and diisopropyl peroxydicarbonates were gifts from PPG Industries,
Inc., Chemical Division and used without further purification.
Ethylene, isobutylene, butadiene, and cyclopropane were from
Matheson and propylene from Baker Chemical Co. Di-tert-butyl
peroxide was obtained from the Shell Chemical Co. and washed
and redistilled at reduced pressure prior to use. Triethylsilane was
obtained from Columbia Organic Chemical Co. Other acyl perox-
ides used in this study were prepared previously.?

2-Bromoethyl n-butyl ether was prepared from the mono-z#-butyl
ether of ethylene glycol and phosphorus tribromide by the method
given for the ethyl ether’® (bp 170-171°),

(56) G. C. Harrison and H. Diehl, “Organic Syntheses,” Collect.
Vol. IV, Wiley, New York, N, Y., p 370.
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2-Bromoethyl ethyl carbonate was prepared from 2-bromoethanol
and ethyl chloroformate using the general method of Ritchie for
the preparation of unsymmetrical dialkyl carbonates” (mp 7-10°).

2-Bromo-1-phenylpropane was prepared by treatment of the
corresponding alcohol with phosphorus tribromide® (bp 100-101°
(10 mm), lit. 114° (21 mm)).%®

Acknowledgment. We wish to thank the National
Science Foundation for financial support of this work
and PPG Industries, Inc. for generous samples of the
dialkyl peroxydicarbonates used in this study.
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A section of the C,H; potential surface connecting and including the homoallyl and cyclopropylcarbinyl

free radicals has been investigated by ab initio molecular orbital theory. Both isomers are stable minima, the former
being the lower in energy, and are connected by a small but finite activation barrier.

Concerted interconversions between stable hydro-
carbon free radicals generally require moderate
activation energies; low enough for the processes to
occur facilely at ordinary temperatures, and yet suffi-
ciently high to allow for characterization of individual
species by conventional spectroscopic and chemical
methods.? Significant progress has been made in
recent years both toward the synthesis of specific pre-
cursor free radicals and in the routine interpretation of
electron spin resonance (esr) spectra of increasing
complexity,® and it would seem to this author that rad-
ical systems may soon provide a unique opportunity
for the study of organic reaction mechanisms. Non-
empirical theoretical techniques applicable to the study
of the energetics of radicals have also evolved impres-
sively during the past decade. Although their applica-
tions have for the most part thus far been restricted to
studies of equilibium geometry* and conformational

* Address correspondence to author at the Department of Chem-
istry, University of California, Itvine, California 92664,

(1) The Laboratoire de Chimie Théorique is part of the Laboratoire
de Physico-Chimie des Rayonnements and is associated with the
CNRS.

(2) For reviews of the early literature, see (a) R. Breslow in “Mo-
lecular Rearrangements,” Part 1, P. de Mayo, Ed., Interscience, New
York, N. Y., 1963, p 233; (b) C. Walling, ibid., p 440; see also (c)
D. I. Davies and S. Cristol, 4dvan. Free-Radical Chem., 1, 155 (1965);
(d) J. A. Kerr and A. C. Lloyd, Quart, Rev., Chem. Soc., 22, 549 (1968);
(e) L. K. Montgomery, J. W, Matt, and J. R. Webster, J. Amer. Chem.
28‘109c6.,7)89, 923 (1967); L. K. Montgomery and J. W, Matt, ibid., 89, 934

(3) (a) H. G. Kuivila, Accounts Chem. Res., 1, 299 (1968), and refer-
ences therein; (b) P. J. Krusic and J. K. Kochi, J. Amer. Chem. Soc.,
90, 7155 (1968); (c) J. K. Kochi and P. J. Krusic, ibid., 91, 3940 (1969);
(d) A. G. Davies and B, P. Roberts, Chem. Commun., 699 (1969); (e)
231.9;56)Wood and R. V. Lloyd, J. Chem. Phys., 52, 3840 (1970); 53, 3932

(4) (a) W. A, Lathan, W. J, Hehre, and J. A. Pople, J. Amer. Chem.
Soc., 93, 808 (1971); (b) W. A, Lathan, W, J. Hehre, L. A. Curtiss, and
J. A. Pople, ibid.,, 93, 6377 (1971); (c) W. A. Lathan, L. A. Curtiss,

behavior,’ indications are that meaningful results might
be obtained from explorations of reaction potential
surfaces. In this paper we report an application of
ab initio molecular orbital theory to a section of the
C.H; potential surface including and connecting the
homoallyl and cyclopropylcarbinyl free radicals. Our
primary intent is to establish whether or not the indi-
vidual species are stable minima on the C,H; surface,
and if so the nature of the transition state connecting
them. Comparison of our findings with the recent esr
results of Krusic and coworkers® is inevitable, and it
is hoped that such might form a guide for later the-
oretical studies where experiments have not as yet been
performed or have led to ambiguous findings. We
shall also be interested in a comparison of the energetic
surface for homoallyl-cyclopropylcarbinyl intercon-
version with our previously reported studies on the
analogous carbocationic species.” In this previous
work it was shown that the distant interaction of a
formally vacant orbital with an area of high electron
density led to a collapse of the acyclic homoallylic
structure to cyclopropylcarbinyl. It will be interesting
to probe the consequences of the related (radical center—
ethylene 7 system) interaction.

Methods. We employ standard single determinant
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(6) (a) J. K. Kochi, P. J. Krusic, and D. R. Eaton, ibid., 91, 1877,
1879 (1969); (b) P. J. Krusic, P. Meakin, and J. Jesson, J. Phys. Chem.,
75, 3438 (1971); (c) D. J. Edge and J. K. Kochi, J. 4mer. Chem. Soc.,
94, 7695 (1972).

(7) W.J.Hehre and P. C. Hiberty, ibid., 94, 5917 (1972).
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Figure 1,
homoallyl free radical: (

ab initio molecular orbital theory throughout (spin un-
restricted method®) utilizing the STO-3G?® and 4-31G1
Gaussian basis sets. The former, a minimal basis,
has been shown to be especially suitable for the calcu-
lation of molecular equilibrium geometries, as it is
relatively inexpensive to apply and has been exten-
sively tested.* It is primarily for this purpose that it
is employed here. The STO-3G functions have, how-
ever, a known tendency to overestimate the stability
of cyclic molecules with respect to their acyclic counter-
parts,!! and for this reason we have recalculated several
points on the STO-3G potential surface using the ex-
tended 4-31G basis set, functions flexible enough to
readily account for anisotropic molecular environ-
ments. Direct geometry optimization using the 4-31G
basis is at present economically unfeasible. All
calculations have been performed using the GAUSSIAN
70 series of programs. 12

Results and Discussion

Homoallyl free radical is found to prefer a gauche
carbon skeletal arrangement (I), the optimum STO-3G

Hy \HS
N, S aC
4 ’
C, He ~H;
SNV
c1=ci
Hi H,
I

geometrical parameters for which are presented in
Table I. The reported geometry deviates only slightly
from what one might predict based only on the opti-
mum STO-3G structures for ethylenet* (H(C=C) =
1.305 A) and the ethyl free radical®® ((C—C) = 1.516
A), and stands in striking contrast to our earlier stud-
ies on the homoallyl cation.” Note that the hydrogens
H, and Hy prefer to stagger the C,C; bond rather than
to eclipse it, consistent with previous investigations

(8) J. A. Pople and R. K. Nesbet, J. Chem. Phys., 22, 571 (1954).

(9) W. J. Hehre, R, F, Stewart, and J. A, Pople, ibid.,, 51, 2657
(1969).

(10) R. Ditchfield, W. J. Hehre, and J. A. Pople, ibid., 54, 724
(1971).

(11) L.Radom, W. A. Lathan, W, J, Hehre, and J. A. Pople, J. Amer.
Chem. Soc., 93, 5339 (1971).

(12) caussian 70, a series of programs designed to perform ab initio
molecular orbital calculations on organic molecules: W. J. Hehre,
W. A, Lathan, R. Ditchfield, M. D. Newton, and J. A. Pople, submitted
to Quantum Chemistry Program Exchange, University of Indiana,
Bloomington, Ind.
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Table I.

HCC) = 1311 A
rHCsCy) = 1.526 A
Z(C,CiCy) = 124.9° Z(CyCyC.) = 111.8°

Z(C;CH,wp = 154.0° w(CiC2CsCa)° = 116.6°

@ A full geometry search has been performed on the tabulated
parameters; all others have been assigned the following values:
nCH,), (CiH,"), r(CH,), 1.08 A; rC;H;), r(CH,), 1.09 A;
£ (H,C,Cy), £ZHCCy), £HCCh), 120°; £(H;CsHs'), 109.5°;
Z(H,CHy), 116°; the plane formed by carbon 3 and hydrogens
3 and 3’ is constrained to bisect the angle C,C;C.. ° C.Hu. is the
bisector of the plane formed by carbon 4 and hydrogens 4 and 4’.
The dihedral angle C.C;CH.. is allowed to take either cis (0°)
or trans (180°) conformations. The cis is favored; see text.
¢ Dihedral angle.

STO-3G Geometry for Gauche Homoallyl Free Radicals
HC:Csy) = 1.530 A

on the ethyl free radical*® but contrary to the esr find-
ings of Edge and Kochi,’ who interpret the observed
temperature-dependent broadening of the lines asso-
ciated with the o« (radical site) protons in terms of an
eclipsed arrangement. A second minimum was located
for the homoallyl free radical corresponding to a cis
carbon skeleton (w(C,C,C;Cy) = 0°), but this proved
to be 0.7 kcal/mol less stable than the gauche form,
and separated by a potential barrier (gauche to cis)
of approximately 2.1 kcal/mol (Figure 1). With regard
to the conformation about the central carbon-carbon
bond, the theory is in qualitative agreement with the
recent work of Edge and Kochi.® These authors ob-
serve no lie broadening associated with the 8 protons,
and hence conclude that rotation about C4-C, is essen-
tially unhindered.

In order to investigate the rearrangement of homo-
allyl free radical to cyclopropylcarbinyl, we have chosen
the C,C;C, angle () as a reaction coordinate (ranging
from 111.8° in gauche homoallyl to approximately
60° in cyclopropylcarbinyl) and have performed geom-
etry optimization ar the same level as detailed above
for homoallyl free radical for intermediate values of
a of 90, 80, and 70°. The a = 80° form is the highest
energy point on the calculated pathway, and hence
within the limits of our geometrical search represents the
transition state structure (II), geometrical parameters

}23 s*‘Ha
Ca Hy
H, / \‘ P LN
\ _C
Cp===Cy-"7 4
T
Hj H,
I

of which are presented in Table II. Note that the
C. hydrogens have undergone inversion (from their
arrangement in the homoallyl free radical) and now

Table II.  STO-3G Geometry for the Transition State to
Homoallyl-Cyclopropylcarbinyl Rearrangement?

r(CiCy) = 1.400 A HC:Cs) = 1.516 A
r(C3C4) = 1499 A
L(CIGCy) = 124.3°
Z(CiCiH,p)* = 163.8°

« Geometrical constraints are the same as those for the gauche
homoallyl free radical; see footnote a of Table I. Twisting around
the C,C; bond to allow hydrogens H; and H;/ to become out of
plane was permitted, but found not to occur to a significant extent.
b Assigned. ¢ C.H.y is the bisector of the plane formed by carbon
4 and hydrogens 4 and4’. ¢ Dihedral angle.

£ (C.CyCy) = 80°7
w(C,C:C;Cp)¢ = 95.2°




eclipse the hydrogens on Cs, and that the C,C; bond
length has considerably elongated (from 1.311 A in
homoallyl), while the separation between carbons 2 and
4 has diminished to 1.938 A (from 2.530 A in the gauche
homoallyl free radical). The carbon skeleton has now
taken a nearly orthogonal arrangement, in prepara-
tion for closure to a three-membered ring.

The geometry of the bisected form of cyclopropyl-
carbinyl (III) has been only partially optimized, and

H

VoL
gi%!
N £ ™H,
\ E
o
H1'/ Hz
bilg

is presented in Table III. Such a structure is found to

Table III. STO-3G Geometry for Bisected Cyclopropylicarbinyl®
HCCy) = 1.499 A Z(CCoCaa)? = 119.4°

¢ Bond lengths C;H; and C,H;, and bond angles H,C,C, and
H,.C,C; taken from the optimum STO-3G structure for the ethyl
free radical, ref 4a; remaining bond lengths and angles from the
STO-3G structure for cyclopropane, ref 11. » C,Cs. is the bisector
of the plane formed by carbons 2, 3, and 4

be 1.4 kcal/mol more stable than the corresponding
orthogonal form in qualitative agreement with experi-
mental (esr) measurements® which suggest a rotational
barrier of <3 kcal/mol,® and with previous theoretical
findings.®

Extended basis 4-31G calculations have been per-
formed on the gauche homoallyl and bisected cyclo-
propylcarbinyl potential minima, as well as for the inter-
mediate « = 90, 80, and 70° structures. The result-
ing energies (relative to the gauche homoallyl free
radical) are presented in Table IV along with the cor-

Table IV, Theoretical Energy Data for the Isomerization of
Homoallyl to Cyclopropylcarbinyl Free Radical (kcal/mol)

AE® STO-3G 4-31G
Gauche homoallyl (1) 0 0
(ID « = 90° 7.9 10.7
() « = 80° 14.1 17.3
an « = 70° 5.3 15.8
Bisected cyclopropylcarbinyl (IIT) —-7.5 8.6

¢ A positive entry indicates the species to be less stable than
gauche homoallyl free radical; a negative entry, more stable.

responding STO-3G values. Figure 2 displays these
graphically as a function of our reaction coordinate c.
Both the STO-3G and 4-31G methods predict the
two species, homoallyl and cyclopropylcarbinyl free
radicals, to be minima on the C.H; potential surface,
in agreement with esr observations.®® Furthermore,
the position of the transition state along our chosen
reaction coordinate is predicted to be approximately
the same for the two theoretical schemes. The STO-
3G basis finds cyclopropylcarbinyl to be the more stable
species (7.5 kcal/mol lower in energy than homoallyl
free radical); in contrast to this 4-31G predicts an
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Figure 2. Interconversion of the homoallyl and cyclopropyl-
carbinyl free radicals: (——) STO-3G, (- - -} 4-31G.

opposite ordering of stabilities. The quantitative
difference in the predictions of the two methods is
readily understandable in terms of previous experience
and is thought to be primarily due to the inability of
the minimal functions to adequately describe aniso-
tropic molecular environments. Thus STO-3G finds
that cyclopropane is 3.7 kcal/mol more stable than pro-
pene, while the 4-31G set predicts the latter to be of
lower energy (by 13.2 kcal/mol) in agreement with
experiment.!! A more relevant comparison perhaps,
is that between methylcyclopropane and gauche 1-
butene. Here again the minimal basis energetically
favors the cyclic molecule (by 6.8 kcal/mol), and again
application of 4-31G reverses the ordering making the
acyclic 1-butene 11.1 kcal/mol lower in energy.!® Al-
though meaningful direct energy comparisons with the
STO-3G functions are obviously unsatisfactory,!*
it may be argued that the method provides a useful tool
for locating equilibrium and transition state structures
alike. The defects inherent to the STO-3G minimal
basis seem fairly regular, and hence predictable, and
one might hope that useful information may be derived
from molecular potential surfaces computed at this
level.

The extended 4-31G calculations predict the homo-
allyl free radical to be 8.6 kcal/mol more stable than
cyclopropylcarbinyl, in qualitative agreement with,
but somewhat overestimating the observed difference
of 5.1 kcal/mol.1%1% An activation energy of ~17.3
kcal/mol is required for the conversion of homoallyl
to cyclopropylcarbinyl; activation required in the reverse
direction is ~8.7 kcal/mol. Experimental data are
lacking.

(13) W. ], Hehre and J, A. Pople, unpublished results.

(14) It may be noted, however, that certain types of energy compari-
son are well described even at the minimal basis level. For a general
discussion, see W, J. Hehre, R. Ditchfield, L. Radom, and J. A. Pople,
J. Amer. Chem. Soc., 92, 4796 (1970); L. Radom, W. J. Hehre, and
1. A. Pople, ibid., 93, 289 (1971).

(15) Calculated from the heat of formation of cyclopropylcarbinyl
free radical (AH;° (298°) = 51.1 =+ 1.6 kcal/mol: D. F. McMillen, D.
M. Golden, and S. W. Benson, Int. J. Chem. Kinet., 3, 359 (1971)), and
that of homoallyl free radical (AH:° (298°) = 46.0 kcal/mol: A, S.
Gordon, S. R. Smith, and C. M. Drew, J. Chem. Phys., 36, 824 (1962)).

(16) It is expected that extension of the atomic basis to include d func-
tions will lower the energy of cyclopropylcarbinyl more than that of the
homoallyl free radical, and hence reduce the calculated (8.6 kcal/mol)
difference between the two; see P. C. Hariharan and J. A. Pople, Chem.
Phys. Lett., 16, 217 (1972); L. Radom, W. A. Lathan, P. C. Hariharan,
W. J. Hehre, and J. A. Pople, Fortschr. Chem. Forsch., in press.
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Abstract:

The treatment of 1,2-dibromobenzocyclobutene with an excess of solvated electrons or with biphenyl
radical anion results in the formation of benzocyclobutene.
mediate benzocyclobutadiene radical anion or dianion.

Benzocyclobutene is proposed to arise by the inter-

Polarographic, cyclic voltammetric, and controlled po-

lten;ial electrolytic reduction studies of the generation of benzocyclobutadiene from the corresponding dihalide
indicate dimerization to be faster than further reduction to benzocyclobutadiene radical anion.

he cleavage of carbon-halogen bonds upon treat-

ment with naphthalene or biphenyl radical anion
solutions is well documented.?=1! We recently re-
ported on an attempt to extend this reaction toward
the generation of reactive neutral unsaturated hydro-
carbons.! The hope was that, in the presence of excess
electrons, the neutral hydrocarbon would be reduced
to its radical anion in a diffusion-controlled process.
The radical anion in turn might be stable enough to
allow its study by epr.

We wish to present our results on the treatment of
1,2-dihalobenzocyclobutene with solutions of solvated
electrons in ethereal solvents and with naphthalene and
biphenyl radical anions. We also studied the electro-
chemical reduction of the dihalides to examine the
possibility that the reduction potential of benzocyclo-
butadiene might be found. Also, the 1,2-dihaloben-
zocyclobutenes were reduced in the presence of MgBr,
with biphenyl radical anion.

Results

The initial attempts to generate the benzocyclobuta-
diene radical anion involved the reduction of trans-
1,2-dibromobenzocyclobutene with ethereal solutions
of solvated electrons. The solution of alkali metals
in polyethereal solvents, giving rise to blue solutions
of solvated electrons in concentrations of up to 1 X
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10—% M, has been extensively investigated,!2~'® Reduc-
tion of the dihalide was expected to give the very reac-
tive benzocyclobutadiene as has been demonstrated by
Cava using zinc as a reducing agent.'” This could
then dimerize, as shown in Scheme I, or it could be re-
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duced to the radical anion or dianion in a diffusion
controlled process.

Solutions of solvated electrons were prepared at
—78° under high vacuum in one side of a tube of H-
design (see Figure 2) which has an epr side arm at-
tached. The concentration of solvated electrons was
in large excess over that of the benzocyclobutene di-
halide, which was contained in the other side of the
double tube. Upon treatment of the dihalide with
excess solvated electrons, a paramagnetic species
resulted immediately. The paramagnetic species dis-
played the temperature dependence shown in the epr
spectrum in Figure 1. At temperatures lower than
—50°, the epr spectrum consisted of approximately
65 lines with apparent coupling constants of 7.60, 5.75,
5.25, and 1.45 G for four sets of two equivalent pro-

Scheme I
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