Ab Initio calculations of the potential surfaces for rearrangement
of methylenecyclopropane and 2,2-difluoromethylenecyclopropane.
Why do the geminal fluorines have little effect on lowering the

activation energy?
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(4/4)CASSCF and CASPT?2 calculations with the 6-31G* basis set have been performed in order to understand

the experimental observation that the geminal fluorines in 2,2-difluoromethylenecyclopropane (2) have only a

small effect on lowering the activation energies for its degenerate and non-degenerate methylenecyclopropane
rearrangements, relative to the activation energy for the rearrangement of the hydrocarbon (1). As expected

from previous experimental and computational studies, the geminal fluorines are calculated to destabilize the three-
membered ring in 2 thermodynamically. The small amount of kinetic destabilization of 2 is shown to be due to a
nearly equal destabilization of the transition structures for its rearrangements. The high energies of the transition
structures are attributed to the strong preference of a CF, group for a pyramidal geometry. This preference is found
to destabilize the transition structures both for forming a ¢ bond to the fluorinated carbon in the degenerate
methylenecyclopropane rearrangement of 2 and for making a m bond to this carbon in the non-degenerate

rearrangement of 2 to (difluoromethylene)cyclopropane (4).

It has been found experimentally that the presence of a pair of
geminal fluorine substituents raises the strain energy of cyclo-
propane.! Heats of hydrogenation suggest a thermodynamic
increment of 12-14 kcal mol™'? In good agreement with
experiment, RHF calculations find that the hydrogenation
energy of 1,1-difluorocyclopropane to give 2,2-difluoropropane
exceeds the hydrogenation energy of cyclopropane by 11.7 kcal
mol ! with the 4-31G basis set,® by 12.5 kcal mol™! with 6-
31G*, and by 13.6 kcal mol ™" at the MP2/6-31G* level.* Kinetic
studies by Dolbier and co-workers have found that geminal
difluoro substitution at a ring carbon lowers E, for cis—trans
isomerization of 1,2-dimethylcyclopropane by 9.7 kcal mol ™37
and for the rearrangement of vinylcyclopropane to cyclo-
pentene by 9.4 kcal mol™'.”

However, Dolbier and Fielder® found that geminal difluoro
substitution at a ring carbon in methylenecyclopropane (1)
lowers E, for the methylenecyclopropane rearrangement of 2 to
4 by only 2 kcal mol ™!, relative to the E, for this rearrangement
in the methyl derivative of the hydrocarbon. In subsequent
studies on 3, in which a methyl substituent also labels the
methylene group of the ring, Dolbier and co-workers found that
formation of the E and Z stereoisomers of 7 occurs at about 1.5
times the rate of formation of 5.'° Thus the CF, group in 2
appears to have little effect on accelerating either the degenerate
methylenecyclopropane rearrangement of 2 to 6 or the non-
degenerate rearrangement of 2 to 4.

Unlike the case in either 1,1-difluorocyclopropane or in 1,1-
difluoro-2-vinylcyclopropane, in 2 the only ring bond that can
cleave is the one that is proximal to the fluorinated ring carbon.
Therefore, Dolbier and Fielder drew the reasonable conclusion

T Optimized geometries and energies for all the molecules for which
calculations were performed are available as supplementary data. For
direct electronic access see http://www.rsc.org/suppdata/p2/1999/2339,
otherwise available from BLDSC (SUPPL. NO. 57597) or the RSC
library. See Instructions for Authors available via the RSC web page
(http://www.rsc.org/authors).

that geminal difluorination of a cyclopropane ring carbon
exerts only a small effect on the energy required to cleave a C-C
bond proximal to it but weakens the distal C—C bond by 9-10
kcal mol™.° This conclusion appears to have been generally
accepted.

Although reasonable, this conclusion is not supported by
the results of ab initio calculations on the stereomutation of
1,1-difluorocyclopropane.*¢ At all levels of theory these calcu-
lations find that the transition structures for cis—trans isomeriz-
ation by rotation of one methylene group have almost the same
energy whether the ring bond broken is distal or proximal to the
difluorinated carbon. This computational result explains why
significant amounts of the products that arise from proximal
C-C bond cleavage were found in the study of 1,1-difluoro-2-
vinylcyclopropane rearrangements by Dolbier and Sellers.?

The enthalpies of activation for methylene monorotation in
1,1-difluorocyclopropane by cleavage of either distal or prox-
imal ring bonds were calculated “* to be 7-8 kcal mol™" lower
than the enthalpy of activation for rotation of one methylene
group in cyclopropane.!! The calculated energy lowering is in
good agreement with Dolbier and Enoch’s experimental value
of 9 kcal mol™! for the effect of geminal fluorines on reducing
the barrier to cis—trans isomerization in 1,2-dimethylcyclo-
propane.’

Since geminal fluorines are calculated to have a large effect
on reducing the energy required for cleavage of a cyclopropane
ring bond that is either proximal or distal to them, it is puzzling
that the geminal fluorines in 2 have only a small effect on
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reducing the energy required for its methylenecyclopropane
rearrangement, compared to that for rearrangement of un-
fluorinated 1. In order to understand this experimental finding,
we have performed ab initio calculations of the potential sur-
faces for the methylenecyclopropane rearrangements of 1 and
2. In this paper we report the results of these calculations.

Computational methodology

Stationary points on the potential surfaces for the methylene-
cyclopropane rearrangements of 1 and 2 were located by per-
forming (4/4)CASSCEF calculations with the 6-31G* basis set."?
Vibrational analyses were performed at these points, using
analytical second derivatives of the (4/4)CASSCF/6-31G*
energies. The vibrational analyses were used to identify station-
ary points as energy minima or transition structures; and, for
the latter, the transition vectors were used to ascertain which
pair of energy minima were connected by each transition struc-
ture. The zero-point and thermal corrections obtained from the
vibrational analyses were used, without scaling, to calculate
enthalpy differences at 500 K. The geometries of the stationary
points are available as supplementary data.¥

The (4/4)CASSCF wavefunctions consisted of all singlet
configurations that can be formed by distributing four electrons
among four active orbitals. In 1 and 2 these orbitals were the
and 7* orbitals and the ¢ and o* orbitals of the scissile C-C
bond. The (4/4)CASSCF calculations were carried out using
the Gaussian 94 suite of programs.'®

The (4/4)CASSCF calculations do not include correlation
between the active and inactive electrons. Dynamic corre-
lation'* between these two sets of electrons was included by
performing CASPT2 calculations® at all the (4/4)CASSCF
stationary points. The CASPT2 calculations were carried out
with the MOLCAS package of ab initio programs.'®

Results and discussion

The (4/4)CASSCF/6-31G* and CASPT2 calculations of the
potential surface for rearrangement of the hydrocarbon 1 were
carried out, so that the results could be compared with the
results of our calculations on fluorocarbon 2, performed at the
same levels of theory. (4/4)CASSCEF calculations on 1 were pub-
lished in 1982."” However, the limitations of the computational
hardware and software that were available eighteen years ago
allowed geometry optimizations to be performed only with the
minimal STO-3G basis set. In addition, at that time analytical
second derivatives for characterizing stationary points and
computing vibrational frequencies were unavailable. The results
of our calculations on 1 are described in the next subsection.

The second subsection presents computational results which
show that replacing two hydrogens in 1 by the geminal fluorines
in 2 increases the ring strain by even more than introduction of
geminal fluorines into cyclopropane. Consequently, the rather
small effect of the fluorines in 2 on reducing the activation
energies for its rearrangements to 4 and 6 must be due to the
fact that the fluorines also raise the energies of the transition
structures for these rearrangements, relative to the transition
structure for the methylenencyclopropane rearrangement of 1.

The subsequent subsections describe and discuss the results
of calculations that were performed in order to understand
why the fluorines in 2 apparently raise the energies of the transi-
tion structures for the methylenecyclopropane rearrangements
of 2. We find that the large energetic preference of a CF,
radical center for a pyramidal geometry'® is responsible for
destabilizing the transition structures in both the degenerate
methylenecyclopropane rearrangement of 2 to 6 and in the non-
degenerate rearrangement of 2 to 4.

Potential surface for the rearrangement of 1

The (4/4)CASSCF/6-31G* potential surface for methylene-
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Fig. 1 Transition structure (TS,,), connecting methylenecyclo-
propane (1) with the singlet trimethylenemethane diradical intermedi-
ate (8).

cyclopropane rearrangement of 1 has another energy minimum
in addition to that for 1. The second energy minimum corre-
sponds to a ring-opened intermediate (8) in which one of the
methylene groups in the cyclopropane ring of 1 has rotated by
90°, so that it is conjugated with the exocyclic double bond.
These two minima are connected by the transition structure
(TS,_s) shown in Fig. 1, which is encountered after this methyl-
ene group has rotated by about 60° from its geometry in 1.

At the (4/4)CASSCF/6-31G* level of theory the methylene
group that remains unrotated in 8 is slightly pyramidalized, so
that the resulting geometry has C, symmetry. Planarization of
this methylene group gives a C,, structure with one negative
force constant, corresponding to the vibrational mode for
inversion of this methylene group. At the CASSCEF level this C,,
transition structure is calculated to be 0.1 kcal mol™! higher in
energy than the C; structure, but at the CASPT?2 level it is lower
in energy than the C, structure by 0.3 kcal mol™!. The CASPT2
energy and enthalpy for 8 in Table 1 have been corrected for this
0.3 kcal mol™ difference, so that they correspond to those of
the C,, geometry.

The reason for the energetic favorability of having one
methylene group twisted out of conjugation in the singlet but
not in the triplet state of the trimethylenemethane (TMM)
diradical has been discussed previously.'”* The energetic pref-
erence for the “orthogonal” geometry of 8 over the planar
geometry of 9 is responsible for the experimental finding
that derivatives of 1 rearrange with predominant inversion of
configuration at the migrating carbon.?

The planar diradical (9) can, in principle, be accessed from 1
by either conrotation or disrotation of both methylene groups
or by 90° rotation of just one methylene group, to form 8, fol-
lowed by rotation of the second methylene group. However, on
the (4/4)CASSCEF potential surface conrotation and disrotation
in 1 each lead to an energy maximum after coupled rotation of
the methylene groups by about 50°. Vibrational analyses show
that both of these stationary points are mountain tops on the
global potential surface.! Each is an energy maximum with
respect to both a symmetry-preserving and a symmetry-
destroying vibration. In each case the latter type of vibration
rotates one methylene group into conjugation with the double
bond and the other methylene group out of conjugation with
the double bond, thus leading toward the geometry of 8.

The (4/4)CASSCEF vibrational analysis finds that, unlike 8,
which is an energy minimum, 9 is a transition structure. The C,,
geometry of 9 means that it cannot be the transition structure
for rotation of just one methylene group into planarity. This
would require that both conrotation and disrotation have
negative force constants; and, if 9 had two negative force



Table 1 Relative electronic and zero-point energies and enthalpies (kcal mol ") for the stationary points on the potential surface for the rearrange-
ment of methylenecyclopropane (1). Calculated at (4/4)CASSCF optimized geometries with the 6-31G* basis set

CASSCF CASPT2
Structure AE AZPE AHgy, AE AHy,
1 —154.93227¢ 56.7° —154.83002¢ —155.41886 —154.31661*¢
8 31.94 —4.44 29.04 39.0¢ 36.2¢7
TS s 35.5 —44 31.9 42.5 38.9
G, TS (9) 37.1 —6.1 32.8 44.1 39.8
G, TS 37.1 -6.0 32.8 44.2 39.9

“ Energy in hartrees. ® Energy in kcal mol ™. ¢ Sum of electronic energy and zero-point and thermal corrections, computed from CASSCF/6-31G*
frequencies. ¢ Value for the C, geometry. ¢ Value for the C,, geometry, which is 0.3 kcal mol ! lower in energy than the C, geometry at the CASPT2
level.” Taken to be equal to the enthalpy of the C, geometry, minus the 0.3 kcal mol ™! difference between the CASPT2 energies of C, and C,,.

constants, it would be a mountain top, not a transition struc-
ture. The single imaginary force constant in 9 corresponds to
conrotation.

Following a conrotatory pathway from 9 leads to another
transition structure after both methylene groups have been
rotated about 8° from coplanarity. The lessening of steric inter-
actions between the methylene hydrogens in the planar geom-
etry of 9 is apparently almost exactly balanced by loss of
conjugation of the methylene p-m orbitals with the double
bond, because, on going from 9 to this nearby C, transition
structure (C, TS), the CASSCF energy decreases by only 0.003
kcal mol ™.

Since the negative force constant in 9 is for conrotation, 9
cannot lead directly to another transition structure with a
negative force constant for conrotation. Indeed, the negative
force constant in C, TS corresponds to a symmetry-breaking,
disrotatory vibration that moves one methylene toward planar-
ity and the other away from it. Thus, as shown in Scheme 1, C,

H._H

dis

Ha

Hg H
Coy TS (9)

C; TS 8"

Scheme 1 Depiction of the interchange of conjugated and non-
conjugated methylene groups in 8 to form 8’ via the C, TS and the
exchange of H, and Hy in 8 to form 8" via the C,, TS (9). The latter
connects the C, TS with its mirror image (C, TS'), via a conrotatory
reaction coordinate. The C, TS connects 8 with 8’ via a disrotatory
reaction coordinate, which destroys the C, symmetry of the transition
structure.

TS interchanges the non-conjugated methylene and one of the
conjugated methylene groups in 8. The C,, geometry of 9 is the
transition state for rotating the non-conjugated methylene
group in 8 through the molecular plane.

As already noted, at the CASSCF level 9 and C, TS have
essentially the same energy; and this is also true at the CASPT2
level. The relative CASPT2 energies of 1, 8, TS, 4,9, and G, TS
are given in Table 1. Also given are the zero-point energies and
enthalpy differences calculated using the unscaled thermal
corrections from the CASSCF vibrational analyses.

The calculated value of AH%,,=38.9 kcal mol™! (E,=
39.9 kcal mol™ at 500 K) for the degenerate methylenecyclo-

propane rearrangement of 1, via passage over TS, _, is in excel-
lent agreement with the experimental value of E, =40.4 kcal
mol ! measured for the methyl derivative of 1.** As shown in
Table 1, although the CASPT2 energy of intermediate 8 is cal-
culated to be 5.1 kcal mol™" lower than that of 9, TS, 4 is com-
puted to be only 1.6 kcal mol™* below 9. The small size of the
calculated difference between the activation enthalpies for
degenerate rearrangement of 1 with inversion of configuration,
via TS, s, and with loss of stereochemistry at the migrating
carbon, via transition structure 9, is consistent with the experi-
mental finding that in the methylenecyclopropane rearrange-
ments of derivatives of 1 inversion of configuration at the
migrating carbon is accompanied by some racemization.?**¢

Relative strain energies of 1 and 2

One possible explanation for the surprisingly small effect of
the fluorines in 2 on reducing the activation energy for the
rearrangement of 2 to 4° and 6' is that replacement of two
geminal ring hydrogens in 1 by fluorines causes a smaller
increase in strain energy than substitution of geminal fluorines
in cyclopropane.'™ This possibility was checked computation-
ally by calculating the energy of the isodesmic reaction (1). This

reaction is computed to be unfavorable, resulting in energy
increases of 3.3 and 3.1 kcal mol™! at, respectively, the RHF
and MP2 levels of theory. Thus, introduction of geminal
fluorines actually causes a larger increase in strain energy in 1
than in cyclopropane.?®

The major part of this increase appears to come from intro-
ducing geminal fluorines at an allylic CH, group. The energetic
unfavorability of this fluorine for hydrogen substitution reac-
tion can be seen in the computational finding that the reaction
(2) is unfavorable by, respectively, 2.5 and 2.6 kcal mol™* at
the RHF and MP2 levels of theory.

H_H
CH, — I * CH @
N H 2

e
CHF, 3C”  TCHF, HsC \CH3

Ho_H

g

HsC™ “CHz HaC”

The energy computed for eqn. (1) shows that introduction of
geminal fluorines into 1 to form 2 is actually >3 kcal mol™!
more thermodynamically destabilizing than introduction of
geminal fluorines into cyclopropane. Therefore, the small size
of the effect that geminal fluorination has on making the
activation energy for rearrangement of 2 lower than that of 1
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Table 2 Relative electronic and zero-point energies and enthalpies (kcal mol ') for the stationary points on the potential surface for rearrangement
of 1,1-difluoromethylenecyclopropane (2), calculated at (4/4)CASSCF optimized geometries with the 6-31G* basis set

CASSCF CASPT2

Structure AE AZPE AHgy, AE AHs,

2 —352.63499¢ 46.5° —352.54608 “¢ —353.45825¢ —353.36934 ¢

4 0.1 0.6 0.6 -24 -19
10 322 -32 30.3 37.5 35.6
117 32.9 —43 29.6 36.5 34.6¢
12/ 24.9 -2.2 233 29.8 28.3
13¢ 36.0 -29 33.6 40.1 37.7
14 31.1 -2.8 28.7 37.1 34.6
15" 30.8 =25 29.4 37.2 35.8
16 36.6 -2.8 34.2 37.1 34.6
17 27.3 =25 24.6 31.3 28.6
257 333 -2.7 30.8 39.4 36.9
26* 35.1 -39 32.1 39.7 36.6

“ Energy in hartrees. ® Energy in kcal mol ™. ¢ Sum of electronic energy and zero-point and thermal corrections, computed from CASSCF/6-31G*
frequencies.  CASPT2 intermediate in the rearrangement of 2 to 4. ¢ Taken to be equal to the enthalpy of 10, minus the 1.0 kcal mol™! difference
between the CASPT2 energies of 10 and 11. / Intermediate in the degenerate rearrangement of 2. € Transition structure connecting 12 and 2,.
" Putative CASPT2 transition structure connecting 12 and 2; with inversion of the CF, group. ‘ C, transition structure for CF, rotation in 12.
J Transition structure connecting 11 and 2. * Transition structure connecting 11 and 4.

cannot be ascribed to a smaller destabilization of 2 than of 1,1-
difluorocyclopropane. Thus, it must be the case that geminal
fluorines destabilize the transition structures for the rearrange-
ment reactions of 2, relative to TS, 4 for the rearrangement of
1, by almost as much as they thermodynamically destabilize 2,
relative to 1.

Intermediates in the rearrangement of 2 to 4 and 6

In the rearrangement of 2 two different singlet diradicals, 10
and 12, correspond to intermediate 8 in the rearrangement of 1.
CASSCEF vibrational analyses show that 10 and 12 are, indeed,

intermediates on the singlet potential surface for rearrangement
of 2. Their CASSCF and CASPT?2 energies are given in Table 2,
relative to the energy of 2. At all levels of theory, 10, which is an
intermediate in the rearrangement of 2 to 4, is about 7 kcal
mol ! higher in energy than 12, which is an intermediate in the
degenerate rearrangement of 2 to 6.

The lower energy of 12 can be attributed to the fact that it
contains a highly pyramidalized CF, radical center; whereas,
7 bonding to the CF, group in 10 requires that it be much more
nearly planar. We have previously shown that the prefer-
ence of CF, radical centers for pyramidal geometries weakens
7 bonds,"® for example, those in tetrafluoroethylene®“ and in
1,1-difluoro- and 1,1,3,3-tetrafluoroallyl radicals.**>* Upon ring
opening of 2, the same effect favors forming a © bond to CH,’,
to give 12, in preference to forming a © bond to CF,’, to give 10
or its C, variant with a planar CF, group (11).%°

Not surprisingly, in the (4/4)CASSCF optimized geometries
of 10 and 12 the pyramidalization angle, ¢, at the CF, group?®
is smaller in the former (p = 32.7°) than in the latter (¢ = 44.2°).
CF, pyramidalization in 10 sacrifices some allylic conjugation
with the double bond; and the fact that in the CASSCF opti-
mized geometry of 10, the CF, group is pyramidalized at all
gives some indication of how substantial the driving force for
CF, pyramidalization must be.

Planarization of the CF, group in 12 requires 14.4 kcal mol ™!
at the CASSCF level but only 10.9 kcal mol™! at CASPT2.%%
In previous studies we have also found that planarization of
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radical centers is less energetically costly when dynamic electron
correlation is included.”

Planarization of 10 to form 11 requires only 0.7 kcal mol ™!
at the CASSCEF level; and at the CASPT2 level 11 is actually
1.0 kcal mol ™! lower in energy than 10. Presumably, 11 is a true
intermediate on the CASPT2 potential energy surface, and we
assume that its CASPT2 enthalpy is equal to that of 10, minus
the 1.0 kcal mol ! CASPT?2 energy difference between them.

Comparison of the CASPT2 enthalpy difference of 36.2 kcal
mol~! between 8 and 1 in Table 1 with that of 28.3 kcal mol™!
between 12 and 2 in Table 2 shows that substitution of geminal
fluorines on the ring of methylenecyclopropane reduces the
calculated enthalpy difference between it and the diradical
intermediate by 7.9 kcal mol™!. Breaking a proximal bond in
1,1-difluorocyclopropane by rotating one methylene by 90° and
forming a diradical with a pyramidalized CF, group is also
calculated to require 7-8 kcal mol™! less energy than the same
process in cyclopropane.*

However, the energetic cost of planarizing the CF, group in
12, in order to form the t bond to this group in 11, results in the
enthalpy of 11 being computed to be 6.3 kcal mol ™! higher than
that of 12 at the CASPT2 level. Consequently, the CASPT2
enthalpy difference between 11 and 2 is only 1.6 kcal mol™!
smaller than that between 8 and 1. The experimental finding of
Dolbier and Fielder,” that geminal fluorines have an effect of
only about this size on lowering AH* for the methylenecyclo-
propane rearrangement of 2 to 4, can thus be understood on
the basis of similar destabilizations by the geminal fluorines
of 2 and the CASPT2 diradical intermediate (11) in this
rearrangement.

Since the CASPT?2 enthalpy of diradical 12 is 6.3 kcal mol ™!
lower than that of diradical 11, one might expect that the
degenerate methylenecyclopropane rearrangement of 2 via 12
would be much faster than the non-degenerate rearrangement
of 2 to 4 via 11. However, this expectation is not supported by
the experimental finding of Dolbier and coworkers that the rate
of formation of 7 from 3 is only 1.5 times faster than the rate of
formation of 5.1

These experimental results are, of course, not necessarily
inconsistent with the results of our calculations, since we find
11 and 12 to be intermediates, not transition structures, along
the two different pathways by which 2 can rearrange. The
experiments of Dolbier and coworkers indicate that the energy
of the transition structure connecting 12 to 2 is comparable to
that of the higher energy of the two transition structures con-
necting 11 to 2 and 4. Therefore, the activation energy for ring
closure of diradical intermediate 12 to 2 must be ~6 kcal mol™



Fig.2 Transition structure 13, connecting 2,2-difluoromethylenecyclo-
propane (2) with the difluorotrimethylenemethane diradical inter-
mediate (12) via a pathway that involves front-side bonding to the
CF, group.

higher than the activation energy for closure of 11 to either 2 or
4. In order to investigate why this apparently is the case, we
performed additional calculations to locate the transition
structures for closure of diradical intermediates 11 and 12.

Transition structures connecting 2 and 12

Because the CF, group in diradical 12 is pyramidalized, there
are two different modes of ring closure possible, depending
upon which methylene group in 12 rotates to form a bond to the

H H H_ _H
/'*, ' \C/ NA”
Ca A Ca
H / \C"‘F - H\C*J\ .
\C N ] B C"'/ H,,, WF
B F H ‘ F g—C
| E 4 \F
H 2, 12 H o o

CF, group. Rotation of C,, leading to closure to 2,, might be
expected to be favored over rotation of Cg, leading to closure to
2., since the latter reaction pathway requires inversion of the
pyramidal CF, group. However, our calculations find that the
transition structure for the pathway that leads to 2 is actually
lower in energy by ca. 2 kcal mol ™! than the transition structure
for the pathway that leads to 2,.

The transition structure (13) connecting 12 to 2, is shown in
Fig. 2. Unlike the case in TS,_g4, shown in Fig. 1, where only an
allylic CH, group has rotated from its conformation in 8, in 13
both the CF, and C,H, group have rotated from their con-
formations in 12. When the CF, group was constrained to be
bisected by the plane containing the fluorinated carbon and the
two carbons of the incipient double bond, as it is in 12, the
energy of 13 increased by 2.3 kcal mol ™.

Because the CF, radical center in 12 must invert in order for
closure to 24 to occur, the pathway connecting 12 to 25 is more
complicated than the pathway that leads from 12 to 2,. After
rotation of CgzgH, by 63.7° from its geometry in 12, transition
structure 14 (Fig. 3) is reached. As shown in Table 2, the
CASPT?2 enthalpy of 14 is 3.1 kcal mol™* lower than that of
transition structure 13.

Surprisingly, following the reaction coordinate from 14
toward 2; led, not to 2, but to another intermediate (15), lying
0.3 kcal mol™! below 14 at the CASSCF level of theory. How-
ever, zero-point energy and thermal corrections result in 15
being slightly higher in enthalpy than 14 at both the CASSCF
and CASPT?2 levels of theory.

As shown in Fig. 3, the CF, and CH, groups in 15 are
perfectly oriented for closure to 25 but, because C—C bond
formation requires inversion of the CF, radical center, a barrier
to ring closure is encountered at the CASSCF level of theory.
This was found to be the case whether the 6-31G*, 6-311G*, or
6-31+G* basis set was used.

At the CASSCF/6-31G* level a transition structure (16) for

Fig. 3 (4/4)CASSCEF stationary points (14-16), which lie on the path-
way connecting 2,2-difluoromethylenecyclopropane (2) and difluoro-
trimethylenemethane diradical intermediate 12 with inversion of the
CF, group. At (4/4)CASSCF 14 and 16 are transition structures, and 15
is an energy minimum with nearly the same energy as 14, but at
CASPT?2 15 is very slightly higher in energy than both 14 and 16.

closure of 15 to 2 was located, 5.8 kcal mol ™! above 15. Tran-
sition structure 16, which is shown in Fig. 3 (bottom), has a
Cp—C-CF, bond angle of 93.4° and a pyramidalization angle
at the CF, group of 16.1°, which are, respectively, 17.8° and
25.0° smaller than the corresponding angles in 15. These two
angles are obviously strongly coupled in this region of the
potential surface, showing that depyramidalization of the CF,
group and ring closure to 2 occur synchronously.

As discussed in connection with the energy required to
planarize the CF, groups in diradicals 10 and 12, inclusion of
electron correlation has a substantial effect on reducing the
energy required for planarization of a radical center.”” Thus, it
is perhaps not surprising that, as shown in Table 2, 16 is calcu-
lated to have essentially the same CASPT2 energy as 14 and 15.
In fact, 15, which is an intermediate between transition struc-
tures 14 and 16 at the CASSCF level of theory is very slightly
higher in energy than either 14 or 16 at the CASPT2 level. At
this level of theory the substantial CASSCF energy barrier to
closure of 14 has apparently almost disappeared, but the need
to invert the geometry of the CF, radical center still keeps the
CASPT2 energy from dropping rapidly on going from 14 to
16. Consequently, this region of the CASPT2 potential energy
surface for ring closure of 12 to 2 is extremely flat.

The CASPT2 enthalpy of 15 is made higher than that of
either 14 or 16 by the fact that at the CASSCF level 15 is an
energy minimum and therefore has one more real vibrational
frequency than both 14 and 16. Nevertheless, because 15 has a
slightly higher CASPT2 energy than either 14 or 16, 15, or a
geometry close to it, is probably the transition structure for ring
closure of 12 to 2; on the CASPT2 energy surface. The
CASPT?2 enthalpy of 15 is, as shown in Table 2, 7.5 kcal mol ™!
above that of 12 but 1.9 kcal mol ™! lower in enthalpy than the
transition structure (13) that connects 12 and 2, without inver-
sion of the geometry of the CF, group. The reason for the
rather surprising finding that the lowest energy pathway for ring
closure of 12 is one in which bonding occurs at the “back side”
of the CF, group is discussed in a subsequent section.

Without the labels at C, and Cg, 2, and 2, are identical.
Therefore, if 12 closes to 25 with preferential inversion of the
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geometry of the CF, radical center, there must be a pathway
that allows 12 also to close to 2, with CF, inversion. Clearly this
pathway must involve a reversal in the direction of pyramidal-
ization of 12, so that the singly occupied orbital of the CF,
group points toward CzH,, rather than towards C,H,.

One possible mechanism for reversal of the sense of pyramid-
alization of the CF, radical center would be for it to become
planar. However, the 10.9 kcal mol™! that is computed at the
CASPT?2 level to be required for planarization of the CF, group
in 12 makes rotation of the CF, group a much lower energy
pathway.

The transition structure for CF, rotation (17) has C, but not
C,, symmetry, because, as expected, the CF, group in 17
remains pyramidalized. Table 2 shows that at the CASPT?2 level
of theory, 17 is only 0.3 kcal mol " above 12 in enthalpy and 7.2
kcal mol ™! below 15, the CASPT?2 transition structure for ring
closure of 12 to 2. The enthalpy changes along the reaction
path for the degenerate rearrangement of 2, to 25 are presented
graphically in Scheme 2.

15’ 15

28.3

24 Y 2

Scheme 2 Depiction of the surface (CASPT2 enthalpies in kcal mol ')
for the degenerate methylenecyclopropane rearrangement of 2, to 2.
Structures 12’ and 15’ are related to 12 and 15 by interchange of C,H,
and CzH,.

Effect of CF, pyramidalization on the ring closure of 12

As shown in both Scheme 2 and Table 2, the CASPT2
activation enthalpy for the degenerate methylenecyclopropane
rearrangement of 2 vig transition structure 15 is AH*=35.8
kcal mol™!. The activation enthalpy for this rearrangement of
fluorocarbon 2 can be compared to the value of AH*=38.9
kcal mol ™! for the analogous rearrangement of hydrocarbon 1
via TS, 4. The difference of 3.1 kcal mol ! between these acti-
vation enthalpies is less than half of the difference of 7.9 kcal
mol~! between the enthalpies of diradical intermediates, 8 and
12, relative to the reactants, respectively, 1 and 2. Presumably,
the 4.8 kcal mol ! larger barrier to closure for 12 than for 8
is due to the pyramidalized geometry of the CF, group in the
former diradical.

Comparison of the geometry in Fig. 1 of TS, s for ring
closure of 8 to 1 with that in Fig. 3 of transition structure 15 for
ring closure of 12 to 2 is informative as to why the pyramidal-
ized CF, group in the fluorocarbon diradical makes the barrier
to ring closure nearly 5 kcal mol ™! higher in 12 than in 8. In
TS,_s the CH, radical center has rotated only about 30° from its
geometry in 8, where it benefits fully from the allylic stabilization
energy of 13—15 kcal mol™'.2 The barrier to ring closure of 2.7
kcal mol ™! for 8 is slightly smaller than the ca. 3.5 kcal mol ™!
that one would estimate for rotating a CH, group in the allyl
radical by 30°, assuming that the resonance energy varies as
the square of the cosine of this angle. This suggests that TS, 4
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already benefits from some ¢ bonding between the CH, group
in 8 that rotates and the non-conjugated CH,. Continued CH,
rotation past the geometry of TS, s lowers the energy, as ¢
bonding to the non-conjugated CH, group begins to more than
compensate for the additional allylic = bonding that is lost.

In contrast to the “early” transition structure in the ring
closure of 8 to 1, transition structure 15 is quite “late”, with the
CH, group rotated completely out of conjugation. Therefore,
all of the allylic m resonance energy has been lost before ¢ bond-
ing to the “back side” of the highly pyramidalized (p = 41.1°)%
CF, group finally becomes strong enough to result in net lower-
ing of the energy as 15 closes to 2. Some bonding between the
CH, and CF, radical centers obviously does occur before the
geometry of 15 is reached; since, if this were not the case, rotat-
ing the CH, group in 12 to form 15 would require about twice
the 7.5 kcal mol™! energy increase that we compute for this
process at the CASPT?2 level of theory. Nevertheless, long-range
bonding to the rotating CH, group is clearly weaker for the
highly pyramidalized CF, radical center in 12 than for the
planar CH, group in 8; and it is for this reason that AH* for
ring closure is 4.8 kcal mol™! higher for the former diradical
than for the latter.

Why is back-side bonding to CF, favored in ring closure of 12?

If, as one might have anticipated, long-range bonding of the
rotating CH, group to the “back side” of the highly pyramidal-
ized CF, radical center in 12 is weak, why is transition structure
15 lower in energy than transition structure 13, where bonding
to the rotating CH, group occurs at the “front-side” of the CF,
group? In order to attempt to answer this question, calculations
were performed at the geometry of 15, but with the CF, group
rotated by 180°. In the resulting structure (18) the CF, group is
pyramidalized by the same amount but in the opposite sense
from that in 15. Although in 18 the direction in which the
CF, radical center is pyramidalized would appear to allow a
stronger bonding interaction with the CH, radical center than
in 15, the CASSCF energy of 18 was calculated to be 8.2 kcal
mol ! higher than that of 15.

Unconstrained optimization of the geometry of 18 led to
ring closure to 2. However, when the C—C-C bond angle in 18
was constrained to be the same as that in 15, geometry reopti-

mization led to an energy decrease of only 1.1 kcal mol™!. Thus,
ring closure of 12 to 2 (and, of course, the reverse reaction—
ring opening of 2 to 12) with CF, inversion via diradical 15 is
obviously preferred, because ring closure with retention via
diradical 18 would require considerably higher energy. But why?

Part of the reason why 15 is preferred to 18 is that in 18 the
C-F bonds interact more strongly in a destabilizing fashion with
the terminal carbon of the C—C double bond. This can be
shown by removing the interactions between the two radical
centers in 15 and 18. For example, when the CH, radical centers
in 15 and in 18 are each either converted to a methyl group (as
in 19 and 20) or removed and replaced by a hydrogen atom (as
in 21 and 22), the conformation with the CF, group pyramidal-
ized away from the double bond is still calculated to be pre-
ferred. The preference amounts to 2.6 kcal mol ! for 19 over 20
and 2.2 kcal mol™! for 21 over 22.




The energetic preference for the CF, conformation in 21 per-
sists when a hydrogen is added to the CF, radical center in both
21 and 22 to form the two C, conformations of 3,3-difluoro-
propene. The preference for having the C-F bonds pointed
away from the terminal carbon of the double bond in 3,3-
difluoropropene amounts to 3.4 kcal mol ! at the RHF/6-31G*
level of theory.

A similar, but smaller conformational preference has been
found for the C-H bonds of the methyl group in propene and
has been attributed to minimization of the destabilizing four-
electron interaction between the m orbital of the double bond
and the combination of C-H bonding orbitals of the same
symmetry.?® This effect may contribute to the surprisingly large
pyramidalization (¢ = 25.1) of the non-conjugated CH, group
in TS, to a geometry where, as can be seen in Fig. 1, the C-H
bonds point away from the C-C double bond.

Since, even after partial geometry optimization of 18, the
preference for 15 still amounts to 7.1 kcal mol™*, minimization
of the interaction of the C—F bonds with the n orbital cannot
be responsible for more than about half of the energy difference
between these two conformational isomers. The only other
possible contributor to this energy difference would appear to
be interaction between the in-plane AOs at the CH, and CF,
radical centers. One might have believed that such an inter-
action would favor 18, which has the CF, radical center hybrid-
ized toward the radical center on the CH, group, rather than
away from it, as in 15. However, calculations on conformers 23
and 24 of 1,1-difluoropropane-1,3-diyl provided evidence that
this is not at all the case.

H H
" : oF
K
H
24

It was possible to optimize the geometry of 23 since, as in the
case of the (4/4)CASSCEF calculations on 15, the inversion of
the CF2 group that is required for ring closure of 23 creates a
barrier to this process on the (2/2)CASSCF potential surface.
As in the case of 18, unconstrained optimization of the geom-
etry of 24 led to ring closure. However, a geometry for con-
formation 24 was partially optimized with only the C-C-C
bond angle fixed at the same value, 105.7°, as in 23. The
(2/2)CASSCEF energy of the resulting geometry for 24 was 7.4
kcal mol ! higher than that of 23.

Some of the higher energy of 24 could come from H-F
eclipsing interactions and other factors that are unrelated to the
difference in bonding between the two radical centers in it and
in 23. In order to estimate the amount of the 7.4 kcal mol™
energy difference between 23 and 24 that is due to factors
unrelated to differences in C-C bonding, a hydrogen atom was
added to the CF, radical center in 23 and in 24 and the C;
geometries of the resulting staggered and eclipsed 3,3-difluoro-
prop-1-yl radicals were optimized. The staggered geometry was
calculated to be lower in energy than the eclipsed by 3.9 kcal
mol ™.

This finding suggests that a little less than half of the 7.4 kcal
mol ™! of the energy difference between diradicals 23 and 24
comes from a stronger bonding interaction between the radical
centers in the former than in the latter. A value of ca. 3.5 kcal
mol ! is consistent with the portion of the 7.1 kcal mol ™! energy
difference between 15 and 18 that can reasonably be attributed
to the same type of interaction, favoring the conformation of
15, in which the CH, radical center interacts with the back side
of the pyramidalized CF, radical center.

Both triplet ROHF orbital energies and singlet (2/2)CASSCF
orbital occupation numbers indicate that long-range bonding
between C-1 and C-3 is stronger when a CH, radical center
interacts with the back side, rather than the front side of the

Fig. 4 Transition structures 25 and 26, connecting difluorotrimethyl-
enemethane diradical intermediate 11 with, respectively, 2,2-difluoro-
methylenecyclopropane (2) and (difluoromethylene)cyclopropane (4).

pyramidal CF, radical center. For example, the HOMO of 15 is
7 kcal mol™! lower and contains 0.13 more electrons than the
HOMO of 18, and the HOMO of 23 is 6 kcal mol ™! lower and
contains 0.09 more electrons than the HOMO of 24. Thus, a
major factor in the preferential inversion of the CF, group
found in the ring opening of 2 to 15 and of 1,1-difluoro-
cyclopropane to 23* is the greater long-range bonding in 15
than in 18 and in 23 than in 24.

Why is long-range bonding to the back side of a pyramidal
CF, group, as in 15 and 23, stronger than to the front side, as in
18 and 247 It is certainly the case that the larger lobe of the
hybrid AO at the CF, radical center is directed toward the CH,
radical center in 18 and 24 and away from it in 15 and 23. This
means that the singly occupied 2p AO at the CH, radical center
is in phase with the 2s component of the singly-occupied,
hybrid CF, AO in the former two conformations and out of
phase with the 2s component in the latter two. This factor obvi-
ously favors the interactions between the CH, and CF, AOs in
18 and 24 over those in 15 and 23. However, the angular orien-
tations of the 2p AOs at the two radical centers cause them to
overlap with more ¢ and less © character in 15 and 23 than in 18
and 24. The better overlap between these AOs, coupled with the
minimization of the destabilizing interaction between the C-F
bonds and the © bond, causes the mode of CF, pyramidaliz-
ation in 15 to be favored over that in 18. This results in inversion
of the CF, center being preferred to retention in the ring closure
of 12 and, of course, in the reverse reaction, the ring opening of
2.

Transition structures connecting 2 and 4 with 11

As already noted, on the CASPT2 potential energy surface
diradical 11 is an intermediate; and the planar CF, group in 11
makes its enthalpy 6.3 kcal mol ™! higher than that of diradical
12. However, our calculations find that the barriers to closure
of 11, both to 2 and to 4, are much lower than the 7.5 kcal
mol ™! barrier for closure of 12 to 2.

Transition structure 25, which connects 11 to 2, is shown in
Fig. 4. Its CASPT2 enthalpy is only 2.3 kcal mol™! higher than
that of 11. Transition structure 26, which connects 11 to 4 and
is also shown in Fig. 4 has a CASPT2 enthalpy that is only 2.0
kcal mol ! higher than that of 11.

Despite the smaller barriers to closure of 11 than of 12, the
much lower energy of the latter diradical results in transition
structures 25 and 26 for the non-degenerate rearrangement of
2 to 4 via diradical intermediate 11 each having a CASPT2
enthalpy that is about 1 kcal mol™! higher than that of
transition structure 15 for the degenerate rearrangement of 2 via
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diradical intermediate 12. Passage through transition structures
25 and 26 is rate determining in the rearrangement of 2 to 4.

Comparison with experiment

The CASPT2 enthalpies shown in Table 2 are in excellent
agreement with the enthalpies that have been measured in the
experimental studies of the methylenecyclopropane rearrange-
ments of 1 and 2. For example, the rearrangement of 2 to 4 is
calculated to be exothermic by 1.9 kcal mol™!, which is exactly
the value measured by Dolbier and Fielder.’

This rearrangement proceeds by opening of 2 to intermediate
11, which then closes to 4. The two highest energy transition
structures, 25 and 26, that lie along this reaction pathway have
nearly the same CASPT2 enthalpies. The CASPT2 enthalpy of
25 is the higher of the two, and AH%,, =369 kcal mol ™! is
calculated for the rearrangement of 2 to 4. The CASPT?2 value
of E, = 37.9 kcal mol ! at 500 K for the rearrangement of 2 to 4
is within experimental error of the value of E, = 38.3 + 0.4 kcal
mol !, reported by Dolbier and Fielder.’

We calculate AH%,, = 35.8 kcal mol * (E, = 36.8 kcal mol ! at
500 K) for passage through transition structure 15 in the
degenerate rearrangement of 2. This value is 1.1 kcal mol™
lower than the enthalpy of activation for the non-degenerate
rearrangement of 2 to 4, which corresponds to a rate difference
of 3.0 at 500 K.

Dolbier and co-workers have, in fact, found that the
rearrangement of 3 to 7, which is made non-degenerate by the
presence of the methyl substituent, occurs 1.5 times faster than
the non-degenerate rearrangement of 3 to 5.1 If, as seems likely,
the methyl group selectively stabilizes the transition states,
analogous to 25 and 26, for the non-degenerate rearrangement
of 3 to 5, an experimental investigation of the degenerate and
non-degenerate rearrangements in a *C- or deuterium-labelled
variant of 2 could find that the ratio of the rates is even
closer to the value of 3.0 suggested by the CASPT2 enthalpies
in Table 2.

A final comparison that can be made between our calcu-
lations and experiments concerns the difference between the
activation energies calculated for the degenerate rearrangement
of hydrocarbon 1 and the non-degenerate rearrangement of
fluorocarbon 2 to 4. Our CASPT?2 value of 2.0 kcal mol ™! is in
perfect agreement with the experimental value,” which is based
on Chesick’s study of the methyl derivative of 1.2

The essentially quantitative agreement between our calcu-
lated activation energies and those measured by Chesick and
by Dolbier and co-workers®!® lends credibility to our compu-
tational results. This agreement provides evidence for the
validity of the qualitative explanations, derived from our calcu-
lations, as to why the geminal fluorines in 2 have such a small
effect on lowering the E,s for both its degenerate and non-
degenerate methylenecyclopropane rearrangements, relative to
the E, for the methylenecyclopropane rearrangement of 1.

Conclusions

Based on the calculated enthalpy differences between 8 and 1,
and 12 and 2, the increase in strain, caused by the geminal
fluorines in 2, amounts to 7.9 kcal mol™!. However, our calcu-
lations also find that the strong preference of a CF, radical
center for a pyramidal geometry'® raises the enthalpies of the
transition structures for both the degenerate methylenecyclo-
propane rearrangement of 2 and for its non-degenerate
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rearrangement to 4 by a substantial fraction of the 7.9 kcal
mol ™! by which the strain in 2 exceeds that in 1. Consequently,
in excellent agreement with the experimental results of Dolbier
and co-workers,”® the CASPT2 activation enthalpies for
the degenerate and non-degenerate methylenecyclopropane
rearrangements of 2 are, respectively, only 3.1 and 2.0 kcal
mol ™! lower than the CASPT2 activation enthalpy for the
degenerate rearrangement of 1.
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