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Abstract

The energy barrier for the keto—enol isomerization of the isolated acetaldehyde ion to vinyl alcohol lies above its lowest dissociation
limit and so the spontaneous isomerization is never observed. However, it has been shown that the distonic methanol ion can ionize the
acetaldehyde molecule and greatly lower the energy barrier of the keto—enol isomerization. The present study involved two systems in which
the acetaldehyde was associated with the distonic methanol cafibrOH,*, and with its conventional isomer, GBH**, in stable and
metastable adducts. The isomerization barrier for acetaldehyde was lowered by associatiGiiy@H,*; in contrast, the CEOH"* ion did
not facilitate the rearrangement of acetaldehyde to its enol ion. Tandem mass spectrometry combined with ab initio calculations was applied
to investigate the two systems. Potential energy surface diagrams were obtained by MP2/6-31+g(d) and B3-LYP/6-31+g(d) calculations to
further elucidate the reaction mechanisms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 1.1. Proton transport catalysis (PTC)

For many years, it has been known that the keto—enol iso- ~ This catalytic mechanism was first reported byhine
merization of an ionized aldehyde or ketone in the gas phase[6]. As an example, the CXD** ion has two isomers, the
involves a large energy barrig—5]. These barriers generally  conventional methanol ion and the thermochemically more
lie at energy above the lowest dissociation threshold for the stable (by 32 kJ/mol) distonic isomer, the methylene oxo-
carbonyl compound and so the isomerization is never directly nium ion,*CH,OH,*. In isolated CHOH** ions, the barrier
observed for the isolated ion. However, when such ions arefor rearrangement to the distonic form lies above the ion’s
electrostatically bound to a substrate molecule, these barri-first dissociation limit, to" CH,OH + H*, and so the distonic
ers can be reduced to below the first dissociation threshold.isomer is inaccessible at any enef@y10]. However, if the
It is now becoming apparent that odd-electron ion—molecule methanol ion is electrostatically bound to a water molecule
pairs perform unexpected reactions in which the ion under- (1), it can transfer a proton to the latter, to give (ll):
goes rearrangements catalyzed either homogeneously or het-
erogeneously by its neutral partner or substrate. Much of this CHsOH®*/H20 — 'CH20H/Jr H30 — *CH20H,*/H.0
work has involved the identification of the mechanisms for 0 a (m

the ion isomerizations. In (I1), the proton can formally return to the carbon or
oxygen atom in the’CH,OH radical but proton trans-
fer to O gives the thermochemically more stable distonic
* Corresponding author. Tel.: +1 613 562 5118; fax: +1 6135625170, Methanol ion-water pair,CH,OH,*/H20. The catalyzed
E-mail addressjholmes@science.uottawa.ca (J.L. Holmes). reaction is calculated to proceed with less than half the
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activation energy of the unimolecular rearrangement of McLafferty rearrangement of a selected carbonyl compound

CH3OH*". [16,17]

Such catalytic processes involving kransport between In the present study, we have investigated the keto—enol
partners have to meet a necessary criterion which has beerisomerization of acetaldehyde when associated with ionized
established by the calculations of Chalk and Radadi methanol and its distonic isomer in a stable or metastable
namely that when the proton can return to two sites in the ion—-molecule pair. The method for making such stable
radical, the proton affinity (PA) of the catalyst 48 in the ion—molecule pairs is as follows. Proton-bound dimers are

above example) must lie between the PA values for the rad- easily obtained from a high pressure ion source and they can
ical and heteroatom sites. This condition is obeyed in the be made to lose a radical under collision-induced dissocia-
above case, i.e., PAjD] =682 kJ/mol[12]; PA[*CH,OH] tion (CID) conditiong15,18] These CID fragmentations can

at 0 =695 kJ/moJ12] and at C =663 kJ/mdlL2]. produce the ion—molecule complexes of interest, namely sol-
vated conventional or distonic odd electron ions. The advan-
1.2. H-atom transfer mechanism (ATM) tage of this method is that the majority of the ions are stable

but with some having sufficient internal energy to undergo

This mechanism is also called the “Quid pro Quo” (QpQ) competing metastable dissociations. Appropriate isotopic la-
mechanisn{13]. In this process, the ion accepts a H atom beling and collision-induced dissociation mass spectra of the
from the neutral substrate, forming a protonated speciesabove stable ions allows one to explore the rearrangement
which then donates a different H atom back to the neu- processes that they can undergo.
tral radical. This ATM model has been described in the  This paper presents an experimental study of
CH3CHO"*/CH3OH system by van der Rest et Hl4] with the aldehyde/CHO** ion—-molecule complexes, for-
calculations at the UMP2/6-31G** level of theory, and is mally represented as GBHO/"H,OCH,* ion 1 and

shown below: CH3CHO/**HOCHg ion 2. They were generated in the mass
spectrometer by selecting the appropriate fragment ions in
CHsCHO'* - - - O(H)CHz — CH3CHOH'- - -*OCHg the CID mass spectra of proton-bound molecular pairs. To
— CHCHOH'™ - .. O(H)CHs aid the explanation of the experimental results, potential

energy surfaces (PES) for the species were obtained by
In the above scheme, the acetaldehyde radical cation isomertheoretical calculations. The PES thus constructed should
izesinto the vinyl alcoholion as well as exchanging®altbm be compatible with the experimental observations in terms
with the methanol molecule. The underlined &om shifts  of the observed competing metastable ion fragmentations,
from methanol to the aldehydic O atom and then a methyl the relative abundances of the product ions and the collision
H® atom of acetaldehyde transfers back to the methoxy sensitivity of the metastable ion peaks and the detailed

radical. appearance of the CID mass spectra. Furthermore, they
should be compatible with the fate of isotopic labels among
1.3. Spectator mechanism the dissociation products. The PES also identifies the possi-

ble presence of high isomerization barriers that effectively

This mechanism differs from PTC and ATM in that there eliminate some plausible rearrangement pathways.
is no atom exchange between the ion and the catalyst, i.e.,
the configuration of the catalyst substrate does not change
throughout. For example, computations by Radom and co-2. Experimental and theoretical section
workers[8] have described the water-catalyzed interconver-
sion of the methanol ion to its distonic isomer undergoingthe  All experiments were carried out on a modified ZAB-
spectator mechanism. The TS for the 1,2-H shift is lower in 3F tandem mass spectromefd9] with BEE geometry
energy than the barrier for the isomerization of the isolated (VG Analytical, Manchester, U.K.). Metastable ion (Ml)
methanol ion; the water molecule is elelctrostatically bound and collision-induced dissociation (CID) mass spectra of the
to the shifted M atom and the water “drags” the methyt H  proton-bound dimer and the ion—molecule pairs were ac-
of methanol across the-@© bond. This mechanism was first quired in the second field-free region (2FFR) and third field-
illustrated by experiment by Tu and Holmgs]. free region (3FFR) of the mass spectrometer, respectively.

In a previous study13,14] the enol or keto cations of Theion accelerating voltage was 8 kV. In the 2FFR and 3FFR
acetaldehyde were formed in an FT-ICR cell and allowed to helium was used as the collision gas for the CID experiments.
react with a neutral methanol molecule. Under these con- All spectra were recorded with the ZABCAT program devel-
ditions, the methanol molecule was found to catalyze the oped by Mommers Technologi§k9].
isomerization of the acetaldehyde ion to its isomeric form.  The proton-bound dimer of acetaldehyde and
The generation of keto ions can be achieved by direct elec-propanol was generated by admitting the mixed regents
tron impact ionization of the molecule, while enol ions were CH3CH,CH,OH and CHCHO into a high pressure ion
made in an ion source by the fragmentation of an appropriatesource at a total observed pressure of ca.1® > mbar, in-
ionized cyclic alcohol (e.g., by loss of an olef{i)s] or by a dicating an ion pressure of 0.5 man]. The proton-bound
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dimer CHCHO---H*...O(H)CH,CH,CH3 (m/z=105) @) 44
was mass-selected by the magnet and collisionally acti- CH,CHO/*CH,OH;
vated in the second field-free region. The fragment ion m/z 76
[CH3CHO/FCH,0H,*] (m/z 76) was produced by loss of Mi .
CH3CHy* from the precursor ionnf/z 105) and it was

transmitted into the third field-free region to study its Ml 2 43
and CID characteristics. 45

A similar experiment was used for the ac-
etaldehyde/dimethyl ether proton-bound dimer,
CH3CHO---H*---O(CHg)> (m/z 91), in order to colli- L....
sionally generate labeled [GBHO/CHsOH**] (m/z 76) by
specific loss of CH* from the ether. An experiment using
CD3CHO---H*--O(CHg)> (m/z 94) showed that it was an CH,CHO/*CH,OH;'
ether methyl group that was lost in the CID. Dimethyl ether ”‘5;6
was introduced through the gas inlet at an observed pressure 43 58 61
of 5x 10~°mbar producing 0.3 mbar in the high pressure
ion source.

CH3CHO, CH;CH2CH20H, (CHz)20, and the iso-
topically labeled compounds, GOBHO, CD;CDO,
CH3CH,CD,OH, CHsCH,13CH,OH were used to generate
various isotopomeric ion—molecule pairs. The unlabeled
chemicals were purchased from Aldrich and all the labeled s pmmrnsooesirafliod u
samples, 99.5-99.9% isotope purity, were obtained from
CDN Isotopes (Montreal, QC, Canada) and were used

without further purification.
GAUSSIAN 98 programs were used to perform standard CHsCHO/"H2OCH,CH,CH. In the CID mass spectrum of

ab initio molecular orbital calculations to investigate the po- this proton-bound dimenvz 105, the major peaks are pro-
tential energy surface. Optimized geometries and the ener-tonated propanolniz 61, 100%), protonated acetaldehyde
gies of all minima and transition states were calculated at (T/245, 23%), and the peak for GBH,* loss (Wz76). The
the MP2/6-31+G(D) level of theory. Zero point energies ob- first two reactions are the only Ml processes, showing that
tained from vibrational frequencies at the same level of the- réarrangement of the proton bound dimer does not take place
ory were scaled by a factor of 0.94&1]. A potential energy &t internal energies up to those for MI dissociatiomé 76
profile was also obtained from density functional theory B3- @Ppears only when collision gas is admitted.
LYP/6-31+G(D) to compare with the PES acquired by the +
MP2/6-31+G(D) calculations. The differences between the CHsCHO- - Hm/?l(olg)CHZCHZCH3
two levels of theory are discussed later. Finally, a single point . " .
energy calculation at the G3 level of theory was appliedto ob- [CH3CHO/ CHZO(';BHE] + CH3CH;* (CID) @)
tain accurate relative energies of the optimized ion structures :
at MP2/6-31+G(D) and B3-LYP/6-31+G(D), respectively. ~ The MI spectrum of iorl (Fig. 1a) indicates that there are
six competing dissociation reactions wfz 76: the losses
of CH3®* (m/z 61), HLO (m/z 58), and the formation of
CH3CHOH' (mVz 45), CHCO" (m/z 43), CHOHy* (mvz

(b) 44

Ui

Fig. 1. Ml and CID mass spectra of GEHO/CH,OH,*.

3. Results and discussion 33); the base peakyz 44, has been determined to be the
vinyl alcohol ion (see below).

3.1. Experimental observations for idn Inthe CID mass spectrum of idr(Fig. 1b) the intensity of

[CH3CHOPCH,0H,*] and ion 2 the peak atv/z 45, CHsCHOH', is increased, i.e., the forma-

[CH3CHO/CH;OH"*] tion of CH3CHOH? is collision sensitive, being a simple bond
cleavage in iorl. The PA of CHCHO at O is 768.5 kJ/mol,

3.1.1. [CHCHOFCH,0OH,*]ion 1 which is much higher than the PA 6€H,OH, 695 kJ/mol,

Anion of formal structurd was obtained by the collision-  so that the structure of the stable ibis better represented as
induced loss of a CkCH,* radical from the proton-bound CH3CHOH'...O(H)CH,*. However, the peak corresponding
dimer CHCHO...H*...O(H)CH,CH,CHz (m/z 105). The to the formation of then/z 44 ion is not collision sensitive,
PA of propanol, 786.5kJ/mol, is higher than that of ac- indicating that ionl rearranges before it fragments.
etaldehyde, 768.5kJ/mol, and so the proton is preferen- The dissociation channel leading to the enol form of
tially attached to the alcohol to give protonated propanol ionized acetaldehyde, the vinyl alcohol ion, is energetically
electrostatically bound to an acetaldehyde molecule, i.e.,the most favourable process. If the iofz 44 has the enol
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(a) 45 dissociates to the vinyl alcohol ion and methanol,*seltbm
CH.CHO/*CD.OD* from CH3CHO moves to the CH,OH radical via a 1,6-H
mizgo 46 shift. This process involves TS3 on the PES (Bigg 7) and

the discussion of the computations. Furthermore, two H
atoms of GH3CHOH" in ion 1-dy, exchange with D atoms
at the radical site dfCD,OH during such a rearrangement.
One question remains: couid’z 44 possibly be the car-
bene ion CHCOH"*, even though it is unlikely to be pro-
duced on energetic groundsgH[CH3COH"*] = 865 kJ/mol
[22])? To test this, the ion C¥COH**/CH3OH, ion 3, was
45 made by CID loss of an ethyl radical from the proton-
(b) bound dimer, CHCH,C(CHg)=0O---H*-.-O(H)CH. Its MI
CD.CHO/*CH.OH* mass spectrumrg. 3) shows four major products: proto-

Cmz79 . nated methanolniz 33), the acetyl ionrfVz 43), water loss
(m/z 58) and methyl lossniz 61). However, it does not
produce anyn/z 44, CHsCOH'®, whose generation cannot
compete energetically with the other dissociation channels.
Therefore, the carbene ion can be ruled out.

An experiment using the 13C labeled ion
CD3CHO/A3*CH,O(D)H*, m/z 81 (Fig. 4) proved that
the lost methyl is from the methanol portion of the ion. The
Fig. 2. (a) The major fragment ion of GEHOFCD,0D," givesmz 45, kinetic energy release (obtained from the width of the peak
CH,CHOD*. (b) The major fragment ion of GELHOPCH,OH,* gives at half-height,To 5) associated with the G4 radical loss
mz46, CD,CHOH'". has been measured as 67 meV, indicative of a reverse energy

barrier. The structure assigned to the fragment ion fogCH
structure, the dissociation threshold energy is at 569 kJ/molloss from ion1 is CH3C*(OH),, protonated acetic acid,
(from AfH[CH,CHOH**1=771kJ/mol, AfH[CH30H]= AfH=313kJ/mol. This low energy species is indeed the
—202 kJ/mol)[22]. This is lower than the dissociation limit, likely product, as will be discussed later. The production of
576 kJ/mol, for the formation of the protonated acetalde- CH3OH,™ and isotopomers involves formal H/D exchange
hyde ion m/z 45 (from AfH[CH3CHOH"]=595kJ/mol, between the acetaldehyde and methanol species.
AfH[*CH,OH]=—-19kJ/mol) [22]. If the m/z 44 ion
had the keto structure, the threshold energy for this 3.1.2. [CHsCHO/CH;OH**]ion 2
dissociation would be much higher, at 619kJ/mol The CID mass spectrum of the pro-
(from  AfH[CH3CHO"*]=821kJ/mol, AfH[CH30H]= ton bound acetaldehyde-dimethyl ether dimer
—202kJ/mol)[22]. Thus in the MI mass spectrum of idn CH3CHO...H*...O(CH3), (m/z 91) ion showed two
the base peak would be peaiz 45 if the CHBCHO**® ion major peaks, namely protonated dimethyl ethafz(47),
had not isomerized. That the enol ion is produced is also protonated acetaldehydmvg 45), and the minor Ck? loss
supported by the results of isotopic labeling. peak (nz76), the reaction is shown below:

The isotopically labeled ion—molecule pairs, [(XCHO/

CH,OMy], 1-d3 (mz 79), [CDCHOPCD,OH,*],  CHeCHO:--HTO(Che),

45 48

47

1ds (mz 81), [CHCHOPFCD,OH,*], 1-dy (miz /a9t

78), [CHsCHOPCD,OHD'], 1d3 (mz 79), — [CH3CHO/CH30H"*] 4 CHjz® (CID) )
[CH3CHOFrCD,0D,*], 1-ds (mVz 80) were examined m/z76

to assign the structure of the abow& 44 ion as that of vinyl The methyl radical lost could come from either
alcohol. The MI mass spectrum of [gBHO/#CD,0D,"], molecule and so deuterium labeling was used to iden-
1-d4 (m/z 80) (Fig. 2a) shows the most intense peak at tify the methyl group, e.g., CECHO.---H*...O(CHg),,

m/z 45, to which the structure G/€HOD"* is assigned;  2-ds, CD3CDO---H*.--O(CHg)3, 2-0y, and

if the keto ion were the major product, it would have CD3CDO..-D*...O(CHjs),, 2-ds, only lost®*CHgz in their CID
resulted inm/z 44, CH,CHO"*, being observed instead. mass spectra, showing that only an ether methyl group is
Similar observations were found for the other labeled pairs. involved.

For example,Fig. 2b) shows the MI mass spectrum of Compared with its isomet, the Ml mass spectrum of ion
[CD3CHOFCH,0H,*], 1-d3 (mVz 79), with the base peak 2 (and its isotopomers) is simpler. There are four competing
at m/z 46, i.e., CBCHOH'*, not CD;CHO"* (m/z 47). dissociation channels, giving protonated acetaldehyulz (
The experimental data for all labeled ion—molecule pairs 45), the acetaldehyde iom(z44), protonated methanah(z

are shown infable 1 The results are explained as follows. 33),and CH?® loss (/z61). In contrast with the mass spectra
Before the ion—-molecule pal; [CHzCHO.--H*-..OHCH,*], ofitsisomer, iori, the Ml and CID mass spectra of i@show
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Table 1
Fragmentations of labeled acetaldehyde/distonic methanol ion—-molecule pairs in the MI spectra
Precursor ionm/z lon—molecule paim/z Fragments of ion—molecule paivz
Protonated Vinyl Protonated -H,O —methyl
methanol alcohol acetaldehyde
(CH3CHO)H", (HOCH,CH,CHa), [CH3CHOPCH,0H,*], 33 44 45 58 61
105 76
(CHsCHO)H', . 33 44 45 59 61
(HOCD,CH,CHs), [7C8H3CHO’° CD20H;7], 34 46 60 62
107 35 63
(CD3CHO)H', + 33 45 48 60 62
(HOCH;CH,CHs), [YCQD?’CHO’ CH0H,, 34 46 61 63
108 47 64
(CH3CHO)DY, N 35 44 46 60 63
(DOCD;CH,CHs), gCOH3CHO" €00, 36 45 47 61 64
109 37 62 65
(CD3CHO)H', . 35 45 48 61 63
(HOCD,CH,CHs), gC1D3CHO" CD20H;7], 36 46 62 64
110 37 47 63 65
(CHigHO)H*, [CH3CHO/3* CH,0H,*], 34 44 45 59 61 (major)
(HO**CH,CH,CHz3), 77 62 (minor)
106
(CHsCHO)D', 2 . 35 45 46 59 62
(DOXCH,CH,CHs), [7C9H3CHO/1 CHOD;"], 36 60 63
108 64
(CDsCHO)H", 136 34 45 48 62 62
(HO3CH,CH,CHs), [CDsCHO/**CHOH,™], 35 46 63
109 80 36 64
(CD3CHO)H', [CD3CHO/, 35 45 48 62 63
(DOCH,CH,CHg), 13¢CH,ODH"], 36 46 64
110 80 37 47 65
CD3CHO)D*, 36 47 49 63 64
(CDsCHO) [CD3CHOA3*CH,0D;*], 7
(DO**CH,CH,CHj3), 3 65
111 82 38 66

a8 m/z63 ions are a mixture of the losses of®land®*CDj3 in the MI mass spectrum of [(JEHO/ CD,OH,*] (mVz 81).
b m/z62 ion results from the losses obB and*13CD,H in the MI mass spectrum of [CJTHOA3* CH,OH,*] (m/z80).

that hydrogen and deuterium atoms do not mix (&ge5, the
MI mass spectrum of CECHO/CH3OH**, 2-d3 m/z79). The have retained their original positions, indicating no rearrange-
base peak is protonated acetaldehydesCIBOH" (m/z48), ment of ion1 to the enol form. There is an exclusive peak
and the smaller peak/z47 has to be the acetaldehyde radical atnvz 33, CHOH,*, and only one methyl loss peak, M-18,
cation, not the vinyl alcohol ion, even though itis more ener- corresponding to the G group. The CID mass spectrum of
getically favoured than protonated acetaldehyde, see the disthe 2-d3 ion showed that the M-18 peak is collision sensitive
and very likely arises from a simple-C bond cleavage. The

cussion of iorL above. The H/D atoms im/z47, CD;CHO*®,

58 M-18 peak cannot arise from loss ob8 because the Ml
CH,COH**/CH,0H
m/iz 76
Mi . +
61 CDiCHO/"**CH,0DH™ 40
m/z 81
M

33 3CH,ODH"

36

W gt )

Fig. 3. Ml mass spectrum of the GBOH'*/OHCH;z ion. Fig. 4. Ml mass spectrum of labeled @ODHO/A3*CH,ODH*.
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Fig. 5. MI mass spectrum of the ion GDHO/CH;OH**.

mass spectrum of the ion GODO/CH;OD** (mVz 81), 2-
ds, gave an intense peak M-18#z63), but no M-20 £ D20)
peak or M-19 ¢ HDO).

3.2. Theoretical calculations

The two ions, [CHCHOPFCH,OH,"] and
[CH3CHO/CH;OH**], display different chemistries in
their mass spectra. Thus these two systems do not com

municate with each other, presumably because there is a

high energy barrier to their interconversion. Theoretical
calculations were performed to investigate this and to
produce a PES for each ion and its fragmentations.

3.2.1. The [CHCHO/CHyOH,"] system

The energy profile is shown schematicallyrig. 7. The
optimized structure of iod is CHRCHO.--H*...O(H)CH,*,
Stable State IV, in which the proton is close to the aldehy-
dic oxygen, rather than to the methanol oxygen; the former
bond length (CHCH)O-H is 1.057, the latter O—H length
is 1.487A (seeFig. 6 a). This is in keeping with the PA
of CH3CHO being greater than that f6CH,OH at oxy-
gen (see also Sectiahl above). lon IV rearranges to the
vinyl alcohol-methanolion, CstCHOH'*...O(H)CHz, com-
plex V, via a cyclic transition state (TS) 3. This requires only
about 115 kJ/mol and lies below the dissociation threshold of
IV to form protonated acetaldehyde and the hydroxyl methyl

X. Wang, J.L. Holmes / International Journal of Mass Spectrometry 242 (2005) 75-85

The formation of the protonated methanol ion can be via
two pathways. In the first, ion V rearranges to complex VI,
CH3CO"..-H"OHCHg, via a 1,2-H shift in the vinyl alcohol
to generate the acetyl radical and protonated methanol. This
process requires alarge energy barrier TSB93 kJ/mol) for
the internal 1,2-H shift. There is another more facile pathway,
namely the isomerization of complex IV to VI via a 1,5-H
shift, transition state TS4, at 145 kJ/mol and so is more acces-
sible than TS5. This explains why the protonated methanol
in the MI mass spectrum of GIEHOA3*CH,OHD (Fig. 4)
is chiefly 13CH3D*OH but with some evidence of H, D ex-
changes.

We also observed an intense water loss peak in the above
experiments, in the complex IV, a species that when ini-
tially made in the mass spectrometer does not contaisg H
species. An §2 mechanism has been considered for this
water loss process. After complex IV converts to V, the rota-
tion of CH3OH along the O—C bond, TS6a, allows the pro-
tonated methanol to turn around, ready to be back-attacked
by CH,CHOH"*, the intermediate complex (INT, iRig. 7)
contains three species, and TS6b leads to dissociatiop@o H
and CHCHOCH;**.

The experimental results indicate that the production of
the (M-15) ion is due to the methanol methyl radical loss,
and the mechanism explored by the calculations is as fol-
lows. Interconversion between complex VI and the carbene
ion with methanol CHC**(OH)---OHCHs, complex VI,
takes place via transition state TS¥1(07 kJ/mol). In TS8,
the extension of the @0 bond in methanol leads to the
OH moving towards the carbonyl C of GBOH'*. VI
then converts to complex IX, protonated acetic acid elec-
trostatically bound to the methyl radical, which is a very
stable species lying at about25kJ/mol on PESL (even
25kJ lower than the Stable State V). Structure IX fragments
readily to the products, protonated acetic acid and methanol
(~28 kJ/mol).

Kinetic energy release (KER) measurement experiments
[23] were made on all the MI ion peaks and KER values
(To.5) are consistent with the TS heights on the REBig. 7).

The CH;® loss ion had the largest KER, 67 meV, in keeping

radical, 136 kJ/mol. The relative energies given above are with it having the largest reverse energy barrier on the PES

obtained at the MP2/6-31+g(d) level of theory ($€g. 7).
The energy for the isolated acetaldehyde ion to vinyl alcohol
isomerization is at 215 kJ/m{®] and lies above the dissoci-
ation limit of the keto ions (103 kJ/moJ2]. Note that TS3,

1, the energy difference between TS4 (the highest transition
state in its pathway) and the dissociation limit, 117 kJ/mol.

This is compatible with the smaller KER for the8 loss

ion, 48 meV, corresponding to a reverse energy barrier of

the seven-membered ring structure, would be favoured by en-52 kJ/mol, the difference between the products’ energy and
tropy considerations. Complex V then dissociates to producethat of TS6b. However, it was surprising to find that the gen-

the vinyl alcohol ion and a methanol molecule, the dissoci-
ation limit for which is~130 kJ/mol; this process involves
the low energy barrier TS3 and is the competing dissociation

eration of the protonated methanol ian£ 33) had the low-
est KER, 8 meV, although it is not a simple bond cleavage
process. This may be due to the tight cyclic transition state

channel of lowest energy, giving rise to the most intense peak TS4. In order to form the complex VI from TS4, a heavy

in the MI mass spectrum of ioh Thus the initial aldehyde

methyl group must rotate to reform the proton bound pair,

has been isomerized to its enol-form by transferring a proton and thus a large rotational energy component is involved, re-
and a 1 atom. We believe that the free radical site functions sulting in a smaller translational energy release in the prod-
as a good Mor H* accepter and facilitates the enolization of ucts. Alternatively, at the energy corresponding to TS4, there
acetaldehyde. may be little coupling between the degrees of freedom in
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1,221 163.8
L.2586 R 1551
0 3
107.7143 0
Intermediate

Fig. 6. (a) Optimized geometries of the Stable States at MP2/6-31+G(D).

the ion and neutral moieties, i.e., the radical may be free to nect these two minima; other workers have encountered the
move around the C§DH,* ion, leading to a relatively small  same probleni13,14] In the complex Il, the O atom of

KER. CHsOH is associated with the carbonyl O and methyl H of
CH3CHO** in the form of a five-membered ring structure.
3.2.2. The [CHCHO/CH;OH"*] system The computational difficulty arises when | converts to Il, the

The major dissociation thresholds on the PES of ion charge centre migrates from the proton to the aldehydic C
2 (Fig. 8 are the formation of CECHOH' and a atom and at the same time & Irfadical moves to CED°.
methoxyl radical €171 kJ/mol), CHCHO"® and methanol Because protonated methanol is observed in the MI mass
(~180 kJ/mol). The stable complex |, GEHOH'---*OCHg, spectrum, this transition state, TS1/2, should be below the
is able to rearrange to complex I, GEHO"*...-HOCHg. dissociation limits of the precursor ion—molecule complex .
However, no transition state structure has been found to con-Haranczyk eta[13] found a minimum energy crossing point
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Fig. 6 (b) Optimized geometries of the transition states at MP2/6-31+G(D).

(MECP) at RHF/DZP level which works as the transition state to the products. As was mentioned in Sectio?. 1above, VI

for the interconversion of | and II. canrearrangeto IV, C§CHO-.-H*...O(H)CH,* but it should

The common dissociation channel on PE&nd 2 is be noted that the transition state TS4145 kJ/mol) for this
to form CHsOH,* and CHCO® but it involves differ- isomerization is at a higher energy than the dissociation limit
ent pathways on the two surfaces. Rotation in the tran- of VI (~101 kJ/mol). Hence, PES 1 and PES 2 do notcommu-
sition state TS2 results in the isomerization of Il to Ill, nicate with each other, although they have a common Stable

CH3C(O)*---*HOHCHg, and further, Ill converts to its iso-  State VI.

mer VI by a very flat transition state TS1 that is only about ~ Another transition state energy, TS0, has been calculated,
2 kJ/mol higher than Ill. The difference between the struc- by which complex I, ion2, converts to IV, ionl. TSO lies
tures Il and Vlis thatin lll, the CHCO" is electrostatically ~ at a rather high energy, about 191 kJ/mol. In the metastable
bound to CHOH," by a C--H---O bridge, butviaa ©-H..-O time frame of the mass spectrometer, a reaction requiring
bridge in VI. Then from VI, the complex quickly dissociates such a high relative internal energy is usually not observable.
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Fig. 7. Potential Energy Surface of GEHO/CH,OH,** system MP2/6-31+G(D).

Again it reflects the experimental observations that the ions MP2/6-31+G(D) level with row 8, column 3 are the G3//B3-
1 and2 do not have a common chemistry or share the sameLYP results, column 2 gives the B3LYP/6-31+G(D) values.
PES. Note that the G3 energies are very close to the current best ex-
perimental data, the differences being no more than 5 kJ/mol.
3.2.3. Comparison of energy results obtained at different ~ Moreover, the MP2 results are very similar to the G3 energies,
level of theories with experimental data with differences of only a few kJ/mol except for the relative
The relative energies calculated at MP2/6-31+G(D), B3- energy of the pair, CECO® + CHzOH,": this may be caused
LYP/6-31+G(D) and G3 level of theories are listedable 2 by spin contamination for the double bonded radical struc-
Note that the single point energies obtained at the G3 level ture.
of theory and based on the optimized MP2/6-31+G(D) ge-  In summary, the distonic methanol ion facilitates the iso-
ometries are close to the MP2/6-31+G(D) results (shown in merization of acetaldehyde into its enol-ion, but the conven-
Table 9 and so further G3 calculations were not performed. tional ion does not.
In order to compare these calculated values with experi- . .
mental data, reference values/H for all the product$22] CH3CHO/"H20CH,® — CH,CHOH"*/OHCH; (0
are used and shown ifable 3 In column 5, the values are
the heats of formation of the products relative to the sum of
the heats of formation of the vinyl alcohol ion and methanol, A distonic ion is a good proton donor and hydrogen atom ac-
in row 8. Column 4 lists the calculated relative energies at the ceptor. Inreactiofl), a proton is given to a keto group and the

CH3CHO/**HOCH; s CH,CHOH'*/OHCHs ()

240 -
TSO
190 - CH;CHO**+CH;0H
CHsCHOH'+CH,0"
140 1 CH.CHOH'"+CH;OH
©
£ CH3CO"+CH30H,"
S
X
90 A I
| CHsCHO""++sO(H)CHs
CH;CHOH"++='OCHs
40 -+
v . I
CHyCHOH*++«OHCH,
CH3OH," +»+" (O)CCH;
-10 - v vi

CH,CHOH™ ++« OHCH;

CHzOH," *++ ‘OCCHs

Fig. 8. Potential Energy Surface of GEHO/CH;OH** system at MP2/6-31+G(D).
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Table 2
Calculated electronic energies (in Hartrees), incorporating a scaled zero-point energy correction, and relative energiéd @Jowoffor the different
structures

Structures B3-LYP/6-31+G(D) G3//B3-LY¥P MP2/6-31+G(D) G3//MP2
Ecal Erel Ecal Erel Ecal Erel Ecal Erel
| —269.13500 39 —269.01071 65 —268.27967 73
1l —269.12809 57 —269.00430 82 —268.26842 103
11l —269.13662 34 —269.02578 25 —268.29778 26 —269.03189 33
\% —269.13330 43 —269.02846 18 —268.29465 34 —269.03029 37
\% —269.14967 0 —269.03547 0 —268.30751 0 —269.04450 0
VI —269.14401 15 —269.03367 5 —268.30703 1
Wil —269.11586 89 —269.00801 72 —268.27899 75
INT —269.11605 88 —269.00603 77 —268.27122 95
VIl —269.13616 35 —269.02754 21 —268.29688 28
IX —269.13749 32 —269.03522 1 —268.31686 -25
TSO —269.08149 179 —268.96971 173 —268.23477 191
TS1 —269.13122 48 —269.02369 31 —268.29704 28
TS2 —269.13594 91 —268.98352 136 —268.25488 138 —268.99909 119
TS3 —269.12010 78 —269.00121 90 —268.26357 115 —269.00540 103
TS4 —269.10259 124 —268.98845 123 —268.25221 145
TS5 —269.08189 178 —268.97078 170 —268.23398 193
TS6a —269.11497 91 —269.00450 81 —268.26937 100
TS6b —269.11112 101 —268.99710 101 —268.26202 120
TS7 —269.10754 111 —268.99476 107 —268.26676 107
TS8 —269.10268 123 —268.98750 126 —268.25568 136

2 G3//B3-LYP: a single point energy calculation at G3 based on the optimized B3-LYP/6-31+G(D) geometries.
b G3//MP2: a single point energy calculation at G3 based on the optimized MP2/6-31+G(D) geometries.

Table 3

Comparison of calculated relative energies (kJThpith experimental valuef2]

Products B3-LYP/6-31+G(D) G3//B3-LYP MP2/6-31+G(D) Experimental data
CH30® + CH3CHOH* 17 40 41 42

CH,OH* + CH3CHOH* 9 3 6 7

CH3CO"® + CHzOH,* -4 -9 -29 -7

CH3C*(OH), + CHz* -83 —-102 —-102 —-109
CH,CHOCH** + H,0 -55 —-62 —-62 —68

CH3CHO"* + CH30H 36 45 49 50

CH,CHOH** + CH30H 0 0 0 0

radical moiety takes athtom back. Thus, the ketoneisread- necting them requires too high an internal energy. The two
ily converted to its enol-ion form. The key transition state, ion—molecule complexes were produced collisionally from
TS3 shown below, transfers a®tatom back to the methyl  appropriate proton-bound pairs and the complex ions have
hydroxyl radical undergoing a #H* transfer mechanism.  sufficient internal energy to dissociate in the metastable time
e 3 frame. The important result in the [GBHO/fCH,OH,"]
o f; # ion study is that acetaldehyde rearranges to its enol ion. The
N s ~H isomerization is considered to be a new mechanisnt,/ &t
(‘) > transfer mechanism: after acetaldehyde has accepted a pro-
CH, ton from the distonic methanol, the protonated acetaldehyde
2 \H\/‘ gives a K atom back to the CH,OH radical by a 1,6-H
L J transfer, producing the vinyl alcohol cation attached to a
methanol molecule. In contrast, if the acetaldehyde is for-
1,6-H shift TS mally attached to a methanol ion, i@nit cannot access the
adjacent [CHCHO/PCH,OH,*] surface. In the former com-
plex, the enol-form ion is not produced, as shown by the
4. Conclusions isotopic labeling experiments (see Sect®h.2. This may
be due to a higher barrier preventing idfrom rearranging
It has been shown that the stable or metastable ionsto vinyl alcohol ion and methanol, complex V (sEg. 8).
[CH3CHOFCH,0OH2*], 1, and [CHCHO/CH;OH*'?], 2, Bimolecular encounters involve higher energies and are able
have distinct chemistries, i.e., they do not share a commonto overcome this high barrigd4], however, the stable or
potential energy surface because the transition state conimetastable ion—molecule pairs which were made in this study,
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cannot access this barrier. Instead, 2aearranges to a very [5] Y. Apeloig, in: Z. Rappoport (Ed.), The Chemistry of Enols, Wiley,
stable complex VI and then dissociates to a stable protonated  Chichester, 1990, p. 48.

methanol ion and acetyl radical. The theoretical calculations [6] D-K. Bohme, Int. J. Mass Spectrom. lons Processes 115 (1992) 95
(and references therein).

support a!l the experimental observati.ons. Ca_lculated prod- [7] J.W. Gauld, L. Radom, J. Am. Chem. Soc. 119 (1997) 9831.
uct energies at MP2/6-31+G(d) and single point energy G3 [g] .w. Gauld, H. Audier, J. Fossey, L. Radom, J. Am. Chem. Soc. 118
calculations on optimized geometries at B3-LYP/6-31+G(D) (1996) 6299.
are in good agreement with experimental data. [9] W.J. Bouma, R.H. Nobes, L. Radom, J. Am. Chem. Soc. 104 (1982)
2929.
[10] J.L. Holmes, F.P. Lossing, J.K. Terlouw, P.C. Burgers, Can. J. Chem.
knowl 61 (1983) 2305.
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