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CIDEP Studies of the Formation of Cyclohexadienyl-Type Radicals in the
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Photoreduction of benzophenone, acetophenone, and 2-acetonaphthone with tri-n-butylstannane at room temperature in some
solvents was studied by CIDEP. The ketyl radicals were shown to be produced in the 2-propanol solution of benzophenone
and in the benzene and n-heptane solutions of acetophenone. On the other hand, cyclohexadienyl-type radicals were found
to be produced in the 2-propanol, benzene, and n-heptane solutions of acetophenone and 2-acetonaphthone. These two types
of radicals, ketyl and cyclohexadienyl-type ones, were shown to be produced through the n7* and =#* characters of triplet

ketones, respectively.

Introduction

The hydrogen abstraction reaction by aromatic aldehydes and
ketones in their triplet states is one of the most essential photo-
chemical processes.>® The high reactivity of these triplet states
has been ascribed to either the nw* character of the carbonyl
group? or the creation of charge-transfer (CT) complexes of the
triplet states with amines.>? The formation of the ketyl radicals
in these two types of reactions has been well established by analysis
of the reaction products* and by direct measurement with time-
resolved optical absorption (TROA)’ and chemically induced
dynamic electron polarization (CIDEP)® techniques.

On the contrary, the w=* triplet states of aromatic aldehydes
and ketones?? have been believed to be much less reactive than
the nz* triplet states and CT complexes. On the other hand, such
a strong hydrogen donor as tri-n-butylstannane has been known
to enhance very much the reactivity of the hydrogen abstraction
reactions even from the w=* triplet states.” However, the primary
processes of these reactions have scarcely been studied with the
aids of TROA®® and CIDEP techniques.

Recently, we carried out CIDEP studies of the photoreduction
of xanthone!®!? with such special hydrogen donors as sodium
borohydride, triethylgermane, and tri-n-butylstannane and found
for the first time the formation of the cyclohexadienyl-type radical
in some solvents. The characteristic point of this new reaction
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is that a hydrogen atom adds to the aromatic part of xanthone
instead of the carbonyl group, where the hydrogen abstraction
has been undoubtedly believed to take place in the photoreduction
through the n#* triplet states and CT complexes of aromatic
aldehydes and ketones.??

From the solvent dependence of the photoreduction of xanthone
with tri-n-butylstannane,!! the cyclohexadienyl-type radical was
found to be produced through the #x* character of triplet xan-
thone. On the contrary, the photoreduction through its nx*
character was found to give the ketyl radical. In the present paper,
we have undertaken an investigation as to whether the above rules
can be applied generally to the photoreduction of aromatic ketones
with tri-n-butylstannane, taking three representative molecules,
benzophenone, acetophenone, and 2-acetonaphthone, as examples.!
The lowest n7* triplet state of benzophenone has been shown to
be much lower in energy than its lowest 7x* triplet one.2> The
lowest n7* and wx* triplet states of acetophenone have been
believed to be close to each other.'*!* The lowest wx* triplet
state of 2-acetonaphthone has been shown to be much lower than
its lowest no* triplet one.??

Experimental Section

Benzophenone (BP) and 2-acetonaphthone (2AN) were re-
crystallized repeatedly from an ethanol-water mixture and ethanol,
respectively. Acetophenone (ACP) was vacuum-distilled. Tri-
n-butylstannane (Bu;SnH) supplied by Kanto Chemical Co. was
stored in a cold nitrogen atmosphere before use and was used
without further purification. Benzene, 2-propanol, and n-heptane
of guaranteed reagent grade were used as solvents without further
purification.

A Varian E-109 X-band ESR spectrometer was used for the
CIDEP study without field modulation. A Molectron UV24
nitrogen gas laser (A = 337.1 nm) was used as the exciting light
source. The output signal from a preamplifier of the above in-
strument was further amplified and introduced to an NF BX-531
boxcar integrator. Throughout the present experiments, the
CIDEP spectra were measured at room temperature at a time
delay of 1.2 us after laser excitation with a gate width of 0.2 us.
The concentrations (¢) of the employed ketones were arranged
so as to fulfill the condition where ec is 1-3 mm™.. Here ¢ is the
molar extinction coefficient at 337.1 nm, and the depth of the flat
ESR quartz cell was 0.3 mm. The solution was bubbled with pure
nitrogen gas prior to the CIDEP measurement and flowed through
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1972, 76, 821.

0022-3654/86/2090-4403%$01.50/0 © 1986 American Chemical Society



4404 The Journal of Physical Chemistry, Vol. 90, No. 18, 1986

Ammwwwm WWWMWW

Abs
f

Figure 1. CIDEP spectra on the low-field side observed with the 2-
propanol solution of BP (0.133 mol dm™) (a) without and (¢) with
Bu,;SnH (0.074 mol dm™) (microwave power, | mW). Spectrum b is
the simulated absorption spectrum of the BP ketyl radical (see text).

the cell in the ESR cavity. The flow rate was kept constant at
about 20 mL/h. The details were the same as those published
before.!3

Results and Discussion

1. CIDEP Studies of Benzophenone. The CIDEP spectrum
was observed with the 2-propanol solution of BP (0.133 mol dm™).
The CIDEP spectrum observed on the low-field side is shown in
Figure 1a. This spectrum agrees well with that reported in the
literature,'® where the signals due to the BP ketyl and 2-propanol
radicals were obtained. The absorption spectrum of the ketyl
radical was simulated with the reported hyperfine coupling (hfc)
constants!” and a line width of 0.4 G,'® and the result is illustrated
in Figure 1b. As shown in Figure la, the ketyl and 2-propanol
radicals have E (emission)/A (absorption) phase patterns.

The CIDEP spectrum was also observed with the 2-propanol
solution containing BP (0.133 mol dm™) and Bu;SnH (0.074 mol
dm™). The CIDEP spectrum observed on the low-field side is
shown in Figure lc. As clearly seen in this spectrum, the phase
of the ketyl radical is changed from an E/A pattern to an E one
upon addition of Bu;SnH, and the signal intensities of the 2-
propanol radical are decreased concomitantly. However, no new
signal was obtained with Bu;SnH. These facts clearly indicate
that the BP ketyl radical is produced more efficiently in the
photoreduction of BP with Bu,SnH than that with 2-propanol.
Indeed, according to the CIDEP theory,® an E or A phase pattern
is shown to be obtained in the reaction faster than or comparable
to the relaxation of an electron-spin polarization within the triplet
precursor (triplet mechanism), and an E/A pattern is obtained
in the reaction slower than the relaxation (radical pair mechanism).

The signals due to the stannyl radical (Bu,Sn*) may disappear
because of the fast relaxation of its electron-spin polarization
through the spin—orbit interaction within the radical and/or
through the exchange reaction of the radical with Bu,SnH.

From the above experiments, the carbonyl group of triplet BP
was proved to abstract a hydrogen from the Sn—H bond of Bu;SnH
in the same manner as from the C~H bonds of such hydrogen
donors as alcohols and amines. This agrees well with the fact that
the lowest triplet state of BP is nw* in character even in an
alcoholic solvent. >4

2. CIDEP Studies of Acetophenone. The CIDEP spectrum
was observed with the 2-propanol solution of ACP (0.216 mol
dm™). The observed spectrum is shown in Figure 2a. In Figure
2b, the signal positions of the 2-propanol radical'® are represented

(15) Sakaguchi, Y.; Hayashi, H.; Murai, H.; I'Haya, Y. J. Chem. Phys.
Lert. 1984, 110, 275.
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Figure 2. CIDEP spectra observed with the 2-propanol solution of ACP
(0.216 mol dm™) (a) without (microwave power, 10 mW) and (d) with
(microwave power, 1 mW) Bu,SnH (0.078 mol dm™). Diagram b shows
the signal positions of the 2-propanol radical.'” Spectrum c is the sim-
ulated absorption spectrum of the ACP kety! radical (see text). Diagram
¢ shows the signal positions of a new radical (radical I).

TABLE I: Observed g Values and Proton hfc Constants
proton hfc constants?/G

47.70 (CH,); 13.04 (4);
8.99 (2, 6); 2.65 (3, 5)
2.0027; £ 0.0001 43.6 (>CHCO-); 13.0 (4);
9.0 (2, 6); 2.8 (3, 5)
2.0037, £ 0.0001 42 (CH,); 8 (5); 7 (3);
2 (4, 6); 1 (CH,)
30 (CHy); 11 (1)

radical g value

cyclohexadienyl 2.0025
radical®!
radical I?

radical 1I°

radical I11¢

?The proton positions shown in parentheses are illustrated in Figure
3. The proton positions of the cyclohexadienyl radical are numbered as
those of radical I. ?Observed values in this work (see text for names of
radicals).

by a stick diagram. The absorption spectrum of the ACP kety!
radical was simulated with the reported hfc constants? and a line
width of 0.4 G, and the result is shown in Figure 2c. From
diagram b and spectrum ¢ of Figure 2, the spectrum in Figure
2a was easily assigned to be a combination of the signals due to
the ketyl and 2-propanol radicals. These radicals have E/A* phase
patterns. Here E/A* means that an A phase pattern is mixed
with an E/A one.

Upon addition of Bu;SnH (0.078 mol dm™) to the above so-
lution, the CIDEP spectrum showed a drastic change as shown
in Figure 2d. In the spectrum of this figure, signals due to the
ketyl and 2-propanol radicals became extremely weak and strong
new signals with an E*/A phase pattern appeared. Almost all
of the new signals can be explained by the stick diagram illustrated
in Figure 2e. Also no signal due to the stannyl radical was
observed.

The diagram in Figure 2e corresponds to a radical (radical I)
with a g value of 2.00275; & 0.0001 and hyperfine splittings
consisting of one 43.6-G proton, one 13.0-G proton, two 9.0-G
protons, and two 2.8-G protons. Here, this g-value was obtained
from the shifts of the signals of radical I from those of the 2-
propanol radical (g = 2.00317'%). The observed g-value and hfc
constants of radical I are very similar to the corresponding values

(19) Livingston, R.; Zeldes, H. J. Chem. Phys. 1966, 44, 1245,
(20) Wilson, R. J. Chem. Soc. B 1968, 1582.
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Figure 3. Structures of cyclohexadienyl-type radicals expected to be
produced from ACP (radicals I, O, M, and P) and the structure of one
of the cyclohexadienyl-type radical produced from 2AN (radical R).
Radicals II and II are proposed to be radicals O and R, respectively,
as discussed in Appendix B.

of the cyclohexadienyl radical®! except that of the methylene
protons as shown in Table I. Thus, radical I can safely be assigned
to a cyclohexadienyl-type radical as shown in Figure 3. The
position of the hydrogen abstraction of triplet ACP from Bu;SnH
is not the carbonyl oxygen but the ring carbon connecting with
the acetyl group. Similar hydrogen abstraction that occurs at a
ring carbon has already been found by us in the photoreduction
of xanthone through its wr* triplet states.!®2 Therefore, the
reactivity of triplet ACP with Bu;SnH in 2-propanol through the
xm* character giving the cyclohexadienyl-type radical was proved
to be much larger than that through the na* character giving the
ketyl radical.

We also carried out experiments on the solvent dependence of
the present reaction. The CIDEP spectrum was measured with
the benzene (n-heptane) solution containing 0.283 (0.312) mol
dm3 of ACP, but no CIDEP signal was observed beyond the
sensitivity of the employed apparatus. Upon addition of 0.074
(0.134) mol dm™® of Bu,SnH to the benzene (n-heptane) solution
of ACP, CIDEP signals appeared as shown by the spectrum in
part a (b) of Figure 4. The stick diagram indicating the signal
positions of radical I and the simulated absorption spectrum of
the ACP ketyl radical are shown in part ¢ (d) of Figures 4,
respectively. From diagram c and spectrum d of Figure 4, the
spectra shown in Figure 4a,b can be explained by combinations
of the signals due to radical I and the ketyl radical with E/A*
phase patterns. Typical peaks due to the ketyl radical are shown
by the broken lines in Figure 4.

From the results obtained with the benzene and n-heptane
solutions, the following facts were found: (1) The ketyl radical
cannot be produced in the photoreduction of ACP with benzene
and n-heptane. (2) Both ketyl and cyclohexadienyl-type radicals
can be produced in the photoreduction of ACP with Bu;SnH when
benzene and n-heptane are used as solvents. This means that the
reactivity through the nw* character of triplet ACP in benzene
or n-heptane is larger than that in 2-propanol.

For an aromatic aldehyde or ketone having the nearly degen-
erate nw* and wr* triplet states, the solvent effect on the energy
splitting between the w#* and n=* states has been believed to have
the following order:!! n-heptane > benzene > 2-propanol.
According to the present experiments, the ratio of the yield of
the ketyl radical to that of radical I in the photoreduction of ACP
with Bu;SnH was proved to have the same order. This is further
support for the contribution of the m#* character in the formation
of the cyclohexadienyl-type radical (radical I) from triplet ACP
with Bu;SnH.

The E and A phase patterns in the E*/A and E/A* patterns
of the observed spectra shown in Figures 2 and 4 can be interpreted

(21) Fessenden, R. W.; Schuler, R. H. J. Chem. Phys. 1963, 39, 2147.
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Figure 4. CIDEP spectra observed with (a) the benzene solution con-
taining ACP (0.283 mol dm™) and Bu;SnH (0.074 mol dm™?) (micro-
wave power, 10 mW) and (b) the n-heptane solution containing ACP
(0.312 mol dm~).and Bu;SnH (0.134 mol dm™3) (microwave power, 20
mW). Diagram ¢ and spectrum d represent the signal positions of radical
I and the simulated absorption spectrum of the ACP ketyl radical (see
text), respectively.
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Figure 5. Mixing between the low-lying na* and ==* triplet states of
aromatic ketones for case a (Ey(n) << Ey(m)), case b (Eg(n) < Ey(n)),
case ¢ (Eo(n) > Ey(w)), and case d (Eg(n) > Ey(w)) (see Appendix B).
The degrees of the populating rate constants are represented by the areas
of circles. The polarization patterns (E and A) of the CIDEP spectra
through the triplet mechanism from the triplet states are also shown.

in terms of the mixing???* between the low-lying nr* and ==*
triplet states as illustrated in Figure 5. The details to get the
results shown in Figure § are described in Appendix A. The A
(E) polarization of the ketyl and 2-propanol radicals (radical I)
in the spectrum of part a (d) of Figure 2, which was measured
in 2-propanol, can be explained by the A (E) polarization of the
nw* (w7*) triplet state of case ¢ in Figure S.

The A polarization of radical I (the ketyl radical) observed in
benzene and n-heptane as shown by the spectra of Figure 4a,b
can be explained by the A polarization of the m#* (nx*) triplet
state of case b (case ¢). That is, when the kety! radical is produced
from triplet ACP and Bu;SnH, the =#* triplet state is considered
to become lower in energy than the n»* one through a hydrogen
bond between C=0 and H—Sn. This hydrogen bond has been
believed to lower the w=* triplet states of aldehydes and ketones.?
On the other hand, no such hydrogen bond may be considered
when the cyclohexadienyl-type radical is produced. In the latter

(22) Hayashi, H.; Nagakura, S. Mol. Phys. 1972, 24, 801; 1974, 27, 969.
(23) Cheng, T. H.; Hirota, N. Mol. Phys. 1974, 27, 281.
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Figure 6. CIDEP spectrum observed on the lower and higher field sides
of radical I with the 2-propanol solution of ACP and Bu,SnH (microwave
power, 20 mW). Diagram a represents the signal positions of radical I
(full lines) and the 2-propanol radical (broken lines). Diagram b rep-
resents the signal position of a new radical (radical IT).
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Figure 7. (a) CIDEP spectrum observed with the 2-propanol solution
containing 2AN (0.018 mol dm™) and Bu,;SnH (0.083 mol dm™3) (mi-
crowave power, 20 mW). Diagram b shows the signal positions of a new
radical (radical III).

reaction, the w#* triplet state is considered to become higher than
in the former one as shown by case b of Figure 5. The above
interpretations for the observed phase patterns are consistent with
the formation mechanism of the cyclohexadienyl-type radical
(radical I).

By a careful examination of the spectrum of Figure 2d, weak
signals on the lower and higher field sides of radical I were ob-
tained. With increasing microwave power, these weak signals
became clearer as shown in Figure 6. In this figure, the signal
positions of radical I and the 2-propanol radical are represented
by the full and broken lines in stick diagram a, respectively. The
other weak signals can be explained by stick diagram b of Figure
6. Diagram b corresponds to a radical (radical IT) with a g value
of 2.0037, £ 0.0001 and hyperfine splittings consisting of two 42-G
protons (or one 84-G proton), one 8-G proton, one 7-G proton,
two 2-G protons, and three 1-G protons.

Since one 84-G proton cannot be considered for any generated
radical from ACP, two 42-G protons can safely be assigned to
the methylene protons of a cyclohexadienyl-type radical. The three
1-G protons are probably due to the methyl group. The larger
g value obtained for radical II than for radical I and the ap-
pearance of the methyl hyperfine structure can be interpreted by
delocalization of the odd electron to the carbonyl group. However,
the position of the hydrogen abstraction cannot definitely be
determined only from the results of the present CIDEP experi-
ments. The structure of radical II is considered in Appendix B,
where the most probable structure is proposed to be radical O
shown in Figure 3. The photoreduction of xanthone with Bu;SnH
also gave two cyclohexadienyl-type radicals,!? but the formation
of one of the radicals was proved to be dominant as was the case
in the photoreduction of ACP.

3. CIDEP Studies of 2-Acetonaphthone. The CIDEP spectrum
was measured with the 2-propanol solution of 2AN (0.018 mol
dm™3, but no signal was observed. Upon addition of Bu;SnH
(0.083 mol dm™?) to this solution, weak and broad CIDEP signals
with an E*/A phase pattern were obtained as shown by the
spectrum of Figure 7a. The signals of this spectrum can be
explained by the stick diagram of Figure 7b. This diagram
corresponds to a radical (radical IIT) with hyperfine splittings
consisting of two 30-G protons and one 11-G proton. No further
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hyperfine structure of radical III could be resolved.

However, radical III can safely be assigned to a cyclo-
hexadienyl-type radical from the appearance to two 30-G protons,
which can be considered as the methylene ones. The position of
the hydrogen abstraction is also considered in Appendix B, where
the most probable structure for radical 111 is proposed to be radical
R shown in Figure 3. CIDEP signals due to radical ITI were also
obtained with each of the benzene and n-heptane sotutions of 2AN
in the presence of Bu;SnH, but no signal was obtained without
Bu;SnH. The present results of the CIDEP studies of the pho-
toreduction of 2AN correspond well with the fact that the lowest
triplet state of 2AN is ##* in character irrespective of solvents >3

4. Conclusion. In the present CIDEP studies of the photo-
reduction of BP, ACP, and 2AN with Bu,;SnH, the following
results were obtained: (1) Cyclohexadienyl-type radicals were
found to be produced in the reactions of ACP and 2AN in 2-
propanol, benzene, and n-heptane. (2) Ketyl radicals were found
to be produced in the reaction of BP in 2-propanol and ACP in
benzene and n-heptane.

The above results together with those obtained in the photo-
reduction of xanthone'®!2 seem to give the following facts for the
photoreduction of aromatic ketones (and probably aldehydes) with
hydrogen donors having such bonds as B-H, Ge~H, and Sn-H:
(1) Photoreduction through the low-lying triplet states of nm*
character occurs at the carbonyl oxygen and gives the corre-
sponding ketyl radical as has been believed with other hydrogen
donors such as alcohols and amines. (2) Photoreduction through
the low-lying triplet states of =#x* character occurs at the aromatic
ring and gives such new radicals as cyclohexadienyl-type ones.
This type of photoreduction had not been imagined until we
recently discovered the formation of the cyclohexadienyl-type
radical of xanthone.!® (3) The order and energy splitting between
the low-lying nw* and #=* triplet states determine which type
of photoreduction can occur in actual systems.

The hydrogen donors that can bring about the photoreduction
of aromatic ketones at their aromatic rings should have bonds such
as B-H, Ge-H, and Sn-H, which are to be abstracted. From the
electronegativity of atoms,? these bonds have M®*-H?%" polari-
zation. On the other hand, the C~H bonds of usual hydrogen
donors have C*—H?%* polarization.?* Therefore, the M—H bond
of the former donors is considered to be less favorable for ap-
proaching the carbonyl oxygen than the C—H one of the latter
donors. This may be the reason for the photoreduction at the
aromatic rings. Further theoretical studies on reaction mechanisms
and experimental studies on reaction products are expected to be
carried out for these new types of photoreduction of aromatic
ketones.

Appendix A

Here, we will consider the phase patterns of the CIDEP spectra
of the radicals produced from triplet ketones. According to the
CIDEP theories,’ the patterns can be explained by the radical-pair
and triplet mechanisms (RPM and TM). E/A polarization
patterns can arise from the geminate recombination of triplet
radical pairs and from the random encounter of escaping radicals.
Although the g value of Bu;Sn* was obtained to be as large as
2.0158,% the Ag term of the RPM¢ cannot explain the E/A* and
E*/A patterns observed in the present study. Here, Ag is the
difference between the g values of radicals in a radical pair. Thus,
the remaining net polarization should be explained by the TM.

Let us consider the polarization patterns through the TM from
a triplet precursor where its nw* and w#* triplet states lie close
to each other. Here, the molecular axes z, x, and y are taken to
be along the C=0 bond of the carbonyl group, perpendicular to
the molecular plane, and completing the right-handed Cartesian
frame, respectively. The zeroth order energies of the nz* and
n* triplet states are represented by Ey(n) and E (), respectively.
When Ey(n) < E () (case a) and Ey(n) > E () (case d), the

(24) For example, see: Prichard, H. O.; Skinner, H. A. Chem. Rev. 1958,
55, 745.
(25) Lehnig, M.; Déren, K. J. Organomet. Chem. 1981, 210, 331.
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TABLE II: Calculated Spin Densities (p;) and hfc Constants (a,)*
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radical
cyclohexadienyl 0 M P R
Py (ai/G)

i=1 0.2479 -0.0855 0.2384
i=2 0.3865 (11.0) 0.2339 (6.7) -0.0350 (1.0) 0.3041
i=3 ~0.1311 (3.7) 0.2214 (6.3) 0.2375 (6.8) -0.0681 (1.9)
i=4 0.4176 (11.9) -0.0342 (1.0) 04641 (13.2) 0.308 5 (8.8)
i=35 -0.1311 (3.7) 0.238 4 (6.8) ~0.1451 (4.1) 0.2375 (6.8) 0.0756 (2.2)
i=6 0.3865 (11.0) -0.0419 (1.2) 0.4781 (13.6) —0.0350 (1.0) -0.0229 (0.7)
i=17 0.0633 (1.8)
i=8 -0.0195 (0.6)

2The carbon positions are illustrated in Figure 3 and those of the cyclohexadienyl radical are numbered as those of radical I in this figure.

interactions between the two triplet states are so small that the
energies after interaction (E;) are considered to be similar to E,,.
The lowest triplet state of BP is a typical example for a pure
n=* triplet state, where the order of the energies of its three
sublevels (X, ¥, and Z) and that of the populating rate constants
of the sublevels (P;) were measured as follows:?6 Z > Y > X and
P, > P, P",. Thus, this situation can be used for a pure n7*
triplet state as shown in Figure 5. Therefore, the polarization
pattern due to the TM from a pure n#* triplet state is an E as
shown in Figure 5. The lowest triplet state of benzene is a typical
example for a pure wa* triplet state, where the following relations
may hold:* ¥ ~ Z > X and P, « P",. Thus, this situation can
be used for a pure =#* triplet state as shown in Figure 5.
When Ey(n) < Eq(r) (case b) and Ey(n) > Ey(r) (case c), the
x (y) sublevel of the nx* triplet state and the y (x) one of the
w#* triplet state mix with each other through the spin-orbit
interaction,?? and their energies change as shown in Figure 5.
There is another mixing between the nw* and m#* triplet states
through the vibronic interaction. Because this mixing occurs
between the sublevels with the same molecular axis, no energy
change is expected for the triplet sublevels, but the z sublevel of
the wo* triplet state is considered to borrow a populating rate from

the z one of the n* triplet state.?? Thus, the energy levels, -

populating rate constants, and the polarization patterns through
the TM of the low-lying triplet states for cases b and ¢ can be
obtained qualitatively as shown in Figure 5.

Appendix B

Here, we will consider the structures of radicals II and III, using
the molecular orbital calculations performed by the method of
McLauchlan.?’ The bonding parameters used were those as given
by Streitwieser,?® but the methylene group (X) was considered
as a heteroatom with Ay = 2 and kcx = 0.7. The A value was
taken to be 1.2. These parameters gave better results for the
cyclohexadienyl radical than those calculated by Leone and
Koski.?

The hfc constant (a;) of an « proton connecting the ith sp?
carbon atom with a = electron density (p;) was obtained by using

(26) For review, see: Kinoshita, M.; Iwasaki, N.; Nishi, N. Appl. Spec-
trosc. Rev. 1981, 17, 1,

(27) McLauchlan, A. D. Mol. Phys. 1960, 3, 233.

(28) Streitwieser, Jr., A. Molecular Orbital Theory for Organic Chemists;
Wiley: New York, 1961; p 135.

(29) Leone, J. A.; Koski, W. S. J. Am. Chem. Soc. 1966, 88, 565.

the familiar formula of McConnell,? a; = Qp; with a value of 28.5
G for Q. The calculated p; and g; values for the cyclohexadienyl
radical and radicals O, M, P, and R are listed in Table II.
Although the present calculations may only give qualitative results,
the changes of the calculated values with radicals, O, M, P, and
R from the values with the cyclohexadienyl radical can safely be
compared with the changes of the observed values with radicals
IT and III from the values with the cyclohexadienyl radical.

The a; values of the ring protons of radical II were observed
to be smaller than the corresponding values of the cyclohexadienyl
radical as shown in Table I. For radical M, however, its a, and
ags were calculated to be larger than a4 of the cyclohexadienyl
radical as shown in Table II. Therefore, radical M can clearly
be eliminated for the assignment of radical II. For radical O (P),
its a; and as (a; and as) were calculated to be smaller than a,
and g¢ of the cyclohexadienyl radical and its a, and a4 (a, and
a,) to be smaller than a; and as of the latter radical as shown in
Table II. These tendencies of radicals O and P agree well with
the observed differences in the a; values of the ring protons between
radical IT and the cyclohexadienyl radical. However, the calcu-
lated a5 and a; values of radical O seem to better explain the
observed 8-G and 7-G protons of radical II than the calculated
values of radical P, where a; and a5 were calculated to be the same.
Although a molecular distortion within radical P might explain
the inequality of a, and as, we propose that the most probable
structure of radical II is radical O.

Similar calculations were also carried out for the cyclo-
hexadienyl-type radicals produced from 2AN. The calculated
results for radical R of Figure 3 are listed in Table II. Radical
R can be considered the most probable structure for radical 111
for the following reasons: For radical R, its a, was calculated
to be much larger than its as, as, ag, a,, and ag and to be smaller
than a, of the cyclohexadieny! radical, as shown in Table I. These
tendencies agree well with the observed ones in the g; values of
radical III and the cyclohexadienyl radical as shown in Table I.
No calculation for any other cyclohexadienyl-type radical expected
to be formed from 2AN could reproduce the observed tendencies
from the cyclohexadienyl radical to radical II1.
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