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Ring-Hydrogen Participation in the Keto — Enol Isomerization of the
Acetophenone Radical Cation

Marcelo Sena and José M. Riveros*[?

Abstract: Molecular ions obtained from
acetophenone have been observed to
undergo proton transfer reactions in
competition with unimolecular black-
body dissociation in a Fourier transform
ion cyclotron resonance spectrometer
provided with an in situ high temper-
ature blackbody source. The ionizing
energy dependence of these two proc-

blackbody induced dissociation. Experi-
ments with labeled acetophenone either
on the methyl group or on the ring
reveal that the enol ions can transfer
both H* and D* suggesting that the
mechanism responsible for the tautome-
rization process of these radical cations
may involve scrambling of the methyl
and ring hydrogens, or more than one

mechanism. Theoretical calculations at
the B3LYP level predict that the most
favorable pathway for unimolecular iso-
merization of the keto ion involves
initial migration of an ortho hydrogen
to the carbonyl. The subsequent rear-
rangement to the enol form is calculated
to require enough internal energy that
would allow hydrogen walk around the

esses and generation of the enol molec-
ular ion by fragmentation of butyrophe-
none reveal that the keto ion undergoes
blackbody dissociation exclusively while
the enol ion promotes fast proton trans-
fer reactions and undergoes very slow

merizations

Introduction

Keto - enol tautomerization plays a key role in the mechanism
of several important reactions involving carbonyl compounds
that are subject to acid —base catalysis.['l The general thermo-
dynamic and kinetic features associated with the tautomeri-
zation process have been extensively studied over the years,
and this field remains as one of the classical areas of
investigation in physical organic chemistry.”l For neutral
species, it is well known that the keto tautomer is generally the
more stable form except in f-dicarbonyls systems where
intramolecular hydrogen bonding is responsible for the enol
tautomer being the energetically preferred species.

Keto and enol tautomers of gas-phase radical cations have
also been the subject of much interest and research activity.
The two isomers can often be independently generated by
specific ionization routes allowing for their individual char-
acterization through mass spectrometric experiments. For
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benzene ring in agreement with the
experimental results. The possibility that
isomerization may also occur by a direct
1,3-hydrogen migration is also explored
in terms of possible excited electronic
states of the ion.

example, keto isomers of ketones are obtained by ionization
of the parent carbonyl system, while the corresponding enol
ions are generated from rearrangement processes occurring in
the unimolecular fragmentation of larger precursor molecular
ions.> 4 An overview of some of the main aspects regarding
the energetics and mechanisms of unimolecular keto-enol
isomerization of simple gas-phase ions can be found in a
presentation by Schwarz some years ago.P!

Unlike neutral species enol radical cations are generally
more stable than the keto isomer, but interconversion of the
keto form to the enolic species is not necessarily a facile
process since a substantial energy barrier may separate these
isomers. For example, the unimolecular tautomerization of
the acetone radical cation must proceed through a symmetry
forbidden 1,3-hydrogen migration entailing an activation
energy much higher than that required for the dissociation
of the keto isomer.®7] On the other hand, keto—enol
tautomerization of gas-phase ions becomes considerably more
favorable in cases where the isomerization can proceed by a
sequence of 1,4-hydrogen migrations, or formation of inter-
mediate ion-neutral complexes, as demonstrated for the case
of esters by a variety of experimental techniques.®l In all of
these cases the investigation of keto—enol isomerization of
gas-phase radical cations has been restricted to unimolecular
processes. A completely different and novel approach for
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promoting keto—enol tautomerization of gas-phase ions has
been recently reported based on a bimolecular mechanism
equivalent to a gas-phase catalysis by a suitable base.’! This
bimolecular mechanism has been shown to yield dramatic
changes in the energy profile of the reaction.

We have recently reported a method to study the dissoci-
ation of gas-phase ions by thermal radiation using a high
temperature (7> 1000 K) blackbody source.®l This method-
ology coupled with simulations of the dissociation process via
a master equation approach was used to determine the
dissociation energy of the acetophenone molecular ion
C:HsCOCH;™ which fragments to the benzoyl cation
C¢HsCO™ and the methyl radical. In the course of these
experiments it became apparent that both keto and enol
radical ions of acetophenone are likely to be formed upon
ionization of acetophenone, and that their reactivity and
ability to undergo blackbody induced dissociation display
significant differences. Since neither the energetics nor the
mechanism of the keto—enol isomerization of acetophenone
radical cations are well understood, a combined experimental
and theoretical approach was developed to characterize this
process and to explore the unique capabilities of blackbody
induced dissociation and ion/molecule reactivity to aid in the
elucidation of the ionic structures for this case. While specific
ion/molecule reactions have been previously used to distin-
guish keto and enol isomeric ions'! the present study
represents a novel use of blackbody induced dissociation!'?
that may be used as a complementary technique for decipher-
ing the structure of ions.

The simultaneous formation of keto and enol cations
directly upon ionization of acetophenone had not been
previously proposed prior to our earlier work.l'"? Enol radical
cations of acetophenone C;H;C(OH)=CH,"* had been gen-
erated in early mass spectrometric experiments from the
fragmentation of alkylphenylketones!™® and their structure
confirmed by ion kinetic energy spectroscopy. Further work
with enol ions obtained from deuterated butyrophenones
strongly suggested that dissociation of the C;H;C(OH)=CH, "
ion to yield a methyl radical and C¢gH;CO™* involves migration
of a ring hydrogen over to the methylene group.!'*! This
finding is similar to the ring-hydrogen participation encoun-
tered in the dissociation of CCH;COOH™" ions obtained from
ethyl benzoate.l™! Yet, a different conclusion regarding ring-
hydrogen participation was proposed from a direct investiga-
tion of the molecular ion of 1-phenylethenol CH;C-
(OH)=CH,.'¥l In this case the fragmentation pattern ob-
served for isotopically labeled 1-phenylethenol shows no
apparent evidence for hydrogen exchange between the
aromatic ring and the enol system prior to dissociation. Thus,
reconciling the available data for acetophenone still remains
an interesting challenge in gas-phase ion chemistry. In the
meantime a very recent preliminary communication has
reported the catalyzed isomerization of the acetophenone
keto molecular ion to the enol form by a 1,3-hydrogen
migration in contrast with the unimolecular isomerization
claimed to proceed via a 1,4-hydrogen migration.['?37]

The present report describes the study of keto and enol
radical cations of acetophenone in a Fourier transform ion
cyclotron resonance spectrometer. The reactive behavior
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observed for these ions obtained from deuterated acetophe-
nones clearly shows participation of ring hydrogens in the
keto—enol isomerization process of the acetophenone mo-
lecular ion. Likewise, theoretical calculations using density
functional methods predict that the lowest energy pathway for
this tautomerization process involves ring hydrogens.

Methods

Experimental procedures: Experiments were carried out in a homemade
FT-ICR spectrometer operating at magnetic fields in the vicinity of 1 T and
whose general features have been described in recent publications from this
group.l'> ¥l The basic experimental procedure was similar to that used in
our work on the dissociation of the molecular ions of acetophenone
induced by thermal radiation.'®] Shortly, ions were produced directly in a
15.6 cm’ cubic cell by electron impact in two different ways: a) pulsing the
voltage on the filament from +10 V to the ionizing energy chosen for the
particular experiment resulting in 20 to 50 ms ionization pulse (depending
on the pressure); b) pulsing the current of the filament for periods of 200 to
400 ms. This latter mode of operation is essential for detailed studies of the
dissociation process since the light emitted by the filament in procedure a)
was shown to be capable of promoting the complete dissociation of the
molecular ion of acetophenone in about 2 s. Thus, method a) was used
primarily for qualitative studies or in cases where dissociation of ions by
background radiation is negligible. On the other hand, method b) was used
for studying ion/molecule reactivity either in the absence of a high
temperature blackbody radiation source, or in the presence of a controlled
source of blackbody radiation as described below.

Studies of the dissociation of molecular ions induced by thermal radiation
were carried out in a controlled fashion by using a heated tungsten ribbon
(0.0025 cm x 0.076 cm) mounted outside the ICR cell about 0.5 cm from
one of the receiver plates. A cylindrical opening in this plate allows the ions
to view the radiation emitted by the tungsten wire. As in our previous
experiment!!®l this heated wire acts as in situ lamp with the temperature of
the radiation (approximately in the 1000 to 1900 K range) controlled by the
current applied to this wire via an external circuit.

Comparison of the simultaneous unimolecular and bimolecular kinetics of
the molecular ion of acetophenone (m/z 120 of whatever structure)
requires careful consideration of the experimental parameters. Molecular
ions of acetophenone CgHiO™ (m/z 120) were isolated at variable times
after ion formation (200 to 700 ms) by ejection of the m/z 105 (CgHsCO™)
and 106 (*CCsHs;CO™) ions from the cell. The amplitude of the ejection
radio-frequency pulse was maintained at the lowest level compatible with
ejection of the ions. On the other hand, the m/z 121 ions, a mixture of
(CiHsCOCH;)H* and *CC,;HzO*, were not ejected in order to avoid any
undesirable excitation of the molecular ion (m/z 120). Thus, the kinetics
recorded for the m/z 121 ion reflect a combination of two processes:
i) blackbody induced dissociation of the *CC,HzO" ions (m/z 121.06086),
and ii) formation of CgHyO" ion (m/z 121.065335) by ion/molecule
reactions. These two signals cannot be resolved at the magnetic fields used
in our instrument and with the type of cell adapted for the in situ high
temperature blackbody radiation. However, noticeably at the highest
radiation temperatures used in our experiments (~ 1800 K), the intensity of
the m/z 121 initially decays (due to dissociation) and eventually increases at
longer reaction times due to ion/molecule reactions. (See Experimental
Results).

Acetophenone (BDH Chemicals, Poole, England), 99.3% [D;]acetophe-
none C,H;COCD; (Isotec), C(DsCOCHj; (Isotec), butyrophenone (Al-
drich), a,a,a,-trifluoroacetophenone (Aldrich), 2,6-difluoroacetophenone
(Aldrich), and benzophenone (Aldrich) were subjected to freeze, pump
and thaw cycles prior to use. Their conventional mass spectra revealed no
detectable impurities. Additional experiments were carried out with 3,5-
C¢H;D,COCH,; kindly provided by Prof. Helmut Schwarz of the Technical
University of Berlin.

Pressure was measured with an ion gauge located between the cell and the
turbomolecular pump of the high vacuum system of the spectrometer.

Molecular orbital calculations: Calculations were carried out with the
Gaussian 941! and Gaussian 98] suite of programs running on an
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AlphaDEC 300 MHz workstation, or on a PC/Pentium II 350 MHz using
Linux. Different model chemistries were used for comparison of the keto
and enol acetophenone cations, and to calculate the dissociation energy of
the keto molecular ion. However, a full investigation of the different
intermediate species and transition states relevant to the keto-enol
tautomerization was only feasible with the available computing facilities by
using density functional methods.

Structures were initially optimized at the HF/6-31G levels, and these results
were then used for DFT calculations using the B3LYP hybrid density
functional method.””! A more refined approach was then employed for the
final geometry optimization and frequency calculations by using the split-
valence 6-31G(d,p) basis set without any symmetry restrictions for the
structure of the ions. The final energy calculations with these optimized
geometries included diffuse functions leading to calculations at the B3LYP/
6-31 4 G(d,p)//B3LYP/6-31G(d,p) level. A scaling factor of 0.98 was used
for calculating the zero-point energies (ZPE).?2l The CBS-4 model
chemistry®! method was also used for calculations involving the thermo-
chemistry of the keto and enol ions of acetophenone in order to compare
these values with the results predicted by DFT.

Several approaches were used to optimize the structure of the different
transition states including the STQN method.”l Calculation of the
geometry for the transition state TS1/8 required an analytical calculation
of the force constants in the final optimization due to the low internal
rotation barrier for the methyl group. The fact that optimized transition
states correspond to the desired transition states was confirmed by
verifying the atom displacements associated with the normal mode with
an imaginary frequency. In cases where this was not conclusive calculations
included a reaction path following procedure. This confirmation was found
to be essential since the optimization methods would frequently yield
transition states connecting two different conformations rather than the
one connecting different stable ionic species.

Experimental Results

Unimolecular dissociation induced by thermal radiation
versus proton transfer reactions for CzgHgO™" ions obtained
by electron impact from acetophenone: Our previous experi-
ments['®l showed that blackbody induced dissociation of the
long-lived molecular ions of acetophenone competes with a
bimolecular reaction between CgHgO'" ions and neutral
acetophenone (PhCOMe) that yields protonated acetophe-
none. This is illustrated in Figure 1 where m/z 120 ions
isolated in the ICR cell after the ionization pulse are observed
to undergo both processes in the presence of the high
temperature radiation emitted by our in situ blackbody
source (~1800K). The two reactions are displayed in
Equation (1) where the dissociation channel is represented
as an infrared multiphoton process driven by the blackbody
incoherent radiation described by Planck’s distribution law.

CgHyO™* (miz 120) + nhig —PhCO* (m/z 105) + *CH, (1a)

CgH,O** (miz 120) + PhACOMe —(PhCOMe)H* (m/z 121) + CH,O** (1b)

Isolation of PhCO™ ions after completion of reaction (1a)
reveals that these ions do not undergo further ion/molecule
reactions to yield (PhCOMe)H* ions.

The ion/molecule reaction leading to protonated acetophe-
none is a minor channel at electron energies close to the
ionization energy of the neutral precursor but the contribu-
tion of the bimolecular channel (at a given pressure) increases
significantly at higher electron energies. Figure 2 displays the
relative yields of the m/z 105 ion (resulting from the thermal

Chem. Eur. J. 2000, 6, No. 5

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

01 S
"= = =
L] w
[ [ ]
] L]
0 ] ’
e w & m'r 105
= [ ] F .
;E:'.:\.;__ & &m0
5 ] m'r 1A
-y -
w L]
& 03 =
. -
0.2 N
] ¥ o =
i i -
1 -
] L] - -
[l w) T T T T T
Al Al A0 100 130 oL [i}
T (iR

Figure 1. The competitive kinetics of the unimolecular blackbody induced
dissociation 7'~ 1800 K of acetophenone molecular ions (m/z 120) to yield
the benzoyl cation (m/z 105) with bimolecular ion/molecule reaction with
neutral acetophenone to yield protonated acetophenone (m/z 121).
Experiment carried out at p=8.6 x 10~ Torr and with ions produced at
an electron energy of 11 eV. Notice that at these radiation temperatures
there is an initial decay of the signal due to m/z 121 ions as a result of the
fast dissociation of BCC,HgO** ions.
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Figure 2. Relative yields of blackbody induced dissociation and ion/
molecule reaction of the CgHgO** ions as a function of electron energy at
an acetophenone pressure of 7.7 x 1078 Torr.

radiation induced dissociation of PhCOMe**) and that of
protonated acetophenone m/z 121 (resulting from ion/mole-
cule reactions) obtained in a series of experiments at a
constant nominal pressure of 7.7 x 1078 Torr and as a function
of the ionizing energy.?! It is clear that reaction (1b) becomes
increasingly important as the electron energy is progressively
raised from 10 to 30 eV, and that the branching ratio remains
essentially constant at electron energies above 30 eV. The
relative yields shown in Figure 2 exhibit negligible pressure
dependence in the 10~ Torr pressure range. An extension of
this type of experiment to a wider pressure range is not
straightforward since careful consideration is required of the
extent of the two processes occurring prior to ion isolation.
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The electron energy dependence of processes (1a) and (1b)
is a strong indication that different isomeric ions could be
responsible for the dissociation (1a) and for the ion/molecule
reactions (1b). Furthermore, this electron energy dependence
is consistent with the fact that at electron energies close to the
ionization energy only the keto molecular ion is formed
whereas isomerization to a different structure requires either
excess vibrational excitation of the molecular ion to overcome
an energy barrier, or populating an excited electronic state of
the molecular ion.l?®! Figure 2 also provides a rough estimate
of the fractional yield of the long-lived isomeric species
formed upon ionization at different electron energies.?”

Further support for our conclusion regarding the behavior
of two distinct isomeric species was obtained from experi-
ments performed with [D;]C,H;COMe (see also below). In
this series of experiments ions generated at 20 eV at a pressure
of 1.3 x 1077 Torr by pulsing the filament current during
250 ms with subsequent isolation of CgH;OD; ions, reveal the
following behavior:

a) In the absence of the infrared radiation provided by our in
situ lamp only a fraction of the molecular ion population
(44%) of [Djlacetophenone disappears with the ion/
molecule reactions while 56 % of the initial population
remains unreactive.

b) In the presence of infrared radiation the amount of m/z
105 ion (PhCO") produced by thermal dissociation
amounts to 58 % of the initial molecular ion population.!

These results are shown in Figure 3 and provide a strong
indication that only the nonreactive molecular ions undergo
blackbody induced dissociation under our experimental
conditions.

The above observations are consistent with the idea that a
mixture of keto and enol molecular ions is formed at electron
energies well above the ionization energy, and that these
isomers display different behavior with respect to their ion/
molecule reactivity and thermal dissociation. The fact that
enol cations are prone to undergo fast proton transfer
reactions has been previously explored in identifying
C;H,O"* and C,H,O"* enol ions from their keto tautomers.!]
Thus, reaction (1b) could be considered consistent with the
expected behavior of enol CgH;O** ions. However, we also
considered the possibility that reaction (1b) could result from
a combination of proton transfer from the enol ion to the
neutral molecule, and hydrogen atom transfer from the
neutral substrate to the original keto molecular ion. Pressure
dependence experiments show no evidence to support the
latter conjecture. Furthermore, experiments carried out by
selecting CgH;O ™ ions obtained from acetophenone at 9.3 eV
and 1.5 x 1077 Torr, and allowing them to react with [Dg]ace-
tone at a partial pressure of 1.22 x 10~7 Torr show unequiv-
ocally that no (PhCOMe)D™ is produced by ion/molecule
reactions. Thus, it can be safely concluded that reactions like
those shown in process (1b) proceed by proton transfer and
not by an atom transfer mechanism at least from the methyl
group of the neutral substrate.

Behavior of CgHgO™ ions obtained from butyrophenone
(CcH5COC;H,): Further proof regarding the simultaneous
formation of keto and enol molecular ions upon ionization of
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Figure 3. Reactivity of the m/z 123 ions (molecular ions) obtained from
[D5]PhCOMe at 20 eV and at a pressure of 1.3 x 10~ Torr. a) Reactivity in
the absence of our high temperature blackbody source showing that only a
fraction of the ions react by H* and D* transfer. b) Reactivity under the
effects of the in situ radiation source. Notice that the unreactive fraction of
part a) is fully dissociated to m/z 105 while the extent of H and D™ transfer
remains the same as in a).

acetophenone can be obtained by generating the enol ion
directly. Butyrophenone was used as a source of enol radical
ions of acetophenone in some preliminary experiments.['’)
Fragmentation of the molecular ion of butyrophenone is
known to provide a convenient way to generate enol CgH;O*
ions as a result of a McLafferty type rearrangement.?’]

PhCOPr+ e~ — PhCOPr* (m/z 148) + 2~ (2a)

— PhC(OH)CH,** (m/z 120) + C,H, + 2~ (2b)

Figure 4 displays the reactivity of m/z 120 ions (at
x 1078 Torr) produced from butyrophenone by electron
impact. This experiment shows that these ions react exclu-
sively by proton transfer to the parent molecule to yield
(PhCOPr)H" (m/z 149). Unlike the ions identified as the keto
molecular ions, the m/z 120 enol ions do not undergo
blackbody induced dissociation (#/z 105) in the presence of
the radiation emitted by the filament of our ion source. Thus,
these experiments clearly support our contention that
CgHgO™ enol ions (m/z 120) undergo very slow thermal
radiation induced dissociation, if any, but react readily by
proton transfer.
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Figure 4. The kinetics of the m/z 120 ion obtained from butyrophenone by

electron impact at a pressure of 3 x 108 Torr at a cell temperature of 365 K
and in the absence of our high temperature blackbody radiation source.

Experiments with C{H;COCD;, C,DsCOCH;, and 3,5-
C¢H;D,COCHj;: Preliminary experiments carried out with
[D;]JPhCOMe revealed that its molecular ion behaves in a
similar way to that described for normal acetophenone.['%l For
example, the blackbody induced dissociation is characterized
by an activation energy identical to that of PhCOCHj; within
experimental error and gives rise exclusively to PhnCO™ (m/z
105). On the other hand, the corresponding reaction (1b)
yields some interesting results.

Experiments with [D;]PhCOMe reveal that a fraction of the
CgHsD;O™ ions (presumably the enol form tautomer) pro-
motes both proton and deuteron transfer to yield
[PhCOCD;]H* and [PhCOCD;]D", respectively (see Fig-
ure 3). Measurements carried out at different electron ener-
gies and pressures yield a (H*/D*) transfer ratio of 0.89 +
0.12; this clearly indicates the presence of a scrambling
mechanism between the deuteriums of the methyl group and
the phenyl hydrogens. The uncertainty in this ratio is largely
connected with the fact that upon selection of the CgH;D;0™
ions (m/z 123), the neighboring m/z 124 ions (a mixture of
C¢H;D;OH* and B*CC,H;D;0*") are not ejected to avoid
excitation of the primary molecular ion.

The ability of CgH;D;0** enol ions to promote both proton
and deuteron transfer was also verified using benzo-
phenone CH;C(O)CsHs at
6.5 x 10~ Torr as the neutral
substrate. While the resulting
kinetics are considerably more
complicated in this case, be-
cause of a competing charge
transfer reaction and a substan-
tial contribution from the *C of

ol

the molecular ion, the proton/ 20"

deuteron transfer ratio is sim- + CHj

ilar to that measured in neat 6 7 .
[D;]PhCOMe.

The results described in the
previous paragraphs led us to
further explore this apparent
scrambling mechanism of meth-

8

radical.
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yl and ring hydrogens in the tautomerization process of
CH;O** ions as detected by reactions analogous to (1b). For
[Ds]JPhCOMe the proposed enol molecular ions are also
found to transfer proton and deuteron to neutral
[Ds]JPhCOMe. At 40 eV the (H*/D*) transfer was measured
to be in the range of 2.2 + 0.5 with the uncertainty reflecting
the nagging problem associated with ions characterized by
overlapping m/z ratios.

The question as to whether there is some specific prefer-
ential hydrogen (or deuterium) ring position that is respon-
sible for our results above was further probed with acetophe-
none labeled with deuterium at the meta position of the ring
3,5-[D,]JPhCOMe. Similar experiments to those described
above reveal that the enol molecular ion of 3,5-[D,]PhCOMe
is again involved in transferring both proton and deuteron to
the neutral substrate. In this case the (H"/D™) transfer is > 15.

Additional experiments: While changing the chemical nature
of the substituents in the acetophenone system may introduce
considerable changes in the keto-enol tautomerization
energy surface, a particular set of experiments yields some
interesting results that are relevant to our present discussion.
At 40 eV, molecular ions obtained from C;H;COCF; undergo
facile blackbody induced dissociation but exhibit negligible
proton transfer reactions. By comparison, a significant
fraction of the molecular ion obtained from 2,6-
C¢F,H;COCH; at 40 eV undergoes proton transfer reactions
in competition with blackbody induced dissociation.

Theoretical Results

Our molecular orbital calculations were directed primarily
towards a theoretical characterization of the possible path-
ways for keto—enol tautomerization of acetophenone radical
cations that might account for the experimental observations.
Scheme 1 shows a qualitative picture of the different
pathways that were investigated by theoretical calculations
and which were deemed to be relevant in characterizing the
energy surface of the acetophenone molecular cations. These
include:
a) dissociation of the keto radical cation of acetophenone 1 to
yield the benzoyl cation 6 and the methyl radical 7;

C,
© on, JSVA ©)\ TS112 @CHZ CHy _ @
4
TS1/5
TS1/8

TS2/5

OH —|+'
TS8/5 He

OHt /

CH,

Scheme 1. The possible pathways for tautomerization of the keto molecular ion of acetophenone that were
explored by theoretical calculations in comparison with simple dissociation into the benzoyl cation and the methyl
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Figure 5. The optimized geometries calculated for the three lowest energy species in the acetophenone molecular ion energy surface: the keto molecular ion
1, C, symmetry, ¥ C1-C2-C3 =124.9°, £ C1-C2-O = 124.1°, ¥ C1-C2-C3-0 = — 177.5°, ¥ C4-C3-C2-0 = —40.1°, ¥ C4-C3-C2-C1 = 142.4°, r(C2-0) =123 A;
the enol molecular ion 5, C; symmetry, ¥ C1-C2-C3 =124.1°, ¥ C1-C2-O =113.8°, ¥ C2-O-H1 =113.1°, ¥ H2-C1-H3 =119.1°, ¥ C1-C2-C3-O = 177.8°, ¥ C4-
C3-C2-0 = —18.1°, ¥ C4-C3-C2-C1 =159.6°, ¥ C3-C2-0O-H1 = — 8.8°, ¥ C3-C2-C1-H2 = 0.1°, (C2—0) = 1.32 A, (O—H1) = 0.97 A; a distonic ion 8 obtained
by migration of a ring hydrogen to the carbonyl oxygen, C, symmetry, ¥ C1-C2-C3=125.1°, ¥ C1-C2-O = 114.5°, £ C2-O-H1 =112.2°, /(C2-0)=129 A,

r(O-H1)=0.98 A.

b) direct isomerization of 1 to the enol radical cation 5 by a
1,3-hydrogen migration;

c¢) isomerization of 1 to the distonic ion 8 by a 1,4-hydrogen
migration from the ortho position of the ring to the
carbonyl oxygen;

d) isomerization of the distonic ion 8 to the enol cation 5 by a
1,4-hydrogen migration from the methyl group to the ortho
position in the ring;

e) isomerization of 1 to a distonic ion 2 by a 1,4-hydrogen
migration from the methyl group to the ortho position in
the ring;

f) isomerization of the distonic ion 2 to the enol cation 5 by
proton transfer from the ortho position of the ring;

g) isomerization of 1 to a benzene-ketene ion/molecule
complex 4;

h) structures 3 and 4 resulting from a hydrogen ring walk
mechanism® in the distonic ion 2.

The optimized geometries for the lowest energy species
calculated to be stationary points in Scheme 1 are shown in
Figure 5 while the geometries of the important transition
states are shown in Figure 6. The calculated electronic
energies and zero-point energies (ZPE) obtained at the
B3LYP/6-31 + G(d,p) level are shown in Table 1 which also
includes the calculated energies for neutral acetophenone and
neutral 1-phenylethenol at the same level of theory for the
purpose of comparison.

The optimized geometries of the keto 1 and enol 5 ions
reveal some interesting features. In both cases the oxygen
atom is found to be considerably tilted away from the plane of
the benzene ring: 40° in the keto form and 18° in the enol

TS1/5 TS1/8

Figure 6. The optimized geometries calculated for the low lying transition states in the acetophenone molecular
ion energy surface: TS1/5, C, symmetry, ¥C1-C2-C3=136.8°, ¥xC1-C2-0=96.8°, ¥xC2-O-H1=285.9°,
r(C2-0) =130 A, r(O-H1)=1.29 A, r(C1-H1) =139 A; TSI/8, C, symmetry, £ C1-C2-C3 =128.7°, ¥ C1-C2-
0=118.9°, ¥xC2-O-H1 =98.5°, (C2-0)=1.27 A, ((O—H1) =128 A, r(C4—H1) =134 A; TS8/5, C, symmetry,
¥C1-C2-H2=92.3°, r(C2-0)=1.30A,

¥C1-C2-C3=113.3°, ¥C1-C2-0=125.1°, ¥C2-O-H1=113.1°,
r(O—H1)=0.97 A, /(C1-H2) =139 A, r(C4-H2) =1.35 A.
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Table 1. Electronic energies (in au), zero-point energies (in kJmol!) and
relative energies (in kJmol™') for the different structures in Scheme 1.
Calculations carried out at the B3LYP/6-31 + G(d,p)//6 -31G(d,p).1!

Structure Electronic ZPE/ kJmol~! Relative
energy/ au energies/ kJ mol ™!
1 —384.596351 350 0
2 — 384.558565 346 95
3 — 384.558506 345 95
4 —384.555759 347 104
5 —384.608830 355 —28
6 —344.704595 256 -
7 —39.847331 77 -
6+7) —384.551926 332 99
8 —384.577506 354 53
TS1/2 — 384.522868 335 178
TS1/5 —384.537437 340 144
TS1/4 —384.506272 332 219
TS2/5 —384.543617 338 127
TS1/8 —384.548701 335 110
TS5/8 —384.923929 340 127
Neutral 1 —384.923929 355 — 855
Neutral 5 —384.898791 356 — 788

[a] See Scheme 1 for identifying the different structures.

form. By comparison, the distonic structure 8 retains the C
symmetry of neutral acetophenone.

The present calculations predict the enol cation of aceto-
phenone to be more stable than the keto form at 0 K by
28 kJmol~!. This agrees with the general trend found for
radical cations even though the calculated difference in
stability between the two tautomers is somewhat less than
that found in simple aliphatic ketone systems (40 to
50 kImol ).l By comparison,
the dissociation energy of the
acetophenone keto molecular
ion 1 is predicted to be
99 kI mol !, a value higher than
the experimental value of
80.5+3 kJmol~! derived from
our previous experiments.['%
TS8/5 The results obtained for neutral
keto and enol acetophenone
also agree with the expected
trend but estimate the keto
neutral isomer to be more sta-
ble than the enol by 67 kJ mol~.
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This difference is higher than the value of 41 kJmol™!
estimated from a combination of gas-phase and solution
experiments.'®! Thus, a preliminary analysis of our results
suggests that our calculations on the keto and enol forms are
probably correct within 15 kJmol~! but are likely to over-
estimate the stability of the keto radical cation and the keto
neutral form. The fact that these energy differences are
sensitive to the method of calculation can be seen in Table 2.

Table 2. Electronic energies (in au), zero-point energies (in kJ mol~') and
relative energies (inkJmol™!) for the most important structures in
Scheme 1 calculated at the CBS-4 level.

Structure Electronic ZPE/ kJmol™! Relative
energy/ au energies/ kJ mol~!
1 —382.302972 353 0
5 —382.314417 353 —69
6 —342.697365 259 -
7 —39.573785 75 -
6+7) —382.271150 334 77

At the CBS-4 level, the dissociation energy of the keto radical
cation is calculated to be 77 kI mol~!, while the enol cation is
predicted to be 69 kJ mol~! more stable than the keto isomer.
Unlike the DFT results, the values obtained by this latter
methodology apparently underestimate the stability of the
keto radical cation. In conclusion, this comparison provides a
general guideline for the expected accuracy of the calculations
on these systems.

A general energy profile of the processes investigated in
our calculations is shown in Scheme 2. This scheme shows that

4 kJ mol™1

TS1/4

200

50

-50 L

Scheme 2. A relative energy profile of the acetophenone molecular ion
surface using the keto molecular ion as the reference point. The different
species are identified in Scheme 1.

a 1,4-hydrogen migration leading from the keto cation 1 to the
distonic ion 8 is the lowest isomerization energy pathway on
the electronic ground state surface, and that the activation
barrier for the isomerization is comparable to the dissociation
energy of the ion. Furthermore, this pathway is characterized
by a considerably lower activation energy than the direct keto
to enol tautomerization involving a 1,3-hydrogen migration

Chem. Eur. J. 2000, 6, No. 5
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1—5. This latter process is calculated to have an energy
barrier of 144 kJmol~!, a value which is considerably higher
than the dissociation energy, but in line with a value of
165 kJmol~! calculated for the 1,3-hydrogen migration in the
acetone ion.P!

Formation of the enol cation from the distonic ion 8
requires a second 1,4-hydrogen migration for which the
transition state (TS5/8) is calculated to lie at 127 kJmol .
At this level of internal energy, our calculations predict that
not only the hydrogen migration required for the isomer-
ization 5 —8 becomes accessible but so does the pathway to
form the distonic structure 2, and presumably the isomers (3
and 4) obtained via H-ring walk. While we have not computed
this barrier, high level calculations for protonated benzene
show that the barrier for scrambling the hydrogens amounts to
34.5 kImol~152 An even lower energy barrier (9.2 kImol™!)
for the H-ring walk has been recently calculated for sub-
stituted benzenes.[?* The fact that these distonic structures are
within the energy range of the lowest pathway for intercon-
version of the keto and enol ion suggests a mechanism by
which methyl and ring hydrogens could scramble during the
tautomerization of acetophenone molecular ions.

Discussion and Conclusion

The experimental data clearly suggests that at electron
energies considerably above the ionization energy, a mixture
of long lived keto and enol radical cations are formed upon
ionization of acetophenone. Given the nature and time scale
of FT-ICR experiments, this conclusion refers to the fraction
of ions that survived conventional mass spectrometric and
metastable fragmentation. This aspect is emphasized because
the fraction of surviving molecular ions is considerably less
than the m/z 105 fragment ions at electron energies above the
ionization energy.

The two long lived isomeric molecular ions of acetophe-
none have been shown to exhibit very different behavior with
respect to blackbody induced dissociation, proceeding readily
for the keto cation but at a negligible rate for the enol form.
This latter feature is apparent even when our in situ black-
body source operates at its highest radiation temperature.

The enol radical cation of acetophenone is capable of
promoting proton transfer to the parent neutral molecule but
deuterium substitution suggests that formation of the enol ion
proceeds through mechanisms involving both methyl and ring
hydrogens. The consistent results obtained for blackbody
induced dissociation and proton transfer as a function of
pressure strongly suggest that the enolization process ob-
served in our case is unimolecular in nature and not a result of
a bimolecular process such as that reported in references [9]
and [17]. This conclusion is further reinforced by the results
obtained at low electron energies (9.5 to 10 eV) where almost
exclusive generation of the keto cation is achieved. As shown
in our previous experiments!'® the blackbody dissociation
process at these electron energies is essentially independent of
pressure within the experimental error of the experiment.

The energy profile shown in Scheme 2 predicts that the
unimolecular tautomerization of the acetophenone radical
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cation on the ground electronic states should proceed
preferentially by initial transfer of a ring hydrogen onto the
carbonyl oxygen to yield a distonic ion 8. The subsequent 1,4-
hydrogen migration from the methyl group to the ring would
then yield the enol radical cation. However, this pathway
8 —5 demands enough internal energy (127 kJ mol~! accord-
ing to our calculations) to allow the nascent enol cation to
undergo randomization of the methyl and ring hydrogens via
formation of the distonic ion 2, and the other isomers resulting
from a H-ring walk. This would account for the observation
that deuteriums from the meta position in the ring can be
incorporated in the enol form.’ Nevertheless, the fact that
this multi-step isomerization process is calculated to involve
higher activation energies than simple bond cleavage for
dissociation leads to the prediction that keto—enol isomer-
ization should be much less favorable than dissociation. This
certainly seems to be the case as only a fraction of the
molecular ions of acetophenone have been identified in our
experiments as to correspond to the enol cation.

The general mechanism suggested by our calculations
agrees with the experimental observations regarding partic-
ipation of ring hydrogens in the enolization acetophenone
radical cations and support the idea of 1,4-hydrogen migra-
tions. However, proton (or deuteron) transfer is still observed
to occur preferentially from the methyl group for
[D;]JPhCOMe and [Ds]PhCOMe. While the relative (H*/D*)
transfer observed in these cases may result from a combina-
tion of isotopic effects in a multi-step mechanism, the
preference for H* or D™ transfer originating from the methyl
group, and the results obtained with PhCOCF;** (no apparent
enolization) and 2,6-C,F,H;COCHj; (substantial amount of
enolization) suggest that keto—enol isomerization in aceto-
phenone ions may occur through more than one mechanism.
A proton (or deuteron) scrambling mechanism of the enol ion
in the collision complex of the ion/molecule reaction seems
unlikely since the difference in energies between isomers 5
and 2 is much larger than that resulting from the ion-neutral
association in the complex. Likewise, the recent proposal that
fluorine ring walk is possible in aromatic systems®! entails a
high activation energy that appear inconsistent with the
results obtained with PhCOCF; and C,FsCOCH;.

The facts mentioned above require careful consideration of
other possible mechanisms that can contribute to the to keto—
enol isomerization of acetophenone ion. A direct isomer-
ization process 1 —5 via a 1,3-hydrogen migration would be an
attractive competing mechanism that would account for the
experimental observations. Yet, this seems unlikely on the
basis of our calculations and previous studies on acetone,?!l
since a high activation energy is required for this isomer-
ization process to proceed on the electronic ground state
surface of the ion. A different situation may arise if the 1 —5
isomerization is allowed to proceed through an electronically
excited state of the ion. The photoelectron spectrum of
acetophenone reveals ionization bands from different m
molecular orbitals at 9.38 and 9.8 eV, and from the oxygen
lone pair at 9.57 eV.?®l Thus, the molecular ion of acetophe-
none is expected to have at least two low lying excited
electronic states on which the 1,3-hydrogen migration may be
considerably more favorable due to orbital symmetry consid-
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erations if this isomerization process is viewed as a typical 1,3-
sigmatropic reaction.*! This possibility cannot be answered
by our theoretical calculations since multiconfiguration
references would be required to treat properly excited
electronic states of the ions. However, further theoretical
work is presently being explored in order to address this
question.

One additional question arises from our calculated energy
surface: Can proton transfer reaction occur from stable
distonic ions 8? While this possibility cannot be excluded,
we feel that it is unlikely that isomerization from the keto ion
to a higher energy species will take place when a pathway
becomes available for structure 8 to rearrange to the most
stable structure of this system, namely 5. This is particularly
true considering the fact isomerization must compete with the
low energy dissociation of the keto ion.

In summary, our experiments clearly indicate that black-
body induced dissociation of ions is not only useful for the
determination of dissociation energies, but can be used as an
analytical tool to distinguish isomeric ions in favorable cases.
Furthermore, the mechanism of keto—enol isomerization of
acetophenones radical cations has been shown to involve both
methyl and ring hydrogens and suggest further exciting
experimental and theoretical work to explore the possible
contribution of excited states in these ions.
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