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Chemically Induced Dynamic Nuclear Polarization
Techniques in the Study of the Arylation Reaction.
A Novel Demonstration of the Intermediacy of the
Aryl Cyclohexadienyl Radical!

Sir:

The phenylcyclohexadienyl radical (PCD-) has been
assumed to be the key intermediate in the extensively
studied free-radical arylation of aromatic compounds.?
While the presence of this radical had been inferred
from chemical evidence we have been able to obtain
physical evidence for it by the use of CIDNP tech-
niques.! The CIDNP effect detects electron-nuclear
spin interactions between unsymmetric radical pairs
by a net polarization in the nmr spectrum of the re-
sulting products.*

Phenyl radicals are most conveniently produced
by the thermal or photochemical decomposition of
benzoyl peroxide (BPO). Whatever the source, phenyl
radicals will react with aromatic substrates by a com-
plicated mechanism leading to arylated products.?
In fact, it has been calculated that there are 100 sig-
nificant steps in the decomposition of BPO in benzene.?
In order to simplify the nmr spectra, perdeuterated
BPO was used as the source of phenyl radicals, and
1,3,5-trisubstituted benzenes were used as the aromatic
substrate. Thus, the reaction produced a single bi-
phenyl containing only one kind of hydrogen. Fur-
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thermore, perchlorinated radicals were used as ac-
ceptors for any abstractable hydrogens which thereby
appeared in a one-line spectrum. The perchlorinated
radicals are formed by chlorine abstraction of excess
radicals during the BPO decomposition. For example,
see eq 1-3, where an asterisk denotes polarization.
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The perchlorinated radicals also served the purpose
of providing a radical with a different g value from that
of the PCD-, a condition which must be met for net
polarization.*® (Normally the predominant reactions
are the coupling and disproportionation of two PCD-
radicals.?)

We observed polarized nmr spectra from both prod-
ucts of reaction 3, the biphenyl and the pentachloro-
acetone, the polarized hydrogens being those of the
PCD-. Similarly, an emission spectrum of penta-
chloroethane or chloroform was observed when hexa-
chloroethane or carbon tetrachloride’ was the chloro
substrate, Among the aromatic compounds which
were used successfully as hydrogen sources to produce
these one-line nmr spectra were benzene, toluene, xylene,
mesitylene, chlorobenzene, 1,3,5-trichlorobenzene,
diphenylmethane, and naphthalene. The correspond-
ing biphenyl polarization, however, an enhanced ab-
sorption, is easily obscured by the-solvent spectrum
and was only observed in the substrates mesitylene
and 1,3,5-trichlorobenzene. These 1,3,5-substituted
benzenes also provide more favorable conditions for
biphenyl formation since coupling of their PCD radicals
is sterically inhibited. For a typical run see Figure 1.
The observed polarization may be analyzed on the
basis of a simple formulation used to predict the sign
of nmr enhancement.! Then the emission spectrum
of the pentachloroacetone (chloroform or pentachloro-
ethane) is consistent with hydrogen abstracted from the
PCD- within the polarizing cage. The perchlorinated
radicals are expected to have a higher g value than any
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corresponding PCD - in the radical pair.>® Since the
hyperfine coupling constant of the allylic hydrogens
in the unsubstituted cyclohexadienyl radical has a
large positive value (+47.7 G),'** we expect the corre-
sponding PCD- coupling constant to be positive also.
Applying the rules® for a “disproportionation reaction”
between independently generated radicals as in eq 3
with a negative Ag and a positive hyperfine coupling,
an emission line is predicted for the pentachloroacetone
(pentachloroethane or chloroform) as we observe.
The 3,5-hydrogens of the biphenyl, however, appear in
enhanced absorption in the nmr spectrum. This cannot
be compared with prediction as the absolute value of
the hyperfine coupling constant in that position of the
best available model, the cyclohexadienyl radical, is too
small to presume that the sign of the highly substituted
radicals is the same.’®® The calculations of hyperfine
coupling constants also require considerable approx-
imations.!®

In toluene, xylene, mesitylene, and diphenylmethane
direct abstraction of the benzylic protons by the penta-
chloroacetonyl radical competes with phenyl addition
to the aromatic ring. Such a chain-transfer process
does not contribute to polarization;* it merely lessens
the emission from the pentachloroacetone, formed by
reaction 3. Indeed, the pentachloroacetone produced
from a hexamethylbenzene substrate is not polarized
since by far the major process there is not arylation but
direct abstraction. We obtained additional experi-
mental evidence that hydrogen is not polarized in a
chain-transfer step, from the earlier studied BPO-
cyclohexanone system.!! We decomposed 597 solu-
tions of BPO-dy,!? or BPO-f14'? in cyclohexanone under
conditions in which even a 1% solution of BPO-A,
gave a large benzene emission signal. No polarization
was observed in the abstraction products. Therefore,
polarization was not induced when only a single radical
was involved. The perchloro and the PCD: radical
are both required in the polarizing step.

So far we have discussed the polarization of the
protons on the cyclohexadienyl ring of the PCD-, as
produced from the reaction of BPO-d,, with hydrogen-
containing aromatic compounds. When BPO-%, is
decomposed in benzene-d;, the PCD- is deuterated in
the radical-containing ring and polarized biphenyl is
not expected. Nevertheless, an nmr emission spectrum
corresponding to the ortho protons of biphenyl is
observed'® particularly in the absence of perchloro
compounds. This polarization must be due to phenyl
radicals which have escaped the initial polarizing
cage and retained some polarization throughout the
arylation reaction. In the same spectrum a large
enhanced absorption nmr signal from phenyl benzoate
is observed from the in-cage combination of benzoyloxy
and phenyl radicals. Addition of only 5% perchloro-
alkane reduced the enhanced absorption to the much
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Figure 1. Nmr spectra of a BPO-dj-1,3,5-trichlorobenzene-
hexachloroacetone solution (molar ratio, 0.1:1:1): (a) after 3 min
at 127° in nmr probe; (b)after 10 min at 127° in nmr probe.

smaller peak usually observed for phenyl benzoate in
aliphatic solvents.!* We assume that this is due to
solvent interference in the geminate recombination
reaction. 1%
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By using selectively substituted (Cl, D, or alkyl)
reactants, we have been able to detect three kinds of
protons of the PCD: intermediate by CIDNP. The
role of the PCD- radical in the arylation reaction is
thus demonstrated by a physical technique.
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Quantum Yields of Silver Ton Reduction on
Titanium Dioxide and Zinc Oxide Single Crystals

Sir.
Photochemical electron transfer reactions at the

surfaces of solids in contact with metal ion solutions
have been the subject of numerous investigations.!'—*
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