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Keto—Enol Isomerization of Gas-Phase 2Methylacetophenone Molecular lons Probed by
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The thermal dissociation of several substituted acetophenone molecular ions induced by infrared radiation
from a hot wire has been studied in a Fourier transform ion cyclotron resonance spectrometer. The temperature
dependence of the dissociation rate constants reveals that'-thett?ylacetophenone molecular ion is
characterized by a much higher activation energy for dissociation than other acetophenones. This molecular
ion also exhibits a very different behavior with respect to charge-transfer reactions. Unlike molecular ions
obtained from other isomeric acetophenones, thm&hylacetophenone Mion does not promote charge
exchange with dimethyl disulfide but does undergo relatively slow electron transfer with ferrocere (IE
6.74 eV). Ab initio calculations at the MP2/6-31G(d) level predict that the 2-{4eCOCH"™ ion (1) can

undergo facile tautomerization to the much more stable end,i@reCH,CsH,C*(OH)CH;, by a 1,4-hydrogen
migration (calculated energy barrier of 20 kJ mi! The calculated recombination energy of this ion is in
good agreement with the observations from the charge-exchange experiments. A full analysis of the potential
energy surface suggests that, at low ionizing energidd (5 eV), essentially all of the long-lived molecular

ions have isomerized t@. The present example reveals the versatility and some of the advantages of the
high-temperature near-blackbody-induced dissociation (hot wire emission) for probing structural problems in
ion chemistry.

Introduction SCHEME 1

Photodissociation of gas-phase ions driven by sequential CeHsCOCH3" — CgHsCO® + 'CHj
absorption of infrared photons was pioneered by Beauchamp _ 1
and co-workers about 25 years dg8ince then, the use of low- Do = 82.0 +2.1 kJ mol

power cw CQ lasers to promote multiphoton excitation and  acting as a high-temperature near-blackbody source (sometimes
dissociation of trapped ions has become well-established as geferred to as a graybody) is placed in close proximity to the
useful tool in gas-phase ion chemistry and mass spectrofetry. ce|| of an FT-ICR spectrometer and provides considerable IR
Important applications have emerged from this type of infrared adiation in the important 15004000 cnr! range. As in the
photodissociation, such as infrared spectroscopy of ons, co, laser experiment, ions reach an effective internal temper-
differentiation of isomeric ion structurédjiomolecule sequenc-  aturd8that is lower than the radiation temperature but dependent
ing,> and determination of activation energies from photofrag- on the position of the heated wire and the geometric parameters
mentation rate constants measured as a function of laserof the cell. This arrangement has two distinct advantages: (i)
intensity® dissociation rates are much higher than those observed in near-

A second approach for slow activation, and dissociation, of rgom-temperature blackbody radiation experiments because of
gas-phase ions has been the use of near-ambient-temperaturge higher internal temperature of the ions, and (ii) the internal
blackbody radiatior.By studying the temperature dependence temperature of the ions can be varied by changing the temper-
of the dissociation process, this method has proven to beature of the heated wire, thus avoiding the difficult task of
particularly attractive for deriving activation energies and bond \yorking with a homogeneously heated vacuum system in an
dissociation energies of ioffsSeveral examples have been FT.ICR spectrometer. In the most extensive study, we have
illustrated in recent years both for relatively simple ibasd shown that activation energies obtained from measuring dis-
for ions of biochemical relevancé.Blackbody-induced dis-  sociation rate constants at different radiation temperatures could
sociation has also been helpful in probing the structure of large pe used to extract the dissociation energy of the molecular ion
cluster ion&! and in possible sequencing of biomolecuigs. of acetophenone by a master equation appré(dee Scheme

In recent years, we have explored an alternative method of 1),
infrared multiphoton activation of ions that combines some of These experiments also proved to be a powerfu] method for
the features of the CQOaser and of the ambient-temperature djstinguishing between the keto and enol tautomers of the
blackbody radiation experiments.” In our case, a heated wire  molecular ion because the latter ion undergoes proton transfer
to the neutral substrate much more rapidly than thermal

T Part of the special issue “Jack Beauchamp Festschrift”. dissociation at pressures in the 80rorr 1619
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SCHEME 2 The heating of this tungsten ribbon is controlled by a Hewlett-
. + Packard 6621A power supply, and the radiation temperature

N o | (typically in the 650-1400 K range) is determined as beféfe.

0 I H Molecular ions of the substituted acetophenones;, Mere
isolated at variable times after ion formation by ejection of the
fragment ions with radio frequency pulses. On the other hand,

A the (M + 1)* ions, a mixture of the protonated substituted
acetophenone an#C-containing molecular ions, were not
ejected to avoid any undesirable excitation of theé*Nbns.

\\x /K Thus, the kinetics recorded for the (M 1)* ions reflect a

competition between thermally induced dissociation of'fi@

SCHEME 3 molecular ion and formation of the protonated species by ion/

. molecule reactions.

Cha _+ -OH The reagents used in this work, namel{¢cBloroacetophe-

¢ none, 2-methylacetophenone’-tethylacetophenone’-meth-

CHa EH, Ve ylacetoph_enone, 2-ethoxyethano|, and ferrocene, were obtained
from Aldrich and subjected to freeze, pump, and thaw cycles
prior to introduction into the high-vacuum system of the
spectrometer. Other reagents are similar to those used in ref

16. Methyl disulfide was kindly provided by Prof. Liliana
Marzorati of the Instituto de Qmica, Universidade de "8a

robust technique for some applications. The results reported inPaU|°' )

this paper reveal the following: (a) The temperature dependence A 9rating tunable cw C@laser (SYNRAD, model 48G-1)

of the dissociation rate constants induced by our high-temper- V&S used for the infrared laser d|s_SOC|at|on experiments. The
ature near-blackbody radiation source are similar (as would be [25€r was operated on the 976.6 Crfine, and no attempt was
expected) for a number of substituted acetophenones. (ForMade to investigate the full wavelength dependence of the
example, see Scheme 2). This methyl-cleavage process is th&lissociation processes. The power level of the laser was
main primary fragmentation process in these aromatic ketones,€Xt€rnally controlled by varying the width of a 10-kHz modula-

and its identification was established in the early years of organic tion Pulse provided by a Hewlett-Packard pulse generator. The
mass spectrometA. (b) A much higher apparent activation laser power measured at the exit Wlndqw oflth.e vacuum system
energy is obtained for the case of the molecular idn 2 of the spectrometer yvasl W.'The |rrad|at|'on time was
methylacetophenone. This latter result combined with ab initio controlled by electronically varying the duration of the open
calculations strongly indicates that the original molecular ion time of a Uniblitz shlutter placed in front of the laser. As
isomerizes completely to an enal structure generated by migra-Previously mentionedi< the water cooling and room temper-
tion of a hydrogen from the ortho methyl group and that, in aturé were maintained below 26C to minimize power
fact, three different isomers play an important role in the overall fluctuations of the laser output.

ion chemistry (Scheme 3). Pressure was measured with an ion gauge located between
the cell and the turbomolecular pump of the high-vacuum system

Methods of the spectrometer. The thermal dissociation experiments were
carried out typically at nominal pressures in the {62% x 108

Experimental Techniques.Experiments were carried out in

an'F':'I-ICR Spectr().m?ttle(;fo(l)f_r|n-hors§ bde3|gn| that operates Ab Initio Calculations. Calculations to supplement the
typically at a magnetic fie supplied by an electromagnet. o, o rimental observations were carried out with the Gaussian

The general features of the spectrometer and the basic experigg o jite of progran® running on a PC/Pentium Il 450-MHz
mental procedure for the present work have been described incomputer using the Linux operating system.

recent relate_d pub||_cat|ons from this gro&j‘ﬂ.ﬁillons were Structures were optimized at the HF/6-31G(d) level, and final
_ger_lera_lted_ dlrectly in the 15:6-éncub|c C?” by electron energies were calculated at the MP2/6-31G(d) level. For the
ionization in two different ways. (‘.”‘) by applying a 40-ms pulse radical cations and the methyl radical, geometry optimization
on .the voltage of the rhenium fllament frorhlp V1o the was carried out at the ROHF/6-31G(d) level, and energies were
ionizing energy chosen for the particular experiment or (b) by computed at the ROMP2/6-31G(d) level. A scaling factor of
pulsir_lg the current on the ionization filament_ for_ a typica_l 0.89 was used for the zero-point energi.es (ZPE) in all final
?Oﬂraégtgig d4(;(t)urcri]iZ§T2;s tlr‘:te(;i;gztifaggr?perrggggs'suisdse?n:fé energy calculations. Stable stationary points were confirmed by
. . P .~ frequency analysis, and transition states were characterized by
|anL_1ence of our |n_df_epen_dently h_eated wire because the light one imaginary frequency. The fact that optimized transition
emitted by the ionizing filament in procedure a can promote states correspond to the desired transition states was confirmed

tsr:ﬁ);&thlgtaecgl[sos%‘2ﬁg?lgso;cntr:s;ntﬂ:§lf,slasr '_T_’Euc;f mgfr:oo(j ;hvf/aby verifying the atom displacements associated with the normal
P . ' ode of the imaginary frequency.

used only for qualitative studies related to thermal dissociation
or ion/molecule reactions.

Studies of the dissociation of molecular ions induced by
thermal radiation were carried out using a heated tungsten ribbon The mass spectra of the different methylacetophenone isomers
(0.0025 cmx 0.076 cm, W340, Scientific Instruments Services) obtained by electron ionization at 12 eV are very similar and
mounted outside the ICR cell about 0.5 cm from one of the are characterized by prominent peaks due to the{(M5)"
receiver plates. A rectangular opening in this plate allows the (m/z 119) fragment and the molecular ion"W(nv/z 134)23 At
ions to be exposed to the radiation emitted by the tungsten wire.these low energies, the only significant other fragment ion,

Torr range.

Results and Discussion
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Figure 1. Kinetics of the disappearance of the molecular ion of
3'-methylacetophenone generated at 11.5 eV with the heated wire at
an effective blackbody radiation temperature Tof= 1024 K at a
pressure of 8 107° Torr. The (M+ 1)* ion represents the sum of the
13C molecular ion and protonated-@ethylacetophenone.

Figure 2. Relative intensities of the (M- 15)" (m/z =119) and

(M + 1)t (m/z = 135) measured after all of the molecular ions of
3'-methylacetophenone have reacted by thermal dissociation and proton
transfer at a nominal pressure of #5107° Torr.

SCHEME 4
(M — 43)" (m/z 77), amounts to less than 9%. The IEs re-

ported from this early study reveal the trend IE(para) #17 ¢y, o,.r‘ *

0.02 eV < IE(meta) 9.244+ 0.02 eV =< IE(ortho) 9.27+ 0.01 %C/

eV, but the absolute values must be viewed with caution. These

values are just below the accepted value of 9.28 eV for

acetophenone obtained by photoionization technigties. =

photoelectron study of 2'-methylacetophenone reported a ‘

somewhat lower ionization energy, but more important, it + XCeHC(O)CH; ————»

revealed three bands originating from a symmetric rirggbital \\ X

(9.15 eV), from then orbital on O (9.32 eV), and from an .
antisymmetricr orbital (9.44 eV). Although similar studies are XCgH4C*(OH)CH; + XCgHgO
not available for the other isomers, the lowest IE should also

correspond to removal from a symmetric ringorbital. a catalyzed bimolecular isomerization resulting in 1,3-hydrogen

1. Thermally Induced Dissociation of Substituted Ac- migration from the carbonyl methyl grodpThe proton-transfer
etophenonesFigure 1 shows the kinetic behavior of isolated reaction shown in Scheme 4 is highly favored because of the
molecular ions of 3methylacetophenoneyz 134, generated  high proton affinity of the substituted acetophenoffes.
by the pulsed-current electron ionization method at 11.5 eV and  The behavior of the molecular ions dféhloroacetophenone
under the influence of the radiation emitted by the heated and 4-methylacetophenone is very similar to that displayed in
tungsten wire. Thermally induced dissociation of the molecular Figures 1 and 2. The only significant difference was observed
ion resulting in loss of a methyl group (Scheme 2) is clearly for 4'-methylacetophenone at the lowest radiation temperatures
the most significant process. As in our previous experiments used in this work £700 K) where dissociation becomes very
with acetophenon¥;6 formation of the protonated fornmyz slow after~3 s.

135, through ion/molecule reactions of the molecular ion with A dramatic difference occurs under similar conditions for the
its neutral precursor is a minor channel at the pressures used ifmolecular ion of 2methylacetophenone (see Figure 3). At a
our experiments and at low electron energiesl eV). At similar radiation temperature of the heated tungsten wire, the
higher electron energies, the contribution of the bimolecular observed dissociation rate constant for the molecular ion-of 2
channel(s) responsible for formation of timz 135 ion increases  methylacetophenone is about 57 times smaller than that of the
significantly (see Figure 2). molecular ion of 3methylacetophenone.

The above observations are consistent with the fact that the Differences in the dissociation rate constant are also observed
proton transfer reaction is promoted by the enol form of the in the cw CQ laser-induced-dissociation experiments. In Figure
molecular ion 8) as was previously found for acetophenone 4, we compare the dissociation rate for the molecular ions of
and some of the fluorine-substituted acetophendhes. 2'- and 3-methylacetophenone, produced by the pulsed electron

The enol species in acetophenones is formed predominantlyenergy method, and thus exposed to the radiation of the
through a tautomerization process involving a double 1,4- ionization filament, with and without irradiation of the G@ser
hydrogen migratiort transfer of an ortho ring hydrogen to the ~as described in the Experimental Section. It is clear that the
carbonyl oxygen followed by transfer of a methyl hydrogen to ionization filament is quite effective as a source of IR radiation
the ring. Although enol isomers of ketone radical cations are to promote the dissociation of the@ethylacetophenone radical
known to be more stable than the keto isoRfes, substantial cation but not that of the'2nethylacetophenone. In the latter
barrier exists for this tautomerizatidfiand thus formation of ~ case, the C@laser has a pronounced effect on the dissociation
the enol isomer is expected to become more favorable at higherrate.
ionizing energies where more internal energy can be deposited A more revealing result about the ease of thermal dissociation
in the nascent molecular ion. A second pathway for enol among the substituted acetophenones can be obtained by varying
formation in acetophenone has also been invoked and involvesthe temperature of the radiation source. In our previous Work,
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Figure 3. Kinetics of the disappearance of the molecular ion of
2'-methylacetophenone generated at 11.5 eV with the heated wire at
an effective blackbody radiation temperature Tof= 1046 K at a
pressure of 1x 1078 Torr. This graph does not include the kinetic

behavior of the (M+ 1)* ion (the sum of thé3C molecular ion and o .
protonated 2methylacetophenone), but its intensity is computed in radiation emitted by a blackbody at temperaflieFurthermore,

calculating the relative intensities. master equation simulatiotis®?® show that, under certain
conditions, Arrhenius-type plots can be constructed for the
(a) | dissociation rate constants as a function of the effective
0.8 blackbody radiation temperature to obtain activation energies.
= IR from ionizati Although a full treatment of how to obtain reliable activation
om ionization filament . . . .
® CO, Laser + ionization filament energies was not purs_ue_d in the present case, Figure 5 displays
for comparison the variation of the overall reaction rate constants
(unimolecular and bimolecular) for a number of substituted
acetophenones as a function Bf using acetophenone as a
standard® The slopes of these Arrhenius-type plots obtained
for the 3- and 4-methylacetophenone molecular ions agree to
within 10% (essentially to within the experimental error of the
fit) with that of the acetophenone molecular ion, indicating that
the activation energies for dissociation of these three molecular
ions are very similar as might be expected. On the other hand,
o the slope of the Arrhenius-type plot for the molecular ion of
0.0 0.1 0.2 03 0.4 05 06 2'-methylacetophenone is 2% 0.2 larger than that of the
Time/s acetophenone ion, clearly indicating that a much higher activa-
tion energy is present for dissociation of tHenZethylacetophe-
(b) 1 R— none molecular ion. By comparison, we are led to conclude
08 : '(:Rofr‘l’_'zs'gpf?éﬁrz';'t'iam‘?nt that the activation energy for dissociation of thecBloroac-
, on filament g .
etophenone molecular ion is somewhat lower than that of
acetophenone.

These results clearly show that ther2ethylacetophenone
molecular ion represents an anomaly because it dissociates more
slowly than the other acetophenones. Previous work on the
metastable transitions involving cleavage of the carbonyl methyl
group from the molecular ions of the isomeric methylacetophe-
nones (a chemical process similar to that shown in Scheme 2)
reveals that the ortho isomer exhibits a slightly higher kinetic
energy release (KER) than the other isonféralthough the
measured KER is not clearly indicative of a reverse activation
energy for the dissociation process, this early study raised the
] possible contribution of the enol structuiz for the 2-

Time /s methylacetophenone radical cation originating from a facile
Figure 4, Djssociation Kingtic; indgced by the combined effects of hydrogen migration of the ring methyl group to the carbonyl
the light emitted by the ionization filament and a cw Claser: (a) oxygen. This particular type of ket@nol isomerization is well-
3'-methylacetophenone molecular ion, ()n2ethylacetophenone. K o

nown for neutral 2methylacetophenone, where photoenoliza

it was shown that the hot tungsten wire can be treated as antion of the keto species proceeds via a biradical triplet state,
approximate blackbody provided that the radiance is correctedwith the less stable enol form returning to the keto form through
to that of an equivalent blackbody temperature. This correction a thermal proces%.
entails a well-known conversion of the radiation emitted by = Conclusive evidence about the enol radical cafidvas been
tungsten at a certain temperatufg o the equivalent integrated  obtained from radiolytic ionization of'anethylacetophenone

Figure 5. Arrhenius-type plots for the overall reaction rate constant
of the molecular ions of substituted acetophenones compared with that
of acetophenone.
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SCHEME 5 SCHEME 7
0 m- or p- MePhC(O)CH;" + MeSSMe —
|C| . m- or p- MePhC(O)CH; + MeSSMe™

We were unsuccessful in observing this reaction for Mns
N originating from any of the methylacetophenone isomers.
Me | + CoH-OCH.CH.OH However, a dramatic increase is observed in the formation of
[ etk the (M + 1)* ions, indicating that presumably enol ions are
= formed bimolecularly and transfer proton rapidly to the parent
_ methylacetophenone.
m/z=119 A second set of experiments was carried out with dimethyl
—r disulfide, MeSSMe, a well-known reagent for distonic idfs.
0 ~_ Unlike other distonic ions that abstract MeSrom dimethyl
/ CH, disulfide, enol distonic ions usually react by electron transfer
CoHsOH  + C similarly to the keto isomer.
/ \O/CHz The molecular ions of'3 and 4-methylacetophenone, most
Me of them presumably in their keto form in our experiments,
m/z=163 undergo fast charge-transfer reactions with MeSSMe as shown
in Scheme 7.
SCHEME 6 This is consistent with the fact that the IE of MeSSMe is

PhC(OH)CHz‘”' + CH,=CHMe — CiHia" + H,0 considerably lower than that of the acetophendheBy
comparison, no more than 10% of slow charge transfer is
observed from the Nt ion of 2-methylacetophenone. This is
highly indicative that the recombination energy of the 2
methylacetophenone Mion is lessthan the ionization energy
of MeSSMe.

Given the present uncertainty in the value of the IE for
MeSSMe (see ref 41), additional experiments were carried out
with ferrocene, Fe(§Hs),, for which ionization energy values
of 6.82 eV from charge-exchange equilibrium experiments by
FT-ICR spectroscopy and 6.747+ 0.009 eV from photoion-
ization experiments have been obtaidé&xperiments carried
out with ferrocene in our spectrometer reveal that the 2

in low-temperature matrixe8,and the activation energy for the
unimolecular tautomerization df to 2 was determined to be
only 12.5 kJ motf! at 90 K. This enol form then raises the
question as to whether cleavage of the methyl group entails a
different mechanism characteristic of ortho effects in mass
spectrometry#-35

2. Chemical Probes of the Fragment and Molecular lons
of the MethylacetophenonesOn the basis of the experimental
results obtained for the' 2nethylacetophenone molecular ion,
we decided to explore other methods of characterizing both the

fragment lon produceq In the dissociation and the molecular methylacetophenone Wions undergo a charge-transfer reaction

ion undergoing dissociation. until completion although the reaction is not fast. This experi-
For the case of the fragment ion, a diagnostic ion/molecule ment suggests that the recombination energy of thaezhyl-

reaction has recently been proposed to be specific for recogniz-acetophenone M ion is probably comparable to the IE of

ing acylium ions:**" For example, acylium ions are expected ferrrocene and is a strong indication that these ions do not retain
to undergo readily a ketalization reaction with substrates such their keto structure.

as ethoxyethanol (see Scheme 5). Further insight into this problem can be gained from the
This reactivity was then used to probe whether the fragment results obtained from the ab initio calculations presented and
ions do, in fact, correspond to benzoyl ions. Timz 119 discussed below.

fragment ions obtained directly following electron ionization 3. Results of the ab Initio Calculations.The geometries
and those resulting from thermally induced dissociation of the for neutral molecules and ions were optimized at the HF/6-
molecular ion were investigated in this fashion. In the first case, 31G(d) level for closed-shell species and at the ROHF/6-31G-
fragment ions were typically isolated 200 ms after ionization (d) level for open-shell species as outlined in the Methods
and allowed to react with ethoxyethanol. ThgHgO™ fragment section** Neutral acetophenones were found to have a plane
ions from all three methylacetophenone isomers readily yield of symmetry with all of the heavy atoms on the plane, whereas
them/z 163 product ions. In the second cas#z 119 fragment  in the keto and enol molecular ions, there is a departure from
ions obtained from the thermally induced dissociation of the this planar arrangement. The only exception is the enol species
molecular ions were typically isolated after one half-life of the 2, in which all heavy atoms lie in a plane of symmetry.
dissociation process. As in the former case, ions obtained in  vibrational frequencies were also calculated for these struc-
this way from all three isomers react readily according to tures at this level of theory and the unscaled zero-point energies
Scheme 5. These results are indicative that, in all cases,are listed in Table 1 for the most relevant species. For
including 2-methylacetophenone, the fragmeniz 119 canbe  comparison purposes, we also carried out a similar calculation
characterized as an acylium ion, as shown in Scheme 5. for acetophenone for which the experimefft@lPE amounts

A second set of experiments was performed to establish theto 350 kJ mot!. The calculated unscaled ZPE at the HF/6-
identity of the molecular ions. Our first attempt was to establish 31G(d) level corresponds to 383.4 kJ miphich, when scaled
the presence of enol-type ions in the different isomers of by 0.89, leads to an error of 9 kJ mél Thus, relative errors in
methylacetophenone by reaction with an alkene such as propeneZPE can give rise to additional uncertainties in the final
It has been shown that phenyl-substituted enol radical cationscalculated molecular energies.
undergo addition of an alkene followed by elimination of water ~ The electronic energies for these structures were then
to yield presumably a cyclic ioff-3*{See Scheme 6). calculated at the MP2/6-31G(d) level for closed-shell species
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TABLE 1: Calculated Energies (in au) at the ROMP2/ SCHEME 8
6-31G(d)//ROHF/6-31G(d) Level for Open-Shell Species and

at the MP2/6-31G(d)//HF/6-31G(d) Level for Closed-Shell HsC o) HsC OH
Species \C% ~N&
molecule ion Eelet ZPE .
CH; —39.6681770  82.00 CHs CH,
2'-CICsH4COCH; keto —842.361 2966 358.17
enol —842.363476 8 361.36
2'-CICsH,CO 2-CIC¢H4,CO" —802.653 7518 252.82
4'-CH3CeH,COCH;  keto —422.512 2540 460.74
enol —422.518 8853 463.59
4'-CH3C¢H4CO 4-CH3CeH,CO" —382.8058194 356.12 1 2
3'-CH3CsH,COCH;  keto —422.5146016 461.19
enol —4225167414 464.36 H,C OH HsC OH
3'-CH3CsH4CO 3-CH3CeH4,CO™  —382.804 2273 356.60 2 \6/ \C.,_/
2'-CH3CeH,COCH; 1 —422.5102652 462.17 .
2 —422.517 3788 465.58
3 —422.5114599 466.13 Me
2'-CH3CgH4CO 2-CH3Ce¢H4,CO"™ —382.8052138 356.16
aUnscaled ZPEs in kJ mol.
TABLE 2: Dissociation Energies Calculated for the Keto
Isomer of the Molecular lons in Scheme 2b 3 4
Eelet (au) Eelet (au) AZPE Ediss
keto [M]** Ft+Me*  (kJmol?) (kJmol?)

To understand the behavior of thérethylacetophenone
2'-chloroacetophenone-842.361 296 6-842.321 928 8 —23.35 82.6 y P

4-methylacetopenone-422 512 254 0-422.473 996 4 —22.62  80.3 radical cation, a more extensive exploration of the potential

3-methylacetopenone-422.514 601 6-422.472 4043 —22.59  90.7 energy surface was carried out to characterize possible isomeric

2-methylacetopenone-422.510 271 7-382.8052110 —24.01 754 species for the molecular ion, transition states for isomerization,
aTabulatedAZPEs are unscaled TabulatedEgs values include and possible dissociation products.

AZPE corrections scaled by a factor of 0.89. Four possible isomers were considered for thengthyl-

S ) acetophenone radical cation, (Scheme 8
TABLE 3: Stabilization Energies for the Enol Molecular P : . .( . ) L .
lons? Calculations also included intermediate species involved in

the tautomerization process and their respective transition states

(I%k’g"n_mErkf)m) along with fragment ions originating from loss of a methyl group
from the molecular ion. The stable species considered here are
2'-chloroacetophenone —-2.9 shown in Scheme 9
4'-methylacetoph —-14.9 . ! .
3’-mgthilgggtgghggggg o3 Table 4 lists the calculated energies and ZPE's of the relevant
2'-methylacetophenone —0.4 (enol 3) species that have been used to construct the potential energy
—15.6 (enol 2) surface for the molecular ion of -Pnethylacetophenone. For
aValues include ZPE corrections scaled by 0.89. example, only the most stabRZ isomer is shown, and the

keto isomer oft has been omitted because it is calculated to be

or at the ROMP2/6-31G(d) level for open-shell species, and 109 kJ mof* higher in energy thad. The relative energy values
the values are listed in Table 1. are listed with and without corrections for zero-point energies

Table 2 lists the calculated dissociation energies (Scheme 2)(ZPE) because the MP2/6-31G(d)/HF/6-31G(d) level of cal-
for the four substituted acetophenones discussed in the presengulation used in our work is probably not of sufficient accuracy
work. For the sake of comparison, dissociation energies were for the size of these ions (also see below). Itis clear that some
computed for the keto radical cation. Considering that the level Significant changes are observed for these two criteria, particu-
of calculation can probably estimate reaction energies within larly for the transition states and the dissociation channel.
15 kJ mot%, no significant differences are observed except for ~ Figure 6 is a graphic representation of the potential energy
the fact that for the '3methylacetophenone the calculated surface for the 2methylacetophenone radical cation (including
dissociation energy seems to be somewhat higher. TheseZPE corrections) resulting from our calculations. Although this
calculated values are within the range of dissociation energy of energy surface is useful and essential to our discussion, it is
82 kJ mot* determined in our previous work for the molecular important to emphasize that the relative values must be viewed
ion of acetophenont. with caution because all of the calculations are based on a single

A second important consideration concerns the relative electronic configuration. Considering the fact that there are two
stabilities of the different keto and enol ions of the methyl- close-lying excited electronic states for the radical catfoa,
acetophenones. These relative energies are listed in Table 3. lmulticonfiguration approach might be necessary in this case to
is noticeable that the Xg,C(OH)CH*™ enol species are  obtain more reliable energies.

generally somewhat more stable than the correspondingia Bearing in mind the possible limitations of a single-config-
(O)CHs™ keto species but the differences in stability are much uration approach, the first important observation is related to
less than the 5860 kJ moi™ found in aliphatic ketoné&& and the products of dissociation. The calculated dissociation energy

80—120 kJ mot? found in esterg$®4” This is likely because  from the keto radical cation into a benzoyl cation and a methyl
the lowest electronic state of the keto acetophenone ions arisesadical, 75.4 kJ moft (ZPE corrected) and 96.8 kJ mél
from the removal of ar electron from the ring and our (without ZPE corrections), is well below that of any other
calculations consistently predict this state to be the lowest alternative. For example, using idnas our reference (a) the
electronic state. dissociation energy for cleavage of the ortho methyl group to
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SCHEME 9
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TABLE 4: Calculated Energies (in au) and Unscaled TS1/6

Zero-Point Energies, ZPEs (in kJ mol?), for the Relevant
Species in the Potential Energy Surface Shown in Figure 6

TS1/3 TS5/3

AE= AE + 0.89 x

Eelet E —E2 ZPE AZPP
1 —422.510 265 2 0.0000 462.17 0.00
2 —422.517 3788 -—18.7 465.58 —15.6 ,
TS12  —422.4982924 314 449.10 19.8 TrMe
3 —422.5114599 3.1 466.12 0.4
TS1/3 —422.450 3775 157.2 450.16 146.5
TS2/3  —422.478797 4 82.6 451.30 72.9
7+ Me —382.8052138 96.8 356.16 75.4
5 —422.484 106 5 68.7 467.50 73.4
TS1/5 —422.462 977 4 124.2 448.50 112.0
TS5/3  —422.4517890 1535 451.92 144.4 4 -16
6 —422.465 964 9 116.3 456.65 1114 31
TS1/6 —422.4360336  194.9 445.82 180.4 Figure 6. Calculated potential energy surface (including ZPE correc-
186/ 3 725%222 gg% g ig%l 4?374%9 3321'9 tions) for isomerization and dissociation of tHen2ethylacetophenone

molecular ion. Although not shown for the sake of claritys 2/3is
aRelative electronic energies with respect to spetiesed as the  located 73 kJ mof abovel, and the lowest energy path for formation
reference (in kJ mak). P Relative electronic energies with respect to  of 3is thusl —2— 3.

speciesl used as the reference, including the scaled values for zero- . . . .
point energiesAZPE = ZPE — ZPE (in kJ mol). lowest pathway for this isomerization process is predicted to

be similar to that found for the acetophenone radical cdfion,

yield ion 8 and Me is calculated to be 413 kJ mdl| (b) the namely, transfer of an ortho hydrogen to the oxygen by a 1,4-
dissociation energy for cleavage of the methyl group to yield hydrogen migration to yield the stable distonic irfollowed
ion 9 and Me is calculated to be 446 kJ mdl (c) the by a second 1,4-hydrogen migration from the methyl group to
dissociation energy for cleavage of the ortho methyl group to the ortho position. Nevertheless, it is disturbing to observe that
yield ion 10 and Me is calculated to be 460 kJ n1d| and (d) even this pathway lies considerably above the dissociation
the dissociation energy for cleavage of the methyl group to yield energy. Because speci€s is predicted to be essentially
ion 11 and Me is calculated to be 407 kJ n1dl isoenergetic withl, the slowness of the dissociation process

This theoretical prediction is in good agreement with the observed in our experiments cannot be explained by assuming
experimental results, which argue strongly for a benzoyl that dissociation occurs froi
structure for the fragment ion originating in the dissociation ~ The most important result concerns the> 2 tautomerization
process. As in most bond-cleavage processes, these calculategathway. First, the enol forr is predicted to be more stable
dissociation energies are considered to be relevant to the kinetichanl, but more important, this isomerization proceeds through
problem if a negligible reverse activation energy is assumed. a low-energy barrier (20 kJ mol). Our calculated value is

The potential energy surface shown in Figure 6 is also very consistent with the 12.5 kJ nmdlactivation energy determined
enlightening considering the tautomerization pathways for for this enolization process from low-temperature wétk.
speciedl to interconvert into the enol speci2and3. The direct Considering that the average vibrational internal energy of the
isomerizationl — 3 by a 1,3-hydrogen migration is predicted 1 ions at 298 K is calculated to amount to 16.7 kJ mol
to involve a high barrier (147 kJ mol), in good agreement  (obtained with unscaled frequencies), it is thus very likely that
with what has been found in acetoffeOn the other hand, the  essentially all of the long-lived. ions isomerize ta2. This
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TABLE 5: Calculated Energies (in au), Unscaled Zero-Point
Energies, ZPEs (in kJ moll), and Calculated lonization
Energies (in eV) for the Relevant Species in the
2'-Methylacetophenone Molecular lon System

Eclet IE2 ZPE [|=3
1 —422.510 265 2 462.17
neutrall —422.825401 3 8.57 468.06 8.52
2 —422.517 378 8 465.58
neutral2 —422.744 348 4 6.18 467.03 6.16
3 —422.511 4599 466.12
neutral3 —422.796 157 2 7.75 467.43 7.74
4 —422.525 507 8 472.41
neutral4 —422.739 836 5 5.83 467.59 5.88
MeSSMe* —874.471 696 2 219.23
MeSSMe —874.752 741 6 7.65 219.43 7.65

a|onization energies calculated without ZPE correctidrienization
energies including scaled ZPE corrections.

argument is further reinforced by the fact that, in this energy
range, a tunneling mechanism might considerably enhance thi

process in neutral Znethylacetophenorf@ These results would
then predict that a substantially higher activation energy would
be observed for the dissociation proc@ss> 7 + Me® and be

in agreement with our experimental observations.

Although not shown in Figure 6 for the sake of clarity, we
have also located the transition state connecting the two enol
isomers (see Table 4). This transition state is located 72.9 kJ
mol~! (E; + ZPE) above speciek, used as our reference for
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The result of 7.65 eV obtained for dimethyl disulfide falls
between the photoionization value (8.18 eV) and the value
presently recommended in the NIST tables (7.4 €VRy
comparison, the IE obtained fot-Bhethylacetophenone to yield

1 predicts an adiabatic ionization energy about 0.5 eV below
the experimental valug:?6 A similar result is obtained for the
3'- and 4-methylacetophenones. Thus, it is apparent that our
calculations underestimate the IE when compared with the
experimental values.

The calculated ionization energies displayed in Table 5 are
particularly significant regarding our arguments about isomers
2—4. In fact, the recombination energies of b&tand4 are
significantly lower than the calculated ionization energy of
MeSSMe, whereas that & is estimated to be slightly above
that of dimethyl disulfide. On the other hand, bearing in mind
that our IEs are underestimated, the value obtained for the
recombination energy of is consistent with the fact that
significant albeit slow charge transfer occurs with ferrocene.

o C€ NISThis argument is considerably less favorable4dor which a
tautomerization, as advocated for the reverse tautomerization

substantially lower recombination energy is estimated that is
almost 0.8 eV below the IE of ferrocene. These values again
strongly support the idea that almost complete isomerization
has occurred to th2 ion.

Conclusions

The thermal dissociation of thé-thethylacetophenone mo-
lecular ion induced by the near-blackbody radiation of a heated

the relative energy scale. Because this transition state is predicteqy;ire shows that the methyl-cleavage process is characterized
to be below the energy for dissociation, the calculations suggestby a much higher dissociation energy than that observed for

that the enol specie3 is actually formed via thd — 2 =3 o1 ubstituted acetophenones. Charge-exchange experiments
pathway. This pathway would then account for the small fraction ¢jearly establish that this molecular ion does not retain the keto

of proton-transfer reaction observed and attributed to iS@Ner g cture, as the recombination energy for this ion is much less
a reaction that becomes more favorable when the molecular iony, o those observed for typical keto-like acetophenone ions.

is generated with higher internal energy (see Figure 2). . . -
) 0 The present experiments when coupled with ab initio calcula-
One further process was considered as a potential isomer-,. : . -
ization pathway in this enerav surface. which can be qualita tions clearly point out that, on the time scale typical of FT-ICR
) pathway . 9y S ’ -an be q techniques, the long-lived molecular ions have almost com-
tively described as a ring-expansion process f yield isomer

) AR pletely isomerized to the ion through a low-barrier 1,4-
4. Isomer4 is by far the most stable species in this surface, hvdrogen migration from the ring methvl arou. Thev also show
lying 31 kJ mof lower in energy than the keto molecular ion yerog 9 9 V! group. y

1. Although this is an interesting possibility, it was unclear to that the dissociation results from cleavage of the methyl group

us as to whether the isomerization pathway leadingitovolves originally attached t the carbonyl group._Furthermor(_a,_the
passage throughand other intermediates or can proceed from resulting fragment ion has been characterized as retaining a
1 through a different pathway. Although transition states and benzoy| structurg. . ) )
intermediates were sought for these possibilities, we were unable | "€ Present dissociation process induced by slow pumping
to establish a mechanism for such a transformation. By way of With polychromatic infrared radiation is an interesting case
comparison, it is important to remember that the molecular jon Where excitation o through its vibrational manifold presum-

of toluene, GHg™ (TOL**), is assumed to reach a dynamic ably proceeds initially by absorption through its different
equilibrium with the ring-expanded cycloheptatriene radical vibrational modes. However, at excitation levels above the

cation, GHg™* (CHT**), prior to dissociation by hydrogen-bond 2 — 1 barrier (estimated by our calculations to be 36 kJThol
cleavage to yield @4-+.5° Although, in this case, the CHTis both tautomers become indistinguishable and dissociation

considerably less stable than the TOlcation, experimental
and theoretical studies have placed the activation energy for
this TOL™ — CHT™ process above 150 kJ méP! Thus, we

are lead to believe that the— ? — ? — 4 process probably

proceeds through the lowest-energy channel of the system.
Finally, this case provides an excellent example of the

usefulness of the “hot wire” technique for promoting the

dissociation of molecular ions in the cell of an FT-ICR

does involve some high-energy pathway. This line of reasoning SPectrometer and for probing the structures of molecular ions.
is supported by the failure to observe such a species in the
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