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Abstract: Ab inito molecular orbital calculations have been carried out for ionized methyl formate (CH;OCHO"*) and its
distonic isomer ("CH,OC*HOH). The ground state of ionized methyl formate is >A’ () and the lowest energy structure has
COCO syn and a staggered methyl group (2a). The 2A” () state (3) lies 74 kJ mol™' above the A’ state (2a); its preferred
conformation also has COCO syn but in this case the methyl group is eclipsed. The two structures of the distonic isomer
(4) of lowest energy are both asymmetric but may be described approximately as COCO syn and OCOH anti (4a) and COCO
anti and OCOH syn (4b); 4a lies 62 kJ mol™' lower in energy than 2a. Rearrangement of 2a to 4 requires 41 kJ mol™'. Vertical
ionization of methyl formate produces an ion lying 35 kJ mol™! above 2a; consequently, rearrangement to the distonic ion 4
only requires a further 6 kI mol”'. The calculations thus predict that ionization of methyl formate initially produces the ¢
state of the methyl formate radical cation (2a) which may rearrange with a small barrier to the distonic isomer 4.

Introduction

In recent years, electron spin resonance (ESR) spectroscopy
in conjunction with matrix isolation techniques has provided an
attractive method for the investigation of organic radical cations.’
Irradiation at low temperature of dilute solutions of neutral
substrates having ionization energies smaller than that of the
solvent (typically a freon such as trichlorofluoromethane) gives
the corresponding cations. The resulting spectral data can yield
valuable information on the molecular and electronic structures
of the radical cations, which is not readily attainable from other
experimental procedures. Complications can arise, however,
because of complexation with the solvent matrix or because of
unimolecular rearrangement of the species under examination.?
A case in point involves ionization of matrix-isolated methyl
formate (1), the simplest ester, for which agreement has yet to
be reached as to the nature of the observed ions.
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In 1983, Sevilla* and Symons® and co-workers independently
reported that the methyl formate radical cation (2) in trichloro-
fluoromethane forms a stable ¢* complex with a solvent molecule
at 77 K and that the complex decomposes on annealing at 140
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K, yielding an isolated =-type cation 3. Evidence in support of
3 was provided by INDO calculations of the spin density.*

In a subsequent paper, Iwasaki and co-workers® also proposed
that the primary radical cation has the  structure (3) but argued
that it is produced directly from the o radical (2) at 4 K without
the intervention of a o* complex with the matrix. In addition,
these authors argued, on the basis of proton hyperfine coupling
constants, that 3 readily converts into the carbon-centered radical
ion 4 via a McLafferty-type rearrangement upon warming from
4K to77 K.
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There has been vigorous discussion’ of the reasons for the
differing interpretations of the experimental data. The most recent
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studies®® appear to support the view that the species detected
following ionization of methyl formate at 77 K is the ¢* complex
and that this rearranges to 4 (rather than forming the = cation
3 as originally proposed) on warming. There does not seem to
be agreement as to whether the uncomplexed methyl formate
cation prefers a  structure (3) (favored by Iwasaki et al.%) or
a o structure (2) (favored by Symons et al.!?).

The ion 4 belongs to the general class of distonic'! radical
cations, whose structures and stabilities in the gas phase have
recently received extensive attention.!’> Such species contain
formally separated charge and radical centers and do not generally
have stable neutral counterparts. Therefore, they can normally
only be prepared via rearrangement and/or fragmentation pro-
cesses. In the present case, 4 is formed through intramolecular
1,4-hydrogen transfer from the methyl group to the carbonyl
oxygen in 2.

H. C/ O\ C——
N

H

5

The nature of ionized methyl formate in the gas phase has also
been studied theoretically and experimentally.’>?* It was sug-
gested on the basis of CNDO calculations'?® that the cation has
a bridged-structure (5) featuring a pentavalent carbon bearing
a positive charge. However, a subsequent *O-labeling experiment
found no evidence for structure 5.4 A number of C,H,0,"*
isomers were considered in collisional activation'*'¢ and (low
energy) energy-resolved mass spectrometry (ERMS)'7 experi-
ments, but surprisingly the distonic species 4, prominent in the
matrix studies, was not one of them. However, evidence for the
existence of the distonic ion has been produced in more recent
neutralization-reionization'>?° and collisional activation?' mass
spectrometry experiments on methyl formate radical cation, and
in the metastable dissociation of propyl formate radical cation.??
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Figure 1. HF/6-31G* optimized geometries for neutral (1) and ionized
(2a, 2b, 3) methyl formate. Experimental values for 1 are given in square
brackets. The methyl group in 1 was assumed to be symmetrical with
its symmetry axis aligned along the C-O bond in the experimental
analysis.??
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Figure 2. HF/6-31G* optimized geometries for the various isomers of
the distonic radical cation (4).

In an attempt to resolve some of the uncertainties noted above,
we have carried out relevant ab initio molecular orbital calcula-
tions, examining the ionization of methyl formate and the sub-
sequent rearrangement of the primary ion. Our calculations
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Table I. Calculated Total Energies (Hartrees) and Zero-Point Vibrational Energies (ZPVE, kJ mol™') for HF/6-31G* Optimized Structures

HF/6-31G* (8% MP2/6-31G** MP2/6-311G** MP4/6-31G** ZPVE

1 -227.78942 0.00 —-228.42470 -228.52613 -228.47176 177.4

1*,, -227.43611 0.76 -228.01823 -228.11782 -228.074 39 177.4

1+V:‘r -227.40952 0.98 -227.98009 -228.07918 -228.04] 35 177.4

2a —227.456 45 0.76 -228.03409 -228.13172 -228.08980 173.1

gb —227.45505 0.76 -228.03180 -228.12981 —-228.087 32 172.7

-227.42596 0.87 -227.99760 -228.09377 -228.05587 169.9

4a -227.46328 0.77 —-228.063 88 -228.16316 -228.11193 170.4

4b -227.462 84 0.76 -228.061 84 -228.161 34 -228.10991 169.9

4c -227.45797 0.76 -228.05782 -228.15759 -228.10588 169.6

4d —-227.458 36 0.76 -228.05781 -228.15659 -228.10598 170.7

6 (TS: 2b — 2a) —227.434 86 0.76 -228.008 13 -228.10563 -228.064 19 168.6

7a (TS: 4d — 4a) —-227.440 32 0.77 -228.03963 -228.13826 -228.08802 163.7

7b (TS: 4d — 4b) —-227.43895 0.76 -228.03541 -228.13252 —-228.083 76 168.1

7c (TS: 4c — 4a) -227.43641 0.76 -228.03317 —-228.13552 -228.08150 167.7

7d (TS: 4c — 4b) —227.43709 0.77 -228.03605 -228.13509 -228.08447 162.0

8 (TS: 2—+4) -227.396 58 0.80 -228.01440 -228.11464 -228.06679 160.1
predict that the initially formed ion is the o-radical cation (2) et et
which can readily rearrange to the distonic ion 4. <HOCO e O 0% b
Method and Results 0ot 1 N s Y S60

Standard ab initio molecular orbital calculations?® were carried 1078

out with modified versions of the GAUSSIANS2,2 GAUSSIANg8,% and scoc 1-281/9 1207
GAUSSIAN90% systems of programs. Optimized geometries were s, <tcoc
obtained initially for a variety of conformations of ionized methyl BN s 1434
formate (2, 3) and its distonic isomer (4) at the HF/3-21G level ”61‘1238 1252 1162 11-1069 Q“’”
using gradient techniques in order to identify the structures of ' rE ") Loss
most interest and relevance. For all the structures reported in 109 “H ’ H <HCOC
the present paper, improved geometries were obtained at the <HCOC <Hcoc H -1925
HF/6-31G* level. Harmonic vibrational frequencies were also - 184 oGS
calculated at the HF/6-31G* level in order to characterize sta- 7a (*A) (C) 7b (*A) (Cy)
tionary points as minima (representing equilibrium structures)
or first-order saddle point (representing transition structures) and, <HOCO
after scaling by 0.9, to estimate zero-point vibrational contributions <HOCO e+ =929 T
to relative energies. T H 0960

The HF/6-31G*-optimized structures for methyl formate (1)
and various conformations and electronic states of ionized methyl
formate (2, 3) are shown in Figure 1. Figure 2 displays the
optimized structures for different conformations of the distonic
ion 4. Geometrical parameters for the transition structure (6)
for rotation about the C—O(CH,) bond in 2, the transition
structures (7) linking the various isomers of the distonic ion 4,
and the transition structure (8) for rearrangement of 2 to 4 are
presented in Figure 3.

Improved energies were obtained through calculations at the
HF/6-31G* optimized geometries with a larger basis set (6-
311G**) and with incorporation of electron correlation using
Moller—Plesset perturbation theory (MP2, MP4). With the aid
of the additivity approximation:?’

AE(MP4/6-311G**) ~ AE(MP4/6-31G**) +
AE(MP2/6-311G**) - AE(MP2/6-31G**) (1)

these calculations yielded relative energies corresponding to
MP4/6-311G**//HF/6-31G* values, corrected for zero-point
vibration. Calculated total and relative energies at these levels

(23) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory, Wiley: New York, 1986.

(24) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K,;
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. Department of
Chemistry, Carnegie Melton University: Pittsburgh, PA.

(25) Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari, K.;
Binkley, J. S.; Gonzalez, C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. A.;
Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J.
J. P,; Fluder, E. M.; Topiol, S.; Pople, J. A. GausSianss. Gaussian Inc.:
Pittsburgh, PA, 1988.

(26) Frisch, M. J.; Head-Gordon, M.; Trucks, J. W.; Foresman, J. B.;
Schlegel, H. B.; Raghavachari, K.; Robb, M. A.; Binkley, J. S.; Gonzalez, C.;
DeFrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker,
J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J. A.
GAUSSIAN90. Gaussian Inc.: Pittsburgh, PA, 1990.

(27) (a) Nobes, R. H.; Bouma, W. J.; Radom, L. Chem. Phys. Lett. 1982,
89, 497. (b) McKee, M. L.; Lipscomb, W. N. J. Am. Chem. Soc. 1981, 103,
4673.
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Figure 3. HF/6-31G* optimized geometries for the transition structures
(7a—d) linking the various distonic minima (4a—d), the transition struc-
ture (6) for rotation about the C-O(CHj;) bond in 2, and the transition
structure (8) separating ionized methyl formate (2a) and the distonic
isomer (4a).

are presented in Tables I and II, respectively.
For the more important structures, still further calculations were
carried out at the HF/6-31G* optimized geometries using the
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Table II. Calculated Relative Energies (kJ mol™') for HF/6-31G* Optimized Structures?

Smith et al.

HF/6-31G* MP2/6-31G** MP2/6-3]11G** MP4/6-31G** MP4/6-311G** b MP4/6-311G**¢
1 -874 -1026 -1036 -1003 -1013 -1009
i, 53 42 36 40 34 38
1, 123 142 138 127 123 127
2a 0 0 0 0 0 0
2b 4 6 5 7 6 6
3 80 96 100 89 93 90
4a -18 =78 -83 -58 -63 -65
4b -17 =73 -78 =53 -58 -61
4c -4 -62 -68 -42 —48 =51
4d -50 -62 -65 -42 -45 -47
6 (TS: 2b — 2a) 57 68 68 67 67 63
7a (TS: 4d — 4a) 42 -14 -17 5 2 -6
7b (TS: 4d — 4b) 46 -3 -7 16 12 7
Tc (TS: 4¢c — 4a) 53 2 -2 22 18 13
7d (TS: 4c — 4b) 51 -5 -9 14 10 0
8(TS: 2—4) 157 52 45 60 53 4]

“Calculated using total energies from Table I. ®MP4/6-311G** values calculated using the additivity approximation of eq 1.

values together with zero-point vibrational corrections.

Table III. Calculated Total Energies (Hartrees) and Higher Level Relative Energies (kJ mol™)®

*MP4/6-311G**

total energy

relative energy

QCISD(T)/

MP2/6-31G* QCISD(T)/6-31G*  QCISD(T)/6-31G* 6-311G** QCISD(T)/6-311G***
1 -228.39298 —228.43592 ~988 ~1000 ~996
1", -227.98798 -228.045 55 37 31 35
1", -227.95007 -228.02307 93 89 93
2a -228.004 02 -228.059 53 0 0 0
3 -227.96756 -228.03065 73 77 74
4a -228.02982 -228.076 65 -45 -60 -62
4d -228.02415 -228.07041 -29 -41 -43
7a (TS: 4d —da) -228.005 27 -228.05309 17 -3 -11
8 (TS: 2— 4) -228.980 69 -228.03311 69 53 41

2HF/6-31G* optimized structures. *QCISD(T)/6-311G** values calculated using the additivity approximation of eq 2. “QCISD(T)/6-311G**

values together with zero-point vibrational corrections.

quadratic configuration interaction (QCISD(T)) procedure.?*
Our best relative energies in this paper correspond to QCISD-
(T)/6-311G**//HF /6-31G* values, corrected for zero-point
vibrational energies, in this case evaluated using the additivity
approximation:

AE(QCISD(T)/6-311G**) ~ AE(QCISD(T) /6-31G*) +
AE(MP2/6-311G**) - AE(MP2/6-31G*) (2)

Unless otherwise noted, energies in the text refer to this level.
Relevant total and relative energies are presented in Table III.

Figure 4 gives a schematic energy profile showing the energetic
relationship between the species involved in the ionization of methyl
formate (1), and the subsequent rearrangement of ionized methyl
formate (2) to its distonic isomer (4). Finally, additional ther-
modynamic and kinetic characteristics of the rearrangement of
2 to 4 are summarized in Table IV.

In all cases, the frozen-core approximation has been employed
and the spin-unrestricted formalism (UHF, UMP) has been used
for open-shell species. Values of (S?), tabulated in Table I and
typically around 0.77, indicate that spin contamination is not
important for most of the structures investigated in the present
study. Inthose cases where spin contamination is significant, use
of the quadratic configuration procedure is particularly relevant.
Throughout this paper, bond lengths are given in angstroms and
bond angles in degrees. Structural parameters in the figures are
HF/6-31G*-optimized values.

Discussion

Neutral Methyl Formate (1). The preferred conformation of
methyl formate is well established?® to have COCO syn and a

(28) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Chem. Phys.
1987, 87, 5968.
(29) Curl, R. F., Jr. J. Chem. Phys. 1959, 30, 1529.

Table IV. Calculated Thermodynamic and Kinetic Parameters for
the Gas-Phase Conversion of Ionized Methyl Formate (2a) to Its
Distonic Isomer (4a)

298 K 140 K

AH (k] mol™)2 -62.1 -62.5

AS (J K™ mol™!)® -3.5 -5.0

AG (kJ mol™')* -61.1 -61.8
AH? (k] mol™!)® 38.7 40.3

AS* (J K! mol!)? -19.8 -12.0
AG* (kJ mol™Y)¢ 44.6 42.0

E, (kJ mol™")4 41.2 41.5

S (7Y 1.6 x 1012 1.9 x 1012
k (mol sy 9.8 x 10* 6.4 X 107
I'd 7.2 28.9

k* (mol s™1)* 7.0 x 10° 1.9 x 1072

4Calculated using relative energies from Table III and theoretically
derived temperature corrections. ?Calculated using (scaled by 0.9)
HF/6-31G* frequencies. ‘AG = AH - TAS. “E, = AH* + RT. ¢4
= (kgT/h)e@S' /), [k = AeCEe/RT) 2 is the tunneling correction, as
estimated using the Wigner procedure (ref 32): x = 1 + u?/24 where
u = hy;*/kgT and v* is the imaginary frequency at the saddle point
(2799i cm™). *«* is the rate constant including the tunneling correc-
tion: k* = k.

staggered methyl group. We note here only that our HF/6-31G*
optimized geometrical parameters are in reasonable agreement
with experimental values (1, Figure 1).

The highest occupied molecular orbital (HOMO) of methyl
formate (13a’) has ¢ symmetry and is largely a lone-pair-type
orbital on the carbonyl oxygen. The next highest occupied orbital
(3a2”) has = symmetry and is largely a nonbonding combination
of p, orbitals on the two oxygen atoms. The calculated energy
separation between the 13a’ and 3a” orbitals is 16.1 kJ mol™
(HF/6-311G**). Because of the closeness of these two orbitals,
it might be expected that the two ions produced by removal of
an electron from either orbital will have similar energies.
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Figure 4. Schematic potential energy profile (QCISD(T)/6-311G**//
HF/6-31G* plus zero-point vibrational corrections) describing ionization
of methyl formate (1) and the subsequent rearrangement of ionized
methyl formate (2a) to distonic isomers (4d and 4a).

Methyl Formate Radical Cation: The o Ground State (2). Our
calculations predict that the ground state of the methyl formate
radical cation is the 2A” (o) state, arising formally from removal
of an electron from the 13a’ HOMO of neutral methyl formate
(1). We note that the resulting singly occupied molecular orbital
(SOMO) in the radical cation (2) has large coefficients not only
on the oxygen atom of the carbonyl group but also on the oxygen
and carbon atoms of the CH,O group.

As in the neutral parent, 2 can exist in configurations with
COCO syn and anti and with staggered and eclipsed conformations
of the methyl group. We only show here those structures (2a and
2b, Figure 1) which are minima on the ground-state energy
surface. These may be described as COCO syn, methyl-staggered
(2a) and COCO anti, methyl-eclipsed (2b). The alternative
COCO syn, methyl-eclipsed and COCO anti, methyl-staggered
conformations have a single calculated imaginary frequency and
represent transition structures for internal rotation. The corre-
sponding barriers to methyl rotation amount to 0.6 and 1.8 kJ
mol™' (HF/3-21G) in 2a and 2b, respectively. The COCO syn
form 2a is found to be more stable by 6 kJ mol™ (MP4/6-311G**)
than the anti form 2b, but a barrier of 57 kJ mol™ (via transition
structure 6, MP4/6-311G**) separates 2b from 2a. The preferred
conformation in 2 is the same as that in the neutral counterpart
(1). Comparison of the calculated structures for 1 and 2a shows
that the effect of ionization is substantial. The terminal C-O bond
is stretched and the central C—O bond compressed in 2a compared
with 1, in both cases by nearly 0.1 A. The changes in bond angles
are also appreciable (up to 10°).

From the calculated energies for 1 and 2a, an adiabatic ioni-
zation energy (IE,) of 10.3 eV is obtained for methyl formate.
The vertical ionization energy (IE,) can also be evaluated as the
difference in energy of 1 and the ion resulting from vertical

J. Am. Chem. Soc., Vol. 114, No. 4, 1992 1155

ionization to the 2A’ state (denoted 1*,,). The calculated IE, of
10.7 eV compares favorably with the experimental value of 11.0
eV 30

Methyl Formate Radical Cation: The = Excited State (3). As
mentioned above, the highest occupied = orbital (3a”) in neutral
methyl formate (1) lies quite close in energy to the ¢ HOMO
(13a”). The 2A’ and ZA” states of the ion are therefore expected
to lie close together in energy. Indeed, ionized methyl formate
was originally assigned as a = electronic state (3).4° Our cal-
culations indicate, however, that the 2A” state (3) lies 74 kJ mol™!
above 2a. The calculated vertical ionization energy to the 2A”
state (corresponding to formation of the structure denoted as 1%, ,)
is 11.3 eV, which compares well with the experimental photo-
electron value of 11.6 V.3 The calculated difference between
the A’ and 2A” ionization energies is 0.6 eV which may be
compared with the experimental separation between the first two
bands in the photoelectron spectrum of 0.6 eV.0

As in 2a, the SOMO (3a”) in 3 also possesses large coefficients
on atoms of the CH;O group. One interesting feature of the
preferred conformation of 3 is that, in contrast to the situation
in 2a (?A"), it contains an eclipsed methyl group. The relevant
staggered conformation is calculated to have one imaginary fre-
quency. The barrier to internal rotation in the 2A” state, as in
A, is quite small (3.6 kJ mol™, HF/3-21G).

The Distonic Radical Cation (4). Conformational possibilities
for this ion arise from the combination of (i) COCO syn and anti
orientations with respect to the C—-O(CH,) bond; (ii) OCOH syn
and anti orientations with respect to the C—-O(H) bond; and (iii)
different configurations of the CH, group including planar,
symmetrical pyramidal (C;) and asymmetrical pyramidal (C)).
We have examined a large number of these combinations at the
HF/3-21G level and, on the basis of the results so obtained, have
selected four equilibrium structures (4a—d) for examination at
higher levels.

The four equilibrium structures of the distonic species (4) are
ordered in energy as follows: 4a (0 kJ mol™, MP4/6-311G**)
< 4b (1) < 4¢ (11) < 4d (15) with the COCO syn, OCOH anti
conformation 4a being the most stable closely followed by the
COCO anti, OCOH syn conformation 4b. It is interesting to note
that all these conformations of the distonic ion are calculated to
be of Jower energy than the conventional isomers (2a and 2b).
The energy difference between the most stable distonic species
4a and the most stable methyl formate cation 2a amounts to 62
kJ mol™! (Table III) in favor of the former.

All four structures (4a—d) have an essentially planar COCOH
skeleton. Nonplanarity is largely introduced through the py-
ramidal disposition of the the bonds of the terminal CH, group.
In all cases, arrangement of the CH, group in either planar or
symmetrical-pyramidal (C;) orientations leads to geometries
exhibiting one imaginary frequency at the HF/6-31G* level.
These structures presumably represent transition structures for
inversion and rotation, respectively, of the CH, group.

In contrast to structures 4a—c, 4d has the terminal methylene
group almost perpendicular to the COCOH plane. Perhaps this
arrangement in 4d may be attributed to stabilization by O—H--.C
bonding. Alternatively, the all-planar arrangement may be de-
stabilized by steric repulsion between the hydroxyl hydrogen and
one of the hydrogen atoms of the CH, group, and this would be
minimized by rotation about the O—CH, bond. The barrier to
rotation about the O—CH), bond amounts to 7.1 kJ mol™ (HF/
3-21G). The structure calculated at the HF/6-31G* level for 4d
is asymmetric, the two methylene hydrogen atoms being very
slightly nonequivalent. The closely related symmetrical (C,)
structure, although a minimum at the HF/3-21G level, has one
small imaginary frequency at HF/6-31G*. At the MP2/6-
311G**//HF/6-31G* level, however, the C; structure lies less
than 0.1 kJ mol™ above 4d.

According to the Mulliken population analysis, the positive
charge in 4 is shared by the central carbon and hydrogen atoms

(30) Cannington, P. H.; Ham, N. S. J. Electron Spectrosc. Relat. Phenom.
1985, 36, 203.
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while the spin density of the unpaired electron is located almost
exclusively on the terminal carbon. It is directed essentially
perpendicular to the COCO plane in 4a—c¢ but within the COCO
plane of 4d.

Because 4d is likely to be the initial product resulting from the
1,4-hydrogen migration in 2a, it is worthwhile to examine its
isomerization to the lower energy conformations. Structures 7a
and 7b (Figure 3) represent the transition structures for the
rotations around C-O(H) (yielding 4a) and C—O(CH,) (yielding
4b) bonds, respectively. The calculated barrier heights for both
processes are sizable (41 kJ mol™! via 7a and 54 kJ mol™ via 7b,
MP4/6-311G**). This is consistent with the fact that both these
CO bond lengths in 4 lie in the range 1.24-1.27 A, reflecting
partial-double-bond character (Figure 2). Structures 7c and 7d
represent the transition structures for rotation about the C-O-
(CH,) bond of structure 4a and the C—O(H) bond of structure
4b which both lead to structure 4¢. The barriers for the processes
4c — 4a and dc — db are 64 and 51 kJ mol™ (MP4/6-311G**),
respectively.

Unimolecular Rearrangement of Ionized Methyl Formate (2a)
to Its Distonic Isomer (4a). Having established that the distonic
radical cation (4) lies lower in energy than the methyl formate
radical cation (2), we now examine the interconversion of 2 and
4 by means of an intramolecular hydrogen transfer. The corre-
sponding transition structure 8 (Figure 3) has a methyl-eclipsed
conformation implying rotation of the CH, group during the
rearrangement process. The barrier height for the reaction de-
creases substantially with the inclusion of electron correlation.
Our best estimate for the barrier height (Table III) is 41 kJ mol™.
The corresponding calculated exothermicity is 62 kJ mol™. The
calculated activation entropy (AS* = -19.8 J mol™! K™, Table
IV)3! is surprisingly large for a unimolecular reaction, implying
an appreciable entropic contribution to the free energy of activation
(AG* = 44.6 kJ mol™ at 298 K). The tunnelling correction to
the reaction rate, estimated using the Wigner approximation,*?
is substantial (28.9 at 140 K). This is consistent with the markedly
higher observed® stability (with respect to rearrangement) of the
o* complex in the case of CD;OCHO'* compared with
CH,OCHO"*. Our calculated energies (Table III, Figure 4)
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suggest that the methyl formate radical in its ¢ ground state (2a)
should be observable in a matrix at low temperature (4 K). It
should be pointed out, however, that the energy of vertically ionized
methyl formate (1, ,) lies very close to that of transition structure
8, so that transformation of 1*, , to 4d requires substantially less
energy (6 kJ mol™) than does transformation of 2a. Our calcu-
lations do not provide any information regarding the likelihood
of complexation of 2a with the freon matrix.

In summary, our calculated results provide theoretical support
for the view that the ion observed at higher temperatures (e.g.,
140 K) in the matrix experiments®~° is the distonic ion 4. Our
results suggest that the ion produced at lower temperatures is the
o ground state of ionized methyl formate (2a) (which at inter-
mediate temperatures might form a complex with the matrix)
rather than the = state 3. The distonic ion (4) is likely to be
produced along with ionized methyl formate in the mass spec-
troscopic studies, as proposed also to account for the rearrange-
ment-fragmentation processes in ionized methyl acetate.?

Concluding Remarks

In this paper, we have presented a detailed theoretical study
of the structures and stabilities of ionized methyl formate (2, 3)
and its distonic isomer (4). Our calculations predict that the
initially formed ion has a ¢ ground state (?A’, 2a). The elec-
tronically excited  state (2A”, 3) lies 74 kJ mol™ higher in energy.
The methyl formate ion (2a) is, however, less stable than the
distonic species 4a (by 62 kJ mol™) and rearranges to the latter
with an energy barrier of about 41 kJ mol™. The activation
entropy is negative and appreciable (~-20 J mol™ K™!). Overall,
these data predict that the primary methyl formate ion (2a) can
exist as a discrete species at very low temperature but converts
to the more stable distonic isomer (4) upon warming. The pos-
sibility of complexation between the ¢ ion 2a and matrix molecules
(CF,Cl) cannot be excluded.
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