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Abstract

Fourier transform ion cyclotron resonance experiments show that a variety of molecules catalyze the hydrogen transfe
which converts ionized acetaldehyde SHHO™ 1to its vinyl alcohol counterpart CSCHOH ™ 2. Each of these ions has been
characterized by its specific bimolecular reactions with selected reactants. Calculations show that two pathways, for which th
rate determining barriers have almost the same energy, are feasible. The first transition state involves a direct catalyzed 1,3
transfer, while the second involves two successive 1,2-H transfers. A detailed experimental study, using methanol as a cataly
as well as labeled reactants, indicates that only the first pathway operates in the isomerization process. The different steps
these two independent pathways were elucidated. The first begins with the formation of a highly stabilized &mplex
involving a two-center-three-electron interaction between the two oxygen atoms and an interaction between a hydrogen of tt
methyl group ofl and the oxygen of methanol. This complex isomerizes into a complesich in turn gives the complex
5, via a transition state located 6.3 kcal mbbelow the energy of the reactants. This com@esorresponds to ionized vinyl
alcohol hydrogen bonded to the oxygen of methanol, which dissociates to yie®l me second pathway begins with the
interaction between the hydrogen of the CHO group and the oxygen of methanol and gives the cofhatekteen7, which
correspond to protonated methanol hydrogen bonded to #££OHadical. Dissociation of to give protonated methanol is
favoured with respect to further isomerization leading to ionized vinyl alcohol. Compared to the unimolecular conversion
between energetic iorlsand 2, which can occur either by a direct 1,3-H transfer or by a double 1,2-H transfer, the reaction
of 1 with methanol catalyzes the first pathway while inhibiting the second one. In the case studied, catalysis is perhaps bette
described as a hydrogen atom transport. (Int J Mass Spectrom 202 (2000) 161-174) © 2000 Elsevier Science B.V.
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1. Introduction (which is generally much more stable [2]) is difficult
[3] since the reaction involves a high energy barrier
[4]. However, such processes can be induced by an
ion—molecule interaction.

The reaction between an ion and a neutral mole-
cule in the gas phase yields an encounter complex in
which reactions can take place. Among these reac-

* Corresponding author. tions, the neutral molecule can catalyze the isomer-

In solution, keto-enol isomerization is facile and is
well known to be a bimolecular (or higher order) process
[1]. In the gas phase, the unimolecular isomerization of
an ionized aldehyde or ketone into its enolic counterpart
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ization of the ion via a process generally described as enol tautomerism reactions have been proposed [15].
“H™ transport” [5]. It is important to study this process For instance water can convert ionized cyclohexadi-
in order to open new perspectives for the interpretation enone into ionized phenol [16]. Further, we have
of ion—molecule reactions as well as for reactions within shown that appropriate molecules isomerize the
complexes. For instance, it has been shown both by H;COC(O)CHCO" cation into its enol isomer [17],
experiment [6] and by calculation [7] that one molecule and we have also proposed that methanol catalyzes
of water catalyzes the 1,2-H shift that converts ionized the 1,3-H transfer that converts ionized acetaldehyde
methanol CHOH™ into its more stable isomer, the into the more stable enol form [Eq. (1)] [17,18].
a-distonic ion'CH,OH; . The mechanism of this reac  Trikoupis and Terlouw [19] have shown recently that,
tion has been clearly established [6,7] while a significant in the ion source of a mass spectrometer, the same
number of other 1,2-H transports have been described phenomenon occurs with ionized acetone. However,
[8—10]. The same phenomenom has also been evidencedn none of these 1,3-H transfer studies, the mechanism
in anion chemistry where acid-catalyzed isomerizations of the isomerization has been studied. Therefore, the

within complexes are well known [11]. first questions of interest are: how does the catalyst
Appropriate neutral molecules catalyze 1,3-H influence the mechanism, how many molecules of
transfers from oxygen to oxygen in ROGB(H)R" catalyst operate in the process and which molecules

(R = H, CHjy) ions [12-14]. Several catalyzed keto- are efficient in performing this catalysis?

CH,CHO™ + CHZOH — [CH,CHO™", CH;OH]
v (1)
[CH,CHOH™", CH;0H] — CH,CHOH"" + CH;OH

We report a detailed study of the reaction depicted surements) show that the metastable,CHO ™ (m/z
in Eqg. (1) which represents, at first sight, the simplest 44) radical catiorl does not spontaneously isomerize
keto-enol isomerization in the gas phase. Experimen- to its more stable enol isomer GEHOH ™" 2 [3] prior
tal studies (in particular, kinetic energy release mea- to loss of H (the principal dissociation pathway). In
contrast, ion2 may isomerize to CECOH™ and
subsequently tal prior to this dissociation [3,4].
S s Calculations indicate that and 2 are separated by
05 N substantial energy barriers [4] and that high energy
' Vi ions 1 and 2 are connected by two pathways very
close in energy (Fig. 1); the first involves a direct
1,3-H transfer and the second a double 1,2-H transfer
(Scheme 1) [4]. Therefore, the second question of
interest is to know if the pathways connecting idns
and2 are the same in the unimolecular reaction and in
the catalyzed process.

[CH,COT* +H

HO H H
HH— ' ! 2. Experimental

. . ) _ _ The bimolecular reactions of ionk and 2 were
Fig. 1. Potential energy profile (kcal mdj for the unimolecular . . .
pathways connecting ionized acetaldehydend its enol isomeg examined in a Bruker CMS-47X Fourier Transform
(adapted from [4]). ion cyclotron resonance (FTICR) mass spectrometer



G. van der Rest et al./International Journal of Mass Spectrometry 202 (2000) 161-174 163

+0. [ M, CHyCHO™ |

[ MH*, *CH,CHO| ——» [ M, CH,CHOH""|

+eo
OH
1,3-H transfer )k b
HZC:< \ /
2 H

H;C H
1 [ MH',CH,CO"] —»  [M, CHyCOH™]
\@al-nlﬂnsfer 1,2-H Scheme 2.
e transfer
CH,COH ergies at 298.15 K were computed at this level of
theory with vibrational frequencies scaled by a factor
Scheme 1. of 0.95 [25]. A further single point calculation was

performed at QCISD(T)/6-31G** level of theory in
equipped with an external ion source [20] and an order to improve the accuracy of the values and to be
infinity cell [21]. The neutral reactants were intro- able to compare the results with previous works
duced into the cell through a leak valve at a pressure [4,26].
of 1 X 10784 x 10 ® mbar (depending on the ex
periment) and then diluted with argon to give a total
pressure of 2< 10~ 7 mbar. Where appropriate, neu 3. Results and discussion
tral reactant was introduced by means of a piezoelec-
tric pulsed valve. In agreement with the known unimolecular pro-
lon—molecule reactions were examined after isola- cesses, two pathways are a priori possible for the
tion and thermalization of the reactant ions formed in Catalyzed isomerization (Scheme 2). In pathwaathe
the external ion source. After transfer into the cell, the catalyst M interacts with one hydrogen of the alde-
ion of interest was first isolated by radio frequency hyde methyl group to yield a complex, which converts
(f) ejection of all unwanted ions. After a 1.5 s delay into [CH,CHOH™ ... M] by a 1,3-H transfer and
(usually sufficient to thermalize the ions by successive then dissociates. In pathway M interacts in the first
collisions with argon) the isolation procedure was Step with the hydrogen of the CHO group to give a
repeated by the use of low-voltage single rf pulses complex, which converts to [C}€HOH™ ... M] by
(soft shots) at the resonance frequencies of the prod-two successive 1,2-H transfers.
uct ions formed during the relaxation time. In the first part of this Work, expel’imental evidence
The efficiencies of the reactions are reported as the for the catalyzed tautomerization will be presented,

ratio of the experimental rate constant to the calcu- along with the methodology used to choose a catalyst.
lated collision rate constant according to Su and In a second part, the mechanism of the isomerization

Chesnavich [22]. will be studied in detail, both by theoretical calcula-

Labeled acetaldehydes and methanols were ob-tions and experimental studies.
tained commercially (Aldrich). lor2 was generated
by fragmentation of ionized cyclobutanol. 3.1. Experimental evidence for the tautomerization
The GAUSSIAN94 program package was used for 1 — 2
calculations [23] to determine the different key
structures on the potential energy profile. The geom- 3.1.1. Methodology: choice of the catalyst and
etries were optimized at the UMP2/6-31G** level of characterization of the ions
theory [24]. Diagonalization of the computed Hessian In order to find an appropriate catalyst for the
was performed in order to confirm that the structures isomerizationl — 2, the same reasoning as proposed
were minima or transition states on the potential for catalyzed 1,2-H transfers [6,7] has been used. On
energy surface. Zero point energies and thermal en-one hand, the catalyst M must be basic enough to
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abstract a proton from iohto give a complex having

a structure [MH, C,H;O7. This means that, to a first
approximation, the proton affinity (PA) of the catalyst
must lie above the PA at the carbon site either of the
‘CH,CHO radical for pathwaya or of the carbonyl
carbon of the CHCO radical for pathwayb. On the
other hand, M must not be too basic, in order to be
able to transfer this proton back to oxygen. This
means that its PA must be less than the PA of the
‘CH,CHO radical at oxygen. These PA constraints are
summarized by

PAL[CH,CHO] = AH,[H"] + AH, [CH,CHO]
— AH, [CH4CHO ]
= 169.4+ 2 kcal mol* (2)
PAG['CH,CHO] = AH,[H"] + AH, [CH,CHO]

— AH,[CH,CHOH "]

= 184.7+ 2 kcal mol? (3)
PAC[CHCO] = AH,[H ] + AH,[CH,CO]
— AH, [CHsCHO ]
= 163.4+ 2 kcal mol'? (4)

PAs were evaluated from reference data tables [2].
Taking AH; [CH,CHO] = 0 kcal mol* [27] and
using Egs. (2)—(4), we deduced that PA[M] must lie
between 169.4 and 184.7 kcal mélwhen a hydre
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Scheme 3.

more acidic than the hydroxylic hydrogen of i@
which is, in turn, the most acidic hydrogen in structure
2. It follows that ions1 and 2 could then be distin-
guished by their acidities. Eqgs. (2)—(4) also show, in
ion 1, that the hydrogen of the CHO group is more
acidic than those of the methyl group. This conclusion
was verified experimentally. On one hand, protona-
tion of the neutral partner is very often the dominant
reaction of ionl, and labeling shows that proton
transfer (when it occurs) involves only the hydrogen
of the CHO group with the bases used in this study.
On the other hand, proton transfer from @mvolves
the hydroxylic hydrogen [27] and requires neutral
partners of higher PA than those used here.
Distinction betweerl and2 can also be effected by
using specific reactions. It is known that GEHOH™
reacts with ethylene or propene by a cycloaddition—
cycloreversion process [29]. With propene, the prod-
uct ion CHL,CHCHOH™ (m/z58) is formed (Scheme
3). It was verified that CECHO ™ does not react in

gen of the methyl group is abstracted in the first step ;g way but rather by Habstraction, Htransfer, or
(1,3:I;I transfer) and between 163.4 and 184.7 k_cal charge exchange. Similarly, idrreacts with GD,, by
mol™~ when the hydrogen of the CHO group is - transfer (efficiency 0.6) to give CIEO" (m/z43).

abstracted (double 1,2-H transfer).

Several possible catalysts fulfilling this condition
were chosen for the present study, including water
(PA = 165.2 kcal mol*) [28], formaldehyde (PA=
170.4 kcal mol't) and methanol (PA= 180.5 kcal
mol~%). Methanol was also used for more detailed
experimental and theoretical mechanistic studies.

In order to characterize the isomerization process,
it was necessary to find specific reactions of idns
and?2 allowing their identification. Egs. (2)—(4) indi-
cate that all of the hydrogens of GEHO ™ are much

The enol isomeR reacts more slowly (efficiency 0.1)
to produce CQCHOH™ (m/z46) through a cycload
dition/cycloreversion reaction (Scheme 3).

3.1.2. Experimental proof of the catalyzed
isomerization

The reaction of acetaldehyde radical catlowith
methanol (PA= 180.5 kcal mol* [28]) provides the
first evidence for the catalyzed isomerization. As
expected [EqQ. (4)], the reactant ion rapidly disappears
at the beginning of the reaction sindereacts with



G. van der Rest et al./International Journal of Mass Spectrometry 202 (2000) 161-174

methanol at nearly the collision rate to give an
abundanm/z33 product [proton transfer to methanol,
Eg. (5)], and a minom/z 45 ion (5%, H abstraction

from methanol). After some seconds of reaction, the

165

This result strongly supports the catalyzed isomeriza-
tion of CH,CHO™ into CH,CHOH™

CHsCHO'" + CiHg — CH,CO™ + CoH; 7)

rate of disappearance becomes very low. This resuItCHSCHO+~ + C4Hg — CH,CHOH' + C,H:  (8)

leads to the conclusion that the acetaldehyde radical

cationl partially isomerizes during the reaction time
into a new species. The enol GEHOH ™" 2 is a good
candidate for this new structure [Eq. (6)], singeés
the only isomer more stable thdlp and since it is
known to exhibit a lower acidity

CH,CHO"™" + CH,OH — CH,OH; + CH,CO
(5)

CH,CHO"™ + CH4OH — CH,CHOH™* + CH,OH
(6)

CH,CHOH" + CgHg — CH,CHCHOH"" + C,H,

(9)

However, little can be said quantitatively about the
extent of isomerization, because of the ions arising
from the reaction of propene with ionized propene
formed by charge exchange. In an attempt to get more
guantitative information about the tautomerization
process, several additional experiments were per-
formed. First, ionsl were isolated in the FTICR cell

Identification of the isomerized product as the enol i the presence of a constant pressure gb(3 x

isomer2 was demonstrated by the following experi-
ments.
In the first experiment, C«CHO " 1 generated in

108 mbar), then subjected to a pulse of methanol
(peak pressure X 10 8 mbar), and then/z44 ions
isolated again aftel s reaction. Further reaction of

the external ion source is trapped in the cell and then inase ions with D, (10 s) gives CHCO"' (m/z43
allowed to react with a pulse of propene. In this case, gooy Eq. (10)], as does iah along with GH,D,0"*

apart from CHCO" [m/z43, H transfer to propene,
Eq. (7)] and CHCHOH" [m/z45, H abstraction from

propene, Eq. (8)], the other product ions observed

(m/z 46, 8%) as does ioR [Eqg. (11), Scheme 3].
These conditions (pressure and reaction time) corre-
spond roughly to the half-reaction time @f with

contain only carbon and hydrogen and have been C,D, and to a nearly complete reaction bf There

shown to correspond to the self-Cl (chemical ioniza-
tion) spectrum of propene. In the second experiment, C,HO™

CH,CHOH™ 2 generated in the ion source is ther

malized in the cell and is allowed to react with a pulse
of propene. The self-Cl spectrum of propene is always CH;CHO"" + C,D, — CH,CO" + C,DH’
observed, although to a lesser extent, but the major

product ion appears ah/z 58, and was shown by a
high resolution mass measurement to Qel£O™. This
product corresponds to GBHCHOH™ formed by
the known cycloaddition—cycloreversion reaction of
the ionized eno® with propene [29] [Eqg. (9), Scheme
3]. In the third experiment, C)CHO™ (m/z 44) is
allowed to interact in the cell with methanol (pres-
sure= 1.7 X 10 8 mbar,t = 2 s). The main reac
tion observed is proton transfer. The remaining44
ions are reisolated prior to admitting a pulse of
propene. In this case the product imz58, C;HO ™,

is also observed (Fig. 2), in a proportion which
increases with the initial reaction time with methanol.

fore, after the pulse of methanol, the remaining
ions are a mixture of about 85% of unrear
ranged keto iond and 15% of enol ion2

(10)

CH,CHOH™" + C,D, — C,H,D,0" + C,H,D,
(11)

The efficiency of other catalysts was also studied.
It was found that water (PA= 165.2 kcal mol') [28]
is unreactive toward isomerization. However, it is
interesting to note that the hydrogen of the CHO
group is exchanged rapidly in the presence g®D

In the reaction between ioh and formaldehyde,
the H transfer to CHO yields am/z43 product and
occurs with a fast rate constank € 10°° cm®
mol~! s, efficiency= 0.4). However, after long
reaction times (5 s at 16 mbar), the 10% of the
initial m/z44 ion that remains react very slowly. This
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Fig. 2. Reactions ofn/z44 ions with pulsed propene (up to 10mbar) (stared peaks arise from the self chemical ionization of propene

(a) Pulse of propene on GBHOH*; (b) pulse of propene on CJEHO™; (c) pulse of propene om/z44 ions from CHCHO™ after 3 s
reaction with methanol (pressure 2x710~8 mbar).

result also suggests the formation of i@nsince2 3.2. Mechanism of tautomerization
does not protonate CJ@ but instead reacts only
slowly by H abstraction to give the/z45 product ion As outlined in sec. 1, two mechanisms are a priori

(m/z46 with CD,0). Structure2 was also character  possible for the keto-enol tautomerization (Scheme
ized by using GD, (2 pulses, peak pressure 10 2). The pathwaya involves a 1,3-H transfer, whereas
mbar). A GH,D,O* product ion (n/z46) was also  the pathwayb requires two successive H transfers.
observed in this case, although in smaller proportion The potential energy surface of the €0,
than when methanol is used as the catalyst. Since it CH;OH] system was explored theoretically, and ecom
seemed to be the best catalyst, calculations and furtherpared with experiments involving D-labeled com-
experiments were performed using methanol. pounds.
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Table 1
Calculated electronic energies (in Hartrees) and relative energies (in kcahnfioi the different structures
B AEL7298.15

MP2/ QCISD(T)/ AMP2/ AEso5.15 AQCISD(T)/ QCISD(T)/

6-31G** 6-31G** 6-31G** AMP2/6-31G** 6-31G** 6-31G**
CH,OH —115.382 01 —115.412 44
CH;O —114.709 90 —114.746 50
CH,CHO™ (1) —153.001 28 —153.057 71
CH,COH™ —153.008 66 —153.051 82
CH;CHOH* —153.685 70 —153.730 39
CH,CHOH™ (2) —153.035 54 —153.079 12
CH5OH —115.689 43 —-115.722 11
CH,COH —152.669 95 —152.717 22
CH,CHO —152.710 06 —152.759 99
CH,CO —152.734 31 —152.772 93
1 + CH;OH —268.383 29 —268.470 15 0.0 0.0 0.0 0.0
2 + CH;OH —268.418 55 —268.491 56 —215 —20.0 —13.4 —12.0
CH,COH* + CH,OH —268.390 67 —268.464 26 -4.6 -3.9 3.7 4.4
CH;O + CH;CHOH" —268.395 60 —268.476 89 =77 -6.8 —4.2 -33
CH,OH; + CH,CHO —268.399 49 —268.482 10 —10.2 —-9.0 —-7.5 —6.3
CHZOH; + CH,CO —268.423 74 —268.495 04 -25.4 —23.7 —15.6 -13.9
3 —268.431 03 —268.507 93 -30.0 —24.8 —23.7 —18.6
4 —268.436 53 —268.518 95 —33.4 —31.2 —30.6 —28.4
5a —268.468 38 —268.541 34 -53.4 —50.3 —44.7 —41.6
5b —268.471 07 —268.543 79 —55.1 -52.1 —46.2 —43.2
6 —268.456 99 —268.526 98 —46.3 —42.3 —35.7 —-31.7
7 —268.466 19 —268.537 35 -52.0 —48.3 —42.2 —38.6
8 —268.442 28 —268.513 76 -37.0 -32.6 -27.4 -23.0
TS 3/6 —268.407 82 —268.495 04 —15.4 —13.8 —15.6 —14.0
TS 4/5a —268.397 02 —268.478 46 -8.6 -9.7 -5.2 -6.3
TS 6/7 —268.454 46 —268.524 97 —44.7 —41.4 -34.4 -31.1
TS 7/8 —268.424 09 —268.497 58 —25.6 —22.6 —17.2 —14.2
TS 8/5b —268.390 61 —268.469 47 -4.6 -3.7 -0.4 14
TS 7/5b —268.389 96 —268.463 32 —4.2 -4.3 4.3 4.2
TS 5a/5b —268.448 60 —268.525 23 —41.0 —37.3 —34.6 —30.9
3.2.1. Calculation of energy profiles Structure3 undergoes interconversion with the more

The potential energy profiles of the two reaction stable ion4. lons 3 and 4 each exhibit a strong
pathwaysa andb shown in Scheme 2 were calculated interaction energy (18.6 and 28.4 kcal mblrespee
for M = methanol. The enthalpies of the stable min- tively) between the acetaldehyde and methanol moi-
ima as well as of the saddle points are reported in eties, which leads to significant internal energies in
Table 1 and the geometries of the corresponding these complexes. They therefore possess sufficient

structures are shown in Figs. 3 and 4. internal energy to overcome subsequent intermediate
The potential energy profile of pathway involv- energy barriers.
ing a 1,3-H transfer, is shown in Fig. 5. In this The structure o8 is rather surprising. Since the PA

pathway the first step is the approach of the methanol of methanol (180.5 kcal mof* [28]) lies some 10 kcal
to the side of acetaldehyde opposite to the hydrogen mol~* above that of théCH,CHO radical [Eqg. (2)], a
of the CHO group. This yields a stable intermediate structure involving protonated methanol bonded to the
complex3, in which methanol interacts both with a 'CH,CHO radical might have been expected. But the
hydrogen of the methyl group and with the positively two center—three electron interaction between the
charged oxygen of the acetaldehyde radical cation. oxygens, as indicated by the short (2.11 A) 0-O
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Fig. 3. UMP2/6-31G** optimized structures of the stable states.

distance, provides the system with a more energeti- same difficulty in locating a similar transition state
cally favorable structure. For this reason, the oxygen and have considered that the barrier should not be
of methanol abstracts a proton less easily than ex- very large. The formation of comple& from 3 is
pected, which accounts for the weak interaction of however strongly supported by the product iomrex
methanol with the hydrogen of the methyl grouplof 45 (5%, see above), which was experimentally shown
Thus, starting from structur& H transfer is preceded to involve the selective abstraction of the hydroxylic
by a conversion of8 into 4 throughTS;,,. Unfortu- hydrogen of methanol [30].

nately, TS5, is the only transition state which has not The intermediaté resembles protonated aldehyde
been located. Other authors [26] have encountered thebonded to a methoxy radical. In this complex, the
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Fig. 4. UMP2/6-31G** optimized structures of the transition states.
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Fig. 5. Potential energy profile for pathway(kcal mol™?).

neutral methoxy abstracts a methyl hydrogen from the

aldehyde moiety, which convertsinto 5 through a
six membered transition stal&, s, The complexsa,
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Fig. 6. Potential energy profile for pathway(kcal mol%).

The pathwayb involving a catalyzed double 1,2-H
transfer begins with the interaction of methanol with

which corresponds to an enol radical cation H bonded the hydrogen of the CHO group of ich A barrier-

to a molecule of methanol, is strongly stabilized (41.6
kcal mol 1) with respect to the reactant energy. A
rotation of the methanol moiety allowsa to convert
into 5b. These species differ only by the syn/anti
conformation of the hydrogen. Interconversion be-
tween5aand5b via TS.,s, (—30.9 kcal mol Y) leads

to the permutation of the hydroxylic hydrogen of
methanol and one of the hydrogens initially borne by
the methyl group of acetaldehyde. Dissociation of
either rotamer of5 leads to the final products
(CH,CHOH™ + CH,OH), located 12.0 kcal mof

free proton transfer leads directly to the low-lying
complex 6, which possesses a substantial internal
energy (31.7 kcal mol'). The complex6é may be
considered as protonated methanol electrostatically
bonded to a CHCO radical. It interconverts with
complex7, which is, in fact, protonated methanol H
bonded with the same radical but in this case at the
oxygen. The isomerizatiof — 7 via TSy, is very
facile, since this region of the potential energy surface
(PES) is almost flat. Therefore this step, correspond-
ing to the first 1,2-H transfer, cannot be rate deter-

below the energy of the reactants. The other possible mining in the overall isomerization process (Fig. 6).

cleavage, giving protonated methanol
‘CH,CHO radical, is an energetically less favourable
outcome (6.3 kcal mol'*, Table 1).

The transition statd'S,;5, is a six membered ring
with two hydrogen atoms interacting with Mé&on
one side andCH,CHO on the other side [31T'S,5,
lies only 6.3 kcal mol* below the reactants in energy.
We conclude thal'S,s, represents the rate determin
ing barrier.

Starting from intermediate3and4, two processes
can take place. Intermediafecan isomerize into the
complex5a. A second pathway involves the isomer-
ization of 3 leading to6 (see pathwayb) via TS,
(—14.0 kcal mol'Y), which is a possible outcome.
This competition is reflected in two experimental

and the

In contrast, Fig. 6 shows tha@t— 5b, correspond-
ing to the second 1,2-H transfer, is the rate determin-
ing step. Two possible pathways were found for this
conversion. lorv is almost linear, and its conversion
to 5b can occur by a direct 1,2-H shift analogous to
that observed in the isolated ion [4]. As expected, the
corresponding barrier is high andS, g, lies +4.2
kcal mol* above the energy of the isolated reactants.
A second possible path corresponds to a catalyzed
1,2-H transfer. On this pathway a stable stteas
found, linked to ion7 by turning the methanol
molecule with respect to the ion. The transition state
TS, was found 14.2 kcal mof* below the reactants’
energy. The methanol molecule can then catalyze
proton transfer to yield the complexb through a

results. First, the isomerization is slow (less than 5% three-membered transition stafESgs, located at
of the overall process). Second, as outlined below, a +1.4 kcal mol * relative to the reactants’ energy.

dramatic isotope effect is observed when £BIO™

It is essential to point out that the most favourable

is used as the reactant ion. It may be noted that no outcome for the reaction of complexésand 7 (in

pathway connectin@ directly to 5a/b was found at
the UMP2/6-31G** level used in this work.

terms of both energy barriers and overall enthalpy) is
the simple cleavage leading to protonated methanol.
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For the two pathwaya andb described above, the

last question to be answered is whether they are
independent? The two pathways can only cross be-

tween structure8 and6. The transition stat&S; s is
found to be 14.0 kcal mof below the reactants’
energy, which means that the simple cleavageb of
(—13.9 kcal mol'?) is significantly more favoured
than the conversiob — 3 for entropic reasons. It is
therefore very unlikely that pathwdywould interfere
in what is occurring in pathway. The reverse is
however not true, because the conversdor> 6 is
one of the energetically allowed channels in pathway
a

In conclusion, the ab initio calculations results can
be summarized in the following statements. (1) Only
pathwaysa can lead to isomerizatioh — 2 via a
six-membered transition state in which the hydroxylic
hydrogen of methanol must be completely, (or par-
tially, if 5a <> 5b takes place), incorporated in the
final enol ion. (2) Pathwayb leads easily to the
protonation of methanol, which is therefore an open
channel for this mechanism. (3) lor& and 7 of
pathway b do not isomerize into ion8 and 4 of
pathwaya.

3.2.2. Isomerization mechanism: experimental study

171

=<+(5H — OH
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transfer
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{,2-H transfers

S 5
H2C=< E——
H

Scheme 4.

Each of these isomerizations exhibits a strong isotope
effect whose interpretation is not unambiguous. For
instance, no significant isomerization of GCHO™
by methanol could be significantly detected by puls-
ing in propene under the same conditions as those
described for unlabeled acetaldehyde. Although the
low extent of isomerization in these experiments [see
Fig. 2(c)] does not allow a quantitative evaluation of
this isotope effect, it should be undeniably large. This
could be indicative of an isotope effect in pathway
as well as in the second H-transfer in pathway
Indeed, calculations show that both transfers are rate
determining.

However, the reaction of C}€DO™ (m/z45) with
CH;OH (pressure 10° mbar) provides insight into
the isomerization mechanism. Afté s ofreaction, a

The different steps of the mechanism suggested by pulse of propene on the reisolated remainmf 45

the calculations may now be discussed in the light of

the experimental results. From the preceding experi-

mental results, it would appear facile to distinguish
between pathwaya andb by using labeled iong. In
fact, this is difficult for at least four reasons. (1) The
isomerization process is, in all cases, in competition
with proton transfer reactions, which reduces the yield
of ions 2. (2) It is not easy to distinguish pathwags
andb by the position of the deuterium atoms in the
isomerized ions2. Indeed, the two pathways for
isomerization of CHCDO™ lead, respectively, to
CH,CDOH™* and CHCHOD™ m/z 45 ions, which
yield two isobaricm/z 59 ions when they undergo a
cycloaddition/cycloreversion reaction with propene
(Scheme 4). (3) CECHO™ exchanges the hydrogen
of the CHO group in the presence of,®, which

ions gives GH:DO™* product ions in/z 59), as
expected from a cycloaddition/cycloreversion with
the monodeuterated enol i@ Once again, the yield

of m/z59 ions increases with initial reaction time, in
agreement with a greater proportion of remainimnz

45 ions being isomerized to the enol structure. Further
reaction with CHOH does not lead to any significant
yield of C;HsO™ ions (n/z 58), even after 10 s
reaction time, demonstrating that thesgHEDO ™
ions do not exchange deuterium with methanol. This
indicates that the deuterium atom has remained at-
tached to the original carbon atom in the isomeriza-
tion processl — 2, and that, in this case, pathway

is operative. Actually, under the same conditions, the
selectively prepared enol ion GEHCHOH™ ex
changes its hydroxyl hydrogen with GEID (pressure

prevents the use of this reactant to characterize the 10~ mbar, half reaction time 10 s).

hydroxylic hydrogen of ior2 by H/D exchange. (4)

In the isomerization experiment using GEDO ™
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as reactant ion, pathway does not operate, since it
would lead to a CHCHOD ™ product, which is not
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methanol. Should this isomerization precede the path-

way a, the previous paragraph shows that the hydro-

observed. However, this result cannot be considered gen of the CHO group must be partially expelled at

as a definitive proof that pathwdoyis not operative in
the blank experiment, because it could be a priori
interpreted by a strong isotope effect inhibiting the
1,2-D transfer in the reactio® — 7. However,

the end of the isomerization process. This partial
elimination was not observed in any experiment using
labeled ions or labeled reactants.

considering that calculations demonstrate that this 3.2.3. Comparison with the isomerization of isolated

step is not rate determining pathwdy it can be

concluded that the double 1,2-H transfer does not take

place.
Does the catalyzed 1,3-H transfer occurs via the
six-membered transition stat€S,,? In order to

ions

Comparison of the energy profiles for the solvated
ion 1 (Figs. 5 and 6) and that calculated by Bertrand
and Bouchoux for the isolated ions [4] (Fig. 1) leads
to conclusions which are only suggestive (since the

answer this question, the reaction of the acetaldehydeca|culational methods are different), but which are

radical cation with CHOD was performed in the cell.
In order to avoid any H/D exchange between the
hydrogen of the CHO group and the deuterium atom
of CH,OD, CH,CDO ™" (m/z 45) was chosen as the
reactant ion. After 6 s of reaction (pressurel0 8
mbar), the m/z 45 (CH,DO)" and m/z 46
(C,H,D,O ™) products were selected. These products
react with pulsed propene by cycloaddition/cyclor-
eversion to yield then/z59 (C;HsDO ™) andm/z60
(CsH,D,O™) enol ions in almost equal abundance.
Them/z59 enol then exchanges its hydroxylic hydro-
gen slowly with CHOD.

This result proves that there is an intermediate
complex in the pathway possessing a structure in
which there is a CEDH; moiety which allows a
symmetrisation of the position of one methyl hydro-
gen of the ion and the hydroxylic hydrogen of
methanol. The structures drawn Fig. 5 indicate that
this intermediate cannot &nor 4. In contrastba s
a good candidate, because its interconversion &lith
prior to dissociation leads to a GAHOH™ final
product whose enolic hydrogen is (in agreement with
the preceding experiment) either the hydroxylic hy-
drogen of methanol (50%) or a methyl hydrogen of
the reactant acetaldehyde.

Finally, calculations suggest that i@nin pathway
b does not isomerize into ioB in pathwaya. An

nevertheless very interesting.

For 1,3-H transfer in isolated iorisand?2, isomer-
izing CH;CHO " to CH,CHOH™, the energy barrier
is greater than 38 kcal mot. The corresponding
barrier is only 12.3 kcal mol* for the solvated ions
(Fig. 5), showing a moderate but real catalytic effect
of methanol.

A more pronounced contrast appears when the
processes involving a double 1,2-H transfer are com-
pared. For the isolated ions (Fig. 1), both steps
involve substantial barriers, while only one pathway
is observed for solvated ions. The isomerization
CH,CHO™" — CH,COH™ requires 37.3 kcal mof*
in the unimolecular process but only 0.6 kcal mbin
the catalyzed proces8 7). In contrast, the barriers
are comparable for C;CHOH™ — CH,COH™ and
5b — 7, since the transition state lies 43.5 kcal mbl
above the final state in the first case and 44.6 kcal
mol~ in the second.

The mechanism of the reactioh — 7 is very
similar to that of the catalyzed 1,2-H transfer involved
in the isomerization of ionized methanol to its distonic
counterpart [6,7]. In this case, interaction between the
ion and the neutral gives the complex JfBI",
"CH,OH] whose conversion intoGH,OH; . .. OH,]
requires an energy barrier of only 2 kcal mbl

experimental demonstration can be given. In pathway CHsOH™" + H,0 —[H30™, 'CH,0H]

b, the structures of ion§ and7 contain a protonated
methanol moiety, leading to a symmetrization of the
hydrogen of CHO and the hydroxylic hydrogen of

— ['CH,OH3 . . .OH,]

— CH,OH; + H,0 (12)
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Therefore, the question remains of understanding 4. Conclusion
why the catalyst is not efficient in the 1,2-H transfer

— 5b. Our interpretation, given below, again under- FTICR experiments show that different molecules
lines the role of the PA of the catalyst in determining catalyze the hydrogen transfer converting ionized
its efficiency. acetaldehydd into its ionized vinyl alcohol counter-

part 2, which has been characterized by its specific
behaviour toward selected reactants. This catalyzed

3.2.4. Role of the PA of the catalyst . o .
isomerization occurs by a direct 1,3-H transfer (path-

Catalysis is not efficient for th@ — 5 transfer step q b e 12-H ¢
because methanol is not basic enough to abstract avay a) and not by o successive 1,2-H transfers

proton from the CHCOH™* ionized carbene. It can (pathwayb). Using methanol as catalyst, the different
first be observed that in the compl&x the primary steps of the process were elucidated using both
hydrogen to be transferred is clearly on the carbon of calculations and experiments with labeled reactants.

the ion and far from the oxygen of methanol. Second, Patg\l/yayda beglr:s)ew@h tTe_ formation of a h|r§];hly
the PA of the radical can be evaluated from stabilize . compg , Involving a two center—three
electron interaction between the two oxygen atoms

PA[CH,=COH] = AH{H"] + AH{CH,=COH] and an interaction between a hydrogen of the methyl
- group ofl and the oxygen of methanol. This complex
—AH{CH,C OH] isomerizes into a complek which in turn isomerizes,
— 187.3+ 2 keal/molt (13) via a six membered transition state 5@(correspond-
ing to ionized vinylalcohol H bonded to the oxygen of
By usingAH; [CH;COH ] = 199.4 kcal mol * [32] methanol), which dissociates to yield ich The
and AH; [CH,COH] = 21 kcal mol'* [33], 187.3  catalysis is better described as a hydrogen atom
kcal mol™* is found for PA[CH,COH], which is  transport than by a proton transport.
significantly higher than PA[methanol] (180.5 kcal Pathwayb begins with the interaction between the
mol~*) [28]. hydrogen of the CHO group and the oxygen of
It should be outlined that it is not possible to find  methanol to give comple& and ther, both of which
another molecule which could operate in the isomeriza- correspond to protonated methanol H bonded to a
tion 7 — 5, since the PA of the catalyst must lie above CcH,CO radical. Dissociation oF to give protonated
187.3 kcal mol *in order to abstract the proton fromthe  methanol is strongly favoured relative to the isomer-
methyl group [Eq. (14)]. At the same time, it must be jzation leading to ionized vinyl alcohol.
less than 184.7 kcal mot in order to give the proton Compared to the unimolecular behaviour of bare
back to the oxygen from the methyl group [Eq. (3)].  jons 1 and2 (which are connected either by a direct
Reaction of ion1l with D,O also illustrates the 1,3-H transfer or by a double 1,2-H transfer), the
importance of the PA of the catalyst. The PA of water reaction of1 with methanol catalyzes the first path-
(165.2 keal/ mol) is not great enough to permit gy, while the second one is inhibited.
pathwaya by abstraction of a primary hydrogen of ion This knowledge of the catalyzed isomerization of
1[Eq. (2)]. In contrast, the PA of water allows the first  jons js equally important for the understanding of bimo-
1,2-H transfer of pathway [Eq. (4)], but not the |ecular ion—-molecule reactions as for reaction within

second. As a consequence, it was experimentally complexes formed by cleavage of a radical cation.
found that in the presence of,D, ion1 exchanges the
hydrogen of the CHO group rapidly by the mecha-

nism depicted schematically in
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