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Photolysis of 4-acetyl-4-ethoxyformylcyclohexanone and 4-acetyl-4-phenylcyclohexanone in deuteriochloroform
showed an unusual polarization which suggests that a singlet exciplex of the ketone with deuteriochloroform may

be involved in the Norrish type I reaction.
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INTRODUCTION

Photolysis of ketones has been extensively studied by
chemically induced dynamic nuclear polarization
(CIDNP).1=2* Most of the CIDNP results indicated that
the Norrish type I reaction of simple aliphatic ketones
produces an acyl-alkyl radical pair which undergoes
in-cage recombination and disproportionation reactions
and, in addition, out-of-cage hydrogen and/or chlorine
abstraction from scavengers or solvents. A triplet multi-
plicity of the excited state from which the reaction takes
place has been proved to be predominant.*® On the
other hand, den Hollander et al.” and Bargon® have
observed unusual polarizations during the photolysis of
a-branched alkanones carried out in the presence of
carbon tetrachloride, and have proposed that a singlet
exciplex between the ketone and carbon tetrachloride
may be involved in the reaction. In other solvents, such
as deuteriochloroform, however, no such unusual polar-
ization has been reported.

During the photolysis of 4-acetyl-d-eth oxyformyl-
cyclohexanone (1) and 4-acetyl-4-phenylcyclohexanone
(2) in CDCl;, we observed an unusual polarization
which cannot be explained by the general triplet radical
pair mechanism. The result, together with the high
selectivity of chlorine abstraction from deuterioch-
loroform as shown by product analysis, suggests that a
singlet exciplex between the ketone and deuteriochloro-
form may be involved in the reaction. This is believed to
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be the first CIDNP evidence concerning a ketone-
deuteriochloroform exciplex as a precursor of the
radical pair in the photolysis of ketones. Further, the
characteristics of the ketone—-CDCIl; exciplex were
found to be different from those of the ketone-CCl,
exciplexes reported previously.”-?

EXPERIMENTAL

Compounds 1 and 2 were prepared according to the
literature.® Sample solutions were deaerated by bub-
bling argon. The products of the photolysis were identi-
fied by gas chromatography—-mass spectrometry
(GC-MS) with a Hewlett-Packard HP 5988A mass
spectrometer and 'H NMR. NMR measurements were
performed at 80.131 MHz on a Bruker AC-80 spec-
trometer equipped with a photo-CIDNP probe which
was maintained at 293 K with a Bruker variable-
temperature control unit. The spectrometer was oper-
ated in the routine KINETICS mode with a flip angle
of 30°. A 0.1 M solution of the sample in CDCl; was
irradiated in situ with the full spectrum of a Kratos
KPS 255 HR 1000 W xenon lamp.

RESULTS AND DISCUSSION

'H NMR spectra obtained (a) during and (b) after the
irradiation of 1 and 2 in CDCl; are shown in Figs 1 and
2, respectively. The spectra in Figs 1b and 2b are basic-
ally the same as those recorded before the irradiation,
indicating that during the short period of irradiation
only a very small amount of the sample was photolysed.
In order to identify the products, the irradiation was
continued for a further 20 min at 293 K, and the pro-
ducts were analysed by GC-MS. This showed a pre-
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Figure 1. 80 MHz 'H NMR spectra obtained (a) during and (b)
after photolysis of 0.1 m1in CDCl;.
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Figure 2. 80 MHz 'H NMR spectra obtained (a) during and (b)
after photolysis of 0.1 m2in CDClI,.

dominant production of CH;COC! (m/z 63, M — CH;;
43, M — (), together with small amounts of CH;CHO
(m/z: 44, M; 43, M — H), alkenes [m/z: 168, M for
RY(—H) or 172, M for R¥(—H)], CHDCI, (m/z: 85, M;
87, M + 2; 89, M + 4), RICDCl, (m/z: 253, M; 169, M
—~CDCl,) or R?CDCl, (m/z: 257, M; 173, M
— CDCl,), and a very small amount of CDCIL,CDCl,
(m/z: 133, M — Cl; 98, M — 2Cl; 84, {M). Notably, no
CH,;CDO was detected. The assignment of NMR lines
based on the chemical shifts and the GC-MS analyses is
listed in Table 1. Peaks around 2.4 ppm were superim-
posed and therefore cannot be assigned unambiguously.
In addition to polarization of acetaldehyde and the
alkenes, which must originate from the in-cage dispro-
portionation of the triplet acetyl-alkyl pair, the two
spectra revealed some novel features, viz. enhanced
absorption for acetyl chloride, emission for CHDCI,,
time-dependent polarization for the alkenes and the
lack of polarization for CHCl; and the parent ketones.
In general, photolysis of dialkyl ketones in deuterio-
chloroform does not produce acyl chloride,”® because
the acyl radical decarbonylates rapidly.!® However, den

Table 1. Assignment and polarization of NMR
lines recorded during photolysis of 1 and

2in CDCL,
Chemical shift
{(ppm vs. TMS) Polarization phase
1 2 1 2 Compound?
217 217 E E CH,*CHO
9.80 9.80 A A CH,CH*O
5.30 5.30 E E CH*DCI,
267 2.67 A A CH,*COClI
7.10 A R'(-H)®
6.10 A RZ(-H)®
2.80 A R'(-H)®
2.85 E R2(—H)©

2 Asterisks designate polarized protons.
® Olefinic proton.
¢ Allylic proton.

Hollander et al.” reported that photolysis of diisopropyl
ketone (DIK) in the presence of CCl, gave a high yield
of isobutyryl chloride which was not polarized. It was
proposed that the reaction proceeds via a singlet exci-
plex between the ketone and CCl, as shown in Eqn (1).
According to this scheme, polarization for the acyl
chloride would not be expected since the a-cleavage of
the ketone and the chiorine abstraction take place
simultaneously.!

DIK(S,) + CCl, - (DIK, CCl,);,
- RCOCI + SR -+ CCl, (1)

On the other hand, enhanced absorptive acyl chlor-
ides have been observed in the photolysis of di-tert-
butyl ketone'? and 2-butanone and 2-pentanone'® in
the presence of CCl,. The polarization was assumed to
arise from chlorine abstraction of the acy! radical,
which escaped from the cage, from CCl,. This assump-
tion, however, has been doubted by Kaptein,* since the
reaction was found to occur only in CCl, and not in
several other chlorinated solvents, including CDCl, .’

Our new finding was that acetyl chloride was pro-
duced in high yield and showed enhanced absorption
when the ketones were photolysed in CDCl;. The ques-
tion is, how does the polarized acetyl chloride arise?
CIDNP alone cannot distinguish a singlet in-cage reac-
tion from a triplet out-of-cage reaction, since both give
the same phase of polarization.'* Therefore, one has to
search for other evidence. The GC-MS analysis of the
products indicated that no CH;CDO was produced
during the reaction, despite the production of a large
amount of CH,;COCI and a small amount of CH;CHO.
This means that the acetyl radical did not escape from
the cage; had the acetyl radical diffused into the bulk
solvent, it would have abstracted deuterium in prefer-
ence to chlorine® from CDCl; to produce CH,CDO.
Therefore, the mechanism shown in Scheme 1 is sug-
gested for the photolysis of ketones 1 and 2 in CDCl,.
This involves a singlet exciplex between the ketone and
deuteriochloroform. The cooperation of the singlet exci-
plex (route a) and the triplet acyl-alkyl radical pair
(route b) can satisfactorily account for all the experi-
mental observations by the Kaptein rule,!* as shown in
Scheme 1.
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Scheme 1. Proposed mechanism for the photolysis of 1 and 2 in
CDCl,.

The validity of the in-cage chlorine abstraction was
further evidenced by the lack of polarization for chloro-
form in our experiment. Generally, emission for CHCl,
was always observed when photolysis was carried out in
deuteriochloroform”™® owing to abstraction of deute-
rium from the solvent and subsequent hydrogen
abstraction by *CCl; [Eqn (2)]. Since alkyl radicals
usually abstract hydrogen or deuterium more readily
than chlorine,® our observation of exclusive formation
of CHDCI,, i.e. high selectivity of chlorine abstraction
over deuterium abstraction, implies that the chlorine
abstraction did not take place in the bulk solvent. The
emissive  CHDCl, may originate from the triplet
R - CDCl, pair as shown in Scheme 1.

RD +:CCl, R, cHCl,
R-+ coma{ (2)
RCl e -CDCl, —B— CHDCI,

It should be pointed out that the ketone-CDCl; exci-
plex behaves slightly differently from the ketone-CCl,
exciplex reported by den Hollander et al” In the
ketone—CCl, exciplex the a-cleavage of the ketone and
the chlorine abstraction from CCl, take place simulta-
neously in the exciplex, giving the acyl chloride no
polarization. In the ketone-CDCI; exciplex, however,
the ketone in the exciplex first splits to the acyl-alkyl
radical pair and then the polarized acyl radical
abstracts chlorine from the complexed CDCl;, forming
the absorptive acyl chioride. The difference may orig-
inate from the fact that chlorine abstraction from
CDCl, is slower than that from CCl,.!> The high selec-
tivity of chlorine abstraction over deuterium abstraction
from CDCl; in the exciplex suggests that a specific con-
figuration of the complex may be required for the reac-
tion.

The coexistence of routes a and b can also be proved
by the fact that the signal intensity of the alkenes is time
dependent (Fig. 3). It is seen that although the signal
intensities of acetaldehyde (9.80 and 2.17 ppm) were
almost unchanged during the photolysis, the signal
intensities of the alkene changed considerably with time.

10.0 8.0 6.0 4.0 2.0 6H(ppm)

Figure 3. Time dependence of the "H NMR signal during the
photolysis of 1 in CDCl;. The inset illustrates the expansion of the
peak at 7.10 ppm.

For 1, the enhanced absorptions at 7.10 and 2.80 ppm
reached their maxima around 14 s after turning on the
light, and then the intensity decreased rapidly. With 2, a
weak enhanced absorption appeared at the beginning of
the irradiation and disappeared quickly, while an emis-
sion at 2.85 ppm appeared and increased gradually in
intensity. The results can be explained by the com-
petition between routes a and b (Scheme 1). Both path-
ways would produce the same alkene. However, since
the g value of the alkyl radical (2.0025) is greater than
that of the acetyl radical (2.0007), but smaller than that
of +CDCl, (2.0080),* the alkene derived from routes a
and b should give an opposite polarization. The differ-
ent behaviour of 1 and 2 is a reflection of the different
ease of formation of the exciplex for the two com-
pounds. The influence of the structure of ketones on the
stability of exciplexes has been discussed by Bargon.®
The absence of polarization for the parent ketones and
the high yield of acetyl chloride demonstrate that route
a must be the main pathway in our reactions.

It was noted that the structure of the ketones can
influence the mechanism of photolysis appreciably. For
instance, photolysis of dibenzyl ketone in CDCl; did
not give any product derived from the solvent.!® Pho-
tolysis of diisopropyl ketone in CDCl; gave emissive
CHCI; but no indication of the formation of any exci-
plex.” In the present case the specific structures of 1 and
2 may play a role in the formation of the exciplex.
Further investigations of the structural dependence of
the formation of the exciplex are in progress.
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