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Abstract

The catalysis of the enolization of the prototype aldehyde radical cation in the gas phase using methanol or acetaldehy
as the catalyst was studied theoretically. For the computations the CBS-Q model was used, in combination with RHF/Dz
optimized geometries. Various reaction path models were tested, including the proton-transport catalysis (PTC) model, t
Spectator model and the Quid pro Quo (QpQ) model. For the latter model there are several possibilities, depending on 1
choice made for the catalyst hydrogen to be exchanged. For some reaction steps no transition states exist. Instead, ther
intersections of two potential energy surfaces corresponding to different localizations of the radical site in the ion—molecu
complex. For acetaldehyde both the PTC and QpQ (all variants) models are shown to be feasible. However, the barrier heig
involved in these models are very different and the corresponding reaction rates are also expected to differ widely. As
consequence different reaction pathways may be applicable for reactions taking place in different time frames. (Int J Ma
Spectrom 220 (2002) 53-67)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Instead, the radical cation dissociates, e.g., by loosing
the X group[3]:

In the gas phase many small aldehyde and ketone
radical cations of low internal energy (i.e., those sam-
pled in the microsecond time-frame) do not undergo A case in point is the acetaldehyde radical cation
isomerization into their enol forms, even though the which, in the metastable time-frame, does not rear-
latter are thermodynamically more stafil¢. The rea- range into its more stable enol form, but instead dis-
son for this behavior is that this reaction involves a sociates by loss of an*atom[4]:
large barrief2] as might be expected for a 1,3-H atom
shift: CH3C(H)O*™ — CHoC(H)OH*™,

CH3C(H)O*T — CH3CO" + H*

RCH,C(X)O** — RCH,CO* + X*

RCH>C(X)O* T > RCHC(X)OH* ™ ) .
However, recent experimentf8—10] and theoretical

* Corresponding author. E-mail: p.j.a.ruttink@chem.uu.nl studies[11-13] have reported mechanisms by which
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a gaseous radical cation may rearrange into a more
stable isomer through interaction with an appropriate

base. One of the earlier examples concerned the iso-

merization of the methanol radical cation, goH* T,
into its more stable ylid isomer G#OH,** viaa 1,2-H
shift which is catalyzed by the interaction with a water
molecule[5,11], a process termed “proton-transport”
catalysis[6]. The catalysis of other 1,2-H shifts have
since then been reportéd].

It appeared that 1,3-H shifts (keto to enol transfor-
mations) could also be successfully catalyzed by the
interaction of a suitable base molec[8¢&4,8,10c,10d]
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2. Reaction models

We will consider three models for the catalysis of
the H shift in a radical cation:

HAB*t — ABH*"
2.1. Proton-transport catalysis (PTC)

HAB*t +M — AB®...HM™ — ABH*T + M

In this model the base molecule M abstracts a proton
from the radical cation and donates it back to a dif-

Several mechanisms appeared possible for suchferent site of the incipient radical. In this model one

catalyzed tautomerizations, as evidenced from the
time-honored technique of isotopic labelifg,8].

Thus, both ionized acetone and acetamide may be
induced to rearrange to their more stable enol coun-
terparts via interaction with a base molecule, but the
associated mechanisms are quite different. Thus, in

and the same H atom is used in tpiwton shifts. The
barriers for the two reactions may be expected to be
small (but see below), sincepaoton is shifted instead

of a hydrogeratom. The catalyst M should satisfy the
following condition, where PA is the proton affinity
(Radom'’s PA criteriorj12]):

the case of acetone, the reaction appears to be a true

“proton-transport” catalysi$3], but for acetamide a
proton of the “base” molecule appears in the product
enol cation[8]:

CD3C(=0)CDs*" + BH
— CD,=C(OD)CD3*" + BH

CD3C(=O)NH»** + BH
— CD,=C(OH)NH>*" + BD

For ionized acetamide, the associated mechanism

was traced by ab initio molecular orbital calculations
[8].

Prompted by these results we set out to evaluate dif-
ferent reaction path models for catalyzed 1,3-H shifts.
These are studied here for the prototype acetalde-
hyde radical cation, using two catalysts, viz. methanol
and acetaldehyde itself (“self-catalys[9]). It has re-
cently been shown from ion cyclotron resonance (ICR)
experiments that methanol can successfully catalyze
the enolization of ionized acetaldehyfif; labeling
experiments show that this catalyzed isomerization oc-
curs via a direct 1,3-H transfer and not by successive
1,2-H transferg4].

PA(AB® on A) < PA(M) < PA(AB® on B)

If this condition is met, both proton transfers will
be exothermic and successful catalysis may ensue.
In addition, the ion—dipole stabilization of the vari-
ous complexes involved should be sufficiently large
to compensate for the activation energies of the two
steps. If M is HAB itself then we are dealing with
“self-catalysis” (Self-PTC]9].

2.2. Quid pro Quo (QpQ) [14]

In the above PTC both hydrogen shifts are proton
shifts but this does not necessarily mean that these
shifts will always proceed without significant activa-
tion energies. If for some reason the barrier for the first
proton transfer is sufficiently large then an alternative,
more economical mechanism may come into play. In
this case it is not HAB™ which donates aroton to
the catalyst, but rather the catalyst donates a hydro-
genatomto HAB®** to form HABH™ which then do-
nates a different hydrogestom back to the incipient
radical:

HAB** + HR — HABH™" -..R* — ABH** + HR
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In this case both hydrogen shifts are hydroggom Experimentally, a complication in the QpQ mech-
shifts. The following condition must be satisfied: anism (and also in the PTC mechanism) may arise if
the ionization energy (IE) of HR is close to or smaller
than that of HAB. In that case charge exchange may
where BDE is the bond dissociation energy. take place prior to reaction to produce ionized *HR
As indicated above by the underlined iH a QpQ (HAB** + HR — HAB + HR*™), followed by the
mechanism, a hydrogen of the catalyst appears in thefollowing sequence:
enol product ion and so experimentally a QpQ mech-
anism may be differentiated from a PTC mechanism

by appropriate isotopic labelin@], with the excep- | this case the first reaction step corresponds to a

tion for the PTC case where the catalyst possesses gyroton transfer and the second step involves a hydro-

hydrogen atom that could be interchanged with the genatom shift and so HR* may be considered to act

accepted protof¥]. as an “acid”. This sequence of events occurs for the
The intermediate ions [HAB-HRT, [HABH-R]** [acetamide/benzonitrile] system[8]. Again, if HR

and [ABH-HRP* may exist in two forms, as 5B tself then we are dealing with “self-catalysis”

ion—dipole complexes or as distonic ions. In the case (Self-QpQ). In such a case the first step will always
of distonic ions the hydrogen shifts corresponds to pe aproton transfer.

McLafferty type rearrangements (séeg. 1) [15].

These two cases behave in the same way with respecty 3 Spectator mechanism [11-13]

to isotopic substitution and so experimentally they

give the same mass results. However, the reaction bar- | ihe catalyst has a large dipole moment, the TS
riers for the two cases will be different and so the two o, the 1,3-H shift in the monomer may be stabilized
mechanisms may be differentiated computationally. It ¢,ch that the TS for the complex is lower in energy
is also possible that the reaction proceeds accordinghan, the reference combination HAB-+ M at large

to a mixture of these two forms. As an example of the separation. This TS is an ion—dipole complex of the
distonic case sefig. 1for the CHCHO* */CH3CHO monomer TS with M or it may be a distonic ion:
combination.

BDE(AH) < BDE(HR) < BDE(BH)

HAB + HR*T — HABH* -.-R* - ABH** + HR

From this figure we see that it is possible to use 1-3 shift KH )
both the methyl and the aldehyde (—8B) hydrogens 0 /Y
for the QpQ mechanism. We will indicate the routes i /CHz
followed inFig. 1a and by QpQ(CHs) and QpQ(CH), QHs /'CH

i +
respectively. c o
H

-4 shi o)
1-5 shifts o . 1-4 shifts o H
X;—?—_E” cl—3|H2 \/;7 E?CHz
Z’ = / _°=
H2CH CH ,’L_’ CH
+ / H + /
C
H CH4
a b

Fig. 1. Quid pro Quo mechanisms for self-catalysis of ionized acetaldehyde via distonic intermediates: (a) Qp@®CBPQ(CH).
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3. Theoretical methods lent agreement with the value obtained by Van der

Rest et al., 38.2 kcal/ma#].
The characterization of the potential energy sur-

face (PES) was started by performing RHF/DZP 3.1. Sdf-PTC

calculations in order to locate the stationary points

for the catalysis model§l6]. Single point calcula- For the Self-PTC model a detailed description
tions were performed according to the CBS model was given for the analogous acetone case[9h

for the geometries obtained using RHF/DZP instead For acetaldehyde we also find an intersection of two
of UHF/6-31G(d), as in the CBS-Q moddll7,18] PES'’s, corresponding to the radical site either on
This method will be denoted by CBS-Q/DZP. In the O or on the CH group in the CHCHO"®. ..
some cases the RHF method leads to intersectionsHOCHCH;™ complex, leading to a parallel gradi-
of PES’s[19] corresponding to different radical site ent crossing point (PGCP). There also appears to be
locations. The barrier for the unassisted 1,3-H shift a TS in the neighborhood of this PGCP. The first
(reactionTS1°+t-5°* in Table J is calculated to be  step 'S 6-7) corresponds to the rate-determining

37.1 kcal/mol relative td** (CH3CHO® ™), in excel- step.

Table 1

Energies for the CEHCHO®**/CHzCHO system

Isomer RHF/DZP (H) ZPVE (kcal/mol) CBS-Q/DZP (H) Erer (kcal/mol)
1 CH3CHO —152.95369 37.5 —153.58282

1 CH3CHO*+ —152.62428 36.7 —153.20293 0
2° CH,CHO® —152.32353 28.5 —152.93178

3 CHzCO® —152.32891 29.2 —153.94217

4+ CH3CHOH™ —153.26907 46.3 —153.87287

5ot CH,CHOH+ —152.64522 38.1 —153.22539 -14.1
TS 1°t-5+ —152.52389 33.8 —153.14387 37.1
5 —152.92985 38.0 —153.56453

1t +1 —305.57797 74.2 —306.78575 0
2° + 4% —305.59260 74.8 —306.80465 -119
3° + 4 —305.59798 75.5 —306.81504 —18.4
5t +1 —305.59891 75.6 —306.80821 -14.1
6°t —305.62353 78.2 —306.82375 —23.8
TS6*t-—7°+ —305.57631 72.6 —306.79942 —-8.6
7ot —305.58647 76.2 —306.79831 -7.9
TS 7°+-8** —305.58476 76.1 —306.79779 —7.6
PGCP 7°t-8°* —305.58186 — —306.9203% —-17.7
gt —305.64056 75.8 —306.85472 —43.1
TS 8 +-9°+ —305.63937 73.2 —306.86049 —46.7
gt —305.64291 76.3 —306.85468 —43.1
SpectatorTS —305.52702 75.1 —306.77623 6.0
TS6°t-10°" —305.54094 75.0 —306.79361 —-4.9
10°+ —305.63350 79.0 —306.84852 -394
TS 10°T-11°* —305.55702 73.6 —306.80357 -11.2
11t —305.62363 76.4 —306.83287 —29.6
12°+ —305.61063 74.9 —306.81940 -21.1
TS 12°F-13°+ —305.59695 71.9 —306.84374 —36.4
13+ —305.63667 76.3 —306.85191 —41.5
TS 9°+-13°+ —305.57346 73.6 —306.83272 —29.5

aNo ZPVE, no crossing on the UHF levek(electronic 1°+ + 1) = —306.89211 H.
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3.2. PTC For the UHF PES there is an intersection between the
PES'’s corresponding to localization of the radical site
For the catalysis by methanolmj the situa- on either the methanol or the acetaldehyde moiety for

tion is slightly different. For the PTC model we geometries between the TS afich. This leads to a
again find an intersection of two PES’s, corre- discontinuity in the UHF gradient along the reaction
sponding to different radical site localizations in the path. For the MP2 PES the situation is even worse,
CHCHO" - - - Ho,OCHs* complex. However, in this  because the space spanned by the occupied MO'’s is
case the search for a minimum energy crossing point different for the two situations, leading to a disconti-
(MECP) or a PGCP does not succeed, because thenuity in the MP2 PES itself. Moreover, the gradients
intersection terminates at a point with about the same along the reaction path turn out to have different signs.
energy as that of the G#CHO® - - . H,OCHs+ com- Consequently, a geometry optimization, starting near
plex (fm). We call this the terminal crossing point the transition state geometry does not converge. This
(TCP). As in the case of a PGCP this implies the exis- situation is depicted schematically kig. 2

tence of a TS in the neighborhood of the TCP. This TS  Calculations on the RHF/DZP level also lead to an
could indeed be located and on the RHF/DZP level it intersection of two PES’s. In this case a MECP was
has a slightly lower energy than the TCP. Here too the found, which then serves as the transition structure

first step T'S 6m—7m) is the rate-determining step. for the 6m to 10m conversion. Since this intersection
also appears to exist on the UHF level, it will exist
3.3. QpQ(OH) for any UHF-based correlated method short of full CI.

On the other hand, the DFT (B3LYP) method leads

The QpQ(OH) model has been described by Van der to delocalization of the radical site and therefore this
Rest et al[4], using MP2/6-31G** calculations for  method does yield a transition state which may be
obtaining the stationary points in the PES. However, connected in a continuous manner with the isomers
no TS was found connectirgm and10m (isomers3 6m and10m.
and4, respectively in4]):
CH3OH- .- OCHCH** — CH30°® - - - HOCHCH; ™ 4 Results and discussion
Although this TS does exist, it turns out to be impos-
sible to connect it properly to the above isomers. The  For the acetaldehyd&/vinylalcohoP* tautomer-
reason is that the PES in this region is discontinuous. ization, the PA of the base should lie between 170 and

Energy
UHF
\
| UHF
MP2 |

Reaction Path —>

Fig. 2. Schematic UHF and MP2 energy profiles in the neighborhood of the RHF minimum energy crossing point cofmeatiadOm.
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& ~  Spectator
~ Mechanism
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. +
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Fig. 3. Energy level diagram for the GBHO®/CH3CHO system corresponding to the PTC and Spectator mechanisms.

185 kcal/mot (or between 174 and 189 kcal/nfobr
between 172 and 185 kcal/mol (CBS-QB3, this work))
and so acetaldehyde itself, having PA of 184 kcal/mol
should be a suitable base (“self-catalyd@8]).

4.1. Catalysis by acetaldehyde (self-catalysis)
The calculated energies are givenTable 1
4.1.1. SHf-PTC

The reaction proceeds in the same way as for
the acetont*/acetone systeni®]. The energy level

O~ H

/

+
CH:NC

H

diagram and the structural details of the main struc-
tures are given irFig. 3 and Scheme lrespectively.

1Using AHf[CH3C(H)=0]** 196 kcal/mol [1], AHf[CH2=
C(H)OH]** = 181 kcal/mol[1] and AH¢[*CH,C(H)=0] = 0.2
kcal/mol from[20a].

2 Using AH;[*CH,C(H)=0] = 4.0 kcal/mol from[20b].

In the search for the TS for the first stepS 67,

it is important to note that the (€, bond is much
shorter than in ionized acetaldehyde. This situation
corresponds to the TS having the radical character on
the O, just as in ionized acetaldehyde, with a single
(long) G O3 bond and a double (short):C, bond.
Therefore, the electronic distribution remains more or
less undisturbed during this reaction step, which re-
sults in a relatively low-lying TS. According to the
RHF optimization isomef corresponds to a shallow
minimum. Going fromTS 67 to TS 7-8 the neutral
moiety undergoes an internal rotation of 130

o’ 0
He W
C C
E— H P B ‘
CH ‘
CH2

Then after passing the PGCP in the intersection
the PES for the CH,CHO. - - CH3CHOH™ complex
is reached. This is an O—-H-O bridged structure. Ac-
cording to the RHF electronic energy calculation the
H bridge corresponds to a double-minimum poten-
tial. However, adding the ZPVE contributions leads
to the conclusion that the ground vibrational state is,
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in fact, delocalized over the two minima. This com- it appears that the G3CHO- - - CH3CHO** complex
plex will yield both *CH,CHO + CH3CHOH*' and 12 is unstable with respect to isomerization into the

CHoCHOH** + CH3CHO.

4.1.2. Sef-QpQ

CH3CHOH® - .- OCCHs ™ complex13. The second H
transfer (3 — 8/9) has a very low-lying TS (ake| =
—30 kcal/mol). Consequently, the entire QpQ(CH) re-

The results are given iffable 1 Scheme land action in fact corresponds to a one-step mechanism

Fig. 4.

We note that the first step corresponds tg@raton

For QpQ(CH) the initial structure turns out to be transfer, whereas the second step corresponds to an H
the distonic ion6. If the CO bond connecting the atom transfer, as predicted iBection 2.2 Therefore,
two moieties remains intact during the isomerization, the role of the two moieties is reversed. Consequently,
the H atom shifts correspond to two 1,5 shifts (see this is not a catalysis in the strict sense of the term
Fig. 19. In this way we findTS 6-10 connecting (the “catalyst” is not recovered unchanged after the
6 with the distonic ion10. Going on with 10 we reaction has taken place).
then find a connection té1, which dissociates into It is also possible, sedmig. 4, that the inter-
CH3CHO+ CH,CHOH**. The rate-determining step  mediate complex13 dissociates to CECHOH™
(TS 6-10) is somewhat higher in energy than for the (m/z 45) + CH3CO"; this dissociation limit is calcu-
PTC model,TS 6-7 (seeFig. 3), but still lower in en- lated to lie 4 kcal/mol below that for the formation

ergy than the starting ions (0 kcal/mol).

of CHy=CHOH** (m/z44) + CH3CHO. It is there-

In the QpQ(CH) model only ion—dipole complexes fore expected that enolization will seriously suffer
are encountered. From the CBS-Q/DZP calculations from competition from direct proton transfer, but

2 o
Hr, S 1330 =2
31102 $ 1\478 1.320 —:-_ H
Cp— 1241 1240 _ 0.984 2 ,
1.515/106>5360 LY Mo mt2t! O4 "'"IIH 1247 ¢4
1473 G5~ 4133
Mg H ~ _ g0/ 1338
3015 ~ \'02
<4321 = 179.9 <549 = 116.0 I
<5432 = 05 =
<6432 = 1234 6 <4213 = -933 Hz
<7432 =-116.4 <5421 = 1112 Hs
<6542 = 174.8
9y <6549 =-179.6
9
\ 7
gs
H103 1.349
~
3 108.6 1.424 Hy7 M
Ca 122.1 ‘“(1:15}0
1.508 /106.5 ¢ oon 031246 ! H 1.488
\ 1.205 1710 1234
Me H8 C O_ —_— — - 1209
1.793 1
1 aos 1246 1751 099 \1 007
<4321 =-177.0 ’
<5432 = -248 M
<6432 = 965
<7432 =-179.9 10 12
<8432 = -0.1
<9543 = -959
<10465= 1316

Scheme 1. Geometries of the main structures encountered in tg€HIBt+/CH3CHO potential energy surfaces.
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Scheme 1. Continued).
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E (kcal/mol) Self-QpQ CBS-Q/DzP
10
] QpQ(CH) «— QpQ(CH3)
0| cHacHO
. + CH2CHO + HA+
19f chacHOH" . . -5\ YO+
-20| T2 CH3CO + HA
30) 21
CH3CHO
-40] . .
.50 43 42 CH3CHO -39
QHa H3 CHa CH3 OH
®CH OH-Q O-HG®  So-cH  eP—CH  O-CH®
00 ulas W M L YOV r A / i
i H(\:@ /C H(i o) HG o HC\: OH H(\Z CHo
H”"NCH2z  CHg CH3 CH3 CH3 CHo CHs
8/9 13 12 10 6 11

Fig. 4. Energy level diagram for the GBHO®**/CH3CHO system corresponding to the QpQ mechanism.

since our starting point lies significantly higher, we
cannot predict to what extent competition will occur.

experiment and theory by Audier and coworkers
[4]. As argued by these authors methanol has a PA

We can predict however, that if our starting point (180kcal/mol[1]) which lies in the correct range

were to lie below CHCHOH' + CH3CC", i.e., be-
low —18kcal/mol inFig. 4, then only CHBCHOH"
will be formed. In a previous papg21] we showed
that ionized acetoin, C#C(=O)CH(OH)CH**+ (with
Erel = —26 kcal/mol, inFig. 4 [21) undergoes only
one fragmentation in the metastable time-frame, i.e
to CH3CHOH™ + CH3CO® and that this reaction
proceeds via the compledB; this shows that ion43

(170-185 kcal/mol[20a], 174-189 kcal/mol[20b],
172-185 kcal/mol (CBS-QB3, this work)).

It was found that the CECHO®*T...CH3OH
collision complex undergoes two major reactions,
viz. proton transfer to produce GBH,* (m/z

., 33) and formation of the enol ion GRCHOH**
(m/z44) + CH3OH. These authors’ experiments
showed that this catalyzed rearrangement occurs via

of low internal energy preferentially undergo direct a direct 1,3-H transfer and not by two successive

dissociation.

4.1.3. Spectator mechanism

1,2-H transfers. From ab initio calculations they con-
cluded that the catalysis was better described as a
hydrogen atom transport than by a proton transport,

The optimization of the monomer TS, stabilized pointing towards a QpQ mechanism, see above. Un-
by acetaldehyde itself, leads to the distonic form (see fortunately, because of isotopic exchange reactions,

above and “Spectator TS” iBcheme L Its energy
(Erel = +6 kcal/mol, sed-ig. 3), however, is too high

in the CHRCHO®*T/CH30H case no distinction could
be made, by labeling experiments, between a PTC

and therefore the Spectator mechanism cannot com-and QpQ mechanism.

pete with the PTC and QpQ mechanisms.
4.2. Methanol as the catalyst

The enolization of CRHCHO*t under the influ-

The calculated energies from our work are given in
Table 2

42.1. PTC
The energy level diagram and the structural details

ence of a methanol molecule has been studied by of the main structures are givenfilg. 5andScheme 2
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Table 2

Energies for the CECHO*+/CH3OH system if: methanol)
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Isomer RHF/DZP (H) ZPVE (kcal/mol) CBS-Q/DZP (H) Erel (kcal/mol)
Im CH3OH —115.07443 34.6 —115.54042

Ime+ CH3OH** —114.71902 32.8 —115.13179

2m* CH30O * —114.44787 25.2 —114.87380 8.9
TS 2m*-3m* —114.35634 22.2 —114.82636 38.6
3m* CH,OH° —114.44324 253 —114.88791 0
4m+ CH3OH, ™ —115.38212 43.1 —115.82443

5m* CHOH,* —114.73245 335 —115.56453

1t + 1m —267.69871 71.3 —268.74335 0
1+ Im** —267.67271 70.3 —268.71461 18.0
2° +4m* —267.70565 71.6 —268.75621 -8.1
3* +4m* —267.71103 72.3 —268.76660 -14.6
5t + 1Im —267.71965 72.7 —268.76581 —-14.1
2m* + 4+ —267.71694 715 —268.74667 -21
3m® + 4% —267.71231 71.6 —268.76078 —10.9
5+ 5m** —267.66230 715 —268.71382 18.5
6me+ —267.71870 725 —268.76553 -13.9
TS 6m*+—7m*+ —267.69278 69.9 —268.75286 —6.0
7me+ —267.70118 73.4 —268.75167 -5.2
TCP 7m*t-8m** —267.69662 - —268.87128 -16.22
TS 7m**+—8m** —267.6995 73.2 —268.76009 -10.5
8me** —267.75606 725 —268.81025 —42.0
TS 8m*+-9m*+ —267.75593 70.9 —268.81391 —44.3
9me*+ —267.76019 73.6 —268.81020 —41.9
SpectatorTS —267.63618 72.2 —268.72315 12.7
MECP 6m**-10m*+ —267.70361 - —268.87058 —15.7
10m*+ —267.74799 72.9 —268.78083 -235
TS 8m*+—11m*+ —267.66161 70.0 —268.75151 -5.1
TS 10m**—11m** —267.68864 69.2 —268.77600 -20.5
1ime+ —267.74751 72.6 —268.79701 —33.7
TS 8m**—11m** —267.68949 71.1 —268.77679 -21.0
TS 1Am*t-12m*+ —267.68514 69.9 —268.78345 —25.2
12m*+ —267.72725 72.3 —268.77579 -20.4
TS 12m**-13m*+ —267.71331 69.2 —268.79612 —-33.1
13m*+ —267.75173 73.3 —268.80590 —-39.3

3No ZPVE, E (electronic charge reversgd= —26886772 H, E (electronic 1°* + 1m) = —26884564 H.

As explained in[4], the CHCHO**/CH30OH sys- 4.2.2. QpQ

tem satisfies the PA criterion for the PTC model The results are given iRig. 6andScheme 2Again
(see Section 2.). The reaction proceeds along the we have two possibilities: both the hydroxyl and
same lines as for acetaldehyde as catalyst, seemethyl hydrogens may be used for the shifts. These
above, although the characteristics of the intersec- models are denoted as QpQ(OH) and QpQf;H
tion of the PES’s for CHOH,T - - . CH,=CHO"® and respectively.

CH3OH,™ - .. *CHo,—CH=0 are slightly different (see
Section 3.2 The final AB*---HT...M complex
will yield both ABH** and HM™.

4.2.2.1. QpQ(OH). The distonic ion CHO(H)'
C(H)(CHs)O"® appears to be stable.



/
w
O+
\ ||“|I“O
(@)
I\
(@)=
I
N

T

However, this ion is not a good starting point for our
reaction, because this reaction would involve 1,3-H
atom shifts, which will most likely have high barriers.
Instead, we follow the route used by Van der Rest et al.
[4]. The CBS-Q/DZP result for the transition point for
the conversion 06m to 10m (the MECP in the inter-

. Haranczyk et al./International Journal of Mass Spectrometry 220 (2002) 53-67
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1-4 shifts

the ion—dipole comple®m. Since this complex very
easily converts tdOm (see above), we are forced to
start in the same way as in the QpQ(OH) model. In
the latter model a hydrogen from the acetaldehyde
methyl group is transferred to the G& oxygen (Om

to 8/9m). However, it is also possible to transfer the

section, see above) indicates that this step has virtually hydroxyl H atom back to the CiD°* moiety and at

no activation energy. The TS for the second stor(

to 8/9m) is 5 kcal/mol more stable than the reference
set CHOH 4 CH3CHO**. Therefore, the QpQ(OH)
model is energetically comparable to the PTC model
(seeFigs. 5 and b The reacting configuration for the
dissociation is agaiB/9m.

4.2.2.2. QpQ(CH3). As in the QpQ(OH) model we
start with the distonic ion CED(H)™C(H)(CHz)O".
If the distonic structure is preserved, the enolization
will correspond to two 1,4-H shifts:

However, the distonic structure is not preserved in
the first H transfer. Instead, we find a transition to

the same time transfer an H atom from the incipient
methanol moiety to the acetaldehyde oxygérs(
10m-11m). This reaction step may be interpreted
as a QpQ mechanism for a catalyzed 0% —
CH,OH® isomerization with the CECHOH' ion

as the catalyst. In the next step an H atom from the
CH3CHOH* moiety is transferred to the GHyroup

in the CH,OH®* moiety, leading to the proton-bound
CH3O(H)---H*...OCHCH,* complex 6/9m),
which yields either CHCHO® 4 CH3OHyx™ or
CHoCHOH®** 4 CH3OH. Starting with10m this is a
two-step mechanism instead of the one-step mecha-
nism in the QpQ(OH) model. However, both TS’s in

E (keal/mol) PTC CBS-Q/DzP
T1_0_ _ — — — T 13 > Spectator
- N\ Mechanism
9 - = 4N\
1o CH2CHG +HM
] TCP t -8
-20]
“30] CH30H
-40[ o+ ;
CH3CHO -42 -42 CHQCHOH
CHs
Hs \ . @ /CH3 ICH3 ,CHS
-.._/CH © HO, o----|-|olf|D <OH 0,
. .
6m 7m 8m 9Im

Fig. 5. Energy level diagram for the GBHO®*/CH3OH system corresponding to the PTC and Spectator mechanisms.
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the QpQ(CH) model are much lower in energy than 4-methoxybutan-1-ol and is metastable with respect to

the QpQ(OH) TS.

no less than five fragmentatiof&2]:

We conclude that the energetically most favorable

route to enolization of the acetaldehyde radical cation

9m — CH3OH,™ + CH3CO®  (m/z 33

under the influence of methanol proceeds via the g, _, CHsCO' 4 CHg® + HyO  (m/z43)

QpQ(CHs) mechanism.
As is the case with self-catalysiSéction 4.}, for

methanol as catalyst too, there is an energetically fa-
vorable side reaction. This is the transfer of the CH

9m — CHy=CHOH*" 4+ CH3OH (m/z44)

9m — CH3C(=0)CHz*" + H,0O  (m/z58)

proton of ionized acetaldehyde to methanol followed g, _, CH3C(=0)OHo* + CHs®*  (m/z 61)

by dissociation to ChlOH,™ 4+ CH3CO®, which lies

at the same level as the products of the enolization

(=14 kcal/mol). Thus, formation of C}DH,™ should

It was found that at high internal energies (corre-
sponding to an average ion lifetime of cau®) the

compete with enolization as is indeed observed exper- ion dissociates abundantly via direct bond cleavage

imentally [4].

4.2.3. The relationship of the methanol catalyzed
tautomerization of ionized acetaldehyde with
ionized 1,2-propanediol

The ion—dipole complex CstCHOH®* - .. CH30H

to its components, C/-CHOH** 4+ CH3OH and to a
lesser extent to CkDH,+ 4+ CoH30°, but that com-
petition of the other three rearrangements becomes
prominent at lower internal energies. From a vari-
ety of tandem mass spectrometric techniques as well
as ab initio calculations it was concluded that prior

(9m) has been generated and identified independentlyto dissociation ionized 1,2-propanediol rearranges

[22]. The ion is formed by loss of £ from ionized

03228 H
2712 ’106.7\C/
<4321 = -24 7 i G2
<5432 = 1161 Msg 1218, ©aes
<6453 =-139.1 1.422\04
10880 4

HY 2281 ~ /C1
6 g H7 -.__E‘H

6m H
0.986
He™ 3
Mg 32 ~ 6115.4\\1'122319.1
—
Tarr Oy 1632 C1"1;4M2
H
<134= 1085
<543= 1384 10m
1.00: 03
1.236 <4312 =
Ho m,, 1% - 'Heﬂsa\ 1475 1, <1345 =
107 0411 C1214 <6312 =
7. [ <9457 =
H7—-—C5 1.394 H <9458 =
Ha 11m

into same ion—dipole comple8m [23], whose heat

<54M = 11565
<64M = 1159

Mg ,, 1489
///,’I,’

Hg _5\
E
<3124 = -859 [
<1245 = 764 8 Hy
<9452 =-128.2
<6452 = 56
<3127 = 1727
<3128 = 80 7m
H7
115.0 0.999
O4~—Hs 1187
1.477111.2 S is04 1.494
2507 ~ J 7" 1308
-179.3 M O3 1
-109.8 5
-179.8
131'; <4321=-1766 13m
: <5432= 1527
26453- 07 <435 = 1079
<7453= -132.8 <125= 1104

Scheme 2. Geometries of the main structures encountered in tg€HIBt+/CH3zOH potential energy surfaces.
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CBS-Q/DZP

QpQ(CH)

-5

CHaCHO + HM™
-14

CHaOH -2 CH3OH
- oo+ -34 + 4
CH3CHO QpQ(CH3) -42 CH2CHOH
CHs . .
Mo tnGHs oS o™ chg CHa
100" Jono%n  PHOCH  bopro=th
CH3 _@ H }-ll @
6m 10m 11m 8/9m

Fig. 6. Energy level diagram for the GBHO®*/CH3OH system corresponding to the QpQ mechanism.

of formation was calculated to lie 32kcal/mol be-
low the dissociation limit C=CHOH** + CH3OH
[23b]. The observation that the collision complex
CH3CHO** ... CH30H, produced in the ICR ex-
periments of Van der Rest et dW], produces al-
most exclusively CHICHOH*T and CHOH,* may
be interpreted in terms of the higher starting en-
ergy of the collision complex (and consequently
larger rate constant for fragmentation) vis-a-vis the
internal energy of ion9m (see Fig. 5 generated
by dissociative ionization. However, attempts to
make the collision complex GYCHO*T ... CH30H

in a chemical ionization experiment will proba-
bly fail because self-protonation of the catalyst
(CH30H + CH30H*" — CHyOH® 4 CH30H, ™) is

an exothermic process (by 25 kcal/mol, Seble 9.

5. Conclusions

The PTC and QpQ models may both be used to ex-
plain the catalysis of the enolization of acetaldehyde
radical cations. For the QpQ model all hydrogens in
the catalyst molecule are available for the catalysis.
For both catalysts the energetically most favorable
reaction route corresponds to transferring the CH
hydrogen of the acetaldehyde radical cation to the

catalyst. This is groton shift. However, the second
step in the Self-QpQ(CH) model (sé&ég. 1), corre-
sponds to an Hatom transfer back to the C4CO°
moiety. This means that the role of the ion and the
molecule in this process is reversed.

We conclude that the most facile way for the
acetaldehyde ion to rearrange to its enol form by
self-catalysis is via the QpQ(CH) mechanism rather
than via a PTC mechanism. It should be possible
to differentiate the QpQ mechanisms from the PTC
mechanism by isotopic substitution:

PTC: [CHsCHO-+ CD3CDOJ**
— CHo=CHOH® ™ (1n/z 44)
+ CD,=CDOD** (in/z 49)
QpQ: [CHsCHO + CDsCDOJ**

— CHo=CHOD** (m/z 45)
+ CD,=CDOH* " (m/z 47)

However, competition from unidirectional pro-
ton transfer to produce GEHOD' (mz 46) and
CD3CDOH' (m/z 49) may be fierce.

Combining the various reaction models we con-
clude that

(i) using acetaldehyde as the catalyst may lead to
three reactions, viz. C4CHO + CH,CHOH* T,
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CH,CHO®* + CH3CHOH" and CHCO® +
CH3CHOH,

(i) using methanol as the catalyst may lead to
five reactions, viz. CHOH + CH,CHOH*T,
CH30® +CH3CHOH", CH,OH® +CH3CHOHT,
CH3CO®* + CHzOH,™ and CHCHO® +
CH3OH, ™.
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