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The radical species derived from cyclopentane, cyclopentenes and cyclohexenes by ¢°Co 7y-ray
irradiation at 77 K in halocarbon matrices have been studied by ESR spectroscopy. The electronic
and geometrical structures of the radical species are discussed on the basis of the experimental
hyperfine coupling constants and semiempirical MO calculations. Exposure of the tetramethylsilane
frozen solution containing cyclopentene to °°Co y-rays produced specifically 3-cyclopenten-1-yl.

1. Introduction

Since the electron beam radiolysis study of neat
cyclopentene by Fessenden et al. [1, 2], ESR studies on
cyclopentene and cylohexene radical cations in halo-
carbon matrices have been made by several investiga-
tiors. Shida et al. reported on the structure and reac-
tion of the cyclopentene radical cation in CCILF
matrix [3]. Lund et al. studied the cyclopentene radical
cation in CCl,CF [4], finding a concentration-depen-
dent reaction [4]. According to these studies [3, 4], the
hyperfine coupling (hfc) constants of the two axial and
two equatorial f-protons in the cyclopentene radical
cation are dependent on the temperature, in contrast
to those in the cyclohexene radical cation, and the
cyclohexene radical cation is nonplanar in CCI;F and
CCl1,CF; at low temperatures.

In the present paper, we report the electronic and
geometrical structures and reactions of the radical
species derived from cyclopentene and cyclohexene
derivatives in low-temperature matrices. Exposure of
the cyclopentene and cyclohexene derivatives to ®°Co
y-rays in solid matrices resulted in interesting reac-
tions, especially in tetramethylsilane (TMS) matrix.
The conformations of the radical species are discussed
with the aid of the hfc constants calculated by the
UHF-INDO method.
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2. Experimental

CCIl4,CF,, CCLFCCIF, and TMS (Tokyo Kasei,
GR) were used as matrices as received. Cyclopentane,
cyclopentene, cyclohexene (Tokyo Kasei, GR), 1-methyl-
1-cyclopentene (Aldrich, 98%) and 1-methyl-1-cyclo-
hexene (Wako, 98%) were used as received. Sample
solutions of 0.2—1 vol% concentration were fully de-
gassed in suprasil ESR capillary cells, and were irradi-
ated by *°Co y-ray at 77 K, to a total dose of 0.7 Mrad
(1 Mrad=10*J kg™ 1).

3. Theoretical

The MOPAC Ver. 5.0 available from JCPE [5-8]
was used for UHF-AM1 calculations. The GSCF3 [9]
and Gaussian 88 programs accessible at the computer
center of our institution were used for ab initio calcu-
lations. The geometries optimized by use of the single-
point UHF-AM1 method under the constraint of
specified symmetries G and the accompanying total
energies will be referred to as the AM1-G geometries
and energies, respectively. The geometries optimized
by use of the Gaussian 88 program in UHF mode at
the 4-31 G level will be referred to as the G88 geome-
tries. The hfc constants calculated for the AM1-G
geometries by use of the UHF-INDO method will be
referred to as the INDO-AM1-G hfc constants, while
those calculated for the G88 geometries of selected
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Fig. 1. ESR spectra of cyclopentyl observed in TMS at 77 K (a) and simulated (b), as well as those of 3-cyclopenten-1-yl
observed in TMS at 77 K (c¢) and simulated (d). The simulations are based on the ESR parameters given in text and the
Gaussian peak-to-peak line widths AH=28.0 G (b) and 3.0 G (d). The asterisks refer to the signals of the TMS radical and

damaged cell.

Table 1. Theoretical ESR parameters.

Radical species Proton hfc constants/G *

Cyclo- C, geometry (¢'=25°)
pentyl A) —173(») 56.6 (B, ax) 29.5 (B, eq)
(B) —533(x) 45.9 (B, ax) 26.5(p, eq)
3-Cyclo- C, geometry (¢'=30°)
penten-1-yl* (A) —17.7 () 50.3 (B, ax) 24.8 (B, eq)
(B) —54.2(x) 41.8 (B, ax) 24.3 (B, eq)
Cyclo- C,, geometry
pentenyl” (A) 5.2(6) —12.5(17, 5) 28.3(1,2,3,4)
Cyclo- C, geometry (¢ =10°)
pentene "+ (©) —7.0(2) 53.5(p, ax) 42.5(p,eq)
16.1 (7, ax) 6.5(7,€q)
1-Methyl- C, geometry® (¢ =10°)
1-cyclo- ©) —8.6(x) 50.5 (85, ax)  40.0 (5, eq)
pentene " 374(p2,ax)  29.9(p2,eq)
8.7 (v, ax) 2.5(y, eq) 14.0 (CH;)
Cyclo- C, geometry (¢'=30°)
hexene ™ (C) —5.1 () 55.4 (p. ax) 24.6 (B, eq)
1-Methyl- C, geometry® (¢'=30°)
1-cyclo- ©) —8.7 () 52.8(B3,ax) 25.3(p3,eq)
hexene ™ 36.9 (p6, ax) 15.2(p6,eq) 15.7(CH,)

2 1G=0.1 mT. (A): INDO-AM1; (B): ab initio; (C) INDO.
The protons are specified in parentheses. See the theoretical
section and relevant inserts.

" The stated symmetry does not refer to the substituent.

dihedral or distortion angles, as the case may be, by
use of the GSCF3 program in UHF mode at the
4-31 G level will be referred to simply as the ab initio
hfc constants. The hfc constants and total energies
calculated by use of the UHF-INDO method for
assumed, unoptimized geometries of symmetries G
will be refered to as the INDO-G hfc constants and
energies, respectively. Table 1 and the pertinent figures
collect the hfc constants and total energies thus calcu-
lated. For comparison, Table 1 also lists the data for
the cyclopentene and cyclohexene radical cations
which were not studied experimentally in this work.

4. Results and Discussion

4.1. Cyclopentyl

Figure 1a shows the ESR spectrum of the radical
species derived from cyclopentane in TMS at 77 K,
which is the same as that of cyclopentyl in CCl,FCCIF,
at 100 K, converted by deprotonation from the cyclo-
pentane radical cation [10]; the radical species derived
from cyclopentane in CCI,FCCIF, at 77K is the



Y. Kubozono et al. - Radicals Derived from Cyclopentane, Cyclopentenes, and Cyclohexenes 995
hfcc/G E/ev hfcc/G E/eV
600 - 761.00 60.0 0 76300
a
B-axial i
GL B-axial
\B—equatorial I hian )
400 400 B-equatorial 176350
—-763.00
200 200 —Z -764.00
total
energy
—-764.00
—-764.50
1 ] I | | | —764.50
0% 16,20 30 a0 %% 10 20 30 40
$/° #

Fig. 2. The dihedral angle dependence of the INDO-AM1-C, hfc constants (hfcc) for p-protons and AM1-C, energy (a), and
the distortion angle dependence of the INDO-AM1-C, hfc constants for the same protons and AM1-C, energy (b) of
cyclopentyl. See also the theoretical section and the first and second inserts.

cyclopentane radical cation [10]. Figure 1 b shows the
spectrum simulated well with the hfc constants of
cyclopentyl determined by Lund et al. [10] for a-pro-
ton, axial and equatorial g-protons, a’=(1H)=214 G
(1G=0.1 mT), a"#(ax)(2H)=46.9 G and a'(eq)(2H)
=244 G. Thus, it is concluded that 6°Co y-ray irradi-
ation of cyclopentane in TMS at 77 K gives rise to
cyclopentyl. The cyclopentyl generated by electron
beam radiolysis of neat cyclopentane gives the hfc
constants of a"'«(1 H)=21.48 G and a"# (4 H)=35.16 G,
the hfc constants for f-protons being dynamically aver-
aged [1, 2].

Since we observed the triplet spectrum ascribable to
(CH,);SiCH; [11, 12], we propose the following reac-
tion scheme for the formation of cyclopentyl in TMS:

(CH,),Si+7 — (CH,),Si*" +e,
(CH,),Si*" + (CH,),Si

— (CH;),Si*H + (CH,),SiCH}

(CH,),SiCH, + SH — S"+ (CH,),Si,
e +(CH,),Si*H - (CH,),Si+H",

where y stands for y-ray and SH is the solute.

Another possible reaction scheme is that the radical
cation, (CH;),Si*", directly abstracts a proton from
SH to yield S".

The observation of the two distinct hfc constants for
the four B-protons, a"'# (ax) and a"# (eq), shows that the
radical is rigid in TMS matrix at 77 K. This is also
contrast to the case of the cyclopentane radical cation
in CCl;CF; matrix at 77 K, in which the carbon-ring
inversion averages the hfc constants of the four protons
on the carbon atoms C, and Cs [13], where the car-
bon-carbon bonds C,—C, and C,—C; are elongated.

Figure 2a shows the INDO-AM1-C, hfc constants
for f-protons and AM1-C, energy, as functions of the
dihedral angle ¢ between the planes of the carbon
atoms, C,—C,—-C; and C,-C;—-C,—Cs; these hfc con-
stants do not reproduce the experimental in magni-
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Fig. 3. The dihedral angle dependence of the INDO-AM1-C, hfc constants (hfcc) for f-protons and AM1-C, energy (a) and
the distortion angle dependence of the INDO-AM1-C, hfc constants for the same protons and AM1-C, energy (b) of
3-cyclopenten-1-yl. See also the theoretical section and the third and fourth inserts.

tude as well as in the axial-to-equatorial ratio, sug-
gesting that the symmetry of cyclopentyl is different
from C,. Figure 2b shows the INDO-AM1-C, hfc
constants for f-protons and AM1-C, energy, as func-

®

tions of the distortion angle ¢ illustrated below; the
probable ¢’ value is 25° judging from the axial-to-
equatorial ratio, showing that the appropriate sym-
metry of cyclopentyl is C,. Thus, Table 1 lists the hfc
constants calculated for the C, geometries of ¢’ =25°.
The listed ab initio hfc constants also reproduce the
experimental ones, except for the overestimated abso-
lute value of a"= as in the case of the methyl radical
[14], indicating that cyclopentyl takes C, symmetry.
According to Lund et al., cyclopentyl is likely to take
C, symmetry rather than C, [10].
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4.2. 3-Cyclopenten-1-yl

Figure 1 ¢ shows the ESR spectrum of the radical
species generated from cyclopentene in TMS at 77 K,
which differs from that of the cyclopentene radical
cation. According to Fessenden et al., cyclopentyl is
formed from cyclopentene by addition of a hydrogen
atom to a-position and cyclopentyl by hydrogen-atom
elimination from f-position [1, 2]. However, the spec-
trum of Fig. 1¢ cannot be attributed to any of these
radical species. It can be assigned to the 3-cyclo-
penten-1-yl interpreted to be formed by hydrogen
atom elimination from y-position; as Fig. 1d shows,
the spectrum is simulated well with the hfc constants
assumed for 3-cyclopenten-1-yl, a"«(1H)=20.7 G,
a'# (ax)(2H)=46.3 G and a"#(eq)(2H)=24.7 G. The
y-proton hfc constants cannot be identified, as is seen
from Fig. 1c and Table 1. The similarity of these ex-
perimental hfc constants to those of cyclopentyl sup-
ports the specific formation of 3-cyclopenten-1-yl in
TMS by ¢°Co y-ray irradiation, for which the mecha-
nism will be investigated further in a forthcoming
paper.

Figure 3a shows the INDO-AM1-C, hfc constants
for B-protons and AM1-C, energy of 3-cyclopenten-1-
yl, as functions of the dihedral angle ¢; these hfc con-
stants do not reproduce the experimental, similarly to
the case of cyclopentyl. Figure 3b shows the INDO-
AM1-C, hfc constants for f-protons and AM1-C,
energy, as functions of the distortion angle ¢’; these
hfc constants agree well with the observed at around

@

@' =30°, although the total energy is not exactly min-
imal. Thus, Table 1 lists the theoretical hfc constants
calculated for the C, geometries of ¢’'=30°. The ab
initio a= is larger in absolute value than the experi-
mental, as in the preceding case of cyclopentyl. As for
B-protons, the ab initio hfc constants also well repro-
duce the experimental. Thus, 3-cyclopenten-1-yl takes
C, symmetry, similarly to the case of cyclopentyl.

4.3. Cylopentenyl

Figure 4a shows the ESR spectrum observed at
97 K of the radical species derived from cyclopentene
in CClL,FCCIF,. It differs from those of the cyclo-
pentene radical cation in CCl F and CCI;CF; re-
ported previously [3, 4], while it is the same as that
observed at 155 K of the allylic radical in CCL,F
formed through cation-parent molecule reaction [3],
and is also the same as that of cyclopentenyl [1, 2].

6

'3 3 ®

Figure 4b shows the spectrum simulated well with
at123.4(4H)=234 G, a"s"(2H)=14.4 G and a"¢(1 H)
=3.1 G. These hfc constants are similar to those of
cyclopentenyl in CCI4F [3], but a little different from
those in neat cyclopentene, a"'234(4H)=19.75 G,
as7(2H)=15.50 G and a"¢(1H)=2.76 G [1, 2]. The
discrepancies may be due to the difference in matrix.
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Fig. 4. ESR spectra of cyclopentenyl observed in CCl,FCCIF,
at 97 K (a) and simulated (b). The simulation is as in Fig. 1,
except for the width AH=1.5G.

The INDO-AMI1-C,, hfc constants listed in Table 1
well reproduce the experimental, confirming the for-
mation of cyclopentenyl.

In CC1,FCCIF,, the allylic radical is formed even at
77 K.

4.4. 1-Methyl-1-cyclopentene Radical Cation

Figure Sa shows the ESR spectrum of 1-methyl-
1-cyclopentene radical cation in CCl;CF; observed at
133 K. Figure 5b shows the spectrum simulated well
with a"=(1H)=11.8 G, a“"*(3H)=17.7 G, a"#*(2H)
=484 G of f-protons nonadjacent to the methyl
group, a"#2(2 H)=36.0 G of B-protons adjacent to the
methyl group. and a"(2H)= 3.6 G. The methyl group

Hot

Hy ®

rotates freely as indicated by the methyl-proton iso-
tropic four lines. The electronic structure is affected
remarkably by the methyl group, as a"#2 is consider-
ably different from a"#s. The 1-methyl-1-cyclopentene
radical cation exerts a rapid puckering motion at
133 K in the same manner as the cyclopentene radical
cation, since the above values of - and y-protons are
the averaged ones.

Table 1 collects the INDO-C; hfc constants of the
cyclopentene and 1-methyl-1-cyclopentene radical
cations calculated with the carbon skeleton of cyclo-
pentene with C_-symmetry [15] and the dihedral angle
¢ =10° of the cyclopentene radical cation [3]; these hfc
constants are in good agreement with the observed,
particularly those for f-protons nonadjacent to the
methyl group being larger than those for f-protons
adjacent. The 1-methyl-1-cyclopentene radical cation
is concluded to take ¢ = 107, showing little effect of the
methyl group on the molecular structure.
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Fig. 5. ESR spectra of the 1-methyl-1-cyclopentene radical
cation in CCI;CF; observed at 133 K (a) and simulated (b).

The simulation is as in Fig. 1, except for the width AH =
34G.
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Fig. 6. ESR spectra of the 1-methyl-1-cyclohexene radical
cation in CCI;CF; observed at 133 K (a) and simulated (b).

The simulation is as in Fig. 1, except for the width AH=
39G.

i

4.5. 1-Methyl-1-cyclohexene Radical Cation

Figure 6 a shows the ESR spectrum of the 1-methyl-
1-cyclohexene radical cation in CCl;CF; observed at
133 K. Figure 6 b shows the spectrum simulated well
with a"=(1H)=11.6 G, a®™*(3H)=17.9 G, a"#*(ax)(1 H)
=38.7G and a"(eq)(1H)=30.4G of axial and
equatorial f-protons nonadjacent to the methyl
group, and a''#¢(ax)(1H)=36.2 G and a"#¢(eq)(1 H)
=24.5 G of axial and equatorial f-protons adjacent to
the methyl group. The hfc constants of the axial and

equatorial f-protons are distinct in the 1-methyl-1-
cyclohexene radical cation as in the cyclohexene radi-
cal cation [3, 4], indicating that the cyclohexene and
1-methyl-1-cyclohexene radical cations are rigid in
structure even at 133 K. The methyl group rotation is
free similarly to the case of the 1-methyl-1-cyclopen-
tene radical cation. The hfc constants for f-protons
nonadjacent to the methyl group are fairly larger than
those for the other B-protons.

Figures 7a and b show the INDO-C, hfc constants
of p-protons and INDO-C, energies of the cyclo-
hexene and 1-methyl-1-cyclohexene radical cations,
respectively, as functions of the distortion angle ¢’
defined below, calculated by use of the half-chair car-
bon skeleton of cyclohexene with C,-symmetry [16].

The total energy is minimal at around ¢’ =30°, either
for the cyclohexene or for the 1-methyl-1-cyclohexene
radical cation. When ¢’ =25°-30°, the INDO-C, hfc
constants of the cyclohexene radical cation are in
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good agreement with the observed, as Fig. 7a shows.
The ¢’ range is also reasonable from the INDO-C,
energy. The cyclohexene radical cation is similar in
geometry to cyclohexene for which ¢’ =~30° [16]. As
for the 1-methyl-1-cyclohexene radical cation, the
INDO-C, hfc constants are in qualitative agreement
with the observed, overestimating for the axial S-pro-
tons and underestimating for the equatorial f-pro-
tons, as Fig. 7b shows.

Table 1 collects the INDO-C, hfc constants for
the cyclohexene and 1-methyl-1-cyclohexene radical
cations with ¢'=30° which are in good agreement
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