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.-ABSTRACT

Electron paramagnetic resonance spectra have heen obtained
for radica]s'produced by x-irradiation of cyclohexene and various
a1ky1—substitutedvcyc]ohexenes'trapped in an adamantane matrix.
Temperature variations of these spectra permits determination of
the entha]by and entropy of activation for interconversion between
the conformqtions. |

For cyclohexenyl radical, the enthalpy. of activation is
6.81 + 0.58 kca]/mo]evand the entropy of activation is -0.04 +2.38
e.u. HMethyl substitution on C] gives a radical with activation
parameteré'simi1ar to the parent radical. Methyl groups aftached
to C5 increase the activation parameters significantly. Cn the
basis of these observations, it is suggested the cyclohexenyl
radicals exist in two conformations of the same energy which are
~of the "envelope" type, with C1, C2, C3, C4, qnd C6 coplanar. A.
model involving a'p1anah transition state fof the interconversion
process is proposed which accounts for most of the experimental

results.
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I. INTRODUCTICHN

The investigation of the conformational properties of
cyclic and acyclic molecules has been considered a very important
area of fundamental chemical experimentation and among the systems
studied, sji-membered rings, by virtue of their abundance and im-
portance as structural units of many natural products, have re-
ceived'greatest attention. ‘Magnefic resonance has been revealed
to be among the best suited experimental fechniques for the study
of both static and dynamic properties of mo]ecu]ar‘conformations;'
epr spectroscopy if a molecule is paramagnetic; nmr spectroscopy
if it is not paramagneticj

Prior experiments in epr studies of organic radicals have
been done in many media: gases, liquids, solutions and single
crystais. Each sample type has its advantages and disadvantages.'
Matrix 1so1atioﬁ seems a good choice among the possible ways of
studying reactive free radicals. It offers fhe advantéges of being
easily handled as a solid, and being magnetically dilute to mini-
mize 1ntérradica1\interactions,'but can provide possiBTe host-
guest interaction creéting an unrealistic environment.

In the present work, we have used adamantane, C]OH16’ as
a host material. It is a proton-rich compound and, .therefore,
nas extensive dipolar interactions with guest radicals leading to
rather broad spectral lines. However, by using adamantane _946
as ‘a matrix, these 1nteractions.can be minimized. Fﬁrthermore, the
host is apparently not easi1y damaged by x-rays used to generate

radicals, is easily pufified and doped with the quest precursor

]



mo]écu]es, aﬁd may'be conveniently haﬁd]ed in air. In additipﬁ,
x-irradiation of cyclohexene and its defivatives in adamantane
- produces radicals in good y1e1a. |

This study reports on one aspect of the continuing in-
vestigation of organic free radiéa]s in this Taboratory; nameTy,
a conformational analysis of the cyclohexenyl radical and some
a]ky]—subsfituted cyclohexenyl radicals through an interpretation
of the temperature dependence of theif epr spectra in an ada-

mantane host.

n



IT. EXPERIMENTAL .

A. Equipment

Epr spectra were obtained with an x-band Varian E-4 spec-
trometer system equipped with an E-257 variable temperature ac-
cessory. Second-dérivative signal presentations were employed.
.-Temperatures reported over the range 100° to 330° K are be-
lieved to be accurafe to + 2.0° K. The tempefature contro11erA
wgé calibrated by a thermocouple immersed in n-pentane fof the
Tower temperature range and in glycerol for the higher temperature
range. Typically, epr spectré of cyciohexeny] radicals in ada-
mantane could be recorded at power leveis uo to 2 mw without -
noticeable séturation effects. |

X-Irradiation was done Qsing an XRD-1 X-ray generator
with a Cu-target tube. |

Irradiation was carried out using a special ?ixture‘which
fit into the opening of the x-ray tube. The pelletwas slipped
into a slot on the inside of fhe brass fixture. The fixture was
.then screwed into the mount on the x—réy'tube. After irré-

diation (usually 8 minutes), the sample was removed and placed

in a quartz sample tube.



‘8. Chemicals

Adamantane'(A]drich, puriss grade) was reérysta11ized from
n-heptane. Adémantane -gqé (97.7 atom %‘D) was the gift of Merck,
Sharp, and Dohme of Canada, Ltd., and was used as received. Cyclo-
hexene was purchaéed from Chemical Pkocurement Laborafories, Inc.
The 1—methy]—, 3-methyl-, 4-methyl-, and 4,4-dimethylcyclohexene
and methy]énecyc]ohex&ne compounds were purchased from Chemical

Samples Company. Each was used as received.

C. Samp]e_Preparation

The substance was placed in a test tube (20 mm. x 135 mm.),
about a,quarter gram of adémantane was ‘added; the adamantane was
dissolved in the substance by heating with a heat jun, and the solu-
tion qqenched by immersion in cold water. The damp crystals were
suction dried on a Buchner ‘funnel and allowed to air dry. Cylin-
drical pellets, about 3 mm. in diaméter and'5 mm.'1ong were pressed
on a Parr pe]]ét press.

A vacuum line preparation was used forisamp]es made in
perdeuteroadamantane. Adamantane was p]aéed in a glass tube and
degassed with seQera] freeze-thaw cycles. The material to be
studied was\1ikewise degassed and then condensed into the ada- -
mantane . tube. The tube was sealed off under vacuum and then the
materials mixed by means of repeated sublimation from one end of
the tube to the other. The tube was then opéned and the pellet
pressed in the usual manner. Four cycles usua11ylproduced satis-

factory pellets.



D. Computations

Spectra were simulated using ISNEPR on a XOS Sigma--7.2
EXALL, EYRING, and BLEHD program§ were run on the University of

Pittsburgh‘PDP?1O time sharing system in either batch mode or

interactive mode. Both computer systems are equipped vith

Calcomp plotting facilities. Quoted errors in the activation

parameters are 95% confidence limits on the average value.



- 1I1. RESULTS AND INTERPRETATION

A. Cyclohexenyl Radical

Figure 1 shows the epr specfra,obtained when a sample of
adamantane (-hq6'or '946) which has been recrystallized from cyclo-
hexene is x-irradiated and examined in the E4 spectrometer at selected
temperatures. Imhediate]y apparent from these spectra is the fact
that théy are symmetricai and therefore characteristic of a rapidiy
tumbling molecule, as in the gas phase or in solution. -Further,
it is also obvious that a tremendous improvement in resolution
is possible by utilizing the perdeutero combound. These effects
have been observed before and discussed thoroughly in the litera-
ture.3

The low temperature spectrum of Figure 1 B can be fit by
assuming that x-irradiation }eads to loss of a hydrogen atom from

the carbon atom adjacent to the double bond of cyclohexene and the

formation of the cyclohexenyl radical, I.
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What is remarkable about the spectrum in Figure 1 B is that it ex-
hibits hyperfine splittings (nfs) from all protons in the molecule.

Thus, a computer simulation of the spectrum at 216° K vields the ’

H H H

parameters aH] 5= 14.63, 2", = 3.57, 2", = 26.49, 2", ., = 8.44,

H

4,6

and a 5,5 ='0.89 G.
These hfs are characteristic of an allylic free radical with
two pairs of magnetically-ineguivalent g protons and on2 pair of
equivalent y protons, and are in agreement with the parameters pre-

‘viously obtained from solution measurements.4 0f course, it is

not known to which pair of g protons the larger hfs belongs (i.e.,

H
‘6,6'

‘since the molecule is assumed to have a plane of symmetry, the above

an a]terﬁative assignment is aH4’4. = 26.49, a = 8.44 G.), but
assignment seems more reasonable.

On 1ncr9asihg the temparature it is observed (Fig. 1 A) that
~ some of the éenter iines in the épectrum‘bkoaden and eventually
disappear, all the while maintaining their position relative to the
other lines. In other words, tne overa]] vwidth of the specter is
essentially invariant to température which means that the tofa]
hfs'is temperature independent. %his behavior is reversible and
is well-known in epr spectroscopy. It is a manifestation of an
exchange process caused by the interchange of the geomatrical posi- -
tions of the g protons, resulting in an "alternating linewidith"
effect.5

The above behavior can b2 understood by considering the radi-
;ca1 geometry and the spiﬁ states of tHe nuclei involved. The
cyclohexenyl radical would Be expected‘to have taree sp2 hybridized
carbon atoms, C], CZ’ and C3, leading formally to a coplanarity of

atoms C], C2, C3, C4, and C6’ and the hydrogen atoms remaining on



C], CZ’ and C3; Only CS’ among the heavier atoms, is not coplanar,
Aand two conformations of the radical are possible, II and III. Of
course, conformations II and III have the same‘energy since the
substituents attached to C4, C5, and C6 are thé same in the-case
of the cyclohexenyl radical. However, the maghetic environments
of the proton§ attaﬁhed to C4 and CG are different in the two con-
formations;-protons H4,.H4. being magnetica?]y iggquiva]gnt. It
is believed that the interconversion IIiz ITI which interchanges the
environments‘of protons H4; H4. and H6’ H6' 1s‘re§ponsib1e for the
observed alternating linewidth effect.*

To see WHy the protons H4 and H4. are magnetically inequi-
valent, the mechénism for hyperfine coupling to B protons must be
considered. Structure IV shows an approximate vfew along the

r

C4 - C3 bond axis for the conformation II. The two nrotons on Ca

z
4
|
i
!

l
1

v

*Similar effects have been observed in other radicals de-
) .

&
rived from cyclohexane” and cyclohexanone.
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are approximately axial (H4) and approximately equatorial (H4.).-

The third and fourth atoms attached to C4 are CS and C3, with C3

‘having spﬁn density (p =‘O.589)8 in a 2pZ type orbital. This
spin density is transmitted, through a hyperconjugative mechanism,

to the protons on C4, the magnitude of the observed g proton hfs

following the well-known cosze re]ationshipg

W
a g= pa(BO

where pCa is tne spin density in the 2pZ orbital of the-a carbon

+ B? cosze) (1)

atom, BO and Bz'are émpirica] constants, and 6 is the .dihedral angle
between the 2pZ orbital and the 8 proton (H4 or HA. in IvV). It |
follows then that the value of aHB should be a maximum when. the g
proton is axial. (s = 0) and should be smali vhen the g proton.is
equatorial, since B0 << 82.9. It is this phenomenon»which 1s‘ré-
sponsible for the pair-wise inequivalence of the g protons in the

) cyc]ohexeny] radical at low temperatures. Thus,at 216° K, the hfs

of aH

46" 26.49 G. implies tnat protbns H4 and H6 are nearly axial
and a hfs of aH4.,6. = 8.44 G. 1mplies'that protons H,, and He
are nearly equatofia]. In féct, if we assume BO = 1.8 and 82 =
49.8 G.,g we calculate from . Eq.(1) - 6 = 21.4%°and o' = 141.4°,
There is, of course, an energetically equivalent structure
V. corresponding to conformation III of the cyciohexeny] rédica].
This 1is showh below. - Since the angle @ of this structure is equal
to e'l;f structure IV, it is obvious that in conformation III,
proton H4 has the same hfs as H4. in conformation II. In other
words, the 1nterconversioh I1 : IIT (or iv : V) leads to exchange

of the proton H4 and H4l (and H6 and H6.) between two magnetically

inequivalent sites. It is this phenomenon which is responsible
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for the a]ternéting linewidth effect.

For a spectrum centered at HO.= hvo/gB R fhe relative
position {H) of a line due to those radicals having a particular set
of spin states (mi) and coupling constants (aHi) is

. H _
H - H0 = ? m.a,. (2)

Using Eq. (2), it is possible to construct a stick diagram corre-
sponding to the low temperature spectrum of cyclohexenyl radical.
One half of this (symmétrical) diagram is shown in Fig. 2 C where
the spin wave functions of C],3, C2, C4,6 and C4',6' protons are
shown below. The C5 proton splittings have been omitted for'c]arity.

From the diagram, the assignment of the spectrum of Figure 1 B is



Figure 2 - Stick diagram for the cyclohexenyl radical in the case of (A) fast,
(B) intermediate, and (C) slow exchange
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clear; there {s a 1:2:1 triplet dué to the protons H4 and H6’ a
1:2:1 trip]ét due to H4. and H6" a 1:1 doublet due to H2, and a
1:2:1 triplet due to He and Hg., (not shown). |
Ye next cbnsider the spectrum expectéd in the limit of fast
exchange, i.e. when thé interconversion I1I :'III (or 1V : V) is
fast compared to ihe magnetic inequivalence of protons H4 and H4.
expresséd in frequency units [av =‘(aH4 - aH4.)/gBh]. In this case,
although not observed experimentally, protons H4, H4}, H6 and H6'
would be expected-to become magnetically equivalent. The hfs from
the 8 protons should then be, approximately, the average value:
1/2(26.49 + 8.44) = 17.47 G., and the triplet of triplets pdttern A
in the low temperéture spectrum should be replaced by a 1:4:6:4:]
quintet at high temperatures. .A stick diagram corresponding to
this hypothetical situétion is shown in #1gure.2A ;VMere it is
'assumed that all remaining proton hfs are temperature independent
(again, the C5 proton hfs are amitted). |
’The behavior of the spectrum at intermediate rates of ex-

Change is more complex and can be understood by reference to Fiqure
2 B. Esseﬁtia]]y, tﬁe situation is the fo]]owing.' A conformational
change will lead to change in line position bn]y if the spins which
are excnanging have different nuclear sﬁin statgs. Thus, con-
‘sider the line due to the combination of nuclear spin states

H]’3 = BR, H2 = B, H4,6 = BB, H4',6' = gg in the 15@ temperature
Timit. Using Eq. (2), it will be at a field

(-1)(14.63) + (-1/2)(3.57) + (41)(26.49) + (-1)(8.44) = -51.3 G.
relative to the center of the spectrum. (Here, all hfs constants

are assumed positive for convenience.) When a change in
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conformation‘occurs, the axial protons move from an environment
of 26.0G. to 8.44 G., while simultaneously the equatorial protons
move from 8.44 to 26.49 G. However, the line bosftioh is invari-
ant; i.e., _:
(-1)(14.63) + (-1/2)(3.57) + (-1)(8.44) + (-1)(26.49) = -51.3 G.
sjnce the exchanging spins have the same M value. Furthermore:,
the line wa] be in the same position in the limit of fast ex-
change; i.e., when a'y o= a",, (= 17.47G., the Tine is at
(-1)(14.63) + (-1/2)(3.57) + (-1)(17.47) + (-1)(17.47) = -51.3 G.
Conseqguently, no broadening of this line is expected at intermediate
.rates Qf exchange. |
Now , consider the line due to the combination of H]’3 =‘BB,
H2_= B, H4,6 = BB, H4',6' = qga. At low temperatures, it lies at
(-1)(14.63) + (-1/2)(3.57) +,f—1)(26.49) + (1)(8.44) = -34.53 G.

After a conformation change, the line shifts to

-1.6 G.

(-1)(14.63) + (-1/2)(3.57) + (-1)(8.44) + (1)(26.49)

Moreover, at high temperatures, the line position is .again changed,

i.e.,

(-1)(14.63) + (-1/2)(3.57) + (-1)(17.47) + (1)(17.47) = -16.4 G. .
Coﬁsequently, as the fate of exchange increases, the 1i6e will
first bkoaden, then disappear,‘and then.fiha11y réappear ina new
field positibn, first as a'broad line and than as a sharp one.

This phenomenon-is what is represehted schematica]]yiin Figure

2 B; Fufthermore, it should be obvious that a careful examina-
tion of the specfra at intermediate rates of exchange Shou]d pro-
vide estimates of the conformational 1ifetimes (1), their tem-

perature dependence, and the entropies and energies of activation
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for the interconversion process.

Figure 3 shows expanded scale spectra of the cyclohexenyl
radical in the temperature region 216° K - 274° K together with
their respéctive computer simulations utilizing the programs de-

/ The values of the hfs .

veloped by Walter in this 1aboratory.
and conformafipna].]ifefime T necessary to fit these and other
spectra in this range are listed in Table I. It is obsefved that
witﬁin experimenta1‘errdk (+ 0.1.G.), the hfs are independent of
temperature as expected. " Moreover, r‘decreases-from 2.5x1076 to
5.9 x 1078 sec. in this range.
AS#, AH#,’AG..?6 and conformational 11fet1mes:are related S
through the Eyring equation]O |
;= (kT/h)exp(-gej*/RT) | (3)
Ky = (KT/R)exp(as P R)exp (AR /RT) 212 (4)
Where k is Boltzmann's constant, h is Planck's constant, and kj

is the forward rate constant for the jth conformation in the con-

formational changé

Ay DA, (5)
Also,
k-l = .I/T]akz = ]/TZ (6)

Equation (4) can be rewritten as )
1n(1/TTj) = In(k/h) + Asj*/R + (i/T)(—aij/R)
A plot of 1n(1/Trj).vs. 1/T will have a slope of (-AH?/Rj‘and an
intercepf of [In(k/h) + Asj#/Rj.
 The éntha]pj and'entropy of ac:’civat'ion,'AHi6 and AS?é for

cyclohexenyl radical were calculated from ar Eyring plot of -

1n(1/TTj) against 1/T, using the data in Table I. The plot is
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Figure 3 - Expanded scale spectra of the cyclohexenyl radical with their respective
computer simulations at selected temperatures.




Table I. EPR parameters as function of temperature for cyclohexenyl radicai.

Temperéture- aT,3 ag -32,6 | a226\ aE’S aza6 + aZ;G, Lifetime,,_
°K _ T, sét
216 14.63  3.57  26.49 8.4 0.89 34.93  2.50x107

227 14.63  3.52  26.49  8.44  0.90 34.93 ' 6.60x1077

236 1450  3.57  26.33 845  0.89 3478 3.00x1077
246 14.59  3.58  26.20  8.44 0.89 34.64 2.00x10~7
257 - 14.59  3.60  26.26  8.45 0.89 34717 1.20x1077
264 14.59  3.60  25.95 . 8.58 0.85 - 34.53 8.00x1078
274 1459 3.60  25.80  8.74 - 0.85 34.54 - 5.90x1078

el
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shown in Figure'4. The resu]ting parameters are AH# = 6.81 + 0.58

kcal /Mole, aS” = -0.04 + 2.40 e.u., and 867 g0 = 6.82 + 0.9]

298
kcal/mole.

B. 5,5 - Dimethy]cyc]ohexény] Radical

Figure 5 shows the epr spectra which were obtained vihen
a sample of adamantane containing 4,4-dimethylcyclohexene was
x-irradiafed. The coupling constants which were necessary to fit
the ‘'spectra are listed in Table II and are consistent‘with a single

radical having the structure VI. In this case, the small

H
H H
H H
H H
CH3 CH3

VI
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Figure 5 - Observed spectra for 5,5-dimethylcyclohexenyl radical at
selected temperatures
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y-proton nfs found in the case of cyclohexenyl is not observéd
since these protpns afe replaced by methy]Agroups, However, since
- this substitution preserves the plane of symﬁetry Qf the radical,
theAtwO cqnformations analogous to II and III again Have the same
energy. Consequeﬁt]y, no temperature dependence of the proton

hfs is expected or observed (c.f. Table II). Ko evidence for the
4,4-dimethylcyclohexenyl radical was'obtained.

The distinguishing feature of this radical is that the
temperatures required for intermediate exchange are considerably
higher than thosé for cyclohexenyl. Thus, thé epr‘spectrum of the
5,5—d1methy1cyc]ohexeny1 radical is essentially unchanged at tem-'
perathres of 274° K and below, and the coa1e$cence temperature
(the point'at which Tines disappear) is not reached until ~354° K.
Othervise, the spéctra can bé analyzed ih an identical fashijon. to
that.described for the .cyclohexenyl radical. | ‘

The hign resolution spectra of 5,5—d1methy]cyclohexenyi
radical together with their respective computer simulations are
shown in Figure 6; the values are 1istéd 1h Table II. A nlot

1

of (Tt) ' vs. 1/T is shown in Figure 7; the activation parameters

~are s = 11.75 + 0.46 keal/mole, o5” = 8.8 + 1.70 e.u., and

267 = 9.12 +:0.73 kcal/mole.
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Figure 6 - Expanded scale mvmnnwm of the 5,5-dimethylcyclohexenyl radical with their
respective computer simulations at selected temperatures A



Table [I. EPR parameters as a function of temperature fof 5,5-dimethylcyclohexenyl radical.

Temperatﬁre a?’3 ag .a2’6 A 3236' a2,6 + a2;6, lifetime,
°K L . T , Sec

216 14.55  3.55 26.6 _7l9o 4.5 6.0x10-6
274 14.40  3.60 26.6  7.90 | 34.5 . 5.0x10-6
293 14.40  3.60 26.6.  7.90 34.5 1.0x1076
302 14.40  3.60 26.6 7.90 34.5 - 5.0x1077
322 14.40  3.68 26.6  7.90 34.5 1.5x1077
333 14.40  3.68 26.6 '8.00  34.6 9.0x10-5
343 14.40  3.68 26.6 8.00  34.3 4.8x10-8

354 14.40  3.75 26.6 8.00 34.3 3.5x10-8

ve



LNC1/T7)

\
\
© \
] \
o \
\
,\\\
\ \
\ \\
4 N \
N \ \
\ \
RN
\ \\\
\
. \ \
\\\
™ \ \
o NN
\ \
\ \
\ \
N\ \
N\ \
0 -] NN
\
AN\
\
\
AN
\\\
- \
.(:J. W

N\
\\\
<+ 7 \
M
M\
\
+11.740.53 AH¥KeAL/woLe 8.8 1.7 ASteu\ .
. \ N\
‘ ' NN\ N
® . [ I | ]
5

g ' 1 2 3 4
- 1008/T, DEGREES KELVIN

Figpre 7 - Eyring plot for the 5,5-dimethylcyclohexenyl radical



26

C. 2-Methylenecyclohexyl and 1-Methylcyclohexenyl Radicals

X-irradiation of 1-methylcyclohexene in adamantane might
be expected to produce at least three different radicals depending
on the position of hydrogen-atom removal. These are shown bhe-

low as structures VII - IX.

CH, .

VII : VIII IX

In practice, only two radicals are observed in sufficient concén-
“tration to be characterized, 2-methylenecyclohexyl (VII) and
1-methylcyclohexenyl (VIII). Fortunately, it is possible to dis-
tinguish fhese two experimentally, VII by the absence of the

3 -4 G. doublet due to the Cz.proton and 'by the presence of a 3 - -
4 G. triplet due to the C3 protons, and VIII by the‘presence

of the 3 - 4 G. doublet (absent in IX as well) and by the larger
.overall widfh due to the presence of the three B protoﬁs in the

1 position.



1. 2-Methylenecyclohexyl Radical

Figure 8 shows the epr spectrum of this radical in C10H16 at

293° K together with its computer simulation. This spectrum was
obtaiﬁed by x-irradiation of a pellet at room temperafuré followved
'by u.v.-irradiation to seiective]y remove lines dﬁe to the 1 me-
thylcyclohexeny]l radica]A(xigg.igffg). This spectrum can be fit

using the parameters aH] =13.5 , aH2 5 = 14?9, aH 3.7 and .

3,3
aH6 6 " 22.4 - G. and shows no effects due to exchange over the

temperature range examined (216° K - 328° K, anisotropic be]owA
this range). Furthermore, no additional hfs are observed in the
C]ODi6 matrix, suggesting that there is an inhomogeneous width
associated with unresolved hfs due to H5 and HS" An attempt waé
made to génerate this radical by x-irradiation of’hethyienecyc]o—
hexene in adamantane but the spectrum'observed in this case con-
sisted of a single 1:2:1 pattern with a coupling constant of ~13 G.

No assignment of this later spectrum was made.

2. 1—Methy1cyc]ohexeny] Radical

As noted.above,\this radical (VIII) would be expected to
exhibit a 1arger overall spectral width than VII; Consequently,
it was possible to obtain information about this species evén in
the presence of the 2;methy1enecyc]ohexy1 radical. . Figure @ shows
high resoTution spectra of VIII at selected temperatures in the
range 216°'- 257° K and their respective computer simulations.
The spectrum shows no further changes with temperatures up to

the highest temperature examined (328° K).

27
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Figure 8 - Observed and synthesized spectra for 2-methylenecyclohexyl radical at
257°K | ' :
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Figure 9 - Expanded séale'spectra of l—methylcyclohexenyl radical with their respect

ive
computer simulations at selected temperatures -



Since the pcsition of methyl group: substitution in VIII
is at a planar (or nearly planar) carbor atom, the two resulting
conformations analogous to II and III are expected to be of .equal
energy. An examination of the parameters in Table III shows that
this is the case; the parameters are similar to those of the un-
éubstituted cyclohexenyl radical (cf. Téb]e 1), except, of course,,
for the: three CHé protons in position 1, and are esseﬁtia]]y tem-
perature 1ndepéndent. The spectra therefore exhibit an a]térnating
Tinewidth effect; the resulting kinetic parameters are (Fig. 10)
oW = 7.30 +1.24 keal/mole, os? =-2.20 + 5.2 e.u., and 467 g4 =
6.60 + 1.98 kcal/mole. It should be noted that there is consi-

derably higher uncertainty in these values because of the overlap-

ping lines from radical VII.

D. 4- Methylcyclohexenyl Radical

X-irradiation of 3—methy1cyc]ohexene in adamantane might
again prbduce several different types of radicals. There are two
likely candidates, T-methylcyclohexenyl (VIII) and 4-methylcyclo-
hexenyl (X). As can be seen from the experimental spectrum in
Figure 11, the pkeddminant radical is one which exhibits a complex
mu]tjp1éﬁ pattern and has a small overa]i width (<100 G.). There
are weaker lines on the wings of this spectrum which are stronger
in other spectra (not shown) but could not be analyzed in detail.
Judging from this difference in overall widths, it is be]ieved
tﬁat this second, less intense, spectrum is due to'the.1—methy1cyclo~
hexeny]Iradjcal, but further work is necessary in order to de-

termine whether this is correct.

30



Table III. EPR parameters as a function of temperature for 1-methylcyclohexenyl radical.

H H H H H H

Teﬁperature aly 57 A, ag a'g6 é.4',6’ A S fal Lifnﬁime
e 46 %46

ok 4 . _ S . : T, sec

216 15.22 3.4 145  20.4 7.9 0.9 32.3 2.5x10°6
227 15.22 3.4 145  24.4 7.9 0.9 32.3 ©9.0x107
236 15.22 3.4 14.5 23.92 - 8.0 0.9 32.3 3.0x1077
246 15.22 3.4 14.5 23.92 8.0 0.9 . 32.3 1.0x107’
257 5.2 3.4 14.5 23.82 8.1 0.9 32.3 9.0x1078
274 ' 15.22 3.4 14.5 23.82 8.1 0.9 32.3 6.6x10°"

Lte
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Figupe 10 - Eyring plot for l-methylcyclohexenyl radical
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Figure 11 - Observed and synthesized spectra for 4-methylcyclohexenyl radical at 236°K
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H
CH3 H H H
" CHy
H H H H
H H H H
virr X

The majori]ines in Figure 11 can be assigned to the 4-me-

thylcyclohexenyl radical (X). One unusual feature of this spectrum

is that . it exhibits hfs due to five y protons; the spectrum can

be assigned using the parameters aH] 37 14.50, aH2 = 3,50,

CH3 H H Ho_ Hoo
a 4 5,5 6~ 26.05 and a 6' -

7.25 G. MWithin experimental resolution, the five y protons are

g =0.69, a = 10.10, a = 0.69, a
observed to be magnetically equivalent, yielding a 1:5:10:10:5:1
multiplet patternﬁ Furthermore, the g proton attached to C4~
clearly prefers the equatorial position. This is then a six
coupling constaﬁt problem and is one of the most complex epr speé-
tra evérAQbserved.

A second unusUa] feature of this spectrum is its tempera-
ture dependence. - After several attempts at eliminating other Tines
from interfering species, a reasonably clear set of high resolu-
tion spectra were obtained. Theﬁe are shown in Figure 12. On

increasing. the temperature, it is observed that each of the indi-

vidual hyperfine multiplets is selectively broadened, some more



rigure 12 - Expadnded scale spectra of 4-methylcyclohexenyl radical at selected temperatures
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than others. This behavior is quite differant from that observed
in other cases where only a fraction of the 1ine§ aré affected by
the onset df exchahge. There are several possible explanations
for this behévior; the most 1ikely is that, since exchange moves
the g-methyl group from a neér]y axial position to a nearly equa-
torial one, its average hfs is reduced'and the multiplet pattern
is simplified to a (somewhat broader) 1:2:1 from the two remaining
protdns.in the 5 position. Unfortunately, this phenomenon has

'so far made it impossible to obtain kinetic paramcters for the:

4—methy1cyc]ohexeny1 radical. Further experiments on this mole-

cule are in progress.

E. 5 - Methylcyclohexanv] Radical

When C]OD]6 containing 4-methylcyclohexene is x-irradiated,
hydrogeh atom removal from-an allylic position can produce two dif-
ferent radicals, 4-methylcyclohexenyl (X) and 5-methylcyclo-

hexenyl (XI). Based on the earlier results, these two radicals

H
H H
/ H
H CH3
H H
H H
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should be most easi]y‘distinguished by a small (m 1.0 G.)v1:2:1
triplet in the former and a small. 1:1 dqub]et.in the latter.
Examination of the spectra in Figure 13 shows that the predomi-
nant species is the 5-methylcyclohexenyl radical. It should bé
noted, hpweVer, that- these spectra were obtained only after heating
the sample for 5 minutes at 328° K to remove the lines from an |
interfering radical which are still present to some éxtent, és—
pecially on the 1ow-f1e1d side. ' |

The spectrum of the 5-methylcyclohexenyl radical at 21‘6'O K

. . H - JH H -
can be fit using the parameters a 1,3 14.5, a 5 = 3.5 , a 46"

H4. 6 ° 7.85, and aH5 = (0.99 G. Above this tempefature,

the spectra again exhibit an alternating linewidth effect which

26.98, a

was studied usinQAthe high resolution scans of Figure 14. Table IV
suhmarizes the data obtained. As in previous cases, the hfs are
essentié11y temperature independent. This is a somewhat surprising
result because the 5-methylcyclohexenyl radical is an unsymmetri -
'cally—substituted species whose conformations should he different
in energy. The absence of a temperature dependence of éhe hfs
suggests that this difference in energy in the 5-methylcyclohexeny]
radical is.sma]1; i.e., that the two conformations are essentially
equa]]y'popQ1ated at all femperatures examined in this work
(213° - 323° k).

An Eyring plot for the 5-methylcyclohexenyl radical is
shown in Figure 15. The activation parameters are AHf = 8.65
+ 0.52 kcal/mle, AS7é = 1.63-t 1.78 e u., and AG#ZQB = 3.16 +
0.74 kcal/mole.



Figure 13 - Observed and synthesized spectra for 5-methylcyclohexenyl radical at selected temperatures
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Table IV. EPR parameters as a function of tempekature for 5-methylcyclohexenyl radical.

Temperature aT,3 ag az'6 a226. ag v az,é + -a2;6. Liféfime,
°K L . ' T_, Sec

215 | 14.5 3.5  26.98 ..7.85 0.99 34.98 6.0x1070
254 14.5 3.53  26.92 7.90  0.99 © 34.82 ~2.0x1075
274 : 14.5 3.52 26.85 7.85  0.99 34.70 6.5x1077
2é4' 144 3.62° 26.69 7.90  0.99 34.59 3.0x1077
293 | 14.4 . 3.62 26.69 7.90 1.00 34.59 - 2.0x1077
302 14.4 3.62 26.65 8.00  1.00 34.65 1.0x1077
310 14.35  3.62 26.65 8.00  1.00 '~ 34.55 3.0x1078
"322 14;35 3.62  26.65  8.00  1.00 - 34.55 6.3x10"8

7
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[V. DISCUSSIOH

Tab]e V lists tha activafion parameters for the cyvclo-
hexenyl radical and some of its alkyl derivatives as Hetermined
in this work.

It is 6bserved that the values of AH# are the same within
the experimehta] érror for the cyc]ohexehy] and 1-methylcyclohexenyl
radicais, and that substitution in the 5 pésiticn with methyl
groups substantially increases AH#. The entroniesA of acfivation

.are assentially zero withinAexperimenta1 error for a11 radicals
except 5,5 dimethy1cyc1ohexeny1, which exhibits a large positive
as? . | -

As noted earlier,.the ﬁonformational enerqy differences
in all cases examined in this work are nealigible.

Table VI indicates the rance of activation parameters
exhibited by selected six-membered ring systems. For cyc]ohe*ene,
AH# 1; about 10 kca]/moie.]] Introduction of one sp2 center into
the ring, either by a small = system (c.yc]ohexanone)]2 or by a

#

" radical (cyc]ohexy])?, appears to reduce aH" by about one-half.
Additiona]’sp2 centers, as in éyc]ohexene]3 and the cyc1ohexanony]7
radical, appear to have sﬁbstantia]]y less effect upon the acti-.
vation enthalpy.

It is be]ieved]4 that the chair-to-chair interconversion
process in cyclohexane involves a "half-chair" transition state
~in which four of the ring atoms:-are in one plane and fof which
the energy barrier'is ~ 10 kcal/mole. The reaction pathway also

includes a skew-boat or twist conformation which lies between the

42



‘Table V. Activation paramters for cyclohexenyl radical and some of its”aIkyl derivatives

Radical ‘ AHf, kcal/mole AS#, .U, - 'Asznp’ kcal/mole
Cyclohexenyl - 6.31 + 0.583 -0.04 + 2.40 . S 6.82 + 0.9]
1-tiethylcyclohexenyl 7.30 +1.09 2.16 + 5.17 5.60 + 1.93
5-Hethylcyclohexenyl 8.65 + 0.52 1.63 +1.78 . 8.16 + 0.74
5,5—D1methy1cyc]ohexeny1 11.75 + 0.46 §.80 + 1.70 2.12 + 0.73

I+

£y



Table VI. Activation parameters for selected six-membered ring systems.

rlolecule | ' A H#, kcal/mole AS#, e.u. . AG#, kcal/mole
Cyclohexane ! 9 to 11  43to -7 10 to 11 (206° K)
'1 ]2 ' . . . o
Cyclonexanone _ --- A - 4.2 (90° ¥)
6 _ : ' .

.Cyclohexyl , 4.9 , --- ---
.Cydohexene]3 : : 5.3 A 1.3 - 5.2 (109° ¥)
Cyc]ohexanony?7 ' 3.7 -2.3 B 4,33 (298° K)

1%



A5

two equivalent half-chair conformations at ~ 5.5 kca]Ano]é above
the two chairs. The reduction in AH# which occurs on introducing
a single sp2 center into the cyclohexene ring presumably reflects
the fact that the resulting molecule or radical is partially
planar in character, thereby reducing the amount of energy neces-
sary to reach the half-chair conformation.

Unlike species containing zero or one spz centérs, Six-
membered rings containing two sp2 centers are believed to exist
in half-chair conformations. There are several possible pathways
~for thejr interconversion, but the most reasonable one involves

15 Consequently, a comparison of

a "true" boat transition state.
the activation parameters for cyclohexane and cyclohexene is'hot
particularly meaningful in the present context since the inter-
conversion process involves stable conformers and transition states
of significantly different structures.

From a consideration of models, the most probable pathA
for fnterconversion 1n'six—mémbered rings containihq three sp2
centers such as the cyclohexenyl radiéa] is via a "planar" tran-
sition state, i.e., one in which all carbon atoms of the ring
‘are coplanar. In such a structure, the bond angle-strain is con-
siderab]e, aﬁd there are several eclipsing interactions between
the substituents in the 4, 5, and 6 posifions. These repulsive
effects may accqunt for the increase in the entha]py of activa-
tion observed on going from cyclonexene to the cyclohexenyl radical
since the true boat conformation of the former is almost certainly
of lower energy than the planar form of the latter and the stable
conformers of the two speties more nearly equal in enerqy. How-

ever, such a comparison may not be particularly meaningful for
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fér the same reasons as noted above.‘

We cén,attribute the 6.8 - 7.0 kcal/mole activation en- .
thalpy for the cyclohexenyl and 1-methyl cyclohexenyl radical
interconversions of ‘the type [I i [IT to a combination of factdrs;
angle strain, torsional strain, and non-bonded interactions. If
we hold a mOde] of the éyc]ohexeny] radical and sight along the
C4 - C5 (or.C5 ¥.C6) bond, we see that the two pairs of methy]ene

hydrogens (H4,.H4. and H5, HS" or Hg, H5. and H H6') and the

6’
attached carbon atoms (C3 and C6? Qr‘C4 and C]) have the same rela-
tiVe locations as the six hydrogen atoms in the staggered conforma-
tioh of ethane. In a planar transition state, these same atoms
have the same ré]atiye Tocations as the six hydrogen atoms in the
eclipsed conformation of ethane. If we treat the attached carbon
atoms of the cyclohexenyl radical as hydrogen atoms, then the acti-
vation entnalpy for the process II : IIT should be of the order of
twice the Eotationa} barrier in ethane since there two such

16

eclipsing interactions, or 6 kcal/mole. This. is in reasonable

- agreement with the observed value of 6.8 - 7.0 kcal/mole: the

additional ~.1.0 kcal/nole may be due to the additional contribu-
tions of angle strain and the non-bonded interactions of the at-
tached carbon atoms which, of course, are not present in ethane.

The substitution of one or both.C5 hydrogens with methyl
groups introduces an additional factor, namely the crowding to-
gether of atoms or groups at distances less than their van der
Waals radii. This is called van der Waals or steric strain. We
can estimate the magnitude of this effect by considering the

possible conformations of n-propane and isobutane.
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In the;e molecules, one or twb H ; H eclipsing inter-

actioﬁé are replaced by one or two‘H'- CH3 eclipsing interactions.
Since the rotétiona] barriers in n-propane and isobutanc are 3.3
aﬁd 3.9 kca1/moie, respectivg]y,16 we can estimate the activation
entﬁa]pies for the 5-methylcyclohexenyl and 5,5—diﬁethy]cyc1o¥
hexenyl radfca1s to be 6.6 ana 7.8 kcal/mele, respectively. Again,
these estimates are too. low, by ~ 2 and.& 4 kcal/mole, réspectively.
The'exp1anation for these discrepancies is not clear.‘A

" Results reported in Téb]e V for cyclonexenyl radical and its.
T-methyl and 5-methy1'der1vatfveé shov near zero antronies of acti-
vation with re]ativeTy ]argé uncertainty margins. This lack of
precision is. most likaly attributable to the m2asurement of rate
constants over a rathér small temperature 1nterva1]7 and the
proper sé]ectidn-oflexperimenta] lifatimes (or k) in the ahsénce
of exchange. Va]ues of ASié near zefo are most often observed forA‘
six-membered ring systems, but negative values have been reported
for several substituted defivatfves of cyc]ohexene.]8

The 1argé positive vaTue of AS# for the-S,S—dimethy]ch]oj

hekeny] radical would appear to be inconsistent with a ngggﬁl
transition state since the numbef of Tow-frequency vibratipnaI
modes available to the molecule in this form is éignificantly

reduced. Further study of this problem is obviously required.
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