCOOZn, (CH30H),,] ™

At cone voltage values in the 10-40V range,
the source spectra recorded by scanning the first

basis set was used for H, C, N and O, and the quadrupole indicate the dominant formation of

Wachters [14s9p5d1f/9s5p3d1f] was used for Zn
[7]. This is referred to as basisl. For final energy
calculations, basis2 consists in the 6-313(2d,2p)

[HCOOZn, (CHOH),]T (n = 1-3), withn decreas-
ing with increasing cone voltage. Far = 1, this
ion is calledl. Low energy collisions of the selected

for H, C, N and O, and the extended Wachters ba- m/z 173 ions, [HCOOZn, (CBOH),]™ termed here-

sis [15s11p6d2f/10s7p4d2f] for Zfi7]. Geometry
optimizations and vibrational frequency calculations

were carried out at the HF/basis1 level. These calcu-

after [1, CH3OH], exclusively producd, [HCOOZn,
CH3OH]* (mz 141). This corresponds to a loss of
methanol, mimicking the second to last step of desol-

lations were also used to obtain thermal corrections vation of HCOOZrt. In contrast with this expected

at 298K Eierm). NO special treatment was applied
to correct for the larger relative errors on small

result, low energy collisions df produce HCOOZHh
(m/z 109) in only minor amounts, while the main

frequencies computed in the harmonic approxima- process observed is the loss of C&mM/z 97 (Fig. 1).

tion. Extensive test§3-6] showed that the use of

In order to provide a rationale for these observa-

HF rather than MP2 geometries leads to very small tions, potential energy profiles associated with the low

errors in final energy calculations. Final energetics
were obtained with MP2(FC)/basis2 wavefunctions

at the HF/basis1l geometries, a level denoted below

energy fragmentations of both,[CH3OH] and1 were
calculated.

as MP2(FC)/basis2//HF/basis1 (where FC indicates 3.1.1. The [HCOOZn, (CH30H)2]* system

that the frozen core approximation was applied to the

Concerning the [HCOOZn, (CH#DH),]™ system,

1s electrons of C, N and O and to the 1s, 2s, and the geometries of three structures were calculated

2p electrons of Zn). The Gaussian98 program pack-

age[8] was used throughout. In the text, the relative

and are presented ifrig. 2 the formate com-
plex, [1, CH3OH]; the rearranged form [C£) HZn,

energies are always given at the best level of theory (CH3OH),]* allowing loss of CQ and termed %,
(MP2(FC)/basis2//HF/basis1) and include the thermal CH3OH]; and the transition state TSL,[ CH3OH]

corrections at 298 K performed at the HF/basis1 level.

3. Results and discussion

In the whole range of experimental conditions used,
all ions observed are singly charged, resulting from
deprotonation of one of the organic ligands by?Zn
Since the acidities of HC&H and CHCO;H are
much larger than that of G¥DH, it is expected that the
ions observed are of the form [RGZn, (CH;OH), ]+
rather than [RC@H, CH3zOZn, (CH3OH),_1]*"

(R = H, CHg), i.e., a zinc-bound carboxylate ion
microsolvated by a varying humbar, of methanol
molecules.

[2, CH30H] connecting these two isomeric minima.
The energies associated with these various structures
and with the fragmentation leading tb by loss of
methanol are given irfable 1 It appears, as ex-
pected, that the direct loss of methanol requires less
energy (137 kJ/mol) than does the isomerisation of
[1, CH3OH] into [2, CH3OH] (transition state located
157 kJ/mol above 1, CH3OH]). Therefore, when
HCOOZn" is solvated with two methanol molecules,
isomerisation into [C@, ZnH, (CHsOH)]* cannot
compete with methanol elimination (s€e. 3).

3.1.2. The [HCOOZn, CH30H] " system
As seen before, at low collision energieBif, <
8eV), the [HCOOZn, CHOH]" ion, formed by
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Fig. 1. Breakdown graph associated with the decomposition of [HCOOZROEH" (mVz 141), i.e., loss of methanoh(z 109); loss of
carbon dioxide 1fvz 97); formation of ZnH (m/z 65); formation of CHOH,™ (m/z 33).

elimination of methanol from 1, CH3OH], elimi- mation CHOH,™ and HZn™ are also observed, but
nates competitively CkDH and CQ, the latter being  with very low intensities at all collision energies.
greatly favoured. With increasing values of the col- Elimination of methanol (32 u) is the only decom-

lision energy, the relative intensities of the two frag- position expected from. Given the very high energy

mentations change to the extent that loss of methanol demand for this direct process (247 kJ/mol, vide in-
becomes dominant (abovg,, = 18 eV). Moreover, fra), these experimental results suggest that all frag-
above 10eV, minor peaks corresponding to the for- mentations observed at low collision energies involve

Table 1
Total energiesE (MP2(FC)/basis2//HF/basisl), thermal corrections at 29&ierm (HF/basisl) and relativé\(E + Etherm) €nthalpies
derived from these results for the [HCOOZn, (§bH),]™ system

lons E (Hartree) Etherm (kJ/mol) A(E + Etherm) (kJ/mol)
[1, CH30OH] —2198.106000 406 0

[2, CH30H] —2198.089033 391 30

TS [1, CH3OH]-[2, CH3OH] —2198.039380 388 157

1 4 CH3zOH —2198.050042 396 137
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Fig. 2. Geometries of isomerd,[ CH;OH] and R, CH3OH] and of transition state TSL] CHzOH] [2, CHsOH] (bond lengths in A,
angles in degrees).
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TS [1, CH;0H] [2, CH;0H] potential energy profile associated with the isomerisa-
(157 tions and fragmentations dfis presented itrig. 5

§ b B o0 Loss of carbon dioxide requires the isomerisation

! Y of 1into a structure in which the metal ion is in inter-
; \ action with carbon dioxide. Such a structure, [£SO
B0/ ZnH, CHsOH]*, called?, is obtained by3-hydrogen
LR transfer from the formate to the zinc ion. The rate
limiting step (transition state) of this isomerisation is
located 169 kJ/mol abovk(taken as the reference en-
5 ergy) while the direct elimination of methanol froin
requires 247 kJ/mol. Consequently, the isomerisation
is energetically much more favourable. Moreover,
2, CH;0H] [1, CH;0H] methanol and carbon dioxide may be competitively
Fig. 3. Potential energy profile of the [HCOOZn, (GBH)]* eliminated from the rearranged struct@eThe most
system. Relative energies (in kJ/mol) are given in parenthesis. ~ Stable final state associated with these fragmenta-
tions, [HZn CH3zOH]™ 4- COy, is located 37 kJ/mol
rearrangements of prior to dissociation. In order  abovel, while the elimination of methanol is close in
to provide a rationale for these observations, several energy to the transition state TIS2 (157 kJ/mol vs.
isomerisation processes bfwere investigated. 169 kJ/mol abovd, respectively).

The computed geometries associated with various At high collision energy the ion [HZn, C¥OH]™
isomeric structures and transition states connecting formed by CQ elimination from2 either may lose
these minima are given ifig. 4while the relative en-  CH3OH to give HZn" or rearrange to form proto-
ergies of the various states are listedTaible 2 The nated methanol by loss of reduced zinc (Beg 5and

Table 2
Total energiesE (MP2(FC)/basis2//HF/basisl), thermal corrections at 298&erm (HF/basisl) and relativé\(E + Eierm) €nthalpies
derived from these results for the [HGZn, CH;OH] ' system

lons E (Hartree) Etherm (kJ/mol) A(E + Etherm) (kJ/mol)
[HCOOZn, CHOH]* 1 —2082.574431 242 0
[HZn, CO,, CH3OH]t 2 —2082.567778 229 4
[CH30Zn, HCQH]* 3 —2082.546052 242 75
[HZnt, HCO;H, OCH]* 4 —2082.541557 226 70
TS 12 —2082.503531 225 169
TS 1-3 —2082.537501 228 83
TS 34 —2082.484107 224 219
[HCO2Zn]*t + CH30OH —2082.476348 232 247
[HZn, CO]t + CH3OH —2082.506309 220 157
[HZn, CH3OH]* + CO, —2082.552017 220 37
CH30zZnt + HCOzH —2082.447946 232 322
HZn*(OCHy) + HCO;H —2082.493382 218 189
HZnT(HCOzH) + OCH, —2080.644671 218 165
HZn* 4+ CO, + CH3OH —2082.457782 212 276
TS [HZn, CHOH]+ —2082.477552 216 228
[CH3OHy, Zr°]* + CO, —2082.522848 236 130

CH3OHy™ + COp + Zn° —2082.506891 233 169
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Fig. 4. Geometries of isomerk 2, 3, 4 and of transition states T$-2, TS 1-3 and TS3-4 (bond lengths in A, angles in degrees).
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Fig. 5. Potential energy profile of the [HCOOZn, @BH]" system. Relative energies (in kd/mol) are given in parenthesis.
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Table 2. This would account for the marginal forma-
tions of both ions.

Although the above results provide a consistent de-

787

abundance at all energies (losses of ketemg/afl13
and of water atr/z 137).
Labelling experiments were carried out, using ei-

scription of the fragmentations observed, another type ther CD;OH as solvent, or CBECO,H as reagent or

of isomerisation ofl was considered. Our previous
work on the analogous ion [Gly-HZn, CH;OH]™ (in
which formic acid is replaced by glycine) led us to sus-
pect that the isomeric forr8 [HCOOH, ZnOCH]*
might also be quite stable. It turned out that it is not
the case, sinc8 is computed to lie 75 kJ/mol higher
than 1 (seeTable 2and Fig. 5. Forming 3 from 1
requires acidic proton transfer from the methanol to
the formate, whose activation barrier is 83 kJ/mol.
Direct elimination of formic acid fron3 yields a final
state CHOZn* + HCOOH at 322 kJ/mol, much too
high for CH;OZn* (m/z 95) to be formed. Fron3, a
classical3-H transfer finally would yield the 3-ligand
complex [HCOOH, ZnH, CHO]*, 4, able to lose
HCOOH and HCO competitively leading to final
states located at 189 and 165 kJ/mol abbyeespec-
tively. However, the transition state f@-H transfer

is high in energy, 219kJ/mol, so that this pathway
cannot compete with isomerisation @finto 2: the
rate-limiting barrier of the latter is 50 kJ/mol more
favourable.

From these results, a scenario emerges which is in

full agreement with the experimental observations: at
low collision energies, the most favourable process
involves isomerisation ol into 2, followed by loss

of CO; (major) or CHOH (minor). At still higher
energies, direct elimination of G®H from 1 be-
comes possible. This simple bond breaking being
dynamically favoured over multi-step rearrangements,
it takes over and loss of G4DH eventually becomes
dominant.

3.2. [CH3COOZn, CH3OH]*

Fig. 6 gives the breakdown graph associated with
the fragmentations of [C§€C0O,Zn, CHOH]™ (m/z
155, named hereafter) as a function of collision en-
ergy. Four fragmentations appear on this graph, two
are prominent (loss of methanol a¥z 123 and for-
mation of CHRCO™ atnvz 43) and two remain of low

a mixture of CHOD and CHCO.,D (solvent and
reagent, respectively). The various parent ions formed
during these experiments were dissociated under low
energy collisions in order to reveal the origin of the
hydrogen atoms involved in each fragment ion. The
ions formed as well as the molecules lost during
these dissociationsE(zp = 18 eV) are presented in
Table 3

The optimized geometries of the species (minima
and transition states) involved in these profiles are
given inFigs. 7 and 9The potential energy profiles as-
sociated with the formation of the observed fragments
are presented ifigs. 8 and 10The relative energies
of initial, intermediate, transition and final states are
gathered inTable 4

In the following sections, we describe the mecha-
nisms and energetics of the four fragmentations ob-
served, and finally put the results together to obtain a
consistent description of the dissociationsof

3.2.1. Loss of methanol

Table 3 shows that for the greatest part, the
methanol molecule lost from labelled parent ions is
the solvent molecule. The simplest way to account for
this observation is a direct detachment of methanol
from [CH3CO»Zn, CHsOH]™. This process is com-
puted to require 239 kJ/molTéble 4 Fig. 8). How-
ever, for a smaller part, [CSLO,Zn, CHsOH]™ and
[CH3CO,Zn, CH;OD] T lose a molecule of methanol
including a hydrogen atom coming from the methyl
group of the acetate. The prerequisite for such a loss
is an isomerisation of the parent ion which will be
described together with the loss of ketene and demon-
strated to be more energy demanding than the direct
loss of methanol.

3.2.2. Formation of the acylium ion

The formation of the acylium ion C#O" at nvz
43 involves exclusively the methyl group of the acetate
function (se€Table 3. Two decomposition processes
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Fig. 6. Breakdown graph for the fragmentations of ECHDOZn, CHOH]* (m/z 155), i.e.,m/z 43: formation of CHCO™"; mvz 113: loss

of ketene;m/z 123: loss of methanoklvz 137: loss of water.

yielding CHsCO™ were investigated and are presented
in Scheme 1

Mechanism (A) involves the neutralization of the
zinc atom, in the [CHCO,Zn, CH;OH]™ ion 5, to
form either via an ion/neutral complex intermediate
or in one step the acylium ion and the complex (ZnO,
CH3OH). The energy of this final state is dramatically

Table 3

high (498 kJ/mol) so that this process can be defini-
tively excluded.

The second mechanism (B), first requires transfer
of the acidic proton of methanol to the acetate, to form
isomer6 [CH3COyH, ZnOCH;]+. Froms, this mech-
anism associates the formation of acylium and the
elimination of HOZnOCH. There are two conformers

Decomposition under collisionHzp = 18 eV) of [CX3CO0Zn, C%OX]* (X =H or D)

Loss of ketene

Loss of0ZIHOH

Parent ion Loss of water Loss of methanol
[CH3COOZn, CHOH]* (mz 155) —HO (Mz137)  CHOH (m/z 123)
[CH3COOZn, CZOH]* (m/z 158) -H0 (m/z 140) —CDBOH (m/z 123)
[CD3COOZn, CHOH]* (Mz 158)  —HDO (Wz 139) —CHOH (m/z 126) 69%
—CH3;OD (m/z 125) 31%
[CH3COOZn, CHOD]* (mz 156) —-HDO (Wz 137)  —CHOH (m/z 124) 24%

~CHOD (m/z 123) 76%

—CHCO (m/z 113)
—CHCO (Wz 116)
—CBCO (z 114)

—CHCO (mz 114)

—CHOZNnOH (1z 43)
—CQ:0ZNOH (z 43)
—CHOZNnOH (1z 46)

—CH0ZnOD (1z 43)
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HOCC 180.0

HOCC 260.0

TS 6A-6B

HOCC 0.0
Fig. 7. Geometries of isome& 6A and 6B and of transition states T5-6A and TS6A—6B (bond lengths in A, angles in degrees).

of [CH3CO;H, ZnOCH;]™, 6A and6B, differing by and Table 4. Transfer of the labile hydrogen from
the orientation of the hydroxylic hydrogen in the acetic methanol to acetate requires few activation energy
acid molecule and very close together in energy (72 (83 kJ/mol) and leads t6A. However,6B is a better
and 65 kJ/mol, respectively, abobe(seeFigs. 7 and 8 precursor thaA for the hydroxyl group transfer on
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. (239) @9 cy.cot +

CH;0ZnOH

CH3C02ZD
+ CH,;0H

TS 6A-6B

TS 5-6A

6A

Fig. 8. Potential energy profile of the [GBOOZn, CHOH]" system. Direct loss of methanol vs. isomerisation leading to formation of
acylium CHCO". Relative energies (in kJ/mol) are given in parenthesis.

the zinc atom. The transition state for the interconver- sponding to hydroxyl transfer from the acetic acid

sion (TS6A-6B) is located 119 kJ/mol above onto zinc. No such structure could be located. This
The potential energy surface was extensively ex- exploration showed that there is a continuous in-

plored in order to locate a transition state corre- crease in energy from structug to the dissociation

Table 4
Total energiesE (MP2(FC)/basis2//HF/basisl), thermal corrections at 29&Kerm (HF/basisl) and relativé\(E + Eterm) €nthalpies
derived from these results for the §8CO,Zn, CHOH]™ system (initial, intermediates, transition and final states)

lons E (Hartree) Etherm (kJ/mol) A(E + Etherm) (kJ/mol)
[H3CCOZn, CH;OH]™ 5 —2121.798657 323 0
[CH30Zn, H3CCOH] ™ 6A —2121.771388 323 72
[CH30Zn, HCCO,H] ™ 6B —2121.774025 323 65
[CH30Zn, H,CCO, KO]* 7 —2121.727411 308 171
[CH,=C(OH)OZn, CHOH]* 8 —2121.737657 321 158
[HOZn, CH;OH, CH,COJ*" 9 —2121.739890 312 143
TS 5-6A —2121.761598 309 83
TS 6A-6B —2121.750804 316 119
TS 6B-7 —2121.723376 298 172
TS 7-9 —2121.703996 299 224
TS 6B-8 —2121.703724 308 234
TS89 —2121.720031 311 194
H3CCOZnt + CH3OH —2121.704173 314 239
H3CCO" + (ZnO, CH;OH) —2121.601877 304 498
H3CCO" + CH30ZnOH —2121.702170 305 235
H3CCO" + (H2CO, Zn, H,0) —2119.616579 305 354
[H3COZn, HO]* + CH,=C=0 —2121.694762 304 254
[H3COZn, CH=C=0]* + H,0 —2121.677487 302 297
[HOZn, CH;OH]t + CH,=C=0 —2121.707589 305 221
[HOZn, CH,=C=0]* + CHzOH —2121.677166 303 299

H>C=C(OH)OZn* + CH3OH —2121.640970 311 402




F. Rogalewicz et al./International Journal of Mass Spectrometry 228 (2003) 779-795 791
(A) /0
H3C C\\/—\ @ /CH3 — CH3-C0 +7Zn0 + CH30H
O—Zn----0
5
H
(B) CH3
\\ . @
H3;C——C @,Zn—o — CH3-CO + HO-Zn-OCH3
Tf
6 H
Scheme 1.

products CHCO" and HOZnOCH. Therefore, the
critical energy for this process is that of the exit
channel, 235kJ/mol. Another combination of prod-
ucts is CHCO+ and HOZnOCH, it is found to lie
354 kJ/mol abovés and therefore cannot be compe-
titive.

3.2.3. Loss of water

Table 3shows that the loss of water involves the
acidic hydrogen (loss of HDO from [GH€O>Zn,
CH30D]™) and a hydrogen of the methyl group of the
carboxylate function (loss of HDO from [T O»Zn,
CH3OH]™). According to these results, an interme-
diate 7 in which the ion CHOZn" is in interaction
with water and ketene is a good precursor for water
elimination. 7 arises from6B in two steps: hydroxyl
migration to zinc, and migration of a hydrogen atom
from the acetate methyl group to the hydroxyids. 9
and 10Q. It has been shown earlier (vide supra for-
mation of CHCO") that there is not transition
state associated with the first step (C—O(H) break-
ing). In the present case, the cleavage of C-O(H)

is assisted by the hydrogen transfer leading straight

to 7.
The transition state T6B—7 and the intermediaté

3.2.4. Loss of ketene

The ketene molecule which is eliminated is ex-
pected to arise from the fragmentation of the acetate
ligand. Labelling experiments confirm the assumption.
It has been shown, just before, that the intermediate
7 is an appropriate precursor not only for the loss
of water but also for that of ketene. Moreover, it is
to be noticed that, fron7, ketene loss is easier than
water loss (vide supra). A second suitable precursor
for ketene elimination is an intermedia®ein which
the ion HOZN' is in interaction with methanol and
ketene allowing the competitive elimination of both
molecules.

In Scheme 2two mechanisms are proposed to ex-
plain the formation oB. Both mechanisms start from
6B, which is easily formed frond, and lead t® via
7or8.

The isomerisation 06B into 7 has been described
before. From7, hydrogen transfer from the water
molecule to the oxygen of methanolate leadS.tbhe
transition state T3-9, located 224 kJ/mol abow is
the rate limiting step for the isomerisation ®fnto 9.

The second pathway involves, to isomeré&into
8, a 1-5 hydrogen transfer from the methyl of the
acetate group to the oxygen atom of the methylate

are very close together in energy (172 and 171 kJ/mol group. This migration is followed by the hydroxyl

aboveb, respectively). The decomposition dfleads
competitively to loss of ketene or water located 254
and 297 kJ/mol abovB, respectively.

transfer on the zinc ion to yield [CI#C=0, HOZn,
CH3OH]™, 9. The rate limiting barrier of the reac-
tion leading from6B to 9 via 8 is TS 6B-8, located
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HOZnO 12.0

TS 6B-8

Fig. 9. Geometries of isomef 8, 9 and of transition states TEB-7, TS 6B-8, TS 7-9 and TS8-9 (bond lengths in A, angles in degrees).
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at 234 kJ/mol abové (Fig. 10, i.e., very close to
the transition state T$-9 (224 kJ/mol abové) and
to the direct loss of methanol frord (239 kJ/mol

fragmentations have very similar energetic require-
ments, in agreement with their very similar intensities.
The two minor decomposition pathways, leading to

above5). The final state associated with the loss of elimination of ketene and water, have critical energies

ketene fronB is located 221 kJ/mol above(Fig. 10.
This loss is in competition with a loss of methanol

in the same range as the main ones above: 224, 234
and 254 kJ/mol for loss of ketene or higher: 297 kJ/mol

which is more energy demanding (299 kJ/mol) than for loss of water. These fragmentations as well as the
the loss of ketene and than the direct desolvation of formation of CHCO" start from6B. However, direct

5 (239 kJ/mol). However, the hydroxylic hydrogen of

formation of CHCO™ is dynamically more favourable

the methanol so formed is a non acidic hydrogen and than losses of ketene and water because these latter re-
the loss of such a methanol molecule would explain quire several successive rearrangements while the for-

the losses of CEOD and CHOH from [CD3COxZn,
CH3OH]* and [CHCO,Zn, CH;OD] ™, respectively.
At last, loss of methanol from8 may be envisioned.

mer CH;CO™ occurs by simple bond cleavage. This
is reflected by the small intensities ofz 113 (loss
of ketene) andh/'z 137 (loss of water) even at high

However, the final state associated with this fragmen- energies. Nevertheless, the loss of water requiring the

tation ([CH,=C(OH)OZn + CH3OH]*, 402kJ/mol
aboveb) is too high in energy to be expected.

3.2.5. Summary

highest activation energy (comparing with the losses
of methanol, HOZnOCkl CH,CO) appears at very
low collision energy Fig. 6). As suggested by one re-
viewer, an interference of a minor isobaric ion evolv-

The results described above may now be put to- ing from the ESI solvent ([(pO)s, (CH3OH),, H]*)
gether to obtain an overall picture of the dissociation could explain this so early loss.

of [CH3COO0Zn, CHOH]™. The most stable isomer
of this species i%, in which it is the acetic acid lig-

and which is deprotonated. Direct detachment of the 4. Conclusions

methanol from5 requires 239 kJ/mol. Isomerisation
of 5 into 6A and 6B (in which it is the methanol

The Zrf*—carboxylate complexes of formic and

ligand that is deprotonated) opens the way to for- acetic acids, micro-solvated by a few methanol

mation of CHCO™ and elimination of CHOZnOH,
with a critical energy of 235 kJ/mol. These two major

molecules, undergo methanol evaporation as the low-
est energy process. However, when only one methanol
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