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Abstract—The radical cations of cyclopropane and several of its methyl derivatives have been characterized
by ESR spectroscopy following their generation by y irradiation of dilute solutons of the parent compounds
in Freon matrices at 77 K. In the CFCl,, CF,CCl,, and CF ,CICCl, matrices, bnly the ring-closed species
is usually observed in the accessible temperature range up to ca 160 K. In the CFC1,CF ,Cl matrix, however,
the ring-closed radical cations initially formed at 77 K undergo ring opening between 83 and 110 K, the
more highly substituted radical cations requiring a higher temperature for this transformation. The ring-
closed radical cations arc A, species for C,, symmetry, the most substituted cyclopropane C—C bond
being elongated with the spin density largely confined to the basal carbons in a face-to-face (90°, 90°)
structure. In the ring-ope¢ned radical cations, the radical center is localized on the most substituted
carbon atom following the breaking of the weakened C—C bond of the ring-closed species. The radical
conformations of the ring-opened species have been determined, the RCH,CH,- center produced from
cyclopropane having a bisected conformation while the RCH,CMe;* center obtained from I[,1,2,2-tetra-
methylcyclopropane is eclipsed, as expected for the presence of a-methyl substituents at the radical site.
The nature of the putative carbocation center in the ring-opened radical cations is discussed with reference
to recent proposals that this center is strongly coordinated to an electrophile (Cl~ or RCI) thereby negating
the requirement for an orthogonal structure. Consideration of the strong matrix dependence of the ring-
opening reaction suggests a possible solvation effect, however, in which the CFC1,CF,Cl matrix assists the
twisting of one of the CR,R, groups at the most substituted bond, leading to the rupture of this one-
clectron o bond. A strong solvation effect alse explaios wby ring-opeaing can occur o a suitable polar
solvent despite theoretical calculations of unfascreblc enerpeucs 101 o sumilar gas-phase reaction. Exper-
iments are also described on spirof2.5}octane, :he cvlopropane nog undergo.ng wisson st the CH,—CH,
bond of this radical cation to give an RCH,* radn 3 venier Thus radica! thea undergoes a H-atom
abstraction with a neutral spiro{2.5]octane molecule in the CFCI,CF,Cl matrix at higher temperature to

give the spiro[2.5]oct-6-yl radical.

INTRODUCTION

Recent ESR studies have provided clear evidence for
the ring opening of oxirane and cyelopropane radical
cations in certain Freon matrices at low tempera-
tures.'"¢ For the parent and methyl-substituted oxi-
ranes, anly the C. .. C ring-opened forms (vide irfra)
of .the radical cations have been detected at 77 K
and higher temperature, '~ suggesting that their ring-
closed precursors are unstable under these conditions.
On the other hand, both the ring-closed and the
ring-opened forms of the ¢yclopropane and 1,1,2,2-
tetramethylcyclopropane radical cations have been
observed and characterized by ESR spectroscopy.*®

An intriguing feature of the cyclopropane
studies*® is that the ring opening has only been
reported to occur in the CFCI,CF,Cl matrix. In
CF(l,, for example, the ring-closed cyclopropane and
1,1,2,2-tetramethylcyclopropane radical cations are
stable up to at least 140 and 160 K, respectively. These
temperatures. are close to the softening point of the
CFCl; matrix and are well above the threshold values
of 83 and 110 K for the ring opening of the cyclo-
propanc and 1,1,2,2-tetramethykcyclopropane radical
cations in the CFCI1,CF,Cl matrix.** Thus a specific
solvent effect on the ring-opening reaction appears to
be indicated. Similarly, it has been found that the
localized forms- of the C...C ring-opened oxirane
radical cations are produced irreversibly in the
CFCl1.CF,Cl matrix at or above 77 K whereas only

the planar delocalized (edge-to-edge) forms of these
radical cations are observed in the CFCl,, CCl,, and
CF,CCl, matrices over a wide temperature range.’
The precise structure of the ring-opéned form of
the cyclopropane radical cation produced in the
CFCIl,CF,Cl matrix has aroused considerable inter-
est.”® Since the ESR results demonstrate clearly that
the unpaired spin is localized on one of the terminal
CH, groups in a bisected conformation at the radical
center, we originally proposed the orthogonal structure
shown in Scheme 1.* This structure can be achieved
from the face-to-face ring-closed radical cation by a
monorotatory ring opening such that the radical site
becomes localized at the rotated CH , group. Of course
a carbocation center is thereby generated at the other
terminal CH, group leading to the formation of a
distonic ion in which the charge and radical sites are
separated.'®!' A-similar orthogonal species has also
been proposed for the ring-opened form of the 1,1,2,2-
tetramethylcyclopropane radical cation® but here the

+
AN -
8 N~

Scheme 1.

6301



6302

ESR results show that the conformation at the radical
center is eclipsed, as would be expected for two a-
methyl substituents.'? Thus, in this case, ring opening
by a CMe, monorotation yields the carbocation
rather than the radicat site at the rotated group.

An alternative explanation for the ring-opened
cyclopropane structures has been suggested by
Symons.” He reasons that since a carbocation center
in an orthogonal structure would represent a powerful
electrophile, a relatively strong bonding of this center
to one chlorine ligand of the CFCI,CF,Cl solvent
molecule should occur. In other words, he proposes
that the carbocation center can be replaced by a
chloronium ion in the ring-opened structure. These
two alternative forms of the ring-opened cyclopro-
pane radical cation are depicted below.
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The ring opening of the cyclopropane radical cation
has also been studied theoretically by two groups,*®
and their ab initio MO calculations concur in showing
that the (0, 0) ring-opened planar form is at least 20
kcal mol~' higher in energy than the (90,90) ring-
closed form while the (90,0) orthogonal species lies
at even higher energy and does not correspond to a
minimum on the potential surface.® Thus, according
to these calculations, ring opening is extremely unfav-
orable energetically, and this has led to further sugges-
tions that the ring-opened species detected by ESR in
the CFCI,CF,Cl matrix is not the trimethylene radical
cation but the product of nucleophilic attack by chlor-
ide ion® or by the solvent® at the carbocationic center.

Turning to the other experimental investigations of
cyclopropane radical cations, Roth and Schilling have
shown by elegant CIDNP studies'” that the most sub-
stituted cyclopropane bond is either broken or weak-
ened. Despite the elongation of this bond, however,
the conformational integrity of the neutral molecule
appears to be retained in a more-or-less (90, 90) ring-
closed cation. Specifically, no evidence was found for
the interconversion of cis- and trans-1,2-diphenyl-
cyclopropane radical cations indicating that the
(0,0) and (90,0) ring-opened structures are unac-
cessible on the relatively short timescale of these
CIDNP experiments'? and probably represent high-
lying transition states in this system.'* On the other
hand, it has been shown that a substituted cyclo-
propane ring undergoes rearrangement in the radical
cations produced from strained bicyclic'* and poly-
cyclic'* compounds. Here the chemical evidence for
the intermediacy of a ring-opened form is very strong,
as it is for the observation of ring-opened products
from the electrochemical oxidation of 1,1,2,2-tetra-
methylcyclopropane. '*

In view of the interest generated in the problem,
we have extended our earlier ESR work*® to other
methyl-substituted cyclopropanes and to spiro[2.5}
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octane. The primary goals of this study have been
to establish the generality of the cyclopropane cation
ring-opening reaction in the CFCI1,CF,Cl matrix,
and to sec if this reaction can also take place in
other Freon solvents, at least. for some - particular
cyclopropane derivatives. Although this work does
not bring about a resolution of the problem regarding
the pature of the ring-opened species in the
CFCl,CF,Cl matrix, the results obtained do offer
some insight on this question and suggest further
avenues by which additional information may be
obtained.

EXPERIMENTAL

Cyclopropane (99%) was obtained from Matheson Gas
Products, Morrow, GA. cis-1,2-Dimethyicyclopropane
(99.9%), trans-1,2-dimethyicyclopropane (99%), 1,1,2-
trimethylcyclopropane (99.5%), 1,1,2,2-tetramethyicyclo-
propane (99.9%) and spiro[2.5] octane (98%) were all
obtained from Wiley Organics. The Freon solvents included
trichloroftuoromethane (PCR and Aldrich), 1,1,1-trichloro-
trifluoroethane  (Aldrich), 1,1,2-trichlorotrifluoroethane
(PCR and Aldrich), 1,2-dichlorotetrafluorocthane
(Matheson), and 2,2-difluorotetrachloro¢thane (Aldrich).
All compounds and solvents were used as received.

The cyclopropanes were dissolved in the Freons to a con-
centration of about 1.0 mol % and the sotutions were then
degassed on a vacuum line and sealed in' Spectrosil or
Suprasil quartz tubes. The samples were irradiated at 77 K
in a %Co y source for a dose of less than 0.5 Mrad.
The ESR measurements at 80-160 K were carried out on a
Bruker ER 200D SRC instrument equipped with a variable-
temperature control device.

RESULTS

Cyclopropane

The transformation of the ring-closed cyclopropane
radical cation'® to the ring-opened form in the
CFCl1,CF,Cl matrix has been described in our pre-
vious communications.*® Figure 1(a) shows a well-
resolved ESR spectrum of the ring-opened species at
105 K that clearly establishes the identity of the radical
site as an RCH ,CH , * species, the expected triplet-of-
triplets pattern being well reproduced by the simulated
spectrum (b) using isotropic couplings. Since it was
already reported® that greater line broadening occurs
for the center triplet, the present simulation included
a larger linewidth parameter for these M (2H,) =0
components (Fig. 1). The resulting fit is very satisfactory
except that the relative intensities of the outer pairs of
lines in spectrum (a) deviate appreciably from a 1:2
ratio, presumably because of selective line broad-
ening associated with residual a-hydrogen hyperfine
anisotropy.

The unusual matrix effect noted earlier in this paper
on the ring opening of the cyclopropane radical
cation*® led us to investigate the species gonerated
from cyclopropane in the previously unexamined
CF,CICF,Cl matrix. The resuiting ESR spectrum
became partly resolved at 106 K (Fig. 2(a)) to reveal
a set of sharp components that corresponds exactly
to the hyperfine pattern of the ring-opened radical
cation in the CFC1,CF,Cl matrix (Fig. 2(b)). A com-
parison of the two spectra indicates that the main
difference resides in the line intensities of this pattern
relative to the broad background signal from matrix
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Fig. 1. () Observed and (b) computer-simulated first-derivative ESR spectra of the ring-opened form of
the cyclopropane radicl cation in CFC1;CF,Cl. Spectrum (b) was simulated by using A(2H) = 224 G,
A(IH) = 60.4 G with 100% intensity and a Loreatzian linewidth of 3.2 G plus A(2H) = 22.4 G with 90%
intensity and a Loyentzrian tinowidth of 4.5 G. This prescription was used to broaden lines 3, 5 and 7 for
which M/2H,) = 0 (see text and Ref. 6). The actual hyperfine couplings are given in Table 2.

radicals, suggesting perhaps that the radiation chemi-
cal yield of cyclopropane cations is smaller in the
CF,CICF,Cl matrix. It should bexnoted that the ring-
opened cation was already present in the CF,CICF,Cl
matrix at 80 K after the y irradiation at 77 K, and that
its ESR signal did not increase on cycling the matrix
to higher temperatures, in contrast to the results
obtained in CFCI,CF,Cl.* Thus it appears that the
cyclopropane radical cation undergoes ring opening
below 80 K in the CF,CICF,Cl matrix, as compared
to 83 K in CFCI,CFCl.*

Spiro[2.5)octane

The ESR spectra of the radical cation generated
from this compound in CFCI,CF,Cl and CFCl,
matrices, shown in Fig. 3, consist of identical 1:2:1
triplets with a 23 G coupling. This is strong evi-
dence that the radical center is of the RCH,- type
with no f-hydrogen coupling. The ring opening of the
radical cation between the unsubstituted carbons of
the cyclopropane ring would be expected to give just
such a center, whereas the other unsymmetrical mode
of ring opening in the cyclopropane ring would gen-
erate either a tertiary alkyl radical or an RCH,CH,*
species, both of which can be excluded by the ESR
results. Incidentally, no evidence could be obtained
for a quintet pattern from a ring-closed radical cation
precursor in these: systems despite careful studies
down to 80 K.
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Fig. 2. First derivatsve ESR spectra of the ring-opened form
of the radical cation of cyclopropane (a) in CF,CICF ,Cl at
106 K and (b) in CFCI.CF Qa1 109 K.
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Fig. 3. First-derivative ESR spectra of the ring-opened form of the radical cation of spirof2.5] octane
(@) in CFCI1,CF,Cl at 95 K and (b) in CFCl, at 140 K.

An interesting secondary reagtion was observed an
annealing the y-irradiated CFCl,CF,Cl sample to
about 112 K. At this temperature the triplet spectrum
of the ring-opened radical cation decayed while the
much wider spectrum shown in Fig. 4(a) grew sim-
ultaneously. The analysis of this spectrum into a trip-

g |31434Q
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let (4(2H) = 41.6 G) of doublets (4(1H) = 22.3 G) of
triplets (A(2H) = 5.1 G) is confirmed by the simu-
lation in Fig. 4(b), all the hyperfine structure being
revealed in the experimental spectrum despite the con-
siderable line broadening which is present. The hyper-
fine parameters are very similar to those reported for

92609 Mz
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Fig. 4. (a) Observed and (b) computer simulated first-derivative ESR spectra of the spiro[2.5]oct-6-yl
radical in CFCI,CF,Cl. The simulation used the ESR parameters ¢(2H,) = 41.6 G, a(2Hy) = 5.1 G,
a(1Hy = 22.3 G and a Lorentzian linewidth of 2.5 G.
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cyclohexyl radicals'”'# and there is little doubt that
the secondary radical is formed by H-atom abstrac-
tion from the cyclohexane ring of the spirof2.5Joctane.

In contrast, the above reaction was not observed in
the CFCl, matrix and the ring-opened radical cation
simply decayed above 145 K. Since an intramolecular
hydrogen abstraction would not be expected to show
such a strong solvent dependence in the solid state,
these results suggest that the reaction in CFCI,CF,Cl
takes place intermolecularly when the temperature
exceeds that required for the onset of molecular
diffusion. Stereochemical considerations (vide infra)
also appear to favor an intermolecular hydrogen
abstraction reaction.

The background absorption that is especially
prominent in the ESR spectrum of the CFCl, solution
(Fig. 3(b)) could be due to the formation of rearranged
radicals. Possibilities include ring expansion to give
cyclooctene radical cations but the characterization
of these poorly defined signals must await further
work.

cis- and trans-1,2-Dimethylcyclopropanes

The ring-closed radical cations of these isomers
produced in CFCl, are stable up to the softening point
(ca 155 K) of the matrix, whereas they both undergo
irreversible ring opening in the CFCI,CF,Cl matrix.
These results are similar to those reported previously
for 1,1,2,2-tetramethyicyclopropane, ® the only differ-
ence being that the dimethylcyclopropane radical cat-
ions start to ring open at 95 instead of 110 K.

Thus, for each isomer, the low-temperature spectra
taken before annealing were identical in the two

31776 G
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matrices. However, the 150 K spectrum in CFCl,
showed better resolution so we present the spectra of
the ring-closed cations in CFCl,; and those of the
ring-opened cations in CFCI,CF,Cl; these are shown
for the cations derived from the cis compound,
together with their simulations, in Figs 5 and 6,
while the corresponding spectra pertaining to the
cations from the trans isomer are given in Figs 7
and 8.

In general, the simulations in Figs 5-8 provide
excellent fits to the experimental spectra, and therefore
the ESR parameters are considered to be quite
reliable. These are summarized in Tables 1 and 2 for
the ring-closed and ring-opened species, respectively.
As expected, the hyperfine parameters of the ring-
closed cis- and trans-dimethylcyclopropane radical
cations are similar but not identical to each other.
Similarly, the coupling constants for the three sets
of equivalent hydrogens are in reasonable accord
with the corresponding isotropic values for the
ring-closed cyclopropane'® and 1,1,2,2-tetramethyl-
cyclopropane’® radical cations, save for the fact that
the f-methyl hydrogen couplings are about 6 G
smaller (ca 15 G vs 21 G) in the tetramethylcyclo-
propane cation. This decrease in coupling with
increasing methyl substitution at a carbon radical
center is a well-known effect'’ attributable to a
reduction in spin density at the a~carbon by methyl
hyperconjunction.

Turning to the ring-opened forms of these 1,2-
dimethylcyclopropane radical cations, the simulations
made with the same set of parameters (Table 2) in
Figs 6 and 8 show clearly that the basic hyperfine

9267.2 Mz

34419 Q

Fig. 5. (a) Observed and (b) computer simulated first-derivative ESR spectra of the ring-closed forme of the
radical cation of cis-1,2-dimethyicycloprepane in CFCl;. Spectrum (b) was simulated by using the ESR
parameters given in Table 1 and a Lorentzian linewidth of 3.5 G.
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Fig. 6. (a) Observed and (b) computer-simulated first-derivative ESR spectra of the ring-opened form of

the radical cation of cis-1,2-dimethylcyclopropane in CFC1,CF;Cl. Spectrum (b) was simulated by using

the ESR parameters in Table 2 and a Lorentzian linewidth of 3.5 G. A broad background signal was added
to spectrum (b).
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Fig. 7. (a) Observed and (b) computer-simulated first-derivative ESR spectra of the ring-closed form of

the radical cation of trans-1,2-dimethykyclopropanc in CFCl,. Spectrum-(b) was sinmlatod by using the

ESR parameters in Table { and a Lorentzian linewidth of 3.5 G. A broad background signal was added
to spectrum (b).
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Fig. 8. (a) Observed and (b) computer-simulated first-derivative ESR spoctra of the ring-opened form of
the radical cation of frans-1,2-dimethylcyclopropane in CFCl,CF,CL (b) was simulated by using
the ESR parameters in Table 2 and a Lorentzian line width of 3.5G.
Table 1. ESR parameters for the ring~closed forms of the radicel cations of cyclopropene and its derivatives
Radical cation Matrix TX) Hyperfine couplings (G) g
CFCI,CF,Cl 80 unresolved 2.0042
Cc- C 3 H6 ‘
CFCl,CF,Cl 4.2 a(4H) = —12.5,* a(2H,) = 21.0" 2.0040
4o
CMGH, CFCl, 150 a(2H,) = 10.4, a(2H,) = 20.5, a(2CH,) = 20.5 2.0041
CPQA\ + CFCl, 150 a(2H,) = 11.9, a(2H,) = 21.8, a(2CH,) = 21.8 2.0040
CH,
+o
CH,; CH, CFCl, 150 a(1H) = 9.8, a(2H,) = 17.9, a(CH,) = 14.5, 2.0040
>A< a(2CHy = 20.6
H CH,
+e
CH, CH, CFQ, 145 a(4CH,) = 15.0, a(2H,) = 18.7 2.0033
CH; CH;, CF.CiCcCl, 155 a(4CH,) = 15.0, a(2H,) = 18.7 2.0033

“Ref. 16.
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Table 2. ESR parameters for the ring-opened forms of the radical cations of cyclopropane and its derivatives
Radical cation Matrix T(K) Hyperfine couplings (G) g
+CH,CH,CH,- CFCl,CF,Cl 109 a(2H) = 22.4, a(2H,) = 30.2 2.0028
+CH,CH,CH,* CF,CICF,C] 106 a(2H,) = 22.4, a(2H,) = 30.2 2.0028
+
><:> CFCI,CF,Cl 95 a(2H,) = 23.3 2.0029
+
><:> CFCl, 140 a(2H) =233 2.0029
CH,éHCH,CHCH - CFCl1,CF,Cl 115 a(1Hy) = 24.7, a(1H,) = 32.4 or a(2H,) = 16.2,} 2.0028
a(CH,) =247
CH ,éHCH .C(CH,), CFCl1,CF,Cl 115 a(2H,) = 11.8, a(2CH;) = 23.6 2.0029
(CH;);&CH;C(CH;); CFC];CF;C] 117 a(ZH,) = “.7, ﬂ(ch;) =233 2.0029

“Formed from both cis- and trans-dimethylcyclopropane.
® See text.

patterns are identical in the experimental spectra of
these species, the difference in gross appearance result-
ing from stronger background resonances in the spec-
trum derived from the cis isomer. Thus ring opening
must occur in the same manner for both isomers. The
large number of hydrogen couplings and the total
width of the spectrum immediately rules out a
*CH,CH(CH )R radical center but this still leaves
open two possibilities, namely - CH(CH,)CH,R for a
symmetrical rupture of the cyclopropane ring between
the two substituted carbons®'® in accordance with
Roth and Schilling’s rule,'*® or an unsymmetrical split
to give - CH(CH;)CH(CH)R. There are a number of
possible conformations and motional effects within
these two radicals that could give rise to the observed
spectra ; these will be discussed later in this paper, as
will the nature of the group represented by R.

1,1,2-Trimethylcyclopropane

The spectra of the ring-closed and ring-opened
forms of this radical cation were obtained under the
same conditions as those described for the cor-
responding species from the dimethylcyclopropanes,
and are shown together with the simulated spectra in
Figs 9 and 10, respectively. The hyperfine parameters
for the ring-closed species are unexceptional given the
data for the other methylcyclopropane cations, the
only point of interest being the different couplings of
20.6 G for the gem-dimethyl hydrogens as compared
to 14.5 G for the hydrogens from the other methyl
group. While these results appear to indicate a slightly
unsymmetrical spin distribution between the sub-
stituted a-carbons (vide infra), this imbalance is not
reflected in the coupling of the a-hydrogen which has
a normal value of 9.8 G.

The ring opening of the 1,1,2-trimethylcyclo-
propane radical cation in the CFCI,CF,Cl matrix
occurred at 100 K, in between the temperatures of
95 and 110 K required for the ring opening of the

1,2-dimethylcyclopropane and 1,1,2,2-tetramethyl-
cyclopropane radical cations in this matrix.

Except for an alternating linewidth effect, the
spectrum of the ring-opened 1,1,2-trimethylcyclo-
propane radical cation (Fig. 10) is almost exactly
comparable to the spectrum of the corresponding
species from 1,1,2,2-tetramethylcyclopropane, essen-
tially the same hyperfine parameters being obtained
(Table 2). Therefore the radical center must also be of
the *CMe,CH,R form® produced by fission of the
most highly substituted C—C cyclopropane bond. '’
Although more pronounced, the line-broadening
effect is similar to that reported for the ring-opened
cyclopropane radical cation, and again probably
originates from an out-of-phase modulation of the
B-methylene hydrogen couplings.

It is also of interest to make a preliminary report
here that the 1,1,2-trimethylcyclopropane radical cat-
ion undergoes a further transformation from the ring-
opened form to a third radical species at 120-125 K

.in the CFCI,CF,Cl matrix. The ESR spectrum of this

product radical is better resolved at 138 K, and is
shown in Fig. 11. Clearly this spectrum is quite differ-
ent from that of the ring-opened species (Fig. 10),
a tentative analysis suggesting doublet and quartet
splittings of 50.6 G (1H) and 22.7 G (3H) with some
additional unresolved fine structure in each line com-
ponent. A spectrum with a quite similar overall hyper-
fine structure is also produced from the thermal decay
of the ring-opened form of the cis-1,2-dimethyl-
cyclopropane radical cation in the CFCIL,CF,Cl
matrix. Further work is now in progress in an attempt
to characterize these additional radical species.

1,1,2,2-Tetramethylcyclopropane

In addition to the work reported earlier,’ we have
generated the ring<closed radical cation in the
CF ,CICCl, matrix, the ESR parameters agreeing with
those obtained for the species in CFCl; (Table 1).3
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9272.8 MHz
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Fig. 9. (a) Observed and (b) computer-gimulated first-derivative ESR spectra of the ringclosed form of
the radical cation of 1,1,2-4rimethylcyclopropane in CFCl,. Spactrum (b) was simulated by using the ESR
parameters in Table 1 and a Lorentzian linewidth of 3.5 G.

92788 Mk
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Fig. 10. (a) Observed and (b) computer-simulated first-derivative ESR spectra of the ring-opened form of
the radical cation of 1,1,2-trimethylcyclopropane in CPC\,CPICl ‘Spectrum (a) shows an siteitiating line
width effect as indicated by the stick diagram. Spectrun: (b) was sithidated by combining sgqual weights of
an o(6H) = 23.6 G, a(2H) = 11.8 G pattern with an o(6H) = 23.8 G, a(1H) = 23.6 G pattern weitig a
Lorentrian limewidth of 3.5 G. This has the effect of reducing the insemity of: the center lines in the triplets
resulting ffom the coupling to two equivalent methylene hydrogens in accordance with an out-of-phase
modulation (scc text).
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Fig. 11. First-derivative ESR spectrum of the redical produced from the ring-opened 1,1,2-trimethyl-
cyclopropane radical cation at 125 K in the CFCI,CF,C] matrix and recorded at 138 K.

No evidence was obtained for ring opening in
CF,CICCl, up to 160 K, at which temperature the
ESR spectrum of the radical cation decayed. Inci-
dentally, an intense signal which we assign to the
isotropic spectrum of the matrix radical CF,CICCl,*
(a(2F) = 13.6 G and a(2 **Cl)=4.5 G) grew in
independently at about the same temperature in the
CF,CICCl, matrix, this sudden onset being highly
reminiscent of the remarkable signal growth observed
in y-irradiated CF;CCl, at ca 145 K and attributed to
the CF,CCl,- radical.'’

It is striking that the molecules (CFCl,, CF.CCl,,
and CF,CICCl,) of each matrix in which the 1,1,2,2-
tetramethylcyclopropane radical cation fails to
undergo ring opening possess the CCl, group.
Also this group is absent in CFC1,CF,Cl, the only
matrix in which the reaction has hitherto been ob-
served. However, more studies with other matrices
are needed to establish empirical correlations of
this type before they can be seriously considered.

DISCUSSION

Ring-closed cyclopropane radical cations

The electronic structure of the radical cations
derived from cyclopropane and its derivatives in their
ground states has usually been discussed in terms of
the SOMO shown below.**'3!¢ This a, orbital in C,,

symmetry is bonding between two carbon atoms of
the cyclopropane ring so that this bond becomes
weakened and elongated in the radical cation.®
Iwasaki ef al.'® have shown by ESR studics at 4 K
that the cyclopropane radical cation does indeed
distort in this way to a C,, structure with most of

the spin density located on the basal carbon atoms.
Moreover, Roth and Schilling’s CIDNP studies'?
have established that in the radical cations of methyl-
substituted cyclopropanes, the weakened bond is
always the most highly substituted C—C bond in the
ring.

Our ESR results in Table 1 are in complete accord
with the above principles. Thus, the four methyl
groups are equivalent in the 1,1,2,2-tetramethylcyclo-
propane radical cation, and despite the lower sym-
metry of the cis- and trams-1,2-dimethylcyclopro-

_pane radical cations, the methyl groups and the

methine hydrogens are equivalent in pairs at this
level of spectral resolution. The results for the unsym-
metrical 1,1,2-trimethylcyclopropane radical cation
are also consistent with gpin densities situated mainly
at the most substituted ring carbons, as shown by the
large couplings to the hydrogens of all three methyl
groups. Finally, it is noteworthy that the g factors
for these ring-closed radical cations are significantly
higher than the free-spin value of 2.0023.

Ring-opened cyclopropane radical cations

The structure of these cations is of considerable
interest given that high-level theoretical calculations
deny the existence of these species,®® at least in the
gas phase! First, it is interesting to note that the ring-
opened cyclopropane cation has now been generated
in the CF,CICF,Cl matrix as well as in CFCI,CF,Cl

HoH

(Figs 1 and 2). However, this finding does not allow
a choice to be made between the various proposed
structures.*® The basic problem is that the ESR
results only pertain to the radical center in these
species, and offer little or no guidance regarding a
possible bonding situation at the putative carbocat-
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ionic site.® Agcordingly, the arguments about the
latter®® have been based on speculation and secon-
dary considerations which are difficult to evaluate.
We will return. to this important question, however,
after -discussing (a) the conformations at the
radical sites of the ring-opened species, and (b) the
ring opening of the spirof2.5joctane radical cation.

In addition to establishing the radical site labelled
as C,, the ESR parameters in Table 2 provide infor-
mation from the f-hydrogen couplings as to the con-
formation about the C,—C, bond in the ring-opened
structure. The results obtained for the radical cations
derived from cyclopropane, 1,1,2,2-tetramethylcyclo-
propane, and 1,1,2-trimethylcyclopropane are unam-
biguous and establish the conformations as 1-3,
respectively. Moreover, the fact that 1 assumes the
bisected form whereas 2 and 3 are eclipsed exactly
parallels the findings for alkyl radicals having the
same C,—C, end groups.'*'"%°
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Since these C,C,H,, and C,C,H,, planes are necess-
arily perpendicular to each other at the tetrahedral g-
carbon, it follows that the symmetry (z) axes of the
carbon 2p orbitals normal to these planes are also
orthogonal to each other. Conformation & is also con-

H H H
H Ha CH c CH,
H
H
1 s CHa)y ¢ CHy
2 3

H H
s o Hz
C
+ 4b
48

The conformation of the ring-opened radical cation
formed from the 1,2-dimethylcyclopropanes is not as
clearcut, however. In this case the ESR results are
ambiguous because the spectra (Figs 6 and 8) are
consistent either with one large S-hydrogen coupling
of 32.4 G or with two nearly equivalent couplings
of 16.2 G that undergo an out-of-phase modulation
resulting in an apparent doublet splitting of 32.4 G
instead of a 16.2 G triplet. This latter possibility would
be consistent with the eclipsed conformation 4a fol-
lowing the breakage of the most substituted C—C
bond. The other possibility of a large coupling to a
single f-hydrogen is accommodated by either of the
two conformations 4b or 5. These are taken as rep-
resentative of the several conformations yielding .an
H,C,C,H, dihedral angle of 60°. Conformation 4b,
again resulting from ring opening at the CHMo—
CHMe bond, is shown next in greater detail to
illustrate the orthogonality of the carbon 2p, orbitals
at the carbocation and radical sites. It can be seen that
the two planes perpendicular to these orbitals intersect
at the f-carbon, each plane also containing one (H,,
or Hy) of the methylene hydrogens at this carbon.

sistent with the ESR data but this requires ring open-
ing to occur at the CH—CHMe bond, a process
which is much less likely given that the spin dis-
tribution in the ring-closed forms of the 1,2-dimethyl-
cyclopropane radical cation is in agreement with Roth
and Schilling’s generalization.'®> In summary, then,
the conformation of the ring-opened 1,2-dimethyl-
cyclopropane radical cations appears to be ¢ither 4a
or 4b; a choice between these two possibilities might
be possible if ESR studies could be carried out at
temperatures considerably higher than those
attainable in the present work.

Turning to the ring-opened form of the spiro
[2.5]octane radical cation, we have already seen that
the ESR results strongly support a CH,—CH, bond
scission in the cyclopropane ring, as depicted in
the scheme shown below. The conformation at the
RCH,- radical site, however, cannot be determined
because of the absence of f-hydrogen couplings in this
case. Nevertheless, it is of interest to consider the
radical conformation relative to the cyclohexane ring
because of the secondary H-atom abstraction reaction
leading to the formation of a cyclohexyl radical (Fig.

Y Ehe. DO .
CROICFCR Gy CRCICFCl; ‘
77K 12K

Scheme 2.
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4). If this reaction were to occur intramolecularly,
the boat conformations 6 and 7 would seem to be
demanded, but these are almost certainly of higher
energy than the alternative chair conformations 8 and
9. Thus, stereochemical considerations should favor

H

T s

an intermolecular reaction if diffusion is possible in
the matrix. Since the reaction occurs in the
CFCIl,CF,Cl matrix at 112 K but not in CFCl; up to
160 K, the results are indeed consistent with a process
of intermolecular diffusion in CFCl,CF,Cl at about
110 K. Strong support for such radical cation—mol-
ecule reactions in CFC],CF,Cl comes from the obser-
vation of the secondary radical produced from the
ring-opened cyclopentene oxide radica! cation 10 at
100 K.?" Instead of the radical being 11 as would be the

— O O
o o O

case for a simple deprotonation reaction, the radical
formed is 12 and clearly this can only occur by H-
atom abstraction from a neutral cyclopentene oxide
molecule. Similarly, the secondary radical formed
from the ring-opened cyclohexene oxide radical cation
13 is 15 and not 14,%' although in this case it is net
clear from the ESR results whether 13 is delocalized
or not. It is also interesting to note that these hydrogen
abstraction reactions are all regiospecific with respect
to the cyclohexane and ¢yclopentane ring systems, the
favored site(s) for H-atom abstraction being farthest
removed from the 3-membered ring.

Matrix effect on ring opening of cyclopropane radical
cations .
The new results presented here for the radical cat-
ions of cis- and trans-1,2-dimethylcyclopropane, and
of 1,1,2-trimethylcyclopropane, accord with the pre-

X.-Z. QN and F. WILLIAMS

vious observations* ¢ that ring opening occurs readily
in CFC1,CF,Cl but not in CFCl, and CF,CCl;, even
at much higher temperatures. However, the present
study has uncovered an exception to this rule insofar
as the ring-opened form of the spiro[2.5}octane radical

cation is generated directly in both CFCI,CF,Cl and
CF(Q, by y irradiation at 77 K. Moreover, the cyclo-
propane radical cation has now been shown to
undergo ring opening in the CF,CICF,Cl matrix
as well as in CFC1,CF,Cl. While these new obser-
vations dispel the notion that the ring opening of
cyclopropane radical cations occurs uniquely in
CFCl1,CF,Cl, it is nevertheless true to say that
the radical cation of every cyclopropane derivative
hitherto examined undergoes ring opening in this
matrix. Thus the results certainly indicate that
the CFCI,CF,Cl matrix allows the ring-opening
reaction to occur with particular ease in comparison
with matrices of other halocarbons, especially those
containing the CCl, group.

A special role of the CF,CICFCl, matrix in sta-
bilizing the localized forms of ring-opened radical cat-
ions is also indicated by previous studies on oxirane
derivatives.> Whereas only the delocalized forms of
the C...C ring-opened oxirane and methyl-sub-
stituted oxirane radical cations are observed in CFCl,,
CF,CCl,, and CCl,,'* the localized forms are pro-
duced in CFC1,CF ,Cl either directly on y irradiation
at 77 K or by an irreversible change from the delocal-
ized forms of these cations at higher temperatures.®
Thus it appears that in the CFCI,CF,Cl matrix,
there is a remarkable preference for the localized
ring-opened oxirane radical cations just as there is
for the corresponding ring-opened cyclopropane
cations described in the present study.

In connection with matrix effects, it is also of
interest to draw a simple analogy between the ring
opening of cyclopropane radical cations as described
here and the twisting of olefin radical cations from
planarity.?*2* In each case the process involves the
rotation of a CR, group that, in the limit of a 90°
twist, results in the complete breaking of a one-elec-
tron o (cyclopropane) or n (olefin) 2p—2p bond
between two carbon atoms. Recent work???* has
shown that olefin radical cations do in fact adopt
twisted structures with large twist angles in many
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cases. The point of interest here is that the twist angle
seems to be matrix dependent as evidenced by sig-
nificant variations in the hyperfine coupling comstants
for species such as the propylene radical cation in
different solvents.?*?* We conclude that the matrix
can play a very significant role in monorotatory pro-
cesses which lead to the partial or complete breaking
of a one-electron bond.

Nature of the carbocationic center in ring-opened
species

As discussed in the Introduction, the results of ab
initio MO calculations on the cyclopropane radical
cation do not lend support to an orthogonal ring-
opened form of this cation, a (90,0) structure being
predicted to be metastable with respect to the ring-
closed (90,90) face-to-face structure.®? It has been
emphasized, however, that this prediction applies only
to the gas phase,’® since the difficult problem of poss-
ible solvent interactions was not considered in the
calculations.®® Our experimental results, on the other
hand, provide clear evidence that specific matrix inter-
actions are of critical importance to ring opening, as
summarized in the previous section. Therefore, there
is no underlying conflict between theory and exper-
iment on this question.

In order to explain the stability of the ring-opened
structure, it has been suggested that the carbocation
center is strongly bonded to a suitable nucleophile
which could be either the chioride ion,® produced
as a result of dissociative electron attachment to the
matrix,?* or a solvent molecule.™® We had previously
considered these possibilities but failed to obtain
direct ESR evidence for halogen bonding at the y
carbon.®

The present work sheds some additional light on
this question. We find it significant that the cyclo-
propane ring of the spiro[2.5]octane radical cation
opens in the unencumbered CH,—CH, position on
generation of this species in the CFCl, matrix at 77
K. This result stands in sharp contrast to the obser-
vation of only the ring-closed radical cations from
other cyclopropanes in this matrix at temperatures up
to 150-160 K. Were the ring-opening reaction to be
initiated by the release of chloride ion in the matrix,
no such difference would be expected.

Another approach to the problem is suggested by
recent work on the bicyclic oxiranes, cyclopentene
oxide and cyclohexene oxide.?' We find that the
delocalized form of the cyclopentene oxide radical
cation 10 produced in the CFC1,CF ,Cl matrix persists
until 100 K, at which point it undergoes the H-atom
abstraction reaction to form 12, as mentioned earlier.
In contrast, the linear radical cations formed from the
monocyclic methyl-substituted oxiranes change from
their delocalized to localized forms in this matrix
below about 100 K.? This difference is surprising if
localization occurs as a result of nucleophilic attack
by either a chloride ion or a solvent molecule on the
delocalized radical cation. On the other hand, the
results are understandable if localization of the radical
cation requires a twisting at one carbon center relative
to the other, because this process would be opposed
by the greater rigidity of a ring system.

Applying the same general idea to cyclopropane
derivatives, it should be of interest to study the radical
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cation of bicyclof3.1.0Jhexane. Assuming that the
cyclopropane ring opens symmetrically between the
bridgehead carbons, a localized form of the radical
cation would be expected by nucleophilic attack. In
the absence of such an attack, the initial radical cation
product of the C—C bond fission would presumably
be a (0,0) delocalized species which should easily
rearrange to the cyclohexene radical cation by a 1,2-
hydride shift. Any such rearrangement of a localized
species resulting from nucleophilic attack would, of
course, be blocked by a chloride ion substitution or
chloronium ion formation at the carbocation center.
Thus, in this case, the identification of the product
radical could perhaps serve to distinguish nucleo-
philic attack from a solvent-assisted ring opening
and rearrangement of the radical cation. An actual
example of this distinction is provided by the
work of Toriyama and co-workerst?® who observed
the ring opening of the cyclobutane radical cation to
thg but-1-ene radical cation rather than the species

RCI(CH,),CH,* which would have resulted from a
nucleophilic solvent attack.

In line with the previous discussion, we should like
to draw a clear conceptual distinction between the case
of strong nucleophilic coordination to the carbocation
center, as with chloride ion® or a single chlorine ligand
of a solvent molecule,” and a general solvation effect
involving probably more than one solvent molecule.
We empbhasize that the former case involves a replace-
ment of the carbocation by a covalent C—Cl bond in
a neutral molecule or a chloronium ion, whereas the
latter does not imply a loss of the carbocation
function. Considering the fact that the ring opening is
strongly matrix dependent (vide supra) among several
chlorine-containing solvents, it seems reasonable to
invoke a solvent rather than a chlorine atom ligand
effect.

Assuming an appreciable solvent interaction at the
carbocation center, the requirement that the car-
bocation and radical centers be orthogonal to each
other in the localized species no longer applies rig-
orously because the asymmetry induced by this solv-
ation effect will likely render the spin distribution
insensitive to twist angle. The way in which a polar
solvent may modify the potential energy surface for
ring opening is shown schematically in Fig. 12, the
driving force being the greater solvation energy of the
carbocation in the localized than in the ring-closed
species. The exoergic nature of this process suggests
that the transition state may involve only a small twist
angle and therefore a relatively small energy barrier.
In other words, a strong specific solvation effect can
in principle overcome the difficulties associated with
the high energy of the isolated (90,0} ring-opened
species. Finally, in terms of a solvation effect, the
specific effectiveness of CFCI,CF,Clin facilitating the
ring-opening process could well be due to the greater

t Toriyama ez al.** have recently suggested that the ESR
spectrum (Figs 1 and 2) attributed by us to the trimethylene
radical cation could also be due to the n-propyl radical
formed by intermolecular hydride-ion transfer from cyclo-
propanc to a ring-closed cyclopropane radical cation. How-
ever, they also add that our interpretation in terms of
+CH,CH,CHY “is quite attractive and probably correct™.
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Energy

. Reaction Coordinate

Fig. 12. Schematic potential energy diagram for the ring
opening of the cyclopropane radical cation (a) in the gas
phase, and (b) in a polar solvent. The twist angle in the
solvated ring-opened species may differ from 90° (see text).

plasticity of this matrix in the temperature range of
interest.
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Note added in proof

Since this contribution was submitted, a paper by Gross
and co-workers?’ has appeared describing mass-spectro-
metric studies of the ring opening of gas-phase cyclo-
propane radical cations. These authors conclude that ring
opening to the trimethylene radical cation is consistent with
their results, and that this process is entirely analogous to
the structural change of cyclopropene radical cations in con-
densed phases. Also Ushida, Shids and Walton®* have
recently reported that the radical cation of bi-
cyclo[2.1.0]pentane rearranges to the cyclopentene radical
cation in the CFCl, matrix, even at 4 K. Their result argues
against a mechanism of cyclopropane ring opening brought
about through nucleophilic attack either by chloride ion or
by a solvent molecule. As discussed in the last section of our
paper, such a mechanism applied to a substituted cyclo-
propane ring in a bicyclic system would not lead to 2
rearranged radical cation isomer. Instead, the {ncipient carbo-
cationic center of the ring-opened intermediate 'would be
expected to combine with the nucleophile to produce a chloro-
substituted cycloalky! radical rather than undergo a
hydride ion shift to give the cycloalkene radical cation.
27T, M. Sack, D. L. Miller and M. L. Gross, J. Am. Chem.

Soc. 107, 6795 (1985).
K. Ushida, T. Shida and J. C. Walton, J. Am. Chem. Soc.

108, 2805 (1986).



