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bstract

Previous studies have shown that the solitary ketene–water ion CH2 C( O)OH2
•+ (1) does not isomerize into CH2 C(OH)2

•+ (2), its more
table hydrogen shift isomer. Tandem mass spectrometry based collision experiments reveal that this isomerization does take place in the CH2 O
oss from low-energy 1,3-dihydroxyacetone ions (HOCH2)2C O•+.

A mechanistic analysis using the CBS-QB3 model chemistry shows that such molecular ions rearrange into hydrogen-bridged radical cations

CH2C( O)O(H)–H· · ·OCH2]•+ in which the CH2O molecule catalyzes the transformation 1 → 2 prior to dissociation. The barrier for the unassisted
eaction, 29 kcal mol−1, is reduced to a mere 0.6 kcal mol−1 for the catalysed transformation. Formaldehyde is an efficient catalyst because its proton
ffinity meets the criterion for facile proton-transport catalysis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A very recent review elegantly demonstrates that the applica-
ion of mass spectrometric techniques to the study of elementary
on reactions has led to remarkable progress in the characteri-
ation of detailed aspects of the kinetics, thermodynamics, and
echanisms of molecular transformations catalyzed by ions in

he gas-phase [1].
This active field of research has greatly benefited from the

elected-ion flow tube (SIFT) studies of Böhme and his research
roup [1]. This is also true for the related area of research which
tudies ionic transformations catalyzed by molecules in the gas-
hase. As pointed out in Böhme’s early review on this topic [2],

pair of solitary ionic isomers whose interconversion barrier

s prohibitively high may be induced to interconvert via proton
ransfer in an encounter complex with a neutral molecule having

∗ Corresponding author. Tel.: +1 905 525 9140; fax: 1 905 522 2509.
E-mail address: terlouwj@mcmaster.ca (J.K. Terlouw).
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he correct proton affinity (PA). This process is commonly called
roton-transport catalysis (PTC). As a result the higher energy
somer may be transformed into its thermodynamically more
table counterpart.

For example [3], a large 1,2-H shift barrier prevents the
onversion of ionized hydroxycarbene into ionized formalde-
yde: HCOH•+ CH2 O•+. The barrier exceeds the energy
equired for loss of H• by direct bond cleavage, so even high
nergy ions will dissociate rather than interconvert. However,
hen a neutral molecule is allowed to interact with HCOH•+

roton-transport catalysis (PTC) may promote its isomerization
nto the lower energy CH2 O•+ isomer. The molecule may act
s a base (B) and accept a proton from one site of the HCOH•+

ubstrate, and then donate it back to a different site, as illustrated
n Eq. (1):
COH•+ + B → HCO–H•+· · · B (a) → HC O• · · · HB+

→ O C(H)• · · · HB+→ O C(H)–H•+· · · B (b)

→ CH2 O•+ + B (1)
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ig. 1. CID mass spectra of (a) the C2H4O2
•+ ions generated by loss of CH

H2 C(OH)2
•+; (c) the 18O labelled ketene–water ion CH2 C( O18)OH2

•+.

riteria for successful proton-transport catalysis have been fur-
her developed by Radom and Gauld [4]. The most important
riterion states that a smooth isomerization for the reaction of
q. (1) occurs if the PA of the base B lies between the PA of
CO• at O and at C. If PA(B) is too low, proton abstraction will
ot take place. If PA(B) is too high, the incipient ion BH+ will
ot release the proton: dissociation to HCO• + BH+ will ensue
nstead. As reported recently [5], the criterion can be signifi-
antly extended downwards to include bases of lower PA with a
oncomitant increase of the barrier height.

Several examples of ion–molecule reactions in the gas-phase
re now available [6] where interaction of a radical cation with a
ingle, judiciously chosen, “solvent” molecule leads to its trans-
ormation into a more stable isomer. Key intermediates in these
eactions are hydrogen-bridged radical cations (HBRCs) [7] of
he type (a) and (b) in Eq. (1). However, we note that not all
uch catalyzed transformations involve transport of a proton
ather than a hydrogen atom [6c] and also that these transforma-
ions may take place in the dissociative ionization of molecules
3].

In the context of studies on proton-transport catalysis, the
öhme group presented intriguing experimental and computa-

ional results on the water-catalyzed hydrolysis of the ketene
adical cation at the 2004 Trent Conference in Mass Spectrome-
ry [8]. Ketene ions were allowed to react with water in the SIFT

ass spectrometer and one aspect of their study dealt with the
ater catalyzed isomerization of the incipient ketene–water ion,
H2 C( O)OH2

•+ (1), into its thermodynamically more stable
somer CH2 C(OH)2

•+ (2), the enol ion of ionized acetic acid,
H3–C( O)OH•+ (3).

The criterion for efficient PTC for the transformation
H2 C( O)OH2

•+ (1) → CH2 C(OH)2
•+ (2) stipulates1 that
he base has a PA in the range of 166–183 kcal mol−1 and hence
ater (PA = 167 kcal mol−1) is a suitable catalyst. The PA of the

ormaldehyde molecule, 170 kcal mol−1 [10b], also satisfies the

1 Using �fH [•CH2COOH] = −61.6 kcal mol−1 [10a], �fH (1a) = 138.5 kcal
ol−1 (Table 1), �fH (2) = 121.8 kcal mol−1 (Table 1).

s
c

t
(
k
t

from metastable 1,3-dihydroxyacetone ions; (b) the enol ion of acetic acid,

TC criterion. Thus it may be expected that formaldehyde can
lso efficiently catalyse the isomerization.

This information inspired us to re-examine the genera-
ion of 1 as the product ion of the dissociative ionization
f 1,3-dihydroxyacetone: (HOCH2)2C O•+ (DHA-1) →
H2 C( O)OH2

•+ (1) + CH2 O. In 1986 Postma et al. [9]
rovided experimental and supporting computational evidence
hat the source generated C2H4O2

•+ ions of this dissociation
ave the connectivity of ketene–water type ions 1. The ion
ndergoes one major unimolecular dissociation, loss of H2O to
ield CH2 C O•+. This process is associated with a very small
inetic energy release indicative of a species in which a water
olecule is attached to ionized ketene by an ion–dipole bond.
oss of water also wholly dominates the collision induced
issociation (CID) mass spectrum, which is characteristically
ifferent from that of any other C2H4O2

•+ isomer, including
H2 C(OH)2

•+ (2).
Thus, there is little doubt that the source generated m/z 60

2H4O2
•+ ions from DHA-1 are (largely) ketene–water type

ons 1.
Appearance energy measurements of the m/z 60 ion [9]

ielded an apparent heat of formation of 138 kcal mol−1 which
as interpreted to correspond to the formation of 1 at the ther-
ochemical threshold. This implies that the abundant loss of
H2 O from low-energy ions DHA-1 – the MI spectrum of
HA-1 is dominated by a simple Gaussian shaped peak [11] at
/z 60 corresponding with a T0.5 value of 25 meV – would also
ield C2H4O2

•+ ions of structure 1.
This proposal could be verified by analyzing the CID mass

pectrum of the m/z 60 ions generated from metastable DHA-
ions. Such an experiment could not be performed with

he instrumentation of the study of Ref. [9] but our three-
ector ZAB-R magnetic deflection instrument does have this
apability.

The result of this experiment is shown in Fig. 1a. The spec-

rum is virtually identical with that of enol ions CH2 C(OH)2

•+

2), see Fig. 1b. It is incompatible with the formation of the
etene–water isomer CH2 C( O)OH2

•+ (1) whose 18O iso-
opomer CH2 C( O18)OH2

•+ yields the spectrum of Fig. 1c.
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Table 1
Enthalpies of formation (kcal mol−1) and total energies (Hartree) derived from CBS-QB3 calculations

Isomer Etotal (0 K) �fH
◦

298 Isomer Etotal (0 K) �fH
◦

298

DHA-1 −342.75044 92.9 1a −228.38018 138.5
DHA-2 −342.73670 102.2 1b −228.38058 138.4
DHA-3 −342.74391 98.6 1c −228.34425 160.4
DHA-4 −342.75694 89.7 2 −228.40494 121.8a

DHA-5 −342.76572 83.9 3 −228.37212 142.5b

DHA-6a −342.78428 72.3 4 −229.54435 136.7
DHA-6b −342.78676 70.6 TS 1a → 2 −228.33042 168.5
DHA-7 −342.73078 107.6 TS 1a → 3 −228.30139 187.0
TS DHA-1 → 2 −342.73165 104.8 TS 2 → 3 −228.33128 167.8
TS DHA-2 → 3 −342.71951 113.0 TS 1a → 1c −228.34001 162.8
TS DHA-3 → 4 −342.74307 99.2 TS 1a → 1b −228.38110 137.6
TS DHA-4 → 5 −342.75310 91.7 CH2 C O•+ −152.02212 210.2c

TS DHA-5 → 6 −342.76421 84.5 H2O −76.33382 −58.3
TS DHA-2 → 7 −342.71562 115.7 CH2 O −114.34411 −27.3

a Lowest energy conformer; experimental value = 120 kcal mol−1 [10c].
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b Lowest energy conformer; experimental value = 142.5 kcal mol−1 [10c].
c Experimental value = 210.2 kcal mol−1 [10c].

his spectrum shows a specific loss of H2
16O, confirming that

ons 1 do not communicate with ions 2 prior to dissociation.
Thus, the formaldehyde loss from low-energy DHA-1 ions

oes not yield ketene–water ions 1 but rather enol ions 2, possibly
y a formaldehyde-catalyzed isomerization 1 → 2. The derived
eat of formation of 138 kcal mol−1 for the m/z 60 product ion
enerated in the formaldehyde loss (see above) is not compatible
ith the threshold formation of 2 (122 kcal mol−1, see Table 1)
ut could result from an energy barrier in the rearrangement.

This intriguing result prompted us to explore the mechanism
f the formaldehyde loss from low-energy 1,3-dihydroxyacetone
ons using computational chemistry. During the past 5 years we
ave successfully used the CBS-QB3 method [12] in mecha-
istic studies of proton-transport catalysis in various organic
adical cations [13]. We therefore decided to use this CBS vari-
nt, which uses density functional geometries and frequencies in
he calculations, as the primary computational tool in probing the
echanism for the formaldehyde elimination from metastable

ons DHA-1.
It will be shown that proton-transport catalysis indeed

ccounts for the formation of enol ions 2 in the formaldehyde
oss from low-energy 1,3-dihydroxyacetone radical cations.

. Experimental and theoretical methods

The experiments were performed with the VG Analytical
AB-R mass spectrometer of BEE geometry (B, magnet; E,
lectric sector) [14] using an electron ionization source at an
ccelerating voltage of 8 kV. Metastable ion (MI) mass spectra
ere recorded in the second field free region (2ffr). The CID
ass spectra of the 2ffr metastable peaks were obtained in the

ffr using O2 as collision gas (transmittance, T = 70%). The ref-

rence CID mass spectrum of the enol ion of acetic acid of
ig. 1b was obtained via the dissociative ionization of butyric
cid. The spectrum of Fig. 1c was obtained in the context of a
reviously reported study of ionized oxalacetic acid: it pertains

fi
c
1
o

o the decarbonylation of metastable �-hydroxy(18OH) acrylic
cid ions into CH2 C( O18)OH2

•+ as indicated in Scheme 3
f Ref. [15]. All spectra were recorded using a PC-based data
ystem developed by Mommers Technologies Inc. (Ottawa).

The 1,3-dihydroxyacetone sample was of research grade
Aldrich) and used without further purification.

The calculations were performed with the CBS-QB3 model
hemistry [12] using Gaussian 2003, Rev C.02 [16] and (for
elected transition state searches) GAMESS-UK [17]. In this
odel chemistry the geometries of minima and connecting

ransition states are obtained from B3LYP density functional
heory in combination with the 6-311G(2d,d,p) basis set (also
enoted as the CBSB7 basis set). The resulting total energies and
nthalpies of formation for minima and connecting transition
tates (TS) in the 1,3-dihydroxyacetone system of ions are pre-
ented in Table 1. Spin contaminations were within an acceptable
ange (0.76–0.86). Fig. 3 displays the optimized geometries for
he principal species. The complete set of computational results
s available from the authors upon request.

. Results and discussion

.1. The structure and stability of the ketene–water ion and
he relationship with its hydrogen shift isomers
H2 C(OH)2

•+ (2) and CH3–C( O)OH•+ (3)

In the early ab initio calculations of Postma et al. [9], the
HF/4-31G level of theory was used to optimize the geome-

ries of various configurations of the ketene–water ion. Our
BS-QB3 calculations agree with their findings that ion 1a
nd the hydrogen-bridged radical cation 1b, whose optimized
eometries are shown in Fig. 3, represent the most stable con-

gurations. The two ions have similar energies and our cal-
ulations further agree that the barrier for the interconversion
a/1b is negligible (see Table 1). At internal energies in excess
f only a few kcal mol−1 above 1a/1b, the water molecule
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an freely move from carbon to carbon. The sum of the prod-
ct energies relative to 1a was calculated to be 15 kcal mol−1

9] which reasonably agrees with our CBS-QB3 result of
3.4 kcal mol−1.

The optimized geometry of 1a shown in Fig. 3a points to a
escription of the ion as a (ketene)ion–(water)dipole complex.
sing the simple equation for the ion–dipole stabilization energy
SE (kcal mol−1) = 68.8µ/r2, with µ = dipole moment (D) and
= distance (Å) between the charge and the dipole) – one obtains
E (1a) = 27 kcal mol−1, much larger than the CBS-QB3 derived
alue of 13.4 kcal mol−1. However, the above equation does not
ccount for repulsive effects associated with an ion–dipole inter-
ction. That such a repulsive destabilizing effect operates in 1a
ollows from an inspection of the geometries of the ketene ion in
a and 1b, see Fig. 3a. In 1b the ketene ion has a linear configu-
ation but in 1a repulsion of the oxygen atoms’ lone pairs causes
he ion to adopt an energetically less favourable “bent” structure.
n a valence bond type of description, structure 1a suffers from
ome contribution of the distonic form •CH2–C(OH2

+) O, rais-
ng the total energy.

Postma et al. [9] further reported that point calculations for
ther geometries related to H2O motion about the ends of the
etene ion showed barriers to such motion. One such motion
eads to an isomer of the connectivity H2O–CH2 C O•+ hav-
ng an O–C bond length of 2.839 Å, which was calculated to lie

6 kcal mol−1 above 1a. This structure is probably not a min-

mum on the PES: when we optimized its geometry with the
BS-QB3 method, a minimum was located which corresponds
ith the distonic ion H2O–CH2–C O•+ (1c), having an O–C
ond of 1.533 Å (see Fig. 3). This ion is only marginally stable

1
n
[
b

ig. 2. Energy level diagram derived from CBS-QB3 calculations (298 K values in
etastable 1,3-dihydroxyacetone ions.
pectrometry 255–256 (2006) 244–250 247

it lies 22 kcal mol−1 higher in energy than 1a and requires only
.5 kcal mol−1 to rearrange into energy rich ions 1a which sub-
equently dissociate – but it does play a role in the mechanism
iscussed in the next section.

Our computational results, see Table 1, further show that
he unassisted isomerization of ions 1a into the enol of acetic
cid ion 2 is prohibitively high: the associated energy barrier
f 29 kcal mol−1 lies well above the energy required for disso-
iation by direct bond cleavage into CH2 C O•+ + H2O. The
ame holds true for the isomerization 1a → 3. Thus solitary
etene–water ions do not communicate with their 1,3-hydrogen
hift isomers CH2 C(OH)2

•+ (2) and CH3–C( O)OH•+ (3).

.2. The loss of formaldehyde from low-energy
,3-dihydroxyacetone ions

We will use the energy diagram of Fig. 2 as a guide in the
iscussion of our proposed mechanism for the formation of
nol ions 2 from metastable 1,3-dihydroxyacetone ions. Starting
rom ion DHA-1, we see that elongation of the HOCH2–C( O)
ond with the concomitant formation of a new O–H bond may
ead to the hydrogen-bridged radical cation DHA-2 via a low-
nergy barrier. Ion DHA-2 then rearranges, via a barrier which
s calculated to lie at 113 kcal mol−1, into a ter-body com-
lex, ion DHA-3. The height of this barrier is very close to
he enthalpy calculated for the dissociation level 1a + CH2 O,

12 kcal mol−1, and this supports – see Section 1 – our alter-
ative interpretation of the AE measurements of Postma et al.
9], namely that the experimental AE actually corresponds to a
arrier, i.e., TS DHA-2 → 3.

kcal mol−1) describing the formation of enol ions 2 via loss of CH2 O from
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Once ions DHA-3 have been formed, they may undergo
barrierless rearrangement involving the migration of the

H2· · ·O CH2 moiety to the carbon atom of the carbonyl group

f the ketene part to form HBRC DHA-4. A rotation of the
H2· · ·O CH2 moiety yields its more stable conformer DHA-
, via a TS lying only 2 kcal mol−1 above DHA-4. A formal

n
t
9

ig. 3. (a) Optimized geometries (CBSB7 basis set) of stable configurations on the
˚ ); (b) selected optimized geometries (CBSB7 basis set) for stable intermediates
,3-dihydroxyacetone (DHA-1).
pectrometry 255–256 (2006) 244–250

,3-H shift assisted by the CH2 O molecule in DHA-5, the
roton-transport catalysis step, then yields DHA-6, the desired
recursor ion for the generation of 2 + CH2 O. The TS con-

ecting DHA-5 and DHA-6 lies at 85 kcal mol−1, well below
he energy requirement for dissociation into 2 + CH2 O, at
5 kcal mol−1.

potential energy surface of the ketene–water radical cation (bond lengths in
and transition states involved in the formaldehyde elimination from ionized
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It was stated in the Introduction that since formaldehyde ful-
ls the PA criterion, the transformation should be smooth, i.e.,

he barrier for proton-transport catalysis should be low. Indeed,
s can be seen from Fig. 2 and Table 1, the barrier for the iso-
erization is reduced from 29 kcal mol−1 for the solitary ions

o a mere 0.6 kcal mol−1 for the formaldehyde assisted transfor-
ation showing that formaldehyde is an efficient catalyst.
Loss of formaldehyde by a simple O–H–O CH2 bond elon-

ation in ions having the structure of TS DHA-2 → 3 is not
xpected to occur because the resulting ketene–water isomer 1c
ies, see Table 1, far too high in energy. On the other hand, once
ons DHA-3 are formed they are proposed to undergo a facile
earrangement into ions DHA-4 and these could dissociate by
irect bond cleavage into 1a + CH2 O. This reaction, however,
s not observed for the dissociation of the metastable DHA ions
these exclusively yield 2 + CH2=O – and we propose that the

ollowing kinetic argument provides a rationale.
For simplicity, we assume that a model involving only three

somers suffices. These are DHA-1, DHA-3 and DHA-6, where
HA-3 may dissociate into 1a + CH2 O, whereas DHA-6 may
ield 2 + CH2 O. In this model the barrier between DHA-3 and
HA-6 is essential for the product yields: if the corresponding
S (TS DHA-3 → 4) would lie near the dissociation limit for
a + CH2=O (and thus also near the rate-determining TS DHA-
→ 3), the isomerization DHA-3 to DHA-6 and the dissociation
HA-3 to 1a + CH2 O would both fall into the microsecond

ime frame. In this case the formation of DHA-6 would com-
ete with the dissociation into 1a + CH2 O and both products
hould be found in the MI spectrum. However, our calculations
how that the activation energy for the interconversion DHA-3
o DHA-6 is very small indeed. Therefore the isomerization into
HA-6 will be very fast and the same holds for the dissociation
f DHA-6 into 2 + CH2 O. In this scenario all reactions are fast
xcept the one corresponding to the first isomerization.

A similar argument applies to the dissociation of DHA-6a.
his ion can fragment to 2 + CH2 O at 95 kcal mol−1, but the
ounterpart constituents CH2O+ + •CH2COOH are also energet-
cally accessible. This dissociation level lies at 112 kcal mol−1

hen one uses �fH [•CH2COOH] = −61.6 kcal mol−1 as pro-
osed in the compilation of Ref. [10a]; it becomes even
ower, 108 kcal mol−1, if the CBS-QB3 derived value of

57.3 kcal mol−1 is used for the radical. Nevertheless, the
ormation of CH2OH+ + •CH2COOH is not observed at all
ecause dissociation of DHA-6a into 2 + CH2 O will be much
aster.

As can be seen from Fig. 2, DHA-6a is the global minimum.
t has been shown [7] that Mautner’s correlation equation for
roton bound dimers [18] also applies to hydrogen-bridged rad-
cal cations and can be used to estimate their �fH from known
issociation limits.

For O· · ·H· · ·O hydrogen-bridged radical cation A–H· · ·B•+

ne obtains [7]:
fH[A–H · · · B•+] = 0.70{∆fH[AH•+] + ∆fH[B]}
+ 0.30{∆fH[HB•+] + ∆fH[A]}
− 30.4 (kcal mol−1),

R

Spectrometry 255–256 (2006) 244–250 249

here AH•+ + B is the cheaper dissociation threshold. Using this
quation we obtain �fH [DHA-6] = 69–70 kcal mol−1, which
s in agreement with the CBS-QB3 result of 72 kcal mol−1.
ote that association of formaldehyde with the cis–cis con-

ormer of 2 leads to a stable complex with a double hydrogen
ridge, see structure DHA-6b in Fig. 3, whose enthalpy lies at
1 kcal mol−1.

Finally we note that ion DHA-2 could in principle rearrange
nto DHA-7, the precursor ion for the formation of HBRC 4
nd CO. The heat of formation of the decarbonylation products
+ CO actually lies lower in energy than that of 1a + CH2 O but

he TS connecting DHA-2 and DHA-7 lies at 116 kcal mol−1,
kcal mol−1 higher in energy than TS DHA-2 → 3. Thus the

act that the decarbonylation reaction has a significant reverse
ctivation energy may explain why this process is not detected
n the MI spectrum of 1,3-dihydroxyacetone.

. Conclusions

Tandem mass spectrometry based collision experiments
eveal that low-energy 1,3-dihydroxyacetone ions (DHA-
) dissociate by loss of formaldehyde to produce the
onized enol of acetic acid, i.e., HOCH2C( O)CH2OH•+

CH2 C(OH)2
•+ + CH2 O. The mechanism of this seem-

ngly unintelligible reaction has been elucidated with the help
f the CBS-QB3 model chemistry. Key intermediate in this
issociation is the ketene–water ion associated via a hydrogen
ridge with a formaldehyde molecule, •CH2–C( O)–O+(H)–H
· ·O CH2 (DHA-4/5 in Fig. 2). This ion can undergo
n almost barrier-free proton-transport catalysis to produce
H2 C(OH)2

•+ associated with formaldehyde (the global min-
mum) which then dissociates.

Formation of DHA-4, see Fig. 2, is also mechanistically
ntriguing. After hydrogen bridging of the two hydroxyl groups
nd concomitant C–C cleavage in DHA-1, HBRC DHA-2 is
ormed. Next the hydrogen of the H-bridge moves towards the
(H) group and the entire H–O–H· · ·O CH2 moiety can shift

rom the ketene methylene carbon atom to its carbonyl carbon
tom to produce DHA-4. This rearrangement constitutes the
ate-determining step; hence all subsequent reactions will be fast
recluding the formation of higher energy products such as the
etene–water ion–dipole complex itself. The calculated energy
f the rate-determining transition state, 113.0 kcal mol−1, is in
xcellent agreement with that (112.5 ± 1.0 kcal mol−1) derived
rom the experimental appearance energy.
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