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Abstract: The formal ior-molecule pairs*CH,OH,"/CH3;OH] and fCH,OH,*/H,O] were generated by selected

radical loss from appropriate proton-bound molecular pairs. The radical loss was activated by keV energy
collisions with He in a tandem mass spectrometer, e.g.z{E0OD,"/DOCD;] — [*CH,OD,*/CD;0D] +

CHz'. The metastable ion dissociations of the above species and their appropriate deuterium-labeled analogues
were recorded. These were the losses of a methyl radical, water, ag@drbim the former pair and losses

of water andCH,OH from the latter. The observations showed that the interconversions of ionized methanol
and its distonic isomer were catalyzed by the neutral partner molecule. \A@hakl catalyst, all H atoms are
involved in the arrangements that precede metastable dissociations, whereas with methanol as catalyst, its H
atoms retain their positional identity. The relationship between these metastable ion systems and the higher
energy species involved in bimolecular reaction is discussed in terms of proton-transport catalysis.

Introduction

An early study on the isomerization of radicals, where
migration of a group was found to be facilitated by its
protonation, resulted inter alia in the advent of distonic ions.

such isomerizations often have a large activation energy. How-
ever, if such a gas-phase ion is electrostatically bound to
(solvated by) an appropriate neutral partner molecule, then the
isomerization barrier can be lowered greatly. In the complex,
the reaction involving proton transfer is believed to take place

These unusual radical cations have been extensively investi-i, 4 two-step fashion between the ion and its partner; the process

gated beginning with the first theoretical prediction and

has been termed “proton-transport cataly8i&’variety of such

successful experimental demonstration of the existence of thegqyated ions have been explored with the aim of understanding

distonic methanol iof.Distonic ions, which are often thermo-
chemically more stable than their conventional countergarts,
have been shown to be intermediate in many familiar fragmen-
tation reactions of organic ioff%.g., the McLafferty rearrange-
ment® More importantly, their ambident properties, stemming
from the separation of the radical and charge sites, have create
a new dimension in gas-phase ion chemistry.

the mechanism of the cataly$ist?

For distonic ions in particular, a reaction that has attracted
considerable attention is their isomerization to the corresponding
conventional structure. The prototype distonic ithH,OH, ™,

cior example, was shown by theory and expeririémtconvert

o its radical cation, CEDH™, but with an energy barrier just
above the dissociation limit for GJOH'* to "CH,OH + H-. If

Isomerization involving hydrogen migration is prevalent g distonic ion is coordinated with an appropriate solvent mole-
among reactions of isolated organic ions in the gas phase, antyy|e as described above, proton-transport catalysis should reduce
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the energy barrier to the isomerization. Recent experimental
observations have shown that the production of the distonic
methanol ion is indeed catalyzed by water, and subsequent
theoretical calculatiot4? revealed a substantially decreased
energy barrier to the interconversion of the two isomeric
methanol ions when water is associated with them. More
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systematic high-level theoretical calculatiéftshave been
performed on the isomerization of conventional 3H° ions
to their distonic isomersCH,XH™ for X = F, OH, and NH,
supporting the general proposal that interconversion of each ion
pair is catalyzed by the corresponding neutral HX molecule.
Generation of a distonic ion requires a carefully selected
fragmentation, often involving the isomerization of the chosen
conventional precursor molecular i his makes it difficult
to prepare a distonic ion that is in association with an appropriate
solvent molecule, even by using an ion cyclotron resonance
(ICR) instrument* which can be used for bimolecular reaction
studies of distonic ionsHowever, proton-bound dimers are easy
to obtain from a chemical ionization (CI) source, and they can
be made to lose radical species under collision-induced dis-
sociation (CID) conditions, even though the major metastable
ion (MI) reactions are normally cleavages at the proton bridge.
Such CID fragmentations could be used to generate solvated
distonic ions of interest by selecting the product ion corre-
sponding to loss of a labeled atom or small group. An essential
feature for such radical losses in an temolecule complex is
the existence of a large proton-binding energy between the
partnerst® Reactions of the solvated distonic ions can thus be

investigated on a sector mass spectrometer by examining their

MI fragmentations, which arise from ions having relatively well-
defined energies.

We report here the first experimental observation of the
reactions of the distonic methanol ion associated with a neutral
methanol molecule;CH,OH,/CH3;OH]. The solvated distonic
ion and its isotopomers were obtained by selecting products of
collision-induced removal of a hydrogen (or deuterium) atom
or a CH from the proton-bound dimers of appropriate alcohols,
wherein the proton-binding energy between the two hydroxyl
groups is about 32 kcal mol.16 Reactions of another solvated
ion, [*CH,OH,*/H,0], were studied in similar fashion.

Experimental Section

All experiments were carried out on a modifté@AB 3F tandem
mass spectrometer with BEE geometry (VG Analytical, Manchester,
U.K.). Metastable ion and collision-induced dissociation mass spectra
were acquired with the ZABCAT progréfhby averaging 1620
consecutive scans, at an accelerating voltage of 8 kV. Helium was used
as the collision gas for the CID experiments at a cell pressure>of 5
108 mbar, which for these ions causes-116% attenuation of the
main beam.

Proton-bound dimers of alcohols were generated by introducing
individual alcohols through the septum inlet into the CI ion source,
which was maintained at a temperature of 280and a total pressure
of 5 x 10°5to 1 x 10~* mbar. The proton-bound dimer was selected
by the magnet and subjected to collisional activation in the second field-
free region (FFR); the resulting solvated distonic ions were then
transmitted to the third FFR, where their Ml and CID reactions were
observed. Metastable peak widthg,§) were determined using suf-
ficient energy resolution to reduce the width of the precursor ion main
beam to 5-6 V at half-height; the corresponding kinetic energy release
values were calculated by established procedtires.

CH3;OH, GHsOH, and (CH).0O and CHOD, CD;OH, and CROD
were used to generate various isotopomeric solvated distonic ions; the
combination for each ion is appropriately given in the discussion of
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Figure 1. MI mass spectra of the@H,OH,"/CH;OH] ion and its
isotopomers generated by collision-induced (a) ldss from
(CH3OH),H*, (b) D loss from (CROD),D*, (c¢) H loss from
(CH;0D),D*, and (d) CH' loss from [CHCH,OD,"/CD3;0OD].

results. Labeled methanols, all of 99.9% isotope purity, were com-
mercially available (CDN Isotopes, Montreal, QC, Canada) and used
directly.

Results and Discussion

In the CID mass spectrum of the proton-bound methanol
dimer, (CHOH),H™ (m/z 65), the major fragment ions are
protonated methanoh{z 33, 100%) and protonated dimethyl
ether Wz 47, 50%), but a significant signal also arises from
the loss of a hydrogen atonmiz 64, 15%). This latter ion is
proposed to be’CH,OH,™/CH3;0H], 1, formed by reaction 1,
the identity of the hydrogen lost was confirmed by the reaction
of isotopomeric dimers, especially (gBID),D*, for whichonly
H* loss was observed (reaction 2).

[CH,OH, /CH,OH] — ['CH,OH, /CH,OH] + H* (1)
[CH,0D,"/CH,0D] — ['CH,0D,"/CH,OD] + H* (2)

In the metastable ion time frame the fragmentation of the
[*CH,OH,"/CH3;OH] ion proceeds via three channels, namely,
the loss of a methyl radical, water elimination, and the formation
of protonated methanol, yielding product ionsrafz 49, 46,
and 33, respectively, as shown in Figure la. The identical
fragmentation pattern is obtained for the perdeuterated ion,
[*CD,0OD,*/CD30D], 1-ds, as seen in Figure 1b. The intensities
of the three product ions are similar, indicating that the three
reaction channels have similar activation energies. For the above
two isotopomeric solvated ions, carbon and oxygen both carry
the same isotopes, and so information on hydrogen exchange
between the two sites was not achieved. Therefore, specifically
labeled isomers were prepared.
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Scheme 1

[(.:H2—6—D-~--O—CH3] — [éHz—O----D*----?-CHg]
b b b b

. +
— [CHz—o----D-?—CHg]
b D

. +
—> CHpoOD + CH30D2

The metastableCH,OD,/CH30D] ion, 1-ds, resulting from
H* loss from (CHOD),D* in which all H atoms on O are

replaced by D, dissociates such that the peak due to water

elimination is split into a pairrYz 47 and 48, for losses of
D,0 and HDO, respectively) while the other two peaks remain
as single Wz 52 for CHs* loss andm/z 35 for *CH,OD loss,

respectively), as shown in Figure 1c. Clearly, generation of .

CH30D,* (m/z 35) does not involve any H/D exchange between
carbon and oxygen atoms prior to dissociation.
The FCH,OH,;*/CH3OH] ion, as shown formally, does not

represent the global energy minimum structure on the reaction
coordinate (this will be discussed in detail later) but is a proton-

bound complex ofCH,OH and CHOH, which compete for

the proton when this ion metastably fragments. The proton

affinity (PA) of *CH,OH has been determined experimenigiiy©
and by theoretical calculatiotfsto be ca. 166 kcal mot at
oxygen and 158 kcal mot at carbort®2while the PA of meth-
anoPlis 180.5 kcal mot™. Simple proton transfer from the dis-
tonic methanol ion:CH,OH,", to neutral methanol is exother-
mic (by ca. 14 kcal moi!) and leads to*CH,OH/CH;OH,™],
2, making the distonic ion an excellent proton donor.

A mechanism is proposed for the generation of;0B,"
(m/z 35) from 1-d; (Scheme 1), which involves a formal

transition state TS1. As the observation implies, TS1 must be
lower in energy than that for the interconversion between the

two isomeric CHO™ ions, so that interconversion betwekds
and the [CDHOD™/CH30OD)] ion, 3-ds, is suppressed. Note that

it is possible that TS1 may not exist, i.e., the change from the

ion molecule pair to ior2 may be barrier free. This is in good
agreement with the conclusions of theoretical studies, whic

have shown that the energy barrier for proton transfer within a

proton-bound complex is quite small, especially when the
difference in PA of the two individual molecules is signific&ht.
Water elimination froml-ds involves both DO and HDO

J. Am. Chem. Soc., Vol. 122, No. 15, 2GBB97
Scheme 2
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reorientation of the initial proton-bound methanol dimer to
[CH30O(H):--CHz—OH,™], in which backside nucleophilic dis-
placement leads to a transition state, FCH)-+-CHz*+--OHy],
where a methyl cation is loosely bound with neutral methanol
and water on each side. These species are related to the water
elimination in a proposed reaction mechanism shown in Scheme
2. Proton transfer from the distonic ion to the neutral methanol
is followed by reorientation and subsequent nucleophilic
displacement leading to the distonic dimethyl ethefd¢dmrough
transition state TS2. The energies for water elimination and
protonated methanol formation will be discussed in detail below.

For the methyl radical loss, the Ml mass spectra for iso-
topomersl, 1-dg and 1-ds, shown in Figure 1, panels—=, re-
spectively, do not indicate which carbon atom is lost. Therefore
another isomer,"CH,OD,"/CD3;0D] (1-ds) from [C,HsOD,"/
CD30D], was prepared by removing a @Hradical via
collisional activation (reaction 3). The MI mass spectrum of

[CH3CH20D2+/CD3OD] — ['CH20D2+/CD3OD] + CHy'
3)

this ion is shown in Figure 1d, and it confirms the above result
that formation of protonated methanol does not involve H/D
scrambling, whereas H and D atoms on the ionic partner are
completely randomized prior to water elimination. Also, from
a comparison of Figure 1, panels-@, it is apparent that the
methyl lost in all cases is from theriginal neutral methanol
This reaction is presumably initiated by attack*GH, at the

oxygen of the neutral methanol. The formal product ion of this
reaction is protonated dihydroxymethane, DQOB,™, which

p [if unstable] could rapidly collapse to a proton-bound complex,

[CH.O:+-H™-+-OHy], as shown in reaction 4. Due to experi-

[CH,0D,' / CD,OD] —> DOCH,0D," + CDjy (4)

!

losses with similar abundances (Figure 1c). This can be
explained by proposing that hydrogen and deuterium atoms in
the distonic moiety are randomized prior to transfer of an H or mental limitations, it was not possible directly to investigate
D atom to the methanol hydroxyl group; the OD (in the HDO ' thijs formal protonated dihydroxymethane ion. However, in the

[CH20°"D""OD2]

and DO lost) issolelythe intact hydroxyl group of the neutral
methanol. This requires that, unlike the generation of@B,™,
water elimination has an energy barriegherthan that for the
isomerization of the distonic methanol ion to its conventional
form, a reaction which is a prerequisite for rapid H/D inter-
change between the carbon and oxygen atoms.

Studies of the reaction of G@H,* with CH;OH?23-28 have
shown that formation of protonated dimethyl ether involves
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CID mass spectrum of the (nondeuterated) methanol dimer, an
ion having the same elemental composition was observed at
m/z 49. It was transmitted to the third FFR, and its CID mass
spectrum contained two fragment ionsnalz 19 and 31 with

an intensity ratio of 1:10, an observation certainly compatible
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3698 J. Am. Chem. Soc., Vol. 122, No. 15, 2000 Tu and Holmes

and hereTys is only 27 meV. Interconversion of the two
isomeric methanol ions should have a transition state TS0 which
has an energy between TS2 and the threshold for the formation
of protonated methanol. Thus the energy barrier to the isomer-
ization from *CH,OH,* to CH;OH™ is estimated to be ap-
proximately 17 kcal mol?, in contrast with 32 kcal mot for

the reaction in the isolated i&h°and 21 kcal moi! for the
same reaction when water is involved as the catafyst.

From Figure 3, it should be emphasized that, at the energy
level for the formation of protonated methanol, H/D positional
interchange in the distonic moiety ot allowed. However, at
the overall energy level for water loss, the interchange occurs
rapidly and is expected to be even faster thanarD* transfer
from the ionic partner to the neutral methanol molecule.

20 A__miz49 Observation of the reaction starting from appropriately labeled
ion 3 should provide support for the proposed energy profile in

. Figure 3. This reactant pair must first overcome TSO to

isomerize to iorl. Such a labeled ior8-ds, was prepared from

. +
[CHQ—O—H--- O—CHg]
HoH

m/z64

60

40 -

Intensity (arbitrary units)

0 T T T T T T T the proton-bound methanetlimethyl ether complex by colli-
2 4 6 8 sionally removing an ether methyl group as shown in reaction
Pressure, x 108 mbar 5. The MI mass spectrum @fds is given in Figure 4, in which

Figure 2. Dependence of the intensity on the pressure of the collision [(CHy) o-D'/CD OD] — [CH oD™/CD OD] + CH; (5)
gas (He) in the third FFR for the CID reactions of theH;OH,"/ 2 3 3 3 3
CH,OH] ion. the [CD;OD + H]* and [CD,OD + D]' ions (losses of
C,H,,D,0 and C,H,0, respectively) are observedmltz 37 and

with a proton-bound complex of water with formaldehyde, for  3g ith an intensity ratio of 3:1. This result indicates that all

which the PA values are 165.0 and 170.4 kcal mhotespec- the H and D atoms of th€H;0D** ion lose their positional

tively. o ) identity, compatible with reversible isomerization of the con-
Distonic ions have been repeatedly shown to have ambidentyentional methanol ion to its distonic form. This is entirely in

radical and ionic properties. For the systems investigated here xeeping with both the energy profile and the mechanism for

the formation of protonated methanol and water elimination can formation of protonated methanol proposed in Scheme 1. Fur-

be attributed to the ionic feature, where competition for a proton thermore, Figure 4 also shows that water loss from this species

is the trigger. In contrast, methyl radical loss is characteristic jnyolves HDO and BO in a ratio of 3:1 (ions atvz 50 and 49,

of the radical nature of tht€H,OH, " ion; indeed, the reaction  respectively), consistent with the dehydration mechanism shown

can be viewed as a radical displacement process. in Scheme 2. Note that/z 51 corresponds to GPloss. The
. The three frggmentatlon ghgnnels of ibshow substantially  two small peaks atvz 35 and 54 indicate a minor involvement
different collision characteristics. The losses of £&hd HO of charge transfer within the io8, after reaction 5 leading to

are insensitve to collision while formation of protonated [CH;OD/CD;OD™]; from the latter pair, [CHOD + D]*
methanol is enhanced significantly thereby. The dependence offormation and Cig loss from the neutral molecule, reaction 4,
the intensity on pressure in the collision cell is given in Figure are seen.

2. For a metastable fragmentation to be collision insensitive, Experimental observatid® of the isomerization of the
the precursor ion must rearrange to a stable isomer via adistonic methanol ion catalyzed by water was first carried out
transition state whose energy is as high as (or even higher thankuch that methanol was allowed to interact with water in a
the dissociation threshold of the new isomer. In keeping with chemical ionization source; thavz 32 ion thus generated
the above reaction mechanisms and the CID results, a potentiakhowed CID fragmentation that is characteristic of the distonic
energy profile was created (Figure 3) for two reaction channels isomer. To understand the mechanism underlying this observa-
of ion 1. The energies of the proton-bound complexes at the tion, the aqueous ion;¢H,OH,"/H-0], was prepared as an
bottom of the wells are derived from the heats of formation of isplated species by applying the same procedures as for the
the products and their binding energy; a common proton-binding methanolated counterpart.

energy of 32 kcal mof* between two hydroxyl group%?’was The proton-bound complexes of methanol and water,
assumed to be appropriate. The energy of 3ofiCH;OH*"/ [CH30H,"/H,0] and [CHOD,"/D,0], were subjected to col-
CH;OH)) is estimated by comparison with the [@BH™*/H20] lisional activation to generate two isotopomeric, hydrated
system® The lower energy isomer &, the [CHO"/CHz;0H,"] distonic methanol ions via reactions 6 and 7. The MI mass
ion, 4, is depicted at an energy higher than thatlaby the

difference inAsH° of the two radicals, namely, ca. 8 kcal mél [CH30H2+/H20] — ['CH20H2+/H20] +H (6)
Note again that the passage of the-gnolecule pair3 and4

to the ground state may not involve an energy barrier. The [CH,0D,"/D,0] — ['CH,0D,"/D,0] + H' @)

transition states TS1 and TS2 are positioned to fit the contrasting

collision sensitivities and the close competition between the two spectra of these two ions are given in Figure 5, panels a and b,
channels. The location of the barriers is also in keeping with respectively. The nonlabeled ion fragments via two channels:
the observed kinetic energy releases. For the water loss reactionloss of water and loss of GH*, producing*CH,OH," and
where TS2 is higher in energy than the dissociation threshold H3O™, respectively. Collisional activation does not change the
of the FCHy(CHzg)OH™++-OH,] complex,Tos = 60 meV; in the intensity of them/z 32 ion, but protonated water is slightly
formation of protonated methanol, TS1 lies below the threshold, increased. A third, higher energy channel is generously opened
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Figure 3. Potential energy profile for the fragmentation of th€H,OH,"/CH;OH] ion. See the text for the details of energies.
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Figure 4. MI mass spectrum of the [G@D"*/CDsOD] ion generated
by collision-induced Cht loss from [(CH).OD*/CDs;OD].
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m/z

by collision to form protonated methanol. With th€ H,OD,*/
D,0] ion, isotope interchange is seen from Figure 5b. The peak
for water loss becomes three, indicating a different mechanism
from that in the methanelmethanol ion system. The intensity
ratio observed for losses of,D, HDO, and HO is close to
that calculated=6:8:1) for complete scrambling @fll H and

D atoms in the system. Note that, unlike the ¢Chb** systems,

the alternative ion structuresJH,OH,*/H,0] and FCH,OH/
H3O*] are isoenergetic.

In the bimolecular reaction of GJ@H"™ with CHzOH (and
other isotopomer pairs) carried out by Audier et#in an ICR
instrument, [CHOH + D]* and [CHOH + H]* ions were
produced in a 1:1 ratio, but water loss was not mentioned. When
the*CH,OH," ion reacted with BO under the same conditions,
Audier et al*3@observed rapid exchange of two hydrogen atoms
and much slower exchange of the other two hydrogens (of
*CH,OH,"). However, we have clearly shown that, for both the
[methanot-methanolf* and [water-methanol}* ions, ran-
domization of hydrogen atoms ohly the ionic partner in the
former system and complete randomization of all hydrogen
atoms ofboth partners in the latter system were observed in
the metastable ion time frame (10s). However, it should be
recalled that the energy regime for the experiments are
significantly different. The bimolecular reactions take place at
energies corresponding to the separated pair (see Figure 3)
whereas metastable adduct ions are at least 20 kcalhowler

in energy. It is thus not surprising that the details of the
chemistry are different.

In proton-transport catalysis as in reaction 8, the molecule X
transports a proton from site A to site B of the host molecule.
This mode of catalysis requireg? that the proton affinity of
the transporter, X, should be greater than the PA of Bj at
A but less than that at B. If the PA of X is significantly greater
than that of [A-B] at either site, then intermolecular (rather
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Figure 5. MI mass spectra of (a) *CH,OH,"/H,O] and (b)
[*CH,OD,"/D,0] by collision-induced Mloss from [CHOH,"/H,0]
and [CHOD,"/D,0], respectively.

than intramolecular) proton transfer will be the lower energy
process? leading to the formation of the XHion as the major
product. Thus, for the interconversion of the isomeric,Oft

X+ [H-A-B]"—[XH" «-A—B] = [A—B:--H"X] —
[A—B—H] " + X (8)

ions, water would be the best catalyst since its PA (165 kcal
mol~1)?Lis close to that ofCH,OH at carbon (158 kcal mot)10a
and at oxygen (166 kcal mo).2° In contrast, methanol (PA
180.5 kcal moth)2! should not be gooé Our observations,

Tu and Holmes

however, are to the contrary; the energy barrier to the methanol-
catalyzed interconversion is ca. 4 kcal mblower than that

for the water-catalyzed reaction. Therefore, the criterion for
choosing an effective catalyst it simply the difference in
proton affinity of the three appropriate site¥he difference
between HO and CHOH as catalysts deserves emphasis. For
the former case, all the hydrogen atoms of both the ion and the
catalyst lose their positional identity before the water loss
reaction. For the [methano/methanol] system, however, all
hydrogen atoms of the neutral catalyst molecid&in their
positional identity prior to the loss of the catalyst. If a formal
proton-transport mechanism were involved in the latter case,
the transferred proton must always return to the donor ion, i.e.,
does not exchange even with the OH of the catalyst. We prefer
instead to view this catalysis as involving a reversible intraionic
1,2-hydrogeratomshift. Detailed high-level theoretical calcula-
tions would be required to provide a definitive description of
the reaction mechanism.

Conclusions

It has been shown that solvated distonic ions can be prepared
by removing a radical from proton-bound dimers under colli-
sional activation conditions and thus their Ml and CID reactions
can be investigated on a sector mass spectrometer. The solvated
distonic ions, in which the two partners interact for an appreci-
able time as an ionmolecule complex, show pronounced dif-
ferences in chemical reactivity compared with observations on
the (higher energy) bimolecular reactions of the distonic ions
with the “solvent” molecules. For theGH,OH,™/CH3;OH] ion
studied, it was observed that the isomerization of the distonic
methanol ion to its conventional counterpart is effectively
catalyzed by the neutral methanol molecule. In addition, we
have also shown that in so-called proton-transport catalysis, the
criterion for choosing a catalyst is not only the difference in
proton affinity of the catalyst and the [proton] receptor sites in
the radical which lead to the distonic and conventional ions.

Acknowledgment. The authors are indebted to the Natural
Sciences and Engineering Research Council (Canada) for
continuing financial support.

JA9911869



