1976

Cyclobutanol : Fragmentation Ratios for the Singlet and Triplet Excited
Statesinthe Typell Photochemistry of Some a-Alkylated Cyclohexanones !

By lan Fleming,” Anthony V. Kemp-Jones, William E. Long, and Eric J. Thomas, University Chemical
Laboratory, Lensfield Road, Cambridge CB2 1EW

In the Type Il photochemistry of the conformationally fixed cyclohexanones, c¢/s-4-t-butyl-2-n-propylcyclo-
hexanone (1), 17@-acetoxy-2a-n-propyl-ba-oestran-3-one (6), 2a«-n-propyl-5a-cholestan-3-one (9), and
17a-acetoxy-4a-n-propyl-ba-oestran-3-one (12), there is in each case a higher cyclobutanol : fragmentation
ratio than that usually found for open-chain ketones. The effect, which is probably a consequence of the fragment-
ing bond being held at an angle unfavourable for continuous overlap, is more marked in the triplet state reaction,
where the ratio for (1) is 73 : 27. |n both states the effect is in fact quite small, probably because the reactions are
very exothermic. |n the case of the 4a-n-propyl steroid (12), the cyclobutanol : fragmentation ratio is larger for
both the singlet and the triplet states than in the other cases, as a result of the presence of the ring B residue adjacent
to the propyl group. Type | products from the steroidal ketones were not detected, and the Type | product from
cis-4-t-butyl-2-n-propylcyclohexanone (1) is very largely of the ester and not the aldehyde kind. 2-Cyclohexyl-
cyclohexanone (14) gives a high cyclobutanol : fragmentation ratio in both the triplet (ca. 80 : 20) and singlet

states (64 : 36).

ProToLYs1s of ketones having an accessible hydrogen
atom on C-4 is well known %3 to give a fragmentation
product and cyclobutanols. These products are now
called 2 the Type II products, and both are known to be
produced from both the singlet and the triplet excited
states (Scheme 1). Recently, some interest has been
shown in the proportion of these two products. One

1 Preliminary communication, I. Fleming, A. V. Kemp-Jones,
and E. J. Thomas, Ckem. Comm., 1971, 1158.

2 P. J. Wagner, Accounts Chem. Res., 1971, 4, 168.

3 W. M. Horspool, Specialist Periodical Reports Chem. Soc.,
Photochemistry, 1970, 1, 133; J.S. Swenton, J. Chem. Educ., 1969,
46, 217.

4 P. J. Wagner and A. E. Kemppainen, j. Amer. Chem. Soc.,
1968, 90, 5896; P. J. Wagner, P. A. Kelso, A. E. Kemppainen,
J. M. McGrath, and R. G. Zepp, ibid., 1972, 94, 7506.

factor which has occasionally been cited 248 is the pos-
sibility that, in the fragmentation reaction, there is a
need for continuous overlap of the orbitals involved.
For example, the optimum condition for fragmentation
in the triplet state reaction, in which there is a diradical
intermediate, is expected to be one in which the 2,3-bond
is parallel to the singly occupied orbitals on C-1 and -4.
The requirement for cyclobutanol formation is not

5 F. D. Lewis and T. A. Hilliard, J. Amer. Chem. Soc., 1972,
94, 3852; see also P. J. Wagner and J. M. McGrath, ibid., 1972,
94, 3849.

¢ A. Padwa, E. Alexander, and M. Niemcyzk, J. Amer. Chem.
Soc., 1969, 91, 456; R. R. Sauers, M. Gorodetsky, J. A. Whittle,
and C. K. Hu, ¢bid., 1971, 98, 5520; F. D. Lewis, R. W. Johnson,
and R. A. Ruden, ¢bid., 1972, 94, 4292; R. B. Gagosian, J. C.
Dalton, and N. J. Turro, ¢bid., 1970, 92, 4752.
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expected to be so dependent upon the orientation of this
bond, and hence a high cyclobutanol : fragmentation
ratio will be expected of ketones in which the 2,3-bond
is held more or less rigidly in an orientation unfavourable
for fragmentation.

Several ketones are known 57 to give an unusually
high proportion of cyclobutanols, and in many of them
the orientation of the 2,3-bond is unfavourable for frag-
mentation. None of these cases, however, is unambigu-
ously explained by this effect; most of the examples
were found by chance, and were not expressly designed
to test the hypothesis. We now report higher than usual

J.C.S. Perkin II

RESULTS

The direct photolysis of the ketones (1), (6), (9), (12), and
(14) in t-butyl alcohol gave the products shown in Scheme
2. The cyclobutanols (2), (7), (10), (13), and (15) were
generally isolated as mixtures of stereoisomers, some of
which could be separated into pure compounds. In each
case the cyclobutanol: fragmentation ratio (Table) was
relatively high compared with the values for open-chain
ketones recorded in the literature (usually 210 : 90 10712 for
the singlet state and =30: 70 419713 for the triplet state).
‘When the triplet state reaction was quenched with piperyl-
ene the proportion of cyclobutanols fell to more normal
values (Table), except for the ketones (12) and (14), where
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cyclobutanol : fragmentation ratios in some rather less
ambiguous examples. We also report that this effect is
small and that it is more in evidence for the triplet state
reaction than for the singlet state reaction.

We have looked at the products from the photolysis
of the cyclohexanones (1), (6), (9), (12), (14), and (20) in
each of which the fragmenting bond is equatorial and
therefore at an angle which should be unfavourable for
fragmentation. The photolysis of ketone (1) has also
been studied by Turro and Weiss,® but they did not ob-
serve the formation of cyclobutanols, largely because
they used cyclohexane as a solvent. In this solvent
(unlike t-butyl alcohol #11) most of the reaction is from
the singlet state, and in the singlet-state reaction cyclo-
butanols are very minor products (see later).

7 N. C. Yang and D.-M. Thap, Tetrahedvon Letters, 1966, 3671;
E. F. Kiefer and D. A. Carlson, ébid., 1967, 1617; R. C. Cookson,
J. Hudec, A. Szabo, and G. E. Usher, Tetrahedron, 1969, 24, 4353 ;
T. Matsui, A. Komatsu, and T. Moroe, Bull. Chem. Soc. Japan,
1967, 40, 2204; J. Iriarte, K. Schaffner, and O. Jeger, Helv.
Chim. Acta, 1963, 46, 1599 and references therein; C. Djerassi
and B. Zeeh, Chem. and Ind., 1967, 358; K. H. Schulte-Elte
and G. Ohloff, Chimia (Swiiz.), 1964, 18, 183; K. H. Schulte-
Elte, B. Willhalm, A. F. Thomas, M. Stoll, and G. Ohloff, Helv.
Chim. Acta, 1971, 54, 1759; B. Camerino and B. Patelli, Ex-
perientia, 1964, 20, 260; T. Mori, K. Matsui, and H. Nozaki,

Tetrahedron Letters, 1970, 1175; N. Sugiyama, K. Yamada, and
H. Aoyama, J. Chem. Soc. (C), 1971, 830.

there was substantial cyclobutanol formation even in the
singlet state.

To measure the yield of cyclobutanols from the triplet
state is not easy. Photosensitisation of the triplet state of a
saturated ketone isnot well precedented (but see the following
paper). We were therefore obliged to measure the absolute
yieldsof theproductsinthedirectand the quenched reactions
It was necessary to do a Stern—Volmer plot, in order to ex:
clude the small amount of singlet quenching,!* and manjy
runs had to be made before our figures were accurate enough
Thus we have a reliable value (73 : 27) only for ketone (1) anc
a rough value (ca. 80 : 20) for ketone (14). For all five ke
tones, however, it is clear that the cyclobutanol : fragmenta
tion ratio is higher in the triplet state than in the single
state. It can easily be shown that the cyclobutanol:
fragmentation ratio for the triplet state reaction is alway:
higher than the ratio observed in the direct photolysis

8 N. J. Turro and D. S. Weiss, J. Amer. Chem. Soc., 1968, 90
2185.

9 P. J. Wagner, J. Amer. Chem. Soc., 1967, 89, 5898.

10 J. A. Barltrop and J. D. Coyle, Tetrahedvon Letters, 1968
3235.

11 P, J. Wagner, Tetvahedrvon Letters, 1968, 5385.

12 D. R. Coulson and N. C. Yang, J. Amer. Chem. Soc., 1966, 88
4511.

13 J. A. Barltrop and J. D. Coyle, J. Amer. Chem. Soc., 1968, 90
6584.

14 F.S. Wettack, G. D. Renkes, M. G. Rockley, N. J. Turro, an
J. C. Dalton, J. Amer. Chem. Soc., 1970, 92, 1793.
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provided that this ratio is reduced on quenching, as it is in
all our cases and in all reported cases.

DISCUSSION

We do not know all the rate constants of Scheme 1, so
we cannot give a full account of the reactivity of the
intermediates involved. We can however come to the
following conclusions.

Products ¢ of photolysis *
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reaction is 43 :57, which represents only an approxi
mately 4-fold reduction for ketone (1) in the rate o
fragmentation relative to cyclobutanol formation.

(v) The large effect is in the triplet-state reaction. Fos
ketone (1) the cyclobutanol : fragmentation ratio in the
triplet state is 73 : 27. The ratio in the singlet state re
mains small (13 : 87), presumably because it is so muct
more exothermic than the triplet state reaction.

Cyclobutanol : fragmentation ratios

r_Cyclo- Fragmentation Type I - A
Starting Photolysis butanols products product Singlet state + Singlet state Triplet state
material conditions (%) (%) (%) triplet state alone alone
@ Directin ButOH,* 304 55e 13 35:65 73:27¢
quenched / in ButOH 137¢ 87 0 13:87
(8) Direct in ButOH, 42 58 0 42: 58 >42: 58
quenched f in ButOH 24 76 0 24:76
(9) Direct in ButOH, 30 70 0 30:70 >30:70
quenched f in ButOH 11 89 0 11:89
(12) Direct in ButOH, 70 30 0 70: 30 >170:30
quenched / in ButOH 46 54 0 46 : 54
(14) Direct in ButOH, 26 4 6 67 % 82:18
quenched in neat 561 18m 0 76 : 24
piperylene
Pentane—piperylene mixture 72:28 64 : 36 ~80:20"

containing 10% ButOH

@ Values are average of two or three runs and are reproducible to 42 or 39.
5 Concentration was 0.08M for (1), 0.02Mm for the steroids, and 0.06M for (14).

products at 10—209%, conversion.

products with short g.l.c. retention times were also detected to the extent of ca. 1-—29%, each.
called A—D, could be detected (see Experimental section) very approximately in the ratios 5: 15 : 60 : 20.

Yields are expressed as percentages of detectabl
¢ Two unidentifie
4 Four cyclobutanols, which we hav
¢ This includes the Typ

I product (5) which is formed from the Type II product by secondary photolysis, usually to the extent of ca. 15%, at 209, conversion

f t-Butyl alchol was made 2.3M in piperylene.
20:60:15:5.
Experimental section.
tobe 68 : 32; the difference is probably not even significant.

were not in the ratio 41 : 15.
in this region.

(i) The main effect of having a 2,3-bond oriented un-
favourably for fragmentation is to make both Type II
processes inefficient. The quantum yield for (1) is 0.05
(Turro and his co-workers 1% obtained a value of 0.1) in
line with the usual range !¢ for 2-alkylcyclohexanones
(0.16—0.04).

(ii) The steroidal ketones (6), (9), (12), and (20) gave
no Type I products in t-butyl alcohol. Photolysis of
ketone (20) in cyclohexane did give hydrocarbon products,
so evidently the diradical intermediate in the Type I
reaction was being formed, but presumably it always
reclosed in t-butyl alcohol to give the starting ketone.

(iii) The Type I product from ketone (1) was entirely
of the ester kind, presumably for the reasons given by
Turro and his co-workers.1

(iv) Although all of the ketones did give relatively
high cyclobutanol : fragmentation ratios, the effect of
having the 2,3-bond oriented unfavourably for fragmenta-
tation is small. The rate of cyclobutanol formation was
increased by no more than a factor of ten relative to the
rate of fragmentation. The effect is even smaller if
comparison is made with 2-methylvalerophenone,® a
ketone with the same degree of substitution at both C-2
and -4 as our ketones: here the ratio for the triplet state

15 J. C. Dalton, K. Dawes, N. J. Turro, D. S. Weiss. J. A.
Barltrop, and J. D. Coyle, J. Amer. Chem. Soc., 1971, 98, 7213.

18 D. S. Weiss, N. J. Turro, and J. C. Dalton, Mol. Photochem.,
1970, 2, 91.

» The amount of Type I reaction left unquenched was too small to measure.
As a result of an arithmetical error, this ratio was unfortunately reported in our preliminary communicatio:
# Two fractions by g.l.c., A and B, in the ratio 0of 16 : 10.
of (18) and the ester (19) in the ratio 7: 51 : 9 respectively. There was very little of the secondary photoproduct (17).
m 269 Unidentified product was also present.

¢ The four cyclobutanols could now be detected very approximately in the ratio

¢ For details of this measurement se

k Two isomer:
tAand 1
» See the following paper for confirmation of a numbe

(vi) Ketone (12) has quite a high cyclobutanol : frag
mentation ratio (46 : 54) even in the singlet state. Thi
is probably caused by a buttressing effect from the C-5:
C-6 bond.

(vii) Ketone (20), has both the buttressing effect and
because the hydrogen abstracted is primary,1%17 a pre
dominantly triplet state reaction. The result is that th
cyclobutanol (21) is virtually the only photoproduct i
t-butyl alcohol.

(viii) Ketone (14) is a special case. In the diradica
intermediate (22) of the triplet state reaction, the frag
menting bond is unfavourably oriented with respect ti
both radical centres. Perhaps because this ketone is no
conformationally rigid, this does not lead to a significan
increase in the cyclobutanol : fragmentation ratio in th
triplet state. Indeed, the 209, fragmentation may wel
have come from a conformation of the diradical [e.g
(23)], in which the bond joining the two rings is axial t«
at least one of the rings. The interesting feature in thi
ketone is that the singlet state reaction shows a higl
cyclobutanol : fragmentation ratio, namely 64 :36€
Whether or not there is a diradical intermediate, in th
singlet-state reaction, there is unlikely to be time fo
conformational change after the light has been absorbed

17 P. Ausloos and R. E. Rebbert, J. Amer. Chem. Soc., 1964, 8¢
4512; P. J. Wagner and G. S. Hammond, :bid., 1966, 88, 1245
N. C. Yang, S. P. Elliott, and B. Kim, 7bid., 1969, 91, 7551.
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Since some, at least, of the reaction can have come from
the minor conformation corresponding to (23), the cyclo-
butanol : fragmentation ratio in the singlet state reaction
of a conformationally rigid analogue of (14) can be ex-
pected to be even higher than 64:36. This could be
useful knowledge from the synthetic point of view. Type
I reactions of cyclic ketones are triplet state reactions,!®

hYy
Bator  HO .
H
(21)
. ~OH OH
— °
U \/ L ]
(22) (23)

and it is useful to be able to quench them when they
are undesirable; thus if cyclobutanols are to be major
products, it is preparatively convenient that the cyclobu-
tanol : fragmentation ratio be high in the singlet state.
Evidently an especially unfavourable orientation of the
fragmenting bond, as in (14), can be made to raise the
cyclobutanol : fragmentation ratio in the singlet state
reaction.

Synithesis of the Ketones (1), (6), (9), and (12).—In
planning to synthesise ketones (1), (6), (9), and (12), we
immediately came up against the well known difficulty
of achieving regioselective monoalkylation of the parent
ketones. Although much work has been done in this
field, our efforts along several established lines,%2
although not fruitless, were not encouraging. Only one,
(12), of the ketones was readily made using Stork’s
reductive alkylation method 1 for achieving regioselec-
tive monoalkylation. The other three n-propyl ketones
were eventually prepared most easily by modification of
the procedure in ref. 23 for the allylation of cyclohexan-
one, followed by hydrogenation. In this procedure, the
diallyl acetal of cyclohexanone is heated to give, by way
of a Claisen type rearrangement of the enol ether, allyl-
cyclohexanone, and allyl alcohol. Our modification was
simply to combine the two steps: by heating the ketones
(8), (8), and (11) with 2,2-dimethoxypropane, allyl alco-
hol, and toluene-p-sulphonic acid in toluene, and distill-
ing off the acetone, methanol, and allyl alcohol, the allyl
ketone was produced directly in acceptable yield. The
method also works on cholestenone, to give 4-allylcholes-

18 P, J. Wagner and R. W. Spoerke, J. Amer. Chem. Soc., 1969,
91, 4437.

1% G. Stork, P. Rosen, N. Goldman, R. V. Coombs, and J.
Tsuji, J. Amer. Chem. Soc., 1965, 87, 275.

20 S, Karaday, M. Lenfaut, and R. E. Wolff, Bull. Soc. chim.
France, 1965, 2472.

21 G. Stork and S. R. Dowd, J. Amer. Chem. Soc., 1963, 85,
2178; T. A. Spencer, R. W. Britton, and D. S. Watt, ibid., 1967,
89, 5727; R. R. Youssefyeh, Tetrahedvon Letters, 1964, 2161.
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tenone in better yield than by the alkylation route.?* In
the case of 4-t-butylcyclohexanone (3), we observed that
the product was initially rich in the trans (axially alkyla-
ted) isomer (719, trans: 299, cis); on equilibration, the
usual 20 mixture (ca. 15%, trans: ca. 859, cis) was pro-
duced. Alkylations of enolates are not usually very
stereoselective,® but alkylations of enamines ? like
protonation of enamines 26 and of enol ethers? are
much more stereoselective. Evidently the Claisen
type rearrangement is also stereoselective, probably
because it too is not very exothermic. Because our
reaction conditions are potentially equilibrating con-
ditions, the stereoselectivity we observe is not necessarily
the optimum.

EXPERIMENTAL

cis-4-t-Butyl-2-n-propyleyclohexanone (1).—A mixture of
cis- and frans-2-allyl-4-t-butylcyclohexanones was prepared
as described for 2-allylcholestanone below. When the mix-
ture was sampled 15 min after the distillation reached the
b.p. of toluene, g.l.c. revealed that the cis : frans-ratio was
29:71 but that reaction was incomplete. After longer
boiling (9 h) the mixture was distilled ¢z vacuo to give a cis :
trans-mixture of the ketones [75%, yield (¢f. enamine alkyl-
ation 20 399, yield in the ratio 65: 35)], b.p. 119—123.5°
at 11 Torr (lit.,%0 ‘about’ 120° at 10 Torr). Equili-
bration to a cis: trans-ratio of 85:15 (lit.,20 87:13) was
achieved by boiling the mixture in aqueous methanol con-
taining a few drops of pyrrolidine for 30 min. The mixture
was separated on silica (Mallinckrodt silica R CC-7) eluting
the cis-isomer with light petroleum (b.p. 60—80°)-benzene
(from 60:40 to 50:50) and the trams-isomer with light
petroleum benzene (from 40 : 60 to 30: 70). Both isomers
have v, 3070, 1 710, and 1 640 cm™. Hydrogenation of
the cis-isomer in ethyl acetate over palladium on carbon
gave pure cis-4-t-butyl-2-n-propylcyclohexanone (Found: C,
79.2; H, 12.3. C;;H,,0 requires C, 79.5; H, 12.3%), v
1714 cm™.

2a-Allyl-17B-kydroxy-5a-oestran-3-one.—This ketone,
prepared from 17B-hydroxyoestran-3-one 2? in 429, yield
by the method described for 2-n-propylcholestanone
below was purified on alumina (Woelm neutral; grade 11)
eluting with benzene—ether (90 : 10), and had m.p. 127.5—
132° (from acetone—cyclohexane) (Found: C,79.4; H, 10.0.
CyH3,0, requires C, 79.7; H, 10.2%), v_.. (KBr) 3 080,
1710, and 1638 cm™, (Nujol) 3 280 cm™. Some of the
4a-allyloestran-3-one (see below) was eluted after the 2o-
isomer.

17B-Acetoxy-20-n-propyl-ba-oestvan-3-one (6).—The 2o-
allyloestranone was hydrogenated and acetylated, as for
the 4oa-isomer (below), to give 17B-acefoxy-2a-n-propyl-
oestramone, m.p. 111.5—113.5° (from ether-hexane) (Found:
C, 76.7; H, 10.2. C,;H,,O, requires C, 76.6; H, 10.1%),
v (KBr) 1735 and 1 713 cm™.,

max.

22 B. R. Brown, P. W. Trown, and J. M. Woodhouse, J. Chem.
Soc., 1961, 2478.

22 'W. L. Howard and N. B. Lorette, Org. Synth., 1962, 42, 14.

24 B. Becouvelaere, S. Julia, C. Neuville, S. Pathak, and G. H.
‘Whitham, Bull. Soc. chim. France, 1965, 227,

25 H. O. House, B. A. Tefertiller, and H. D. Olmstead, J. Org.
Chem., 1968, 383, 935.

26 T, P. Schaefer and D. S. Weinberg, Tetrahedvon Letters, 1965,
1801.

27 A. Bowers, H. J. Ringold, and E. Denot, J. Amer. Chem.
Soc., 1958, 80, 6115.

max,
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2a-n-Propyl-a-cholestan-3-one  (9).—Cholestanone 22 (5
g), 2,2-dimethoxypropane (4.75 ml), allyl alcohol (2.1 ml),
and toluene-p-sulphonic acid in toluene (60 ml) were heated
under a fractionating column (a spinning band column gave
the best results) rapidly at first and then more slowly (ca.
5 h) as the temperature at the still head approached the
b.p. of toluene. It was sometimes necessary to add more
toluene. The cooled solution was washed with sodium hydro-
gen carbonate solution, dried, and evaporated. T.l.c. of
the residual oil showed four spots, two major close-running
spots less polar than cholestanone, and two minor spots
corresponding to cholestanone and the dimethyl acetal of
cholestanone. After heating under reflux in methanolic
sodium methoxide (250 ml, 5%) for 3 h the product showed
that the more polar of the major products had been removed.
A difficult crystallisation from methanol-ether gave a sample
of 2a-allyl-5a-cholestan-3-one, m.p. 52—58° (Found: C,
84.5; H, 11.85. C,H;,0 requires C, 84.45; H, 11.8%),
Yy, (KBT) 3 065, 1 710, and 1 638 cm™. Hydrogenation in
ethyl acetate (100 ml) over palladium on carbon (1 g, 5%)
took 8 min. Chromatography over alumina (400 g; Woelm
basic; grade III), eluting with light petroleum (b.p. 60—
80°), gave firstly 2,2-dimethoxycholestane (1.15 g), m.p.
80—82° (lit.,2® 81—82, 82—83°), v (CDCly) 6.80, 6.85 (each
3 H, s), and secondly 2a-n-propylcholestanone (1.8 g, 329,),
m.p. 85.5—87° (from methanol-ether, by allowing the ether
to evaporate) (Found: C, 83.9; H, 12.2. C3H;,0 requires
C, 84.0; H, 12.29%), v, (KBr) 1710 cm™, m/e 428 (4%),
413 (3), 386 (100, m* 348), and 316 (14).

40-Allyl-173-hydroxyoestran-3-one.— 19-Nortestosterone
(2 g) in dioxan—ether (40 ml; 1: 1) was added to a vigorously
stirred solution of lithium (0.4 g) in liquid ammonia (200 ml)
in a dry ice—acetone bath. A solution of allyl bromide (20
ml) in ether (80 ml) was then added, the mixture allowed to
boil under reflux for 2h, and the ammonia allowed to evapor-
ate over 48 h. The residue, in methylene dichloride, was
washed with water, stirred with dilute hydrochloric acid
overnight, washed with water, dried, and the solvent
evaporated off. The residue was chromatographed on
neutral alumina (activity II; 150 g). Elution with
benzene—ether (85:15) gave 4a-allyl-178-hydroxyoestran-3-
one (13 g, 56%), m.p. 126—128° (from acetone—cyclohexane)
(Found: C, 79.9; H, 10.25. CyH;,0, requires C, 79.7; H,
10.2%), v (KBr) 3070, 1700, and 1643 cm™, v
(Nujol) 3 515 cm™.

173-A cetoxy-4o-n-propyl-so-oestran-3-one (12).—The allyl
ketone above was hydrogenated in ethyl acetate solution
over palladium on carbon and the product kept overnight
in acetic anhydride—pyridine (1 : 1) at room temperature to
give 17B-acetoxy-4o-n-propyl-bo-oestran-3-one, m.p. 113.5—
116° (from ether-hexane) (Found: C, 76.4; H, 10.1%),
Vpax, (KBr) 1732 and 1 711 cm™.

Preparative Photolyses.—The general procedure used con-
ventional Pyrex Hanovia cyclindrical vessels, a 125 W
medium pressure lamp, a stream of nitrogen, and a water-
bath at 27°.

(a) cis-4-t-Butyl-2-n-propylcyclohexanone (1). The ketone
(1.19 g) in t-butyl alcohol (90 ml) was irradiated for 3 days.
Column chromatography (100 g; silica R CC7), eluting with
light petroleum (b.p. 60—80°)—benzene mixtures graded
from 65 : 35 to pure benzene, and collecting fractions (30 ml)

max.,

2% R. J. W. Cremlyn and M. Chisholm, J. Chem. Soc., 1965,
5117; W. F. Bruce, Org. Synth., Coll. Vol. II, 1943, 139.

2 M.-M. Janot, X. Lusinchi, and R. Goutarel, Bull. Soc. chim.
France, 1961, 2109.
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automatically gave (i) an unknown mixture of compounds
(7 mg), (ii) another mixture of compounds (23 mg), (iii)
(fractions 44—46) (123 mg) one of the cyclobutanols,
called A,v . 3470 cm™, (iv) (fractions 47—53) (129 mg) the
cyclobutanol A mixed with starting material, (v) (fractions
54—57) (27 mg) starting material, (vi) (fractions 61—70) (38
mg) a second cyclobutanol, called B, v_ . 3 540 cm™, (vii)
(fractions 71—75) a mixture of B with 4-t-butylcyclohexan-
one, (viii) (fractions 76—90) (42 mg) 4-t-butylcyclohexanone,
(ix) fractions 95—100) (119 mg) a third cyclobutanol, called
C, vy 3 460-3 540 cm™, (x) (fractions 107—117) (117 mg)
a fourth cyclobutanol called D, 4-t-butyl-8-methylbicyclo-
[4.2.0Joctan-1-0l, m.p. 50—56° (Found: C, 79.3; H, 12.5.
C15H240 requires C, 79.5; H, 12.3%), v,,. (Nujol) 3 345
cm™?, 7 0.09 (8 H, d, J 6 Hz, CHMe), 9.21 (9 H, s, But),
7.7—9.0 (m), and (xi) (fractions 118—135) (534 mg) largely
a mixture of esters (4) and (5). G.l.c. (Perkin-Elmer F11
5 ft x 1/8in; 5% LAC on CQ column; 100°) was used to
check the purity of all these fractions and also to separate
the esters. The order of elution from the g.l.c. column was:
(i) a trace of unknown compound, (i) the ester (5), v ,
1733 cm™, 19.16 (9 H, s, CBut), 8.62 (9 H, s, OBut), and an
envelope between 9.1 and 7.6 with a peak at 9.04, which was
also the only photoproduct from irradiation of 4-t-butyl-
cyclohexanone in t-butyl alcohol, (iii) a trace of an unknown
compound, (iv) 4-t-butylcyclohexanone, (v) the ester (4),
Vpax 1729 cm™, £ 9.14 (3 H, s, CBu®), 8.61 (9 H, s, OBu'),
and an envelope between 7.6 and 9.1, m/e 255 (M — Me),
215, 214 (M — C,Hy), 213 (M — C,H,), 199 (M — C;H,;), and
197 (M — CH,0), the formulation as (4) involving the long
established 3¢ preference for Type I fragmentation towards
the more substituted side of the ketone group, (vi) the cyclo-
butanol A, (vii) unchanged starting material, (viii) the
cyclobutanols B and C, coincident by g.l.c., but separable by
t.l.c., and (ix) the cyclobutanol D. All four cyclobutanols
A—D gave mfe 196 (M*, ca. 5%), 178 (M — H,0, ca. 5),
163 (M — H,O — Me, ca. 10%), 155 (M — C3H;, ca. 10), and
154 (M — C;H,, 100), with minor variations in the relative
peak heights, e.g. 194 is very weak in D and 209, in B and
178 is very weak in C. T..c. [silica gel; light petroleum
(b.p. 60—80°)—ethyl acetate (92 : 8)] gave approximate Ry
values of: starting material (1) 0.40, cyclobutanol A 0.37,
cyclobutanol B 0.29, ketone (3) 0.22, cyclobutanol C 0.18,
and cyclobutanol D 0.13. The esters (4) and (5) were
not detected on t.l.c.

(by 17p-Acetoxy-2u-n-propyloestvan-3-one (6). The ke-
tone (99 mg) in t-butyl alcohol (45 ml) was irradiated for
43h. T.l.c. (silicagel; CH,Cl,~EtOAc, 9 : 1) gave two bands
but the first appeared to be of two compounds, one of which
was starting material (12 mg), and the second appeared to
be of at least four closely similar compounds. Repeated
t.l.c. of this band gave two distinct fractions: (11 mg),
Vnax. 3 470 and 1 722 cm™ and (15 mg), v, 3 450 and 1 733
cm™. They did not crystallise. Both gave mass spectra
with weak bands at m/e 360 and 342 and a base peak at 318
and were accordingly formulated as the cyclobutanols (7).

(c) 20-n-Propylcholestan-3-one (9). The ketone (0.5 g) in
t-butyl alcohol (45 ml) was irradiated for 24 h. Preparative
t.l.c. [silica gel; light petroleum (b.p. 60—80°)—-EtOAc,
8 : 1] gave five fractions (detected on a narrow portion of the
plate using molybdophosphoric acid spray and heating at
100°). The fastest (22 mg) was not identified; the second

30 R. Srinivasan and S. E. Cremer, J. Amer. Chem. Soc., 1965,

87, 1647; C. C. Badcock, M. J. Perona, G. O. Pritchard, and B.
Rickborn, J. Amer. Chem. Soc., 1969, 91, 543.
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(87 mg) was starting material; the third (49 mg) was choles-
tanone; and the fourth (29 mg) was recrystallised to give a
mixture of the (3’-methylcyclobutano[2,3]cholestan-3-ols)
(10), m.p. 117—125° (from methanol-ether) (Found: C,
84.2; H, 12.1. Calc. for C,H;,0: C, 84.0; H, 12.2%),
Vax. (Nujol) 3 380 cm™, m/e 428, 410, 386, and 316. The
fifth band (23 mg) was a mixture, repeated t.l.c. of which
gave more cyclobutanols, m.p. 70—105° (Found: C, 83.6;
H, 11.9%) v, 3 310 cm™, m/e 428 410, 386, and 316. A
run taken to complete conversion (65 h) gave a 229, yield
of mixed cyclobutanols.

(d) 17B-Acetoxy-do-n-propyloestran-3-one (12). The ke-
tone (0.09 g) in t-butyl alcohol (35 ml) was irradiated for
25 h. Tl.c. (silica gel; CH,Cl,—EtOAc, 9:1) gave three
bands, the fastest (4 mg) was starting material, the second
(14 mg) was 17B-acetoxyoestran-3-one (8), and the third
(44 mg) was a mixture of the 17p-acetoxy-2/,3,3",4-tetra-
hydro-2’-methylcyclobutano[3,4]Joestran-3-ols  (13) m.p.
143—151° (from aqueous methanol) (Found: C, 76.8; H,
10.3. Calc. for Cp3H3O4: C, 76.6; H, 10.1%), v, (Nujol)
3 680, 3 610, 3 410, and 1 718 cm™, m/e 360, 342, 318, and
300.

(e) 2-Cyclohexylcyclohexanone (14). The ketone was pre-
pared by hydrogenation 3! of 2-cyclohexenylcyclohexan-
one,’? and purified by careful distillation, column chromato-
graphy on silica gel eluting with ether-light petroleum
(b.p. 60—80°) mixtures, and further fractional distillation.
This was necessary in order to get reproducible resuits and
g.l.c. traces free of small interfering peaks. The products of
photolysis were not all separable but were identified by g.l.c.
comparison with authentic samples. (i) :-Butyl 6-cyclo-
hexylhexanoate (19) was prepared by heating the acid 33
(195 mg) under reflux in ether (5 ml) with thionyl chloride
(0.8 ml) for 40 min, followed by heating the crude acid
chloride under reflux with t-butyl alcohol (0.8 ml) and di-
methylaniline (0.7 ml) for 90 min. The ester was molecularly
distilled (100° at 0.2 Torr) (Found: C, 75.3; H, 11.6.
CiH3oO, requires C, 75.7; H, 11.99%), mfe 239 (M*™—
15, 2%), 199 (15), 198 (8), 119, 117 (8), 69 (25), 57 (100), and
55 (40%), © (CCl,) 7.6—8.1 (2 H, m) and 8.2—9.2 (28 H, m,
including a sharp singlet at 8.6). (i) Cyclopentylcyclo-
hexane was a possible Type I product. It was prepared by
the literature method 2* but there was no peak in the g.l.c.
trace of the photolysis mixture corresponding to this product.
(iii) The aldehydes (18) were identified in the following ways.
(a) Aqueous acid did not affect them under conditions in
which both the t-butyl esters and the cyclobutanols were
easily decomposed. (b) They were photo-unstable. (c)
The photolysis mixture was treated with neopentyl glycol
and a trace of acid. Four new peaks were detected at long
retention times on g.l.c., two of which were identical with
authentic samples of the neopentyl glycol acetals of (18),
which had been synthesised by a method already described.33
Another of the peaks had a retention time identical with
that of the product from treating cyclohexylcyclohexanone
with neopentyl glycol and acid, and the fourth peak was
very small. The peaks identified as the acetals of (18) were
not produced when the photolysis mixture was treated with
acid in the absence of neopentyl glycol. (d) Furthermore,
the pinacol acetals were prepared both from the photolysis
mixture, and by synthesis using the same procedure 3% as

31 'W. Huckel, M. Maier, E. Jordan, and W. Seeger, Annalen,
1958, 616, 46.

32 E. Wenkert, S. K. Bhattacharya, and E. M. Wilson, J.
Chem. Soc., 1964, 5617.
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that used for the neopentyl glycol acetals. Again, the g.l.c.
properties of the two products were identical, but we did not
characterise them fully. (iv) The cyclobutanols, #ricyclo-
[6.4.0.0%"]dodecan-1-0ls (15), were photostable. A crude
mixture of them could be obtained by photolysing (14) until
it disappeared. This mixture was separated into fractions
(A) and (B) by preparative g.l.c., but could be separated
into two crystalline fractions (Al) and (A2) by liquid
chromatography on a Waters Associates machine with a
column 100 mm X 3/8 in (o.d.) packed with silica SLC-3,
eluting with 259, chloroform in heptane at 1 ml min.
Fraction (Al) had v, 3350 cm™, = (CCl,) 7.8—8.9 (m,
changing shape after shaking with D,0). Fraction (A2)
(Found: C, 79.7; H, 11.4. Calc. for C;,H,,0: C, 79.9; H,
11.2%) was obtained pure enough for combustion analysis;
Vg 8 380 cm™, ¢ (CCly) 7.8—8.9; m/e 180 (M, 19), 137
(3), 98 (100), 85 (60), and 83 (90). The sample of (B) was
not completely free of (A), as shown by reinjection onto
g.l.c., but the spectra of this material were similar to those
of (A). 2-Cyclohex-l-enylcyclohexanone is known 3¢ to
give high yields of a cyclobutanol on irradiation. Hydro-
genation of this cyclobutanol gave a mixture of 109, of
cyclohexylcyclohexanone (14) and 909 of a cyclobutanol
(possibly a mixture) having a retention time on g.l.c. identi-
cal to that of (B). Brief treatment of the photolysis mix-
ture with aqueous acid followed by g.l.c. analysis of the pro-
ducts showed that both (A) and (B) were destroyed by this
procedure, as we expected. Although none of the cyclo-
butanols was fully characterised, we are confident that the
peaks (A) and (B) on the g.l.c. trace are indeed cyclobu-
tanols. They also bore an obvious resemblance in their
spectra and g.l.c. behaviour to the cyclobutanols from the
photolysis of (1).

(f) 4o-Ethyl-5a-cholestan-3-one (20). (i) The ketone 22
(100 mg) in t-butyl alcohol (45 ml) was irradiated for 34 h.
The only substantial product [t.l.c., light petroleum (b.p.
60—80°)—benzene (1 :1)], apart from starting material and
a trace of cholestanone, and the slowest running of six
spots was 3,3’,4B,4 -tetrahydrocyclobutano{3,4]-5a-cholestan-3-
ol (21) (41 mg) m.p. 143—145° (from aqueous methanol)
(Found: C, 84.05; H, 11.5. CyH,,O requires C, 84.0; H,
12.15%), v, (KBr) 3 345 cm™, m/e 414, 399, 396, and 386.
(ii) The ketone (100 mg) in cyclohexane (120 ml) was irradi-
ated for 40 h. Only starting material could be detected.
After replacing Pyrex with Vycor, the starting material dis-
appeared after irradiation for 2 h. The i.r. spectrum of the
product showed only C—H absorption, and the mass spectrum
had peaks at m/e 552, 550, and 470. The latter corresponds
to starting material minus carbon monoxide plus cyclo-
hexane.

Quantitative Photolyses.—The general procedure was to
use Pyrex tubes, either sealed in vacuo after four freeze—
pump thaw cycles. For most runs these were strapped to
the Hanovia (quartz) immersion well. The cooling water
entered the apparatus at 26.5° and left it at 30°. For the
oestranes, the solvent was evaporated off, the residue dis-
solved in tetrahydrofuran, and injected onto the g.l.c.
column (5 ft x 1/8 in; 2% QF1 on CQ; ¢ 220°). For the
cholestanes, the solvent was evaporated, the residue dis-
solved in tetrahydrofuran (0.1 ml), dimethyl sulphoxide

33 J. Plesek, Chem. listy., 1955, 49, 1844.

3 J. Feldman, M. Myles, I. Wender, and M. Orchin, Ind. and
Eng. Chem., 1949, 41, 1032.

35 I. Fleming and W. E. Long, Synth. Comm., 1975, 5, 1717.

36 R. C. Cookson and N. R. Rogers, J.C.S. Perkin I, 1974, 1037.
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(0.05 ml), hexamethyl-disilazane (0.1 ml), and trimethyl-
chlorosilane (0.05 ml), and kept at room temperature for 1
h, before g.l.c. analysis on the column used for the oestranes.
These silylation conditions gave negligible silylation of the
ketones and complete silylation of both cyclobutanol frac-
tions [see (c) above]. Silylation was necessary because of
extensive decomposition of the cyclobutanols on the
column. For the 4-t-butyl-2-n-propylcyclohexanone and
cyclohexylcyclohexanone photolyses, the solution was in-
jected directly into the column [described under (a) above].
Response ratios were determined by making up mixtures of
the photolysis products in approximately the proportions
found in the photolysis and treating them by the appro-
priate procedure outlined above. Response ratios (moles/
area) were: (11):(10), 1.66:1; (12):(8):[(7) or (13)],
0.99:1.0:1.44; (2):(1):(4):(3), 1.07:1.08:1.0:1.28;
(15) : (16) : (18) : (19), 1.075:1.0:1.0 (assumed): 0.685.
Relative retention times on the columns were: (9) : (11) : (10).
1.25:1.0: 0.49 and 0.37; (6):(8):(7), 1.43:1.0:0.75 and
0.66; (12):(8):(13), 1.31:1.0:0.7; (D):(B) 4 (C): (1) :
(A): (4): (3) : n-CigHyy (see below):(5), 2.94:2.28:1.79:
1.50:1.22:1.0:0.54:0.39, (15B): (15A): (19):(18) (two
isomers) : (16) : (9), 24 : 20.7:13.6: 12.1and 10.4: 0.8: 0.4.
The quantum yield measurement was made by the
method of Wagner and Hammond 7 using hexan-2-one in
light petroleum as secondary actinometer, and assuming a
value of 0.327 for the quantum yield of disappearance of this
ketone.l? The measurement of singlet quenching on the
ketone (1) was performed in the merry-go-round apparatus,
using freshly distilled piperylene as the quencher and n-
hexadecane as an inteinal standard. A total of 37 measure-
ments gave a least squares plot with a slope of 0.04 4- 0.02
and an intercept of 1.18 4- 0.01. Because of analytical
difficulties we could not make a good measurement for the
ketone (14). We can only estimate that the Type II pro-
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ducts were being produced from the singlet and triplet
states to about the same extent. The cyclobutanol : frag:
mentation ratio of 80 : 20 is not actually much affected by
this uncertainty; even if the single state were responsible
for as much as 909 of the direct reaction, which is very
unlikely, the ratio for the triplet-state reaction would stil
only be 91:9.

For the calculation of cyclobutanol : fragmentation ratios
in the triplet state, we define the following quantities; f; =
q)sc/((pec + Dg), fo= Do/ (Pt + Pis),  Sfort = (Do + Do),
(Dgo + Pt + Pio + Pyg), and n; = Dys/(Dgr + Pyg), where
@, is the quantum yield of cyclobutanol formation from
the singlet state, @y, is the quantum yield of cyclobutano.
formation from the triplet state, ®g is the quantumr
yield for fragmentation from the singlet state, anc
@,; is the quantum vyield of fragmentation from the
triplet state. The quantities f; and fy4¢ are the readily
measured ones (being, for example, 0.13 and 0.35, respec-
tively in the case of cis-4-t-butyl-2-n-propylcyclohexanone,
and #; is the less easily measured fraction of fragmentation
coming from the triplet state (i.e. 0.15 in the case of the
same ketone). These quantities are related by equation (1)

1;=f;;+1,—fs‘|‘fs”£ (A — foxv) )
Jort — fo + me (1 — fogs)
From equation (1), f; was calculated to be 0.73 for ketonc
(1). It is also a property of equation (1) that if f.¢ > fs
then f; > f.+t, as mentioned in the text.
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