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Abstract

Catalyzed conversion of HCOOHinto HOCOH* was studied in the cell of a FT-ICR in the presence of different molecules. The reaction
of HCOOH'* with SO,, whose proton affinity (PA) lies between that of the HOG@dical at the carbon and at the oxygen sites, yields the
HOCOH* carbene isomer as proved by its characteristic reaction with cyclopropane. When the PA of the catalyst lies above the highest PA of
both sites of the HOC@radical, formation of HOCOM' cannot be observed since its final state lies above that corresponding to protonation of
the catalyst. However, reactions of D@+ and of HCQD**, which protonate several catalysts in an identical ratio which is very near of 1/1
at the beginning of the reaction, indicates that both ions, BEC® and of HCQD*™, convert into ion DO-C-OP" within a complex prior to
protonation. The reactions of HCO®Hand HOCOH™* with water were also more particularly studied by using theoretical calculations. Both
reactions lead to protonated water and to the ionized water dimer which has been shown to possgdsithe [DH*] structure. The first step
of the process is the conversion of the [HO(®)CHT- .- OH,] complex into [HOCO. - - H*- .. OH,]. This latter complex undergoes two
main pathways: on the one hand, it leads to protonation of water; on the other hand, it isomerizest€@id.[OH*- - - OH,] intermediate
which dissociates to form [fOHT- . - OH*] with CO loss. Formation of kD™ and [H,OH™- - - OH*] being rapid, the [HOC® - - HT- .. OH,]
complex does not dissociate to yield the ionized carbene product which was not detected. Since the catalyzed isomerization of the 1,2-H transfer,
converting HCOOHM into HOCOR*, is only observed within the corresponding complexes, this is a typical case of hidden isomerization.
Finally, the differences in the unimolecular fragmentations of ionized formic acid and of its water solvated ion were explained.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction observed (see for examgk]), 1,3-H transfers are rare and
irreversible[6], while 1,4, and a fortiori 1,5 and 1,6%Hrans-
In the gas phase, intramolecular transfer in radical fers are easier and often reversible. This has been confirmed
cations is a well known process which can occur both to by calculations carried out on ionized amin@$ as well
an ionized heteroatom radical or to a radical carbon site. as on ionized alcohol8]. Therefore, 1,2 and 1,3-hydrogen
These two kinds of Mtransfer were extensively studied by transfers in radical cations, and more rarely in cations, are
Helmut SchwarZ1] in several systems, more particularly in  the rate limiting steps inhibiting isomerization reactions of
alkanoic acid radical cations. ions. However, such processes can be catalyzed by appropri-
Intramolecular M transfer to the heteroatom is often the ate neutral molecules. This has been reviewed by different
first step of the fragmentation of long-chain alcohols, ethers, authors[9-11].
amines, acids or esters radical cations. Such a process yields 1,2-H “transport” reactions were first demonstrated in
a distonic ion[2—4]. Experiments show that intramolecular small systems involving a catidag. (1) or radical cations
1,2-H* transfers to an ionized heteroatom are generally not Eq. (2) [9] A second group of catalyzed isomerizations con-
cerns the interconversion between molecular ions and their
a-distonic counterpartsq. (3) These studies involve a great
* Corresponding author. number of experimental methods as well as calculations on
E-mail address; gvdr@dcmr.polytechnique.fr (G.v.d. Rest). different system$§12,13]. Finally, a third group of reactions
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more recently studied, corresponds to the interconversion
between molecular ions and their ionized carbene isomers

[14,15]

COH' — CHO' 1)
HCN**+ — CNHe* )
CH3OH** — *CH,OH," 3)

The first 1,3-H transport, conversion of ionized 2,4-cyclo-
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source. After transfer into the cell, the ions of interest were
first isolated by radio frequency ejection of all unwanted

hexadienone into ionized phenol catalyzed by water, hasions. After a 1.5s delay to allow thermalization of the ions

been proposed by Helmut Schwdiza]. More generally, a
number of works deals with the mechanism of keto-enol
tautomerism in ion$16].

Finally, we have recently shown that only one molecule of

by successive collisions with argon, the isolation procedure
was repeated by the use of low-voltage single frequency
pulses (soft shots) at the resonance frequencies of the prod-
uct ions formed during the relaxation time. Reaction time

solvent can catalyze successive 1,2-H and 1,3-H transferswas varied, and the intensity ratio of each peak over the total
For instance, water catalyzes all the steps of the decarbony-intensity leads to kinetic data. Reaction efficiencies (Eff) are

lation of ionized formamid¢14] Eq. (4) andmore particu-
larly its conversion into the ionized carbene NB-OH*™.

[HaN-CH=0"*, H0]
L2 HLN-C-OH, Hy0T "5 H-0- - -HaN-C=0°+]

—
— [NH3, H,0]* " + CO 4)

The first goal of this work is to study the catalysts which
operate in the conversion of formic adi** into the dihy-
droxycarbeneHyC*™ radical cation. The second goal is to
show that water catalyzes also the decarbonylatidFAsft.

MetastableFA*+ and HyC** lead dominantly to a hy-
drogen radical loss, but elimination of a hydroxy radical as
well as that of CO giving ionized water, are also observed
to some extenfl7]. Helmut Schwarz has shown that these
fragmentations involve high energy barri¢i8].

As already pointed out by Hrusak et fl9], and as is the
case for a number of carbene idig,15], there is no cova-
lent addition of the water molecule to the HO—C-Ottar-

expressed as the ratio (expressed in %) of the experimental
rate constant over the collision rate constant calculated ac-
cording to Su and Chesnavi¢P1]. Errors on experimental
values are estimated #130%.

lonized formic acid (FAT) was produced by direct
electron ionization (El) of neutral formic acid. lonized
dihydroxycarbene HOCOH (HyC**) was produced by
fragmentation of the molecular ion of oxalic acid as de-
scribed elsewhereSgheme } [22]. Most reagents were
commercially available and used without further purifica-
tion. For introduction in the leak and pulsed valves, the
liquid reagents were subject to several freeze-pump-thaw
cycles. D-labeled formic acid (HCOOD) was produced by
the direct mixture of HCOOH with a large excess of@
in the introduction reservoir of the external source. Exclu-
sive selection of then/z 47 ion (HCOOD™) provided the
purification step of the labeled compound. DgDand
H,180 (95%180) are commercially available.

bene, the only stable structures are H-bonded ones. In this2.2. Calculations

work, it will be shown that water catalyzes the decarbonyla-
tion of ionized formic acid and of ionized dihydroxycarbene.
It will be also explained why the unimolecular reactions of
the bare and solvated ions are significantly different.

2. Methods
2.1. Experimental
The bimolecular reactions of ions were examined in a

Bruker CMS-47X FT-ICR mass spectrometer equipped with
an external ion source and an infinity cgD]. Water was

introduced into the cell by means of a leak valve at a static

pressure of k 10~8 and then diluted in an argon gas bath to
a total pressure of 2 10~ " mbar. When appropriate, other

neutral reactants were introduced by means of a solenoid

pulsed valve at peak pressures in the@fbar range.

The Gaussian 98 program packdg8] was used to de-
termine geometries and energies of the different structures.
The geometries were optimized at the UMP2/6-31(gvel
of the theory unless stated otherwise. Diagonalization of the
computed Hessian matrix was performed in order to confirm
that the structures were either minima or transition states on
the potential energy surface. Zero point energies and ther-
mal energies at 298.15 K were computed at this level of the
theory and scaled by a 0.93 fac{@4]. To improve the ac-
curacy in the energy determination and account for basis set
and electron correlation effects, further single-point calcula-
tions were performed following the G3(MP2) methi@b].

3. Experimental results

The first goal of this work is to study the catalyzed con-

on-molecule reactions were examined after isolation and version of formic aci , into its di roxycarbene iso-
I lecul t d aft lat d f f dFA* T, into its dihyd b

thermalization of the reactant ions formed in the external

merHyC**. For this purpose, the reactions with molecules
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possessing different PA were performed. The second goalby formation of the GO,H4** product Scheme 2 Simi-

being the study of the water catalyzed decarbonylation of |arly, DCOOH* is converted into DOCOM", since cyclo-
these ions, detailed experiments and calculations were carpropane is deuteronated in a 1/1 ratio while g0gH3D*+

ried out in order to determine the mechanism of the reactions product is formed.

observed.

3.4. Reactions with H>O
3.1. Reaction of FA** with CO
1 o 3.4.1. Products of the reactions
In the presence of CO (PA 142 kcal mot ™), FA*™ only lonized formic acidFA®+) and ionized dihydroxycarbene
leads to a s!ow isomerization intdyC*+. Aﬁgr one sec-  (HyC**) both react with water in a similar way at near
ond of reaction (CO pressure 10~/ mbar), this latter ion collision rate (Eff= 99% forFA®+, 89% forHyC**). Only
was detected by its reactions with cyclopropane. The domi- {0 primary product ions are observed: a major iofz 19
nant process (90%) corresponds to the protonation of cycIo—(H30+) and a minor ionmVz 36 (H4O»**) (Fig. 1). This
propane, but for 10% afD;H,"" product is formed, corre-  atter, which is formally an ionized water dimer, evolves by
sponding to the characteristic reaction of the carbene struc-fyrther reaction with water at unit efficiency, leading to the
ture[15] (Schemeji Inthe same condmons (CO pressue m/z 37 ion (Hs0,™), as shown by reselection and further
10~ mbar), the direct reaction éfyC** with cyclopropane reaction of tham'z 36 ion. Thism/z 37 ion is not formed by

cating that in the conditions described above, the conversionyater H;0+ with water in the FT-ICR cell in our pressure

of FA** into HyC** is almost complete. conditions. Worth to note, continuous fast ejection of the
_ _ water dimer radical cation does not reduce significantly the
3.2. Reactions with CH3Cl and CS amount of protonated water, which means that formation of

H30™" occurs either mainly directly, or through water dimers

With CH3Cl (PA = 1547 kcal mol?, ionization energy  complexes having a very short lifetime (ejection timepz)
(IE) = 11.22 eV)[26], the main reaction ¢FA** (IE(FA) = [14].
11.33eV) is, as expected, electron transfer and subsequent The ionized water dimer has been studied in detail, both
self-chemical ionization of CkCl. This has for consequence on experimental and theoretical grounds, by a number of
a very low yield of isomerization. Similarly, GSPA = groupg28-31] The bimolecular reactions of this dimer have
163 kcalmof?, IE = 10.07 eV), whose ionization energy  been extensively studied by Nibbering’s gro[gi], and
lies about one eV below that of formic ad@ba], only leads  result in electron transfer, proton transfer and replacement
to electron transfer. After reisolation &A°*, the charac-  of OH® by the neutral reactant. It was calculated that two
teristic reaction ofHyC** with a pulse of cyclopropane stable structures exist for the dimer: either a two center-three

(Scheme Pis not observed. electron bound [KHO- - - OHp]*+ symmetrical system or a
hydrogen bound [HOH™T- .. OH*] system. The calculated
3.3. Reactions with SO, relative energies for the dimers, the transition state between

them and the two decomposition pathways are shown in

With SO, (PA = 160.7 kcal mot1, IE = 12.32 eV)[26], Scheme 3In Nibbering’s experiments, it was assumed, on
both studied ionsFA*T andHyC*™, yield the same reac- thermodynamical considerations, that the ionized dimer has
tions at the same rate (Ef= 20%), which suggests that the more stable structure, described as a H-bonded complex
these ions interconvert prior to dissociation. The main re- between HO™ and OH.
action is the loss of C®from the encounter complex to The collision induced dissociation (CID) spectra the wa-
yield presumably the HOSO¥t product (ionized sulfinic  ter dimer formed by reaction of formic acid with water
acid) which has been recently described by other authorswas performed. Upon collision, in contrast with the [\NH
[27]. Reaction of DCOO#™ yields DOSOHT. The mech- H,0]** system[14] which yields only NH**, the studied
anism of this interesting process will be discussed else- water dimer gives only gO*, which is in agreement with
where.FA*T undergoes a second reaction, namely an iso- the [H,OH™. .. OH®] structure. Conversely, this result is in
merization. Indeed, after collision with SOFA®™ converts coherence with the lack of substitution of a water molecule
into HyC**, since the so formed ion reacts, in turn, with a and with the exchange of a hydroxyl group since, in the
pulse of cyclopropane both by protonation of the neutral and case of the [HOH*- . . OH®] structure, the much lower pro-
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Fig. 1. Products of the reaction between HCOGHand KO (P = 1.2 x 10-8mbar) after 1.6's reaction time.

ton affinity of OH* (141.8 kcal mot?) [26b] compared to gen atom eliminated in the CO molecule comes exclusively
that of water (165.2 kcal mol) suggests that formation of ~ from the reacting ion. _
the proton bound dimer takes place via a ligand exchange, Second, after CO loss, the equivalence or not of the two

switching HO for OH* Eq. (5) oxygen atoms in the water dimer radical cation can give valu-
able information about its structure and about the mechanism
[H20H™--OH*] + H20 of its formation. Since upon collision, the jJ@'80]*+ prod-
— [H20---H"...OHy] + OH* (5) uct only yields H80™, it can be concluded that the sym-
metrical [HO- - - OHy]** two centers three electron bond
3.4.2. Reaction with H»180 structure is neither formed nor intermediate. Furthermore,

The reaction with oxygen labeled water could improve the ion has a [8OH*- - - 160H°] structure, where the ox-
the determination of the structure of the water dimer radi- onium moiety comes exclusively from the reacting water.
cal cation: three oxygen atoms are involved in the interme-
diate [HCOOH ™, H,0] or [HOCOH*, H,O] complexes.  3.4.3. Reaction with DO
Two kinds of results can be expected. First, it is of inter- At low reaction times, the protonated water appears in
est to see whether the oxygen borne by the water moleculea rationvz 20 (DH,O")/m/z 21 (D,HO") about 1/10, the
can be exchanged with either oxygen atoms of the radical purity of D,O being taken into account. If the reaction
cation before the loss of CO. Experiment indicates that a was purely an exothermic proton transfer from the ion-
[H4080]** product is formed which means that the oxy- ized carbene to the water molecule, mz 20 would have

+e
ot \\HHT + .AH . .
H>O + H,O H'\‘o _____ o* _ H':\O_H ------ (0] Hz0™ + OH
H H
46.7 keal mol™ 8.8 kcal mol™ TS: 16.7 keal mol™ 0.0 kcal mol™ 22.0 keal mol™

Scheme 3. Relative stability of the water dimers and decomposition pathways.
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been observed. In agreement with this data, BT and (i) When the PA of the catalyst lies below that of the
HCO,D** protonate water in an identical ratio which is CHyX* radical at the carbon site, the isomerization is
nearby 1/1 at the just beginning of the reaction. Therefore, either slow or not observed.
in the protonation pathway, the H/D exchange is marginal (if) When the PA lies between that of GM*® radical at the
which means that the intermediate complex does not ex- carbon site and that at the heteroatom site, the isomer-
hibit a lifetime sufficient to undergo an extensive proton ized *CHXH™ ion is generally a product of the reac-
exchange. tion. For instance in the water catalyzed conversion of
Upon collision, the water dimer ion leads dominantly ionized methanoEq. (3), the *CH,OH,™ product has
(about 75%) to a BHO™ fragment corresponding there- been clearly characterized by its CID spectriirBa].

fore to the [OHT- - - OH*] structure, DHO™ accounting (i) When the PA lies above the highest PA of both sites of
for the remaining 25%. These results indicate that there is the CHX* radical, the {CHoXH™- - - catalyst] has a

only a partial H/D exchange prior to dissociation: a com- very short lifetime and rapidly leads to the protonated
plete H/D scrambling would lead to a 1/1 ratio for the two catalyst as final product. This final state lies neces-
fragment ions. sarily below that corresponding to the formation of
*CHoXH, which therefore is not formed. However,
3.4.4. Subsequent reaction with cyclopropane even when the isomerized ion is not detected, hid-
When the iorFA** is left in the cell in presence of water, den isomerizations can take place within complexes,
reaction of this ion with a pulse of cyclopropane leads only to which can only be detected by labeling. For instance,
protonation, in contrast with the reactions observed with CO it has been shown by labeling that protonation of
and SQ. Therefore no intermediate formation bfyC*+ neutral methanol by ionized methanol is preceded by
is observed, in line with the fact that the decarbonylation the conversion of the ion into its distonic counterpart
reaction occurs at collision rate. No back dissociation of Eq. (6) [12] When the reaction is performed by using
the encounter comple¥p°*t, Ho0] into HyC** + H,0, is CD3OH* T, protonation takes place either by Hbr by
observed. A similar behaviour was noticed for the reaction DT in a 1/1 ratio, indicating that the protonating agent
of CHzOH™* with CH3OH [12]. is the a-distonic ion *CH,OHD™. Similarly, in the
reaction of CRNH,** with a molecule of appropriate
3.5. Reaction with CH,O PA, protonation of the neutral takes place either by H
or by D' in a 2/1 ratio, since the protonating agent
Three reaction channels, in a respective 2/1/1 ratio, are ob- is thea-distonic ion®*CH2NH2D™. In both cases, iso-
served when formaldehyde (PA 1704 kcal mol L, IE = merization obviously occurs within the intermediate
10.87 eV)[26] reacts witHFA**: protonation of CHO, elec- complex but thea-distonic ion is not detected as a
tron transfer and Mabstraction. When DCOOH is used as final product[12].
reactant, protonation by Hand by D" are observed in a
1/1 ratio at the beginning of the reaction. CH3OH®" + CH30H
— [CH30H*t, CH30H] — [*CH,OH, ™, CH30H]
4. Discussion — CH30H2+ + *CH>OH (6)

4.1.2. The case of ionized formic acid

For ionized formic acid, calculations indicate that the PA
of the HOCO radical is 162.0 kcal mof at the oxygen site
and 152.5 kcalmoi! at the carbon site.

4.1. Isomerized products and hidden isomerization

4.1.1. Previous studies on hidden catalyzed isomerizations
A number of experimental and theoretical studies deals
with the catalyzed interconversion between a molecular ion (i) The PA of CO (142.0 kcalmof) is less than the PA

CHgX** (X = OH, OCH;, SH, NH,, etc.) and itsx-distonic of the HOCQO radical at the carbon site. Therefore, the
counterparfCHpXH™. In all these isomerizations, the less catalyzed isomerization dfA** into HyC** is slow.
stable isomer is converted, using an appropriate catalyst, into (i) Three molecules used as neutral reactant possess a
the more stable ong2,13] The efficiency of the catalyst PA which lies between (or close to) that of HOCO
has been discussed. It has been sh¢¥2] that at least radical at the carbon site and at the heteroatom
two factors are important. First, the catalyst must possess an  site: CHCl (PA = 1547kcalmol?l), CS (PA =
appropriate ionization energy in order to avoid the electron 1630 kcalmol1) and SQ (PA = 160.7 kcal mot1).

transfer reaction. Second, taking as example the systems The two first compounds do not operate as a catalyst
where the distonic ion is the most stable structure, the proton since they react by electron transfer. In contrast cat-

affinity of the catalyst must be high enough to abstract a alyzed formation oHyC** by SO, was clearly estab-
proton at the carbon site of the GK** ion, but not too lished by the reactions of HC®I*™ and of DCQH**
high in order to give back this proton to the heteroatom site. with cyclopropane performed after some reaction time

More precisely, three cases can be distinguished: and reisolation.
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(iii) The PA of water (PA= 1652 kcal mol?) lies above
the highest PA of both sites of the HOC®adical.
Formation ofHyC** cannot be observed since its fi-
nal state lies above that corresponding #OF forma-
tion. However, the formation of the same products by
reaction of FA** and HyC*™ with water, with about
the same ratio ED1t/H40,*t, and at the same rate,
strongly suggests that these ions interconvert within
complexes. Furthermore, reactions of DEO™ and of
HCO,D** protonate water in an identical ratio which
is very near to 1/1 at the very beginning of the reac-
tion. This indicates that both ions, DGB** and of
HCO,D*+, convert into DO—C—OM" prior to proto-
nation.

Of course, it could be objected that, fortuitously,
DCOyH** and HCQD** protonate water by Hor D in
a 1/1 ratio via two different mechanisms. However, since
the same 1/1 ratio is also observed when these ions proto
nate SQ (PA = 1607 kcal mol 1) as well as formaldehyde
(PA = 1704 kcalmoll), whose PA significantly differ
from that of water, such an hypothesis can be reasonably
discarded.

It can be concluded from these data that the conversion
[HCO,H**, H,0] into [HO-C-OH™, H,O] may occur
within the complexes, but that the rate of dissociation by
simple cleavage of the [HO-C—OH, H,O] is much slower

than other reactions such as protonation of water and decar-

bonylation.

The reason for the discrepancy in the reactions with wa-
ter of ionized formamide anBA®*™, lies in the reaction rate
for proton transfer and decarbonylation which, in the case
of FA*T andHyC*™, proceed at near collision rate, in sharp
contrast with the case of ionized formamide and of its car-
bene isomer where the reaction efficiency is only {A%].
This conclusion is confirmed by calculation.

4.2. Potential energy surface for the water catalyzed
isomerization of FA** into HyC** and their
decarbonylation

In order to precise the various steps of the decarbonyla-
tion reaction and of the competition between the protona-
tion pathway and the isomerization pathway, an ab initio
calculation of the potential energy surface (PES) was per-
formed. Some elements of the potential energy surface for
the H4COz**+ system had already been calculated by other
groups, at the B3LYP/6-31G level by Hrusak et al[20].

This latter work does not provide a complete picture of the

PES required to describe the system under study, since it did
not take into account the decarbonylation pathway. Some
key transition states for H atom loss and for proton trans-

port isomerization were also not located in this previous

work. These results have been completed by adding nec-
essary points and by reoptimization of the already known

geometries at the same UMP2/6-3tCevel of the theory.

G. van der Rest et al./International Journal of Mass Spectrometry 231 (2004) 83-95

Table 1
G3(MP2) energies for the various stable conformersAf+ andHyC*+
(in keal mot?, relative to the most stable conformer BA®+)

Structure E° 298k
FAa*+ 0.0
FAb*+ 0.5
HyCa** -9.5
HyCb*+ -5.8
HyCc** 2.0

4.2.1. Various conformers can interconvert through a
common intermediate

The number of conformers for the various structures un-
der study complicates the study. For instan€as™ can
have two stable conformers amtlyC** three stable con-
formers {Table 1 Fig. 2). The strong steric interactions in
HyCc** explain the destabilization of this ion compared to
the two other conformers. Each of these can lead to a se-

ries of complexes with water. Fortunately the stabilities of
these conformers are close from each others and the tran-
sition states linking these conformers lie below the transi-
tion states linking chemically different structures. Therefore
calculation of all the possible structures was not necessary.
For instance, three conformers of the proton bound dimer
[HOCO®- .- H™T...OH,] were locatedda, 1b, 1c (Table 2

Fig. 3. Some of the transition states that allow interconver-
sion between these stable complexes were loc@tSt(1b,
TSla/lc andT S1c/1c). For this reason, although most of the
stable conformers were computed, the search for transition
states was limited to those linking the most stable conform-
ers.

In coherence with the energy profile, when deuterium la-
beled compounds are used, some H/D scrambling can occur
in the complex, through the transition stat&lc/1c. This
agrees well with the experimental observations.

4.2.2. \\ater catalyzed isomerization between FA** and
Hyco+

The water molecule can react wifiA*™ to yield three
types of complexesTable 2 Fig. 4): a hydrogen bonded
complex with the hydroxylic hydrogen of the aciga(and

T
LS

®c

O H

@0

e
bot

Fig. 2. Structures of the various conformersr#** and HyC**.
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Table 2
G3(MP2) energies for the entry points, stable structures, exit points and transition statesFéf® th#lyC** + H,O PES (in kcal mot?, relative to
FA*T + H,0)

Structure E° 298k Structure E° 2908k Structure E° 298k
FAa**™ + H,0 0.0 6a —29.8 TSla/lb -32.4
HyCa** + H,0 -95 6b —-27.9 TSla/lc -30.2
la —40.8 7 -19.0 TSlc/lc —-26.7
1b —-39.1 8 + H°* —28.4 TS1b/2a -0.2
1c -375 HO" + CO + OH* 11.6 TS1c/3 -21.6
2a —28.8 [H:O---OHy]*t + CO 3.1 TSlc/5b —-24.7
2b -28.3 HO* + CHO,* 2.7 TSla/6a -30.4
3 -18.1 HOH*...CO + OH*® —-2.3 TS1c/8 -3.8
4 —-15.1 [HOH*...OH] + CO -9.3 TS2al4 -145
5a —24.2 HOT + OCOH(b) -10.9 TS2a/8 -18.0
5b —-21.2 HO"™ + OCOH(a) -12.7 TS3/4 -15.1
5¢c -16.0 HOt + COp + H°* —-14.3 TS6al7 -15.7

2b), a much less stable hydrogen bonded complex with the gen in3. This is even more obvious when searching for the
hydrogen borne by the carbon atoB) pr an electrostatic  conformer of3 arising fromFAb**: there is no minimum on
bonded complexd). Atthe UMP2/6-31G* atransition state  the PES when following the O@-H(COOR ™) distance.
(TSlc/3) was located 0.9 kcal mot above3. An IRC cal- The water molecule simply picks up the proton and shifts to-
culation was carried on to confirm the nature of this transi- wards the deefa minimum. No intermediate proton-bound
tion state. Therefor8 readily evolves toward the H-bonded dimer is observed, most probably since, in the radical, the
complexic. This is formally an isomerization of &A°T, electron pair is involved in & C=0 bond.

H»0] complex into a HyC*™, H,O] complex, involving a Starting now from2a, this ion can isomerize intd
catalyzed 1,2-H transport. As previously discussed for the through two different processes. On the one hand, a high
conversion by water of ionized methanol into étsdistonic energy spectator mechanism (throug82a/1b) for which
counterpar{12], the barrier for catalyzed isomerization is the barrier is only 0.2 kcal mol under the energy of the re-
almost non-existent, as the water molecule tends to abstracictant ion; this pathway can be ruled out. On the other hand,
the proton as soon as it reaches close enough to the hydroa rotation of the water molecule around th&** moiety,

H,:\S.o\\
) “H. c
/c\ /H ‘\o/ \O TS1c/1c
H----0 o
, \H
o _____ ’
H™ H TS1a/lc ¢

TS1a/1b

1b
PN
c H o} o
,0/ \o/
! 0. H
H H( T c H
1
/ H \\0/ \o/

1
)

H\\‘/

H

Fig. 3. Excerpt of the potential energy surface of B¢ + H,O system showing the barriers for interconversions between the [HOCB* . . . OH,]
conformers.E°,ggk inkcalmol1, computed at the G3(MP2) level, relative Faa**+ + H,O.
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Fig. 4. Optimized structures of some significant complexes formed by the reactiBA®*cf or HyC*+ with water. Distances in A, atom fillings are
those ofFig. 2

0.0 TS1b/2a
FA™ + H,0

HyC™ + H,0

-37.5
-39.1

1b

Fig. 5. Excerpt of the potential energy surface of th&*+ + H,O system showing the barriers for interconversions betweet™ + H,O and
HyC** + H20. E°2ggk in kcalmolt, computed at the G3(MP2) level, relative Fda®* + H,O.
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0.0 TS1b/2a

T nmn L N A A TR T LA
FA™ + H,0 0.2}

' TS1c/8

; [H,OH*, OH] + CO

IIIIlIIIIIIIIIIIIIIII|IIlIIIII|II|IIIIIIIIIIIIIIIIIIIIIIIII'IIlIIIIIIlIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIII'II’IIIIIllIIlIIIIIIIIIIIIIlIIlIIII|IIIlIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
HC™* + H,0 \ :

Hz0" + OCOH;’

H30+ +H
+ COQ

Fig. 6. Simplified PES of th&A*+/HyC** 4+ H,0 system.E°,9gk in kcal molt, computed at the G3(MP2) level, relative FAa** + H,O. Full lines

connecting states indicate direct connection; dashed lines indicate that only the most energetic transition state along the pathway has lmeen shown f
clarity. Hashed lines indicate the exothermicity limit for bdtAa®* + H,O andHyCa**t + H,O systems.

throughT S2a/4 gives4 and then througff S3/4 leads to3

(Fig. 5). Although much more steps are required, the high-  The key points of the potential energy surface are sum-
est barrier for this process lies 14.5 kcal mblunder the marized inFig. 6 only the most stable conformers are
reactant energy. Therefore the real barrier in the process isrepresented, and transition states mentioned are the limiting
the energy required to break the hydrogen bon@drand transition states when multiple transition states separate
bring the water molecule close to this very acidic hydrogen. two stable species. The corresponding structures are in
In conclusion, calculation confirms experiment: water sol- Figs. 4 and 71t is worth noticing that, as already pointed
vatedFA°** and water solvatellyC** easily interconvert. out [14,15,19] there is no covalent addition of the water

4.2.3. Lack of symmetrisation of the oxygen atoms

@ 2,55

TS2a/4 TS2a/8

TS6a/7

Fig. 7. Optimized structures of important complexes and transition states occurring in the readtontafr HyC*+ with water. Distances in A, atom
fillings are those ofig. 2
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molecule to the carbene. The only stable structures are + 1
electrostatically bound structures suchbagFig. 4), which 1-14/0 o8 o;""
can only evolve towards the groupions. Therefore no o) ’ ’//,H
symmetrization of the three oxygen atom can occur through

H transfers in an intermediate distonic ion, which is in Scheme 4.

agreement with the products formed when the reactions are

performed with H10.

4.2.4. Mechanisms for the formation of the
[HoOH™. .. OH*] dimer
As shown by the experimental results, formation of the
[H20-: - - OHp]**™ dimer should be ruled out. Theoretical
calculations confirm this result, as formation of this dimer
would be endothermic by 3.1kcalmdl starting from
FA*T 4+ H,0 (and 12.6 kcal mof! from the other isomer).
Formation of the [HOH™- . . OH*] dimer proceeds in two
steps fromla: the HsO™ moiety turns around the OCOH
radical through a very low transition state leading to pro-
ton bound dimer [HO. . - HT- .. O(H)CO] 6a. TSla/6a con-

nects these two minima of the PES, with a very early tran-

of this bond, based on the calculation of the Laplacian of the
density function32], shows a nearly null value at the mid-
point of this bond, which is typical of non-covalent bond.

In a second time, the original water molecule recaptures
the proton from the nearby OHnoiety leading to the ter-
body complex, at first with an OC- OH°®. . - HOH,™ struc-
ture, which evolves without any energy barrier to structure
7. The transition state is situated at the point of the second
proton transfer. The absence of any mixing of the oxygen
atoms in the experiments witho#O supports this mech-
anism: the labeled oxygen is always located on th©H
moiety, and not the OHmoiety, at the end of the reac-
tion. Therefore, there does not exist any intermediate of the
[CO, H,0, HxOJ ™ structure with sufficient lifetime for the

sition state as checked by an IRC calculation. This is not water molecule exchange to take place. Such a mechanism

surprising considering thatd®™ migration is easy.

The transition state leading to the terbody compleis
intriguing: the net result of the reaction is the insertion of
H3OT in the C—OH bond of the OCOHradical. But the
transition statd S6a/7 looks more like a transition state for

a proton transfer than that of an insertion, and IRC calcu-

lation confirms that it indeed connedia and7. A plot of

explains this by a strong localization of the charge on one
migrating proton.

This terbody complex can then dissociate through loss of
CO leading to the [HOH™T- - . OH*] dimer.

Formation of the [HO™-..CQ] dimer is energetically
feasible starting from th&A*T isomer. But this product is
not observed, since OHoss would occur fronY and since

the distance of the bounding hydrogen versus the elonga-CO loss from this complex leads to a product 7 kcalmiol

tion of the C—OH bondFKig. 8) leads to a surprising result:
the proton is in fact transferred twice in a single reaction

more stable.

step. When increasing the C—O distance, it first moves from 4-2.5. Mechanisms for the formation of HzO™

the water molecule to the other oxygen atom, leading to an

OC-OH* T radical solvated by a water molecule. This struc-

Several mechanisms can a priori contribute to the forma-
tion of H3O*

ture is not associated with a minimum on the PES but this (i) A first source is the exothermic direct protonation of

transfer allows the elongation of the C—-O bond: calculation

on the non solvated OCQ#*+ radical cation (7.3 kcal moft
less stable thaRAa®™) shows a very elongated C-O bond
of 1.65 A (Scheme % The atom in molecule (AIM) analysis

water (from3) or from1a, 1b or 1c directly fromHyC*®+
or after isomerization oFA®* into HyC®™*.

(i) A second source is direct protonation by the carbon
bound hydrogen dfA*™ while direct protonation from

TS6al7
1.6 - 1= -D(O,H,)
151 4 DOM) -10
1.4 "~.,1_._Energy
1.3_ ) . ‘,-"-. __-153
T 12 p R @
11 Yo .. e I\»\ +-20 \§
. R S Hy
1 - \
\ "’OZ\C -+ -25
0.9 :5“”“"0}" ¢ \O
0.8 ; : : —— 30
1.4 1.6 1.8 2.2 24

d(C,-0,)

Fig. 8. Plot of the energy and of the,€Hs and Q—Hg distances as a function of the;-80, distance in the approach of the transition sta&6a/7.

Distances in A, energies in kcal mdl.
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o+
4
——» | O0=C=0---HOH;| +H — 3 H;0"+CO,+H

1a 8

HO/C\O"H*OH2

Scheme 5.

the hydroxylic hydrogen dfFA** (from 2a or 2b) would 5.1. Catalysis of the keto-carbene isomerization

be endothermic and therefore cannot occur.
. i ) A first important similarity between these two cases
Another pathway exists, involving the carbon bound hy- s that the solvent molecule makes easy the interconver-

drogen ofFA* T, that also leads to the formation of ag®i” sion between both isomers through a proton transport.
ion, through a successive loss of ind CQ (Scheme The difference is that HCOOH and HCONR®™ differ
This pathway Iead_s to the most exo_thermlc exit points of‘the markedly in the acidity of the proton, or put, the other way
PES. It was described by the experimental results of Hrusak 516,nd, in the proton affinities of the corresponding radicals

et al.[20] althoqgh the transition states fqr the }dgs Were  (scheme Gvalues are computed at the G3(MP2) level for
not located. This work was concerned with the dissociation {po g+ + Hp0 — B + H3O* reaction, using the experi-

of a CQ:,H4'_Jr io_n formed by dissocif'ition _of_ionized dihy_- mental PAH,0) = 1652 kcal mol-3). lonized formamide
droxyfumaric acid. The metastable (erlssouatmn leads mainly i5 5 ideal case for water catalyzed 1,2 proton transport: the
to H® loss (98%) and to a small3®@™ peak. These results 5 6t0n affinity of the water molecule lies between that of

are in agreement with the PES calculated in this work: start- \he two basic sites of the radical. This transport is therefore

ing from 2a, the loss of 4 cah occur through a low S2a/8, easy according to the “PA rulg9,12]. On the other hand,
which lies only 10kcalmol™ aboveza. Starting fromia, in the case of ionized formic acid, water is not an ideal

the direct loss of M requires 37 kcal moi* throughT Sic/8. catalyst since the PA of water lies 3.2 kcal mblabove
This transition state is above the dissociation $&0H, there- that of the most basic site. As a consequence, the proton
fore loss of OCOHM should be the dominant channel. But s never transferred back to the radical moiety: examina-
isomerization ofl to 2a is possible through S2a/3 |_V:’1:"Ch tion of the bond distances in the intermediate complexes
reduces the energy requirement to only 26.3 kcalThol 1 (Fig. 4) clearly show that the proton remains on the

The question then becomes: why is the loss bt ob- H.O moiety. Search for structures where the proton was
served in the case of the ion—molecule reaction? The internal|yated on the OCOHradical did not lead to any stable

energy content of the complexes formed by ion—-molecule i ctures.
reaction is presumably higher than that of ions selected in
the metastable time-frame. Therefore, the@Hi*. .. OCO]
complex8 could be produced intermediately, but with suffi-
cient energy to decompose intg®™ in the ICR time frame.

The use of an appropriate catalyst with a proton affinity
lower than that of water is a means to generate the carbene
ion by the catalyzed 1,2 proton transport, as shown by the
reaction of formic acid with CO and SO

i 5.2. Catalyzed decarbonylation
5. Concluding remarks

A similar water catalyzed decarbonylation of ionized for- The step pre'ce.zdmg the loss (.)f QO IS very s_|m|lgr for
both processes: in the case of ionized formamide it pro-

mamide and of its carbene isomer has been published pre-
. . . ceeds through a catalyzed 1,3 proton transport from the
viously [14]. It is of some interest to compare these two

+ + -
systems that behave in a similar way, in order to see what [H2NCOH'™, H,0] structure to a [INCO™", Ho0] struc

. . ““ture. In the case of the ionized formic acid, there is no real
general trends on solvent catalyzed decarbonylation of ion-

ized carbonyl compounds could be inferred from this set of proton transport since the proton remains attached to the
results water molecule, but the H bond shifts from one side of the

radical to the other oxygen atom. It could still be formally

PAo=172.4 kcal mol*! PAo=162.0 kcal mol!

{
I,

o

HoN » HO™ W
* PAc= 168.0 kcal mol + PAc=152.5 kcal mol!
PAN=169.5 keal mol™ PAg=145.2 kcal mol™!

Scheme 6.
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considered a 1,3 proton transport and remains similar to the [5] H.E. Audier, G. Sozzi, J.P. Denhez, Tetrahedron 42 (1986) 1179.

previous case.

The elimination of CO seems different for both systems:
in the ionized formamide system, simple elongation of the
N-C bond in the [HNCO**, H,O] structure leads to the
[NH3, H>O]** dimer. In the case of the ionized formic acid

[6] G. Sozzi, H.E. Audier, A. Milliet, Bull. Soc. Chim. 11 (1984) 292.

[7] B.F. Yates, L. Radom, J. Am. Chem. Soc. 109 (1987) 2910.

[8] G. Bouchoux, N. Choret, Int. J. Mass Spectrom. 201 (2000) 161.

[9] M.J. McEvans, Flow tube studies of small isomeric ions, in: N.G.
Adams, L.M. Blabcock (Eds.), Advances in Gas Phase lon Chemistry,
vol. 1, JAI Press, Greenwich, CT, 1992.

system, the process is complicated since the proton is not[10] D.K. Bohme, Int. J. Mass Spectrom. lon Processes 115 (1992) 95.

initially attached to the radical moiety. As discussed above,
protonation of the OCOHMHradical leads to the elongation of
the OC-OH bond which can then dissociate as in the case
of the KNCO* ™ cation.

Although most steps are similar for both mechanisms, the
final products differ: ionized formamide leads to the [HyH
H,0]** structure (and not [fNHT- .. OH®]) whereas ion-
ized formic acid leads to the BOH*... OH®] structure
(and not [HO, OH,]* ™). One reason for this is simply that
[HoOHt. .. OH*]is 12.8 kcal mot ! more stable than its wa-
ter dimer isomerKig. 5 which is therefore not accessible
for the reaction. Another reason is that in the transition state
TS6al7, the proton is already shared between the® @adl-
ical and the HO molecule. In the similar transition state
for the ionized formamide system, the proton is shared be-
tween an NH°* radical and the water molecule. The proton
affinity of the NH* radical (184.8 kcal molt) being much
higher than that of the OHradical (141.8 kcal molt) [26],
the proton remains on the ammonia molecule leading to the
observed dimer.

In conclusion, the behavior of the HCON /water sys-
tem is very similar to that of CkDH™*/water systenj12].

In both cases, a catalyzed 1,2-H transfer involving a very
low energy barrier yields an isomerized product which can
be isolated and characterized. In contrast, in the HCOOQH
water system as well as in the @BIHT* /methanol system
[12], the 1,2-H transfer is catalyzed but the proton affinity
of the catalyst is by far too high to permit the direct obser-
vation of the isomerized product. This kind of hidden iso-
merization may be widespread.
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