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alkylation with dimethyl sulfate, analogous to previously reported
syntheses®! and was fully characterized by spectral properties (uv,
ir, and nmr). These compounds were stored over P.Oy, in vacuo.
The lanthanide-shift reagent used in this study was europium(III)
tris-1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione, which
was stored over P,Oy in vacuo. Tetramethylsilane was used as an
internal reference for all measurements. The solvent employed for
all samples was molecular-sieve dried CCl..

The runs were performed in the following manner. The concen-

(51) R. Adams and A, W. Schrecker, J. Amer. Chem. Soc., 71, 1186
(1949); I.E. Eldridge and L. M. Jackman, J. Chem. Soc., 859 (1961),

tration of the substrate was kept constant and only the lanthanide
shift reagent concentration varied. The initial sample was pre-
pared in a clean, oven-dried nmr tube by first putting in 0.3 g of
Eu(fod); and the appropriate amount of substrate, so that after the
addition of CCls and TMS, the concentration of the substrate was
at the desired value. Since the correctness of the substrate concen-
tration is crucial, a solution approximately 0.5 M in substrate was
added to the tube (its exact amount determined gravimetrically)
rather than the pure substrate. Successive samples were then pre-
pared by adding aliquots of a substrate stock solution (usually 0.15
M in CCl, with 4 % TMS) of the same concentration of substrate as
in the initial sample.
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Abstract:

The photochemical reactions of 3-methylene-2,2,5,5-tetramethylcyclohexanone (4), 3-ethylidene-

2,2,5,5-tetramethylcyclohexanone (5), and their photoproducts have been investigated. Direct irradiation of 4

produces a singlet-state 50:50 photoequilibrium of 4 and 3,3-dimethyl-5-isopropylidenecyclohexanone (9).

Direct

irradiation of (2)-3-ethylidene-2,2,5,5-tetramethylcyclohexanone (5-(Z2)) produces a 68:32 singlet-state photo-
equilibrium of (E)-3-ethylidene-2,2,5,5-tetramethylcyclohexanone (5-(E)) and 3-isopropylidene-2,5,5-trimethyl-
cyclohexanone (14). Quantum yields were 0.13, 0.18, 0.20, and 0.30 for reactions 4 -+ 9,9 — 4,5 — 14, and 14 —
5, respectively. No direct singlet-state isomerization of 5-(2) to 5-(E) was observed. The stereospecificity of the
14 — 5-(E) isomerization is discussed in terms of intimate diradical and/or concerted mechanisms for the 1,3-acyl
shifts. The triplet state of 4 is unreactive although it was shown to accept triplet energy from acetophenone.
Photosensitization of 5-(Z) causes isomerization to a triplet-state 1:4 photoequilibrium of 5-(2) and 5-(E), with a

zero-conversion quantum yield of 0.53,
phorescence.

The m—=* configuration of the triplet state was demonstrated by phos-
The contrast between the triplet reactivity of 5 and isostructural units in steroids is discussed in

terms of the relative energetics of cis—trans isomerization vs. the 1,2-acyl shift.

particularly intricate structure-reactivity relation-
ship apparently characterizes the photochemistry
of B,y-unsaturated ketones.*5> From the welter of
diverse reactions that have been reported, the dominant
pattern to emerge has been that of a general reaction
dichotomy separating singlet-state and triplet-state
processes. In this generalization singlet excited states
of B,y-unsaturated ketones most typically undergo a
reversible photochemical 1,3-acyl shift to isomeric §8,y-
unsaturated ketones (1 == 2). In contrast, triplet ex-
cited states generated by photosensitization typically
rearrange via a 1,2-acyl shift to cyclopropyl ketones
(1 — 3, the oxa-di-r-methane rearrangement).5-’
There are for both singlets and triplets, however, a

(1) Portions of this work have appeared in preliminary communica-
tions.2-3

(2) K. G. Hancock and R. O. Grider, Tetrahedron Lett., 4281 (1971).

(3) K. G. Hancock and R. O. Grider, Tetrahedron Lett., 1367 (1972).

(4) In the absence of a detailed review, a recent compendium of refer-
ences to the varied photochemical reactions of 3,y-unsaturated ketones
is given by K. N. Houk, D. J. Northington, and R, E. Duke, Jr.,, J.
Amer. Chem. Soc., 94,6233 (1972).

(5) P. 8. Engel and M, A, Schexnayder, J. Amer. Chem. Soc., 94,9252
(1972).

(6) W. G. Dauben, M. S. Kellogg, J. 1. Seeman, and W. A. Spitzer,
J. Amer. Chem. Soc., 92, 1786 (1970).

(7) (a) R. S. Givens, W. F. Qettle, R. L. Coffin, and R. G. Carlson,
J. Amer. Chem. Soc., 93, 3957 (1971); R. S. Givens and W. F. Oettle,
ibid., 93,3963 (1971).
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number of photoreactions which are more or less com-
petitive with the 1,3- and 1,2-acy! shifts, depending on
subtle structural features of the 8,y-unsaturated ketones
in ways which are currently more enigmatic.** For
example, although mechanistic details of these processes
are only now emerging, both decarbonylation®#-* and
v-hydrogen abstraction® 111 are competitors to the
singlet-state 1,3-acyl shift. Triplet-state (,y-unsat-

(8) (a) J. E. Starr and R. H. Eastman, J. Org. Chem., 31, 1393 (1966);
(b) D. L. Schuster, F.-T. Lee, A. Padwa, and P. G, Gassman, ibid., 30,
2262 (1965); (¢) N. C. Yang and D. M. Thap, Tetrahedron Lett., 3671
(1966).

(9) Note, however, that P. S. Engel and H. Ziffer [Tetrahedron Lett.,
5181 (1969)] report quenching of decarbonylation in bicyclo[4.3.0]-
non-1(6)-en-8-one by piperylene.

(10) J. C. Dalton and H.-F. Chan, J. 4mer. Chem. Soc., 95, 4085
(1973).

(11) Other examples include: (a) ref 8c; (b) E. F. Kiefer and D. A.
Carlson, Tetrahedron Lett., 1617 (1967); (c) T. Matsui, A. Komatsu,
and T. Moroe, Buil. Chem. Soc. Jap., 40, 2204 (1967); (d) R. C. Cook-
son, J. Hudec, G. E. Usher, and A. Szabo, Tetrahedron, 24, 4353 (1968);
(e) R. C. Cookson and N. R, Rogers, J. Chem. Soc., Chem, Commun.,
809 (1972).
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urated ketones have been implicated not only in the
oxa-di-m-methane rearrangement, but also in cyclo-
additions!? and photoreductions.®?* Cis~trans photo-
isomerization about the olefinic portion of B,y-un-
saturated ketones has also been reported occasionally,!?
but the mechanistic relevance of olefin torsion to the
general structure~reactivity profile has not been eluci-
dated previously. This paper describes the photo-
chemistry of several 3-alkylidenecyclohexanones, a
group of B,y-unsaturated ketones whose reactions shed
some light on the roles of the C==C bond and geometri-
cal isomerization in guiding triplet-state reactivity.

At the outset of our work, the existence of the singlet—
triplet 1,3- vs. 1,2-acyl shift dichotomy was apparent,
but the structural features of reactants which governed
their behavior were less than obvious. Acyclic, mono-
cyclic, and bicyclic B,y-unsaturated ketones underwent
both 1,3- and/or 1,2-acyl shifts under a variety of experi-
mental circumstances, unlike the analogous 1,4-dienes
whose singlet-triplet reactivity differences had been
linked to the cyclic or acyclic character of the reactant.!*
A priori, the photochemistry of 8,y-unsaturated ketones
would be expected to differ somewhat from that of 1,4-
dienes, but the geometric factors which are responsible
for the reaction partitioning in di-r-methanes might
have been expected to manifest themselves in a similar
manner in the photochemical transformations of 3,y-
unsaturated ketones.

One structural feature which did seem common to
most B,y-unsaturated ketones for which oxa-di-r-
methane rearrangements had been reported was struc-
tural rigidity about the olefinic portion of the §,y-un-
saturated ketone chromophore.®!* Accordingly, we
chose a set of $3,y-unsaturated ketones incorporating
the olefinic portion of the chromophore as an exocyclic
double bond, both to complement previous studies of
cyclic and acyclic systems and to probe the structure—
reactivity relationship of 3-en-l-ones with a different,
superficially intermediate, olefin geometry. The
3-alkylidenecyclohexanones were attractive as (a) being
relatively readily available; (b) exhibiting a well-
defined and rather rigid carbonyl-olefin orientation
different from most previously scrutinized systems; and
(c) potentially allowing an analysis of the effect of ole-
finic geometry on B,y-unsaturated ketone reactivity,
particularly when viewed as the simplest models for an
isostructural unit in certain steroids.

Results

Synthesis of 3-Alkylidenecyclohexanones. Both to
facilitate comparison to previously studied steroids!®

(12) (a) R. L. Cargill, J. R, Damewood, and M. M. Cooper, J.
Amer. Chem. Soc., 88, 1330 (1966); (b) A. Shani, Tetrahedron Lett., 569
(1972); (c) P. S. Engel and M. A. Schexnayder, J. Amer, Chem. Soc., 94,
4357 (1972).

(13) (a) H. Morrison, Tetrahedron Lett, 3653 (1964); (b) D. O.
Cowan and A. A. Baum, J. Amer. Chem. Soc., 93, 1153 (1971); (c)
K. Takeda, I. Horibe, and H. Minato, Chem. Commun., 87 (1971).

(14) (a) J. S. Swenton, A. R, Crumrine, and T. J. Walker, J. Amer.
Chem. Soc., 92, 1406 (1970); (b) H. E. Zimmerman and A. C. Pratt,
ibid., 92, 1407, 1409 (1970); (¢) H. E. Zimmerman and G. A. Epling,
ibid., 92, 1411 (1970); (d) H. E. Zimmerman and A. A, Baum, 1bid., 93,
3646 (1971), and references therein.

(15) The one exception (ref 6) is presumably the reflection of con-
jugation of the olefin unit with a phenyl group.

(16) (a) N. Furutachi, Y. Nakadaira, and K. Nakanishi, J. Amer.
Chem. Soc., 91, 1028 (1969); (b) N. Furutachi, J. Hayashi, H. Sato,
and K. Nakanishi, Tetrahedron Lett., 1061 (1972): (¢) J. R. Williams
and H. Ziffer, Chem. Commun., 469 (1967); (d) Tetrahedron, 24, 6725
(1968); (e) K. Kojima, K. Sakai and K. Tanabe, Tetrahedron Lett.,
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and to minimize the possibility of isomerizations to
o,B-unsaturated systems, a,a-dimethylation was em-
ployed. Thus, 3-methylene-2,2,5,5-tetramethylcyclo-
hexanone (4) was chosen as the simplest readily prepara-
ble model. Later,  3-ethylidene-2,2,5,5-tetramethyl-
cyclohexanone (5) was prepared to allow assessment of
olefin torsion effects. Both could be readily synthe-
sized from .2,2,5,5-tetramethylcyclohexane-1,3-dione
(6), which in turn was made from commercial dimedone
by the method of Halsall and Thomas. ¥

0 CH, HC CH,
+
NaH, DMSO
50° 7
|PhPCH;, 11 4
0 0
wﬂizc}hll
6
NaH, DMSO
50° o) CHCH, CH,CH CHCH,
+
5 8

Synthesis of 4 was accomplished by reaction of 6 at
50° in DMSO under nitrogen with the Wittig reagent
from methyltriphenylphosphonium iodide' and dim-
sylsodium.!* The use of dimsylsodium proved syn-
thetically superior to the use of phenyllithium. Yields
of ca. 509 of 4 were achieved using an ylide/diketone
ratio of 1.4:1.0,% but the reaction inherently also pro-
duced 1,3-dimethylene-2,2,5,5-tetramethylcyclohexane
(7)?! as a side product which was separated from 4 by
preparative gas chromatography. Similarly, reaction
of 6 with ethylidenetriphenylphosphorane gave ca. 5597
yields of ethylidene ketone 5, with 1,3-diethylidene-
2,2,5,5-tetramethylcyclohexane (8, isomer mixture) as
the major by-product. Analysis of ethylidene ketone 5
by 100-MHz nmr spectroscopy showed it to be a mix-
ture of syn (5-(Z)) and anti (5-(F)) isomers in an 85:15
ratio. Although the Z and E isomer mixture could not
be resolved, even on a 500 ft X 0.03 in. SF96 capillary
glpc column,?? unequivocal structural assignment was
possible by 100-MHz nmr. The chemical shifts (cf.
Figure 1)** and coupling constants (¢f. Experimental
Section) are wholly compatible with known deshielding

1925 (1969); (f) S. Domb, G. Buzzato, J. A. Saboz, and K. Schaffner,
Helv, Chim. Acta, 52, 2436 (1969); (g) S. Domb and K. Schaffner,
ibid., 53, 677'(1970); (h) K. Kojima, K. Sakai, and K. Tanabe, Tetra-
hedron Lett., 3399 (1969); (i) H. Sato, N. Furutachi, and K. Nakanishi,
J. Amer. Chem. Soc., 94, 2150 (1972); (j) H. Sato, K. Nakanishi, J.
Hayashi, and Y. Nakadaira, Tetrahedron, 29,275 (1973).

(17) T. G. Halsall and D. B, Thomas, J. Chem. Soc., 2438 (1956).

(18) G. Wittig and U, Schoellkopf, Org. Syn., 40, 66 (1960).

(19) R. Greenwald, M. Chaykovsky, and E. J. Corey, J. Org. Chem.,
28, 1128 (1963).

(20) This is the optimum reagent ratio for maximizing the yield of 4.

(21) The photochemistry of 1,3-dimethylene-2,2,5,5-tetramethyl-
cyclohexane (7) has been the subject of a separate investigation: K. G.
Hancock and R, O. Grider, unpublished observations.

(22) The expert technical advice of Professor R. E. Kepner in at-
tempted glpc separations is gratefully acknowledged.

(23) Assignments for the acylic methylenes in 4, 5-(Z), and 5-(E)
were verified by D-for-H exchange at the a carbon (C-6), using sodium
methoxide in MeOD, followed by quenching with D:O and extraction
into carbon tetrachloride (for nmr) or benzene (for photolysis); ¢f.
Experimental Section.
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Figure 1. Nmr chemical shifts for 5-(Z) and 5-(E) relative to
(CH).Si on the § scale (CCl, solvent).

effects of proximal methyls,32?* more pronounced
allylic coupling in cisoid arrangements,?® and stronger
homoallylic coupling in transoid configurations.?
Infrared, uv, and mass spectra, and elemental analysis
(¢f. Experimental Section) were also in accord with the
structures assigned as 4, 5-(Z), and 5-(E).

Direct Irradiations. In a typical preparative experi-
ment, ca. 5% solutions of methylene ketone 4 in de-
oxygenated? benzene (alternatively, dioxane) were
irradiated with a corex-filtered-2® mercury arc lamp.
Periodic nmr and glpc examinations of the photolysis
mixture showed the formation of a single photoproduct,
which leveled off at a photostationary value of 507,
with 509 of 4 remaining unreacted. Extended irradia-
tion had no effect, and the photolysate remained clear
and colorless.

Early glpc separation attempts on several columns at
temperatures above 90° gave two overlapping product
peaks in addition to starting material 4. The ratio of
the two products was temperature dependent with
higher temperatures favoring thermal decomposition
of the primary photoproduct to another compound of
slightly longer retention time. However, by glpc at
65° (1.5 ft X 0.375 in. butanediol succinate) or below,
the thermal reaction was completely suppressed, and
isolation of the photoproduct was facile.

0 CH, , O
—_—
benzene
—

hl‘
4 9

On the basis of ozonolysis to dimedone and acetone,
the photoproduct was identified as 3,3-dimethyl-5-iso-
propylidenecyclohexanone (9), a structure also compati-

(24) J. C. Nouls, G. Van Binst, and R, H. Martin, Tetrahedron Lett.,
4065 (1967).

(25) See, for example, R. M, Silverstein and G. C. Bassler, *Spec-
trometric Identification of Organic Compounds,” 2nd ed, Wiley, New
York, N. Y., 1967,

(26) L. M., Jackman and S. Sternhell, ’ Applications of Nuclear Mag-
netic Resonance Spectroscopy in Organic Chemistry,” 2nd ed, Perga-
mon Press, Oxford, 1969, p 316 ff,

(27) L. Meites and T. Meites, Anal. Chem., 20, 984 (1948). How-
ever, elimination of nitrogen purging was without effect on the photolysis
results,

(28) Although Pyrex filtering was also occasionally employed, with a
resulting increase required in irradiation time, the corex filter was par-~
ticularly advantageous due to the near coincidence at 260-265 nm of the
onset of the absorption spectrum of corex and the »—=* band of the 3.
alkylidenecyclohexanones.

(29) The opacity of the corex filter below 260 nm was verified in view
of recent reports to the contrary.® With different irradiation times,
use of RUL-3000 A lamps (Southern New England Ultraviolet Co.)
gave comparable results.

(30) H. E. Zimmerman and J. A. Pincock, J. 4mer. Chem. Soc., 95,
3246 (1973), quoting H. Morrison’s unpublished observations,

ble with the ir, nmr, uv, and mass spectra (¢f. Experi-
mental Section).2:31:32

At temperatures below 70°, 9 was thermally stable;
however, isomerization was rapid (complete for 100
mg in 3 hr at 90°) at higher temperatures. The
isomerization product was identified by its spectral
properties (c¢f. Experimental Section)3* as 5,5-dimethyl-
3-isopropylcyclohex-2-en-1-one (10).

1

0 0
%0°

9 10

Such thermal isomerization of a B,y-unsaturated
ketone is well precedented. Crandall, et al., encoun-
tered a similar situation in isolating 2-vinylcyclohexa-
none (12) from direct irradiation of cyclooct-3-en-1-one
(11).% Separation of 12 from a reaction mixture by
glpc resulted in isomerization to a mixture of the syn
and anti isomers of 2-ethylidenecylohexanone (13).

0 0] 0
CHCH;,
2N heat_
O~ =0
1 12 13

The photoisomerization of 4 to 9 was shown to be
readily reversible. Irradiation of 597 solutions of 9
in benzene under the same conditions used in photolysis
of 4 produced 4 as the sole product. A photostationary
state of 50:50 4:9 was again reached upon continued
irradiations. In addition, a small, steadily increasing
amount of 10 was observed after prolonged irradiation
due to thermal reorganization of 9.

Direct irradiations of 5 (as the 85:15 Z:E isomer
mixture) were also carried out in deoxygenated?® ben-
zene solutions, with periodic monitoring by nmr and
glpc. As with 4, photolysis of 5 gave a single photo-
product whose concentration eventually reached a
photostationary value of 329 (689 5), and which was
not affected by prolonged irradiation. Separation of
the photoproduct was effected by preparative glpc (3 ft
X 0.25 in. butanediol succinate) at 65°; no thermal
isomerization of either 5 or the photoproduct was noted
in handling or separation.

The spectra of the photoproduct (ir, nmr, uv, and
mass spectra; cf. Experimental Section) together with
ozonolysis to acetone and 2,5,5-trimethyl-1,3-cyclohex-

(31) Assignment of the § 2.13 and 2.28 nmr resonances to the acylic
and allylic methylenes, respectively (cf. Experimental Section), was cor-
roborated by irradiation of 4-6,6-ds, 2% which gave 9 in which the § 2.13
resonance was missing. These values are in correction of the reversed
assignment made by us earlier? on reasonable chemical expectations, 2326
but without the benefit of isotopic labeling.

(32) Interestingly, unambiguous distinction between acylic (C-6)
and allylic (C-4)%% methylene protons in the 3-alkylidenecyclohexanone
nmr spectra was not possible by chemical shift data alone,2%-26:31 since
shifts for these protons were susceptible to subtle structural changes.
Although base-catalyzed D-for-H exchange was quite unequivocal,
assignment of resonances in the absence of isotopic labeling can also be
made on the basis of peak widths at half-height. Resonances for the
allylic (C-4)3% protons were invariably broader by ca. 507, because of
homoallylic coupling.

(33) The numbering system used here is that of 4, 5, and 14 in which
the carbonyl is C-1; for simplicity in this digression the carbenyl car-
bon of 9 is also taken as C-1.

(34) N. F. Firrell and P. W, Hickmott, J. Chem. Soc. C, 716 (1970).

(35) 1. K. Crandall, J. P. Arrington, and J. Hen, J. Amer. Chem. Soc.,
89, 6208 (1967).
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anedione!” conclusively identified it as 3-isopropylidene-
2,5,5-trimethylcyclohexanone (14).

As is usual with 3,y-unsaturated ketones, the 5-to-14
photoisomerization was found to be reversible. Irra-
diation of a 1097 solution of 14 in benzene with a corex-
filtered 450-W mercury lamp showed, by periodic nmr
and glpc examination, a steady increase in the concen-
tration of 5 until, after ca. 45 hr,% a photostationary
state of 68:32 5:14 was reached. Extended irradiation
caused no change in the net ratio of 5/14. However,
the ethylidene ketone 5 formed in photolysis of 14 was
almost exclusively the E isomer 5-(E), as determined by
integration of methyl resonances in the nmr spectrum.
Similarly, when a 15:85 E:Z isomer mixture of 5 was
irradiated, production of 14 was accompanied by a
gradual change in the ratio of the geometric isomers
5-(E) and 5-(Z) in recovered 5. From the initial 15:85
E:Z ratio, the relative proportions changed to ca.
50:50 5-(E):5-(Z) near the time when the 5/14 photo-
isomer ratio stabilized, and eventually to >99:1 E:Z
ratio upon very long irradiation (cf. Figure 2).

Photosensitized Irradiations. Although the weight of
chemical precedent*’ strongly implied that the direct
irradiation 4 == 9 and 5 & 14 interconversions were
singlet-state photoreactions, photosensitization experi-
ments were carried out both to ascertain the multi-
plicity of the direct photolysis rearrangements and to
probe any separate and distinct triplet-state photo-
chemistry.

However, irradiation of benzene solutions of 4 con-
taining sufficient added sensitizer (xanthone, aceto-
phenone, benzophenone) to absorb ca. 99 % of incident
light caused no detectable photoreaction, even after
irradiation periods 25 times longer than those required
for the direct irradiation conversion of 4 to a stationary
state mixture of 4 and 9. In view of the apparent inert-
ness of 4 to photosensitized reaction, it was necessary to
determine whether the cause was a genuinely unreactive
triplet state or merely an instance of ineffectual energy
transfer.

First, it was observed that, relative to a control
sample, methylene ketone 4 did not appreciably (<5 %)
quench the photoreduction of benzophenone with
benzhydrol in benzene at 300 nm,¥~3% thus demonstrat-
ing that indeed benzophenone (ET = 287 kJ/mol*) was
incapable of effective triplet photosensitization of 4.
On the other hand, the photoreduction of acetophenone
(Er = 308 kJ/mol*-41) in isopropyl alcohol showed a
dramatic (94 %) quenching, relative to a control sample,

(36) The protracted irradiation periods required here are reflections
of greatly reduced cfficiency in light capture during microscale (nmr
tube) irradiations.

(37 1. N. Pitts, Jr., R. L. Letsinger, R. P, Taylor, J. M. Patterson, G.
Recktenwald, and R. B Martin, J. Amer. Chem. Soc., 81, 1068 (1959)

(38) (a) W. M. Moore, G. S. Hammond, and R. P. Foss, J. Amer.
Chem. Soc., 83, 2789 (1961) (b) G. S. Hammond, W. P. Baker, and
W. M. Moore ibid., 83, 2795 (1961).

(19(233 W. M., Moore and M. Ketchum, J, Amer. Chem. Soc., 85, 528

(40) W. G. Herkstroeter, A. A. Lamola, and G. S. Hammond, J.
Amer, Chem. Soc., 86, 4537(1964)

(41) V.L. Ermolaev Usp. Fiz, Nauk, 80, 3 (1963).
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Figure 2. Comparison of approaches to photochemical stationary-
state ratios from 15:85 5-(E):5+(Z) to the 5-14 mixture of 1,3-shift
isomers and the 5-(E)-5-(Z) mixture of geometrical isomers. Com-
pounds 5-(E), 5-(Z), and 14 are represented by 4, 8, and @, respec-
tively.

by addition of 4 (0.05 M), demonstrating that energy
transfer from acetophenone to 4 was very efficient.
Additionally, the phosphorescence of acetophenone in
ethanol glass at 77°K was quenched by added 4. A
linear Stern-Volmer relationship between &,/®q for
phosphorescence and the concentration of 4 was noted
with a kg7 value of 6.4 M~1. Energy transfer to 4 from
acetophenone, but not benzophenone, brackets the
energy of 4’s unreactive triplet between 287 and 308 kJ/
mol. Independent determination of the triplet energy
of 4 was provided by its phosphorescence spectrum in
ethanol glass at 77°K, which had a 0-0 band at 405 nm,
corresponding to 295 kJ/mol, 42.43

Similar quenching of acetophenone photoreduction
and phosphorescence by 5 (isomer mixture) was
observed. The k47 value from the linear Stern~Volmer
plot of ®/®q vs. concentration of 5 was 65 M~!, indica-
tive of efficient energy transfer from acetophenone to 5.
Unlike methylene ketone 4, however, the ethylidene
ketone 5 was not inert when photosensitized.

When a solution of 5 (15:85 E:Z) in benzene con-
taining sufficient xanthone to absorb >98 %7 of incident
light was irradiated at 350 nm, nmr analysis indicated
that cis-trans isomerization was occurring. The con-
centration of anti isomer 5-(E) steadily increased at the
expense of 5-(Z) to an approximately stationary value
of 78 9% 5-(E) and 22 % 5-(Z).

0 0

hy
_

xanthone

5-(2) 5-(E)

That geometrical isomerization was the sole triplet-
sensitized reaction of 5 was confirmed by ozonolysis of
the photolysate (after removal of volatiles from xan-

thone by distillation) and hydrogen peroxide work-up to
yield only 2,2,5,5-tetramethylcyclohexane-1,3-dione (6)'7

(42) K. G. Hancock and R. O. Grider, J. Chem. Soc., Chem. Com-~
mun., 580 (1972).

(43) Although the phosphorescence spectra observed for 4 and 5 are
believed authentic, the nonobservation of phosphorescence in three 8,v-
unsaturated ketones studied by Engel and Schexnayder’ presents a
disquieting contrast. Although the structures and reactivity of 4 and 5§
differ considerably from the behavior reported by Engel and Schexnay-
der, the differing emissive properties are being examined in detail.
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and acetic acid, the former in stoichiometric isolated
amounts.

In addition to xanthone (Er = 310 kJ/mol#0.-41),
acetophenone, benzophenone, thioxanthone (Er = 274
kJ/mol#), anthraquinone (Er = 261 kJ/mol4®-¢1), and
phenanthrene (Er = 259 kJ/mol%.41.44) all effected net
isomerization of 5-(Z) to 5-(E). The efficiency of sen-
sitization (as reflected by conversion times), however,
decreased with decreasing triplet energy of the sensitizer.
Michler’s ketone (Er = 255 kJ/mol*-4%), 2-acetonaph-
thone (Er = 248 kJ/mol%), and l-acetonaphthone
(Etr = 236 kJ/mol*-#) failed to sensitize the isomeriza-
tion of 5-(Z) to 5-(E). In an attempt to determine the
spectroscopic triplet energy, phosphorescence spectra
of the 15:85 5-(F):5-(Z) isomer mixture were recorded
in ethanol and isopentane glasses. From the rather
diffuse spectra, 0-0 band estimates of 418 nm (ethanol)
and 412 nm (isopentane) were made, corresponding to
triplet energies of 286 and 290 kJ/mol, respectively.

Quantum Yields. Quantum efficiencies for the 4 == 9
and 5 = 14 rearrangements and for the 5-(Z) — 5-(F)
isomerization are recorded in Table I. Potassium fer-

Tablel. Quantum Yields for Photoproduct Appearance>
Photo-
reaction Qdirectb Peensitized® Qquenchedd
49 0.13e/ 0.00 0.13¢
9—4 0.18¢ 0.00 0.18¢
5—>14 0.20;¢40.40¢° 0.00 0.20¢0
145 0.30¢ 0.00 0.30¢
5-(Z) —5-(E) 0.04;7 0.00% 0.26;7 0,53

e Quantum yields for reactant disappearance were within 5%
of product appearance quantum yields. ° In benzene at 35° and
300-320 nm. ¢ In benzene with 0.19 M xanthone at 35°, 350 nm,
¢ In benzene with 2.6 M piperylene at 35°, 300-320 nm. ° Ap-
parent quantum yield at 119 conversion by glpc. / Reference 2.
9 Apparent quantum yield at 169 conversion by glpc. * Refer-
ence 3. By extrapolation of nmr—glpc determinations to zero
conversion, +15% estimated uncertainty. 7 Apparent quantum
yield at 25 % conversion by nmr. * By extrapolation of yields deter-
mined by nmr to zero conversion.

rioxalate actinometry was employed, ¢ and was checked
by uranyl oxalate actinometry. ¥

The quantum yields for the 4 =29 and 5 = 14 1,3-shift
interconversions by direct irradiation fall in a relatively
narrow range of 0.13-0.30 mol/einstein at 11~16 %] con-
versions. Such quantum efficiencies are indicative of
synthetically useful processes. Extrapolation from a
series of determinations for direct irradiation of 5 to
zero conversion gave a somewhat higher value, 0.40.
The quantum efficiencies in direct irradiations were un-
diminished by addition of 2.6 M piperylene; under
photosensitization by 0.19 M xanthone, quantum yields
for the 4 == 9 and 5 « 14 rearrangements were zero.

Under direct irradiation, conversion of 5 to 14 was
accompanied by an increase in the 5-(E):5-(Z) isomer
ratio, for which an apparent quantum yield of 0.04 was
determined at 2597 conversion. A plot of quantum
yield vs. per cent conversion for the direct irradiation
conversion of 5-(Z) to 5-(F) had a maximum & of ca.

(44) D. S. McClure, J. Chem. Phys., 17, 905 (1949).

(45) G.N. Lewisand M. Kasha, J. Amer. Chem. Soc., 66,2100 (1944).
51§34(61)95C6.)G. Hatchard and C. A. Parker, Proc. Roy. Soc., Ser. A, 235,

(47) W. G. Leighton and G. S. Forbes, J. Amer. Chem. Soc., 52, 3139
(1930).

0.06 at ca. 359 5-(E), and extrapolated to & = 0 at
both high and zero mole fractions of 5-(E).

In contrast, irradiation of benzene solutions of 5-(Z)
(containing 159 5-(E)), with 0.19 M xanthone absorb-
ing >989 of incident 350-nm light, caused efficient
photosensitized isomerization of 5-(Z) to 5-(E). A
quantum efficiency of 0.26 at 25 %] conversion was deter-
mined. Extrapolation from a series of quantum yield
measurements at different 5-(Z):5-(E) ratios gave a zero-
conversion quantum yield of 0.53 mol/einstein. Near
the photostationary 5-(Z):5-(E) ratio of 22:78 observed
under xanthone photosensitization conditions, the
quantum yield is zero.

Discussion

Singlet-State Photochemistry. The direct-irradia-
tion photochemical interconversions of 4 and 9 and of 5
and 14 fit the established pattern of B,y-unsaturated
ketones whose singlet excited states rearrange to
isomeric B,y-unsaturated ketones via reversible 1,3-acyl
shifts.*” Singlet-state intermediacy in the 4 & 9 and
5 & 14 rearrangements was established by the insensi-
tivity of the direct irradiation quantum yields to addition
of piperylene (up to 2.6 M) and by the nonoccurrence of
any 1,3-acyl shifts under photosensitization conditions.

Experimental values for the photostationary ratios
under direct 300-nm irradiation were 50:50 for 4:9 and
68:32 for 5:14. For both rearrangement pairs, photo-
equilibrium ratios predicted by eq 1 were within 29 of

[ALVIBlr = ®parens/Pasnacan 1)

the observed values, despite approximations implicit in
the use of that equation here.*® Close similarities of
quantum yields (Table I) and uv absorption spectra
(Table II) for the five ketones 4, 5-(F), 5-(Z), 9, and 14

TableII. Exalted n—n* Absorptivities
in 3-Alkylidenecyclohexanones

—_—— Compound————

4 5-(E) 5-(Z) 9 14

€xmax (CeH1z) 72 104 54 118 113
Amax, NM 298 298 298 298 299

were to be expected considering their structural similar-
ity. Although the 3-alkylidenecyclohexanone struc-
tural unit is present in several §8,y-unsaturated ketones
studied previously,®-4® constraint of the olefinic moiety
into another ring clearly affects the photochemistry.
Thus, 1,1,4a-trimethyl-1,3,4,4a,5,6,7-heptahydronaph-
thalen-2-one (15) and 9-isopropylidene-5-methylbi-
cyclo[3.3.1]nonan-2-one (16) have been reported to give
a ca. 10:1 photoequilibrium ratio (Vycor optics). .40
Similarly, ketones 17 and 18 give a ca. 4:1 photosta-
tionary state favoring the nonbridged ketone 17,1649
but steroidal ketone 19 is the minor isomer (ca. 1:7) at
photoequilibrium with 20.1¢"  Clearly, the ketonic
pairs 15-16, 17-18, and 19-20 have lopsided photo-
equilibria that presumably reflect different n—~7* absorp-

(48) Equation 1 is strictly true only under monochromatic irradia-
tion conditions,.but is a good approximation whenever the light band-
width is narrow and when specics A and B have qualitatively similar
absorption spectra (i.e., no crossings). Both of these conditions are
satisfied for the 4 =9 and 5 == 14 interconversions.

(49) L. A, Paquette and G. V. Mechan, J. Org. Chem., 34, 450 (1969)-
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tivities and 1,3-shift quantum yields of bridged and non-
bridged ketones, whereas the similar geometries of 4,
5,9, and 14 result in similar spectra and reactivity, and
in more equitable photostationary states.

The stereoelectronic origins of enhanced n—n* absorp-
tivity in (B,y-unsaturated ketones have been dis-
cussed#161:5% in terms of mixing of the carbonyl and
olefin portions of the chromophore. Intensification is
greatest when the carbonyl-alkene dihedral angle
closes to near 90°, and is minimal when that angle of
local planes is near 180°. A correlation between n-m*
absorptivity enhancement, proclivity toward « cleavage,
and the occurrence of the 1,3-acyl shift has been
suggested.®! The predominance of 20 over 19 at photo-
equilibrium has been contrasted with the minor amounts
of analogs 16 and 18 present in photostationary mix-
tures and explained in terms of the boat conformation
forced upon 20 by the steroid geometry.!'88 The boat
conformation spreads the olefin—carbonyl angle and
reduces the n-m* absorptivity. Although quantum
yields were not reported for ketones 15-20, if it can be
assumed that 19 and 20 are comparably quantum effi-
cient, then the conformation-determined absorptivity
governs the ketone distribution.

Dihedral angles of ca. 130° between the carbonyl and
alkene local planes can be estimated for 4, 5-(E), 9,
and 14 from molecular models, and are compatible with
the high observed efficiencies of 1,3-acyl migration.3!
The diminished n-7* exaltation of 5-(Z) (Table II) is
most likely the result of a ground-state conformational
change to relieve repulsion of ethylidene and C-2
methyls, and which results in a spreading of the car-
bonyl-olefin angle (a distortion of a chair conformation
toward a boat), a conformational change maximized in
20.181  Clearly, however, the quantum yield for the
1,3-shift of 5-(Z) is not reduced relative to similar

(50) (a) R. C. Cookson and N. S. Wariyar, J. Chem, Soc., 2302 (1956);
(b) H. Labhart and G. Wagniere, Helv. Chim. Acta, 42, 2219 (1959);
(c) A. Moscowitz, K. Mislow, M. A, W. Glass, and C. Djerassi, J.
Amer. Chem. Soc., 84, 1945 (1962): (d) J. N. Murrell, *’The Theory of
Electronic Spectra of Organic Molecules,”” Wiley, New York, N. Y.,
1963, p 165; (e) D. E. Bays, R. C. Cookson, and S. MacKenzie, J.
Chem. Soc. B, 215 (1967).

(19(;3 J. R, Williams and G. M. Sarkisian, Chem. Commun., 1564
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ketones. Thus, the partitioning of an excited singlet
between « cleavage and intersystem crossing, while un-
doubtedly strongly influenced by geometry, is probably
not always a predictable function of the carbonyl-olefin
dihedral angle.

Parenthetically, it is worth noting that the different
n—7* absorptions of ketone pairs such as 15 and 16, in-
volving differing amounts of ring strain, were paralleled
by different behavior in the mass spectrometer.*® In
contrast, the mass spectrum of 9 was virtually identical
with that of 4, and the spectra of 5 and 14 were also in-
distinguishable. The obvious explanation is that «
cleavage, giving rise to a single radical ion 21 from
either 4 or 9 (or 5 or 14), dominates the electron impact
induced fragmentation in another indication of the
effect of olefin geometry on the reactivity of 3-alkyli-
denecyclohexanones.

R
CHR
N
4R=H 21 9.R=H
5 R=CH, 14, R = CH,

Finally, the high stereoselectivity of the 14 — 5-(E)
1,3-shift is to be noted; this observation is in accord
with those of Nakanishi, et al.,, on the stereospecific
interconversions of methyl-deuterated 15 and 16.1%
Two equally viable explanations for the high stereo-
selectivity are possible. The first involves the inter-
mediacy of intimate diradical 22 and rotamer 23,

14

23 5-(E)

formed by Norrish type I cleavage, followed by Cs—C,
bond rotation. The absence of 5-(Z) in photolysates
from 14 is reasonable, assuming no cis-trans isomeriza-
tion within the allylic radical moiety.?? In fact, no
singlet-state isomerization of 5-(Z) to 5-(E) (the thermo-
dynamically favored direction) was detectable, despite
one report of singlet cis~trans photoisomerization
in the literature.> In the present case, extrapolation of
quantum yields to zero conversion left little doubt that
the only singlet-state route effecting net conversion of
5-(Z) to 5-(E) was two consecutive 1,3-acyl shifts; i.e.,
5-(Z) — 14 — 5-(E). Thus, the stereochemical integrity
of diradicals such as 22, 23, 24, and 25 appears to be
preserved.

The alternative explanation is a concerted, supra-
facial 1,3-sigmatropic shift of the acyl group (¢2s +
72,), an orbital symmetry-allowed excited-state re-

(52) Configurational stability of cis- and trans-butenyl radicals in
solution at 40° has been established.3?
(53) C. Walling and W. Thaler, J. Amer. Chem. Soc., 83, 3877 (1961).
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= 5-(E)

organization.’* The only evidence which might favor
a concerted rearrangement through a transition state
such as 26 rather than the diradical mechanism is the
absence of potential diradical byproducts. Thus, no
aldehyde or decarbonylation products were noted
despite their occurrence elsewhere,$:8-16.35 particularly
in structurally similar systems.!®

In either view of the 1,3-shift, both the high stereo-
selectivity (14 - 5-(E) only) and the order of quantum
yields (14 — 5 more efficient than 5 — 14; 9 — 4 more
efficient than 4 — 9) suggest that acyl migration across
the molecular face less encumbered with methyl groups
is preferred.

The Role of the Triplet State. The typical triplet-
state reactivity of steroidal ketones and other previously
studied systems containing the 3-alkylidenecyclohexa-
none unit!'® has been photosensitized conversion to
cyclopropyl ketones, the oxa-di-w-methane reaction.®’
A case in point is the acetone-sensitized rearrangement
of 17B-acetoxy-4,4-dimethyl-19-norandrost-5-en-3-one
(27) to the cyclopropyl ketone derivative 28.1% In con-

OAc OAc

fv

acetone

27
28

trast, methylene ketone 4 was totally inert under triplet
photosensitization, even when it was demonstrated that
triplet energy transfer to 4 did occur. Thus, 4 quenched
the photoreduction of acetophenone (and the phos-
phorescence at 77 °K), but showed no observable reac-
tion.

The apparent inertness of 4, of course, is understand-
able in light of the triplet-state reactivity of ethylidene
ketone 5. Xanthone sensitization of 5-(Z) solutions
resulted exclusively in cis-trans photoisomerization
about the exocyclic olefin bond, producing 5-(E). The

(54) R. B, Woodward and R. Hoffmann,” The Conservation of Or-
bital Symmetry,” Verlag Chemie, Weinheim/Bergstr., Germany, 1970.

steady-state ratio of 5-(E):5-(Z) under photosensitiza-
tion was ca. 4:1, in contrast to the ca. 100:1 ratio
eventually produced by direct irradiation through the
intermediacy of 14. In sensitized irradiations total de-
pletion of 5-(Z) was never observed, nor was any con-
version to 14 or to cyclopropyl ketones.

Prior to our communication,® geometrical photo-
isomerization in (,y-unsaturated ketones had been
noted only rarely,!® and the multiplicity of the ketonic
species involved had not been unequivocally ascer-

tained.’® Morrison had reported trans—cis isomeriza-
tion of pent-4-en-2-one (29 — 30) upon direct irradia-
0 0
//JL\xz"\\v// L,
N pentane /‘k/\‘
29 30

tion,!% but drew no mechanistic conclusions. Cowan
and Baum observed similar isomerization of trans-1,4-
diphenylbut-3-en-1-one (31), determined the quantum
yield to be 0.53, and advanced a scheme of mixed n—7*
and w—7* triplets to account for the non-Stern-Volmer
quenching encountered.!®® Minato, et al., noted sensi-
tized trans—cis photoisomerization of germacrone (33)
to two isomers 34 and 35.1%36 Clearly, these isolated
and varied results shed little light on the role of geomet-
rical photoisomerization in the overall reactivity scheme
of B,v-unsaturated ketones.

0 0

- )th P,

Ph/‘k/\‘
ho

benzene

Ph
31 32
o :lr go 0
h’
‘ S l +
acetophenone
33 34 35

The finding that sensitized, triplet-state cis—trans
isomerization between 5-(Z) and 5-(EF) occurs demon-
strates that virtually isosteric ketones such as steroid 27
and ethylidene ketone 5 differ in their triplet-state photo-
chemical reactivity largely because of the presence (in
27) or lack (in 5) of a steric constraint to geometric
isomerization. When no such restraint is present, the
olefinic moiety is capable of acting as a *‘free rotor,”
undergoing geometrical isomerization. The *‘free
rotor’’ effect is thus a mechanism for energy dissipation
from the excited triplet state, and is analogous to that
encountered in di-w-methane reactions.'* When free
rotation is impaired (as in 27), the cyclopropyl ketone
producing 1,2-acyl shift may be an alternate triplet reac-
tion pathway. In the case of 5, at least, the 0.53 quan-
tum yield for sensitized geometrical isomerization in-
dicates the “free-rotor” olefinic torsion is a very effec-
tive energy dissipation mechanism.” Quantum yields
for oxa-di-m-methane reactions are generally smaller.®
An interesting and still open point concerns the degree

(55) More recently Engel and Schexnayders have also reported trip-
let-state isomerization of geometrical isomers.

(56) As a 8,v-unsaturated ketone which is also a,8-unsaturated, ger-
macrone is of less certain pertinence to the present work.

(57) Note that the analogous isomerization in 31 also proceeded with a
very high quantum efficiency. 1®
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of constraint that must be applied to the alkene portion
of a B,y-unsaturated ketone in order for the 1,2-acyl
shift to supplant geometrical isomerization.

Of considerable mechanistic interest is the difference
in the triplet-state energy of 5 as measured by triplet
sensitization and phosphorescence techniques. Al-
though the spectroscopic triplet energy of 5 was shown
to be ca. 290 kJ/mol in isopentane at 77 °K, sensitizers
with Er’s as low as 260 kJ/mol (anthraquinone, phenan-
threne) were capable of effecting 5-(Z):5-(F) isomeriza-
tion in solution at 25°.

Both the 6-nm red shift of the phosphorescence of 5
in ethanol relative to isopentane and the 156-msec mean
lifetime suggest the triplet state of 5 has essentially a
m—m* configuration. The recent theoretical model
developed by Houk, et al.,* is in accord with this assign-
ment. It is thought?®-5 that twisting the =—=* triplet
state of an olefin 90° results in substantial stabilization,
giving a “non-Franck-Condon’ triplet ca. 20-40 kJ/
mol below the spectroscopic state. It thus seems plausi-
ble that sensitization of 5, at least with sensitizers of Et
less than 290 kJ/mol, may be causing nonvertical excita-
tion to a twisted m—7* state,®® whose Et could be as low
as 260 kJ/mol, 30 kJ/mol below the spectroscopic triplet
state. The twisted triplet could be the ‘“‘free-rotor”
entity in sensitized isomerizations.®! By inference,
similar triplet-energy dissipation mechanisms are op-
erating invisibly for the ketones 4, 9, and 14 whose
triplets show no visible reaction.

That the phosphorescent state of 5 at 77°K and
the isomerizing triplet of 5 at room temperature are
virtually the same species seems likely. Xanthone-
sensitized irradiations of 5-(Z) at 77°K caused no visible
cis—trans isomerization; however, continued irradiation
at 25° caused isomerization to proceed with normal
efficiency.

Summary

In short, the singlet-state behavior of the 3-alkyli-
denecyclohexanones studied fits the established pattern
of stereoselective 1,3-acyl shifts. The triplet-state
behavior of these systems, however, depends on the
geometry of the f,y-double bond. Where geometrical
isomerization is not sterically prevented, that course
appears to be the triplet-state reaction of choice, and
high quantum efficiencies are noted. When steric
constraint (as in steroids) precludes geometrical isom-
erization at reasonable energetic costs, the 1,2-acyl
shift (a reaction of lower quantum efficiency) is ob-
served.

Experimental Section

Spectra were recorded as follows: nmr on Varian A60A and/or
Jeolco MH-100 instruments ¢s. internal tetramethylsilane; infrared
on a Beckman IR-8 spectrophotometer; ultraviolet on a Cary 15
spectrometer; mass spectra on CEC 21-104 and Varian M-66

(58) R. S. Mulliken and C. C. J. Roothan, Chem. Rev., 41,219 (1947).

(59) G. S. Hammond, J. Saltiel, A. A, Lamola, N. J. Turro, J. S.
Bradshaw, D. O. Cowan, R. C, Counsell, V. Vogt, and C. Dalton, J.
Amer. Chem. Soc., 86,3197 (1964).

(60) »Nonvertical excitation” may be more properly thought of as
vertical excitation from a twisted ground state to the twisted excited
state.

(61) The alternative mechanistic possibility for cis-trans isomeriza-~
tion tia reversible formation of a biradical intermediate from an n—»*
ketone sensitizer and the olefin seems unlikely considering (a) the ef-
ficacy of sensitization by phenanthrene, and (b) the inability of ketone
sensitizers of low triplet energies to effect isomerization.
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instruments; emission on a Perkin-Elmer MPF-2A spectrophotom-
eter. Gas chromatographic separations were performed on either
Varian A90P or Hewlett-Packard 776 machines. Melting points
were observed on a Mel-Temp hot block and are uncorrected.
Microanalyses were done by Chemalytics, Inc., Tempe, Ariz.
3-Methylene-2,2,5,5-tetramethylcyclohexanone and 1,3-Dimethy-
lene-2,2,5,5-tetramethylcyclohexane, To 50 ml of dimethyl sulfox-
ide (Mallinckrodt, dried over calcium hydride) was added 7.3 g
(0.30 mol) of dry sodium hydride, prepared by washing 12.8 g of a
57% mineral oil dispersion (Ventron) with dry pentane under
nitrogen.'®* The mixture was heated at 80° under nitrogen until
hydrogen evolution ceased (ca. 0.5 hr), then cooled in ice. To the
green solution was added 123 g (0.304 mol) of methyltriphenyl-
phosphonium iodide!® in 100 ml of warm dimethyl sulfoxide. The
solution was stirred at 25° for 0.5 hr. To the reddish solution was
then added 30.0 g (0.178 mol) of 2,2,5,5-tetramethylcyclohexane-
1,3-dione!” in 50 ml of dimethyl sulfoxide. The solution was
stirred 24 hr at 50°, then poured into 800 ml of water and allowed
to stand 2 hr. Precipitated triphenylphosphine oxide was separated
by filtration. Both solid and filtrate were washed with four 150-ml
portions of ether. The combined ether extracts were washed con-
secutively with water (3 X 150 ml), 109 aqueous sodium hydroxide
(2 X 150 ml), and water (2 X 150 ml), dried over anhydrous
sodium sulfate, and concentrated in vacuo. The residue was dis-
tilled at reduced pressure through a short-path apparatus until un-
reacted 2,2,5,5-tetramethylcyclohexane-1,3-dione began to solidify
in the condenser. The distillate was chromatographed at 140°
through a 6 ft X 0.75 in, UC-W98 (10%; on Chromosorb P) column,
giving two major fractions of 3.3- and 4.3-min retention times.

The first fraction was distilled, bp 95° (43 mm), to give 11.0 g
(38%) of clear, colorless 1,3-dimethylene-2,2,5,5-tetramethylcyclo-
hexane: ir (CCly) 3100, 1630, 1460, 1435, 1380, 1360, and 890 cm™1;
nmr (CCly) § 0.83 (s, 6 H, 5,5-dimethyl), 1.20 (s, 6 H, 2,2-dimethyl),
2.10 (s, 4 H, C=CCH.), 4.57 (broad s, 2 H,, vinyl H anti to 2,2-
dimethyls), and 4.72 (d, 2 Hy, Ju» = 2 Hz, vinyl H syn to 2,2-
dimethyls); uv (C¢Hy,) end absorption to solvent cut-off, € 7800 at
205 nm; major mass spectral peaks at m/e 164 (P), 149, 121, 107,
93, 41, and 15.

Anal, Caled for C]szoI
87.63; H, 11.99.

Distillation of the second fraction, bp 110° (43 mm), yielded 13.8
g (46%) of clear, colorless 3-methylene-2,2,5,5-tetramethylcyclo-
hexanone: mp 24-25°; ir (CCly) 3100, 1710, 1635, 1460, 1380, 1370,
and 900 cm™!; nmr (CCly) § 0.92 (s, 6 H, 5,5-dimethyl), 1.22 (s, 6
H, 2,2-dimethyl), 2.28 (s, Av = 2.0 Hz, 2 H, CH,CO), 2.37 (s,
Ay = 2.7 Hz, 2 H,, CH,C=C), 4,77 (overlapping doublet of triplets,
1 Hy, Jve = 1.0Hz, Jo, = 1.0 Hz, vinyl H anti to 2,2-dimethyls), and
4.88 (d, 1 He, Joe = 1.0 Hz, vinyl H syn to 2,2-dimethyls); uv
(CsHy,) absorption with vibrational fine structure at 316 nm (e 27),
307 (59), 298 (72), and 289 (64); major mass spectral peaks (rel
intensities) at mje 167 (3.4), 166 (28, P), 151 (5), 123 (5), 110 (10),
109 (7), 95 (5), 91 (3), 84 (4), 83 (74), 82 (100), 81 (10), 79 (4), 77 (5),
69 (4), 68 (11), 67 (43), 66 (3), 65 (5), 63 (2), 57 (3), 56 (6), 55 (19),
54 (8), 53 (20), 52 (4), 51 (8), 50 (2), 43 (7), 42 (), 41 (37), 40 (7),
39 (27), 29 (13), 28 (5), 27 (21), 15 (8).

Anal. Caled for CyHO: C, 79.46; H, 10.91.
79.52; H, 10.95.

Confirmation of the above nmr chemical shift assignment of §
2.28 to the acylic methylene was verified by D-for-H exchange.
Reaction of 100 mg (0.601 mmol) of 3-methylene-2,2,5,5-tetra-
methylcyclohexanone with 100 mg (4.35 mg-atom) of sodium in 2
ml of methanol-d for 30 min., followed by quenching with 5 ml of
deuterium oxide and extraction into 3 ml of carbon tetrachloride,
which was then concentrated, caused >95% depletion of the § 2.28
nmr resonance.

Photolysis of 3-Methylene-2,2,5,5-tetramethylcyclohexanone. A
solution of 8.0 g (48 mmol) of 3-methylene-2,2,5,5-tetramethylcyclo-
hexanone in 220 ml of sodium-dried, redistilled benzene (or, alterna-
tively, dioxane) was irradiated 4 hr under nitrogen in a cylindrical
vessel surrounding a quartz immersion well equipped with a 450-W
high-pressure mercury lamp (Hanovia) and a corex filter..2?
Monitoring by nmr or glpc (vide infra) indicated 509 conversion
to a single photoproduct. Further irradiation effected no change.
Solvent was removed by rotary evaporation below 40°, and the
residue was chromatographed through either a 1.5 ft X 0.375 in.
SE-30 (3%, on Chromosorb G-DMCS) column at 50° or a 3 ft X
0.25 in. butanediol succinate (109 on Chromosorb G-DMCS)
column at 65° to afford 3.3 g (429 isolated) of starting methylene
ketone (retention time 3 min, both columns) and 3.2 g (40%; iso-

C, 87.73; H, 12.27. Found: C,

Found: C,
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lated) of the photoproduct (retention times 6 and 7 min, respec-
tively).

The photoproduct was identified as 3,3-dimethyl-3-isopropyli-
denecyclohexanone, a colorless liquid: ir (CCly) 3010, 1712, 1670,
1465, 1390, and 1370 cm™!; nmr (CCl.) § 0.90 (s, 6 H, 3,3-dimethyls),
1.68 (s, 6 H, isopropylidene), 2.13 (s, Av = 3.5 Hz, 2 H, CH,C=0),
2.28 (s, Av = 2.6 Hz, 2 H, CH,C=C), and 2.97 (broad s, 2 H,
C=CCH,C=0); uv (CeH.,) absorption with vibrational fine struc-
ture at 317 nm (e 56), 307 (103), 298 (118), and 289 (108); mass
spectrum identical with that of 3-methylene-2,2,5,5-tetramethyl-
cyclohexanone.

Anal. Caled for CiHO: C, 79.46; H, 10.91.
79.44; H, 10.97.

Photolysis of 6,6-Dideuterio-3-methylene-2,2,5,5-tetramethylcyclo-
hexanone, Irradiation of a solution of 100 mg (0.601 mmol) of 6,6-
dideuterio-3-methylene-2,2,5,5-tetramethylcyclohexanone (vide su-
pra) in 3 ml of dry benzene in a Pyrex nmr tube adjacent to the 450-
W mercury arc for 4 hr caused 379 conversion to the photoproduct
(glpc monitoring). Following removal of benzene at reduced
pressure, the residue was dissolved in carbon tetrachloride. Analy-
sis by nmr indicated 37 % conversion to 2,2-dideuterio-3,3-dimethyl-
5-isopropylidenecyclohexanone with 959 incorporation of deu-
terium at C-2 as evidenced by depletion of the § 2.13 resonance.

Thermal Isomerization of 3,3-Dimethyl-5-isopropylidenecyclo-
hexanone. Heating 100 mg (0.601 mmol) of 3,3-dimethyl-5-iso-
propylidenecyclohexanone at 90° for 3 hr caused total isomerization
to 100 mg of 5,5-dimethyl-3-isopropylcyclohex-2-en-1-one, which
was isolated by preparative gas chromatography on a 5 ft X 0.25 in.
SE-30 (3% on Chromosorb G-DMCS) column at 115°, A clear,
colorless liquid, 5,5-dimethyl-3-isopropylcyclohex-2-en-1-one was
identified by ir (CCly) absorptions at 3020, 1660, 1460, 1380, 1360,
900, 865, and 845 cm~!; nmr (CCl,) resonances at § 1.02 (s, 6 H,
3,3-dimethyls), 1.08 (d, 6 H., Jo = 7 Hz, i-Pr methyls), 2.14
(heptet, 1 Hy, Jop = 7 Hz, i-Pr methine), 2.15 (broad s, 2 H.,
C=CCH,), 2.28 (broad s, 2 H, CH,C=0), and 5.77 (q, overlapping
doft,1 Hyy Joa = 1 Hz, Joa = 1 Hz, vinyl H); uv (CeHiz) Amex at
235 nm (e 14,300); and mass spectral peaks at m/e 166 (P), 151,
110, 95, 82, 67, 41, 27, and 15, spectra compatible with literature3+
values recorded under different conditions.

Ozonolysis of the Photoproduct of 3-Methylene-2,2,5,5-tetra-
methylcyclohexanone, To 20 ml of diethyl ether in an immersion
flask equipped with a fritted glass bubbler was added a solution of
1.00 g (6.00 mmol) of 3-methylene-2,2,5,5-tetramethylcyclohexanone
in 2 m] of benzene, which had been irradiated for 14 hr in a Rayonet
chamber reactor equipped with RUL-3000 lamps, and analyzed by
nmr spectroscopy, indicating 41 % conversion to the photoproduct.
The flask was cooled to 0°, and electrically generated ozone was
bubbled through the solution at a rate of 0.01 Imp. After 15 min
the solution was poured into 40 ml of ice—water and a white, crystal-
line solid precipitated. Collection afforded 0.33 g (2.35 mmol,
39%) of solid 5,5-dimethylcyclohexane-1,3-dione. Evaporation of
the ethereal layer in vacuo yielded 0.52 g (3.40 mmol, 57 %) of white
solid 2,2,5,5-tetramethylcyclohexane-1,3-dione, mp 95-96° [lit.1?
mp 98°]. Examination of the aqueous layer by nmr spectroscopy
showed acetone was present.

Photolysis of 3,3-Dimethyl-5-isopropylidenecyclohexanone. To
1.0 ml of benzene in a Pyrex nmr tube was added 100 mg (0.60
mmol) of 3,3-dimethyl-5-isopropylidenecyclohexanone, The solu-
tion was irradiated in a Rayonet reactor equipped with RUL-3000
lamps for 130 hr. Examination of the photolysate by nmr and/or
glpc (vide supra) showed formation of 3-methylene-2,2,5,5-tetra-
methylcyclohexanone as the sole photoproduct in a photostationary
state ratio of 50:50, as measured by the integration of resonance
peaks at § 2.97 for 3,3-dimethyl-5-isopropylidenecyclohexanone and
§ 4.57, 4,72 for 3-methylene-2,2,5,5-tetramethylcyclohexanone, or
by integration of glpc peak areas.

Irradiation of 3-Methylene-2,2,5,5-tetramethylcyclohexanone in
the Presence of Piperylene. A solution of 530 mg (3.21 mmol) of
3-methylene-2,2,5,5-tetramethylcyclohexanone and 350 mg (5.15
mmol, 2.6 M) of piperylene in 2.0 ml of benzene was irradiated 90
hr with RUL-3000 lamps in a modified merry-go-round inside a
Rayonet reactor, in parallel with a second sample, identical with
the first except for the absence of piperylene. Both samples showed
45 9% conversion to 3,3-dimethyl-5-isopropylidenecyclohexanone, as
measured by nmr spectroscopy and glpc integration.

Attempted Triplet Sensitization of 3-Methylene-2,2,5,5-tetramethyl-
cyclohexanone. To 0.5 ml of benzene in Pyrex nmr tubes was
added 3-methylene-2,2,5,5-tetramethylcyclohexanone (50 mg, 0.30
mmol) and enough triplet sensitizer (benzophenone, acetophenone,
and xanthone in separate experiments) to absorb greater than 959
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of the incident light. The solutions were irradiated for varying
lengths of time with RUL-3000 lamps in a Rayonet chamber re-
actor equipped with a modified merry-go-round apparatus. No
photoproducts were detected by nmr or glpc, even after 120 hr.

Test for Triplet Energy Transfer from Benzophenone to 3-Methy-
lene-2,2,5,5-tetramethylcyclohexanone. In one tube, a solution of
0.831 g (4.56 mmol) of benzophenone and 0.051 g (0.28 mmol) of
benzhydrol in 10 ml of benzene was prepared. In another tube
identical with the first, 0.039 g (0.23 mmol) of 3-methylene-2,2,5,5-
tetramethylcyclohexanone was added. Both tubes were irradiated
in parallel at 300 nm in a modified merry-go-round apparatus for 2
hr. Production of benzopinacol was followed by nmr; the amount
of pinacol formed in the second tube was 9597 of that formed in the
first, indicating little, if any, energy transfer.

Test for Triplet Energy Transfer from Acetophenone to 3-Methy-
lene-2,2,5,5-tetramethylcyclohexanone. The procedure was essen-
tially the same as above. Tube A contained 0.549 g (4.57 mmol) of
acetophenone and 0.030 g (0.50 mmol) of isopropyl alcohol in 10
ml of benzene. Tube B was identical except that 0.086 g (0.52 mmol)
of 3-methylene-2,2,5,5-tetramethylcyclohexanone was added. The
tubes were irradiated at 300 nm for 10 hr. Formation of products
was followed by nmr spectroscopy, indicating the amount of
photoreduction product in tube B was only 6 7 of that produced in
tube A.

3-Ethylidene-2,2,5,5-tetramethylcyclohexanone, To 100 ml oj
dimethyl sulfexide (Mallinckrodt, dried over calcium hydride)
was added 6.72 g (0.280 mol) of dry sodium hydride, prepared by
washing 11.8 g of a 57 % mineral oil dispersion (Ventron) with dry
pentane under nitrogen.!® The mixture was heated at 80° under
nitrogen until hydrogen evolution had ceased (ca. 0.5 hr), then
cooled in ice. To the green solution was added 117 g (0.280 mol)
of ethyltriphenylphosphonium iodide!® in 100 m] of warm dimethyl
sulfoxide. The solution was stirred at 25° for 0.5 hr. To the dark
red solution was then added 33.6 g (0.201 mol) of 2,2,5,5-tetra-
methylcyclohexane-1,3-dione!” in 100 ml of dimethyl sulfoxide.
The solution was stirred 24 hr at 50°, then poured into 800 ml of
water and allowed to stand 2 hr. Precipitated triphenylphosphine
oxide was collected and washed with two 150-ml portions of ether.
The aqueous filtrate was washed with five 150-ml portions of ether.
The combined ether extracts were washed with 10 % aqueous sodium
hydroxide (3 X 150 ml) and water (3 X 200 ml), then dried over
anhydrous sodium sulfate, and concentrated i vacuo. The residue
was distilled at reduced pressure through a short-path apparatus
until unreacted 2,2,5,5-tetramethylcyclohexane-1,3-dione began to
solidify in the condenser. The distillate was chromatographed at
150° through a 6 ft X 0.75 in. silicone oil UC-W98 (10% on
Chromosorb P) column giving three fractions with retention times
of 3.3, 4.4, and 6.0 min. The first fraction (ca. 10% of the mixture)
appeared from nmr analysis to be 1,3-diethylidene-2,2,5,5-tetra-~
methylcyclohexane, but was not characterized further. The second
fraction (ca. 10%;) was identified as 3-methylene-2,2,5,5-tetramethyl-
cyclohexanone by comparison with authentic material. The third
fraction (ca. 809) was distilled in vacuo to yield 18.6 g (52%) of
clear, colorless 3-ethylidene-2,2,5,5-tetramethylcyclohexanone, bp
78° (2.5 mm), as a 15:85 mixture of E (anti) and Z (syn) isomers:
ir (CCl,) 3050, 1703, 1640, 1455, 1380, and 1365 cm™!; major mass
spectral peaks (rel intensities) m/e 181 (5.9), 180 (44, P), 165 (14),
137 (11), 124 (5), 123 (6), 109 (11), 107 (2), 97 (11), 96 (100), 95 (13),
93 (4), 91 (5), 84 (4), 83 (95), 82 (8), 81 (55), 80 (2), 79 (16), 78 (2),
77 (9), 69 (7), 68 (10), 67 (29), 66 (2), 65 (7), 63 (2), 57 (9), 56 (13),
55(34), 54 (10), 53 (28), 51 (8), 50 (3), 43 (10), 42 (4), 41 (47), 40.(6),
39(29), 29 (20), 28 (6), 27 (27), 15 (9); precise mass determination,
180.1504 (caled for Ci2H,00, 180.1514).

Anal. Caled for CpH,O: C, 79.94; H, 11.18.
80.10; H, 11.01.

Since the isomer mixture could not be resolved, even on a
500 ft X 0.03 in. i.d. capillary stainless steel column coated with
20:1 SF-96(50)/Igepal,? structural identification of the ispmers
was accomplished by nmr analysis of the mixture. The Z isomer
had nmr (100 MHz, CCl,) resonances at & 0.92 (s, 6 H, 5,5-di-
methyls), 1.26 (s, 6 H, 2,2-dimethyls), 1.70 (doublet of triplets, 3
H., Ju» = 7 Hz, Joc = 1 Hz, C=CCH,), 2.04 (s, Av = 3.1 Hz, 2
He, Jve = 1 Hz, C=CCH,), 2.13 (s, Av = 1.8 Hz, 2 H, CH,C=0),
and 5.26 (quartet of triplets, 1 Hy, Ju» = 7 Hz, Jpe = 1 Hz, C=CH);
the E isomer had nmr (100 MHz, CCl,) resonances at §0.89(s, 6 H,
5,5-dimethyls), 1.14 (s, 6 H, 2,2-dimethyls), 1.58 (d, 3 Ha, Jab = 7
Hz, C=CCH,), 2.18 (s, Av = 2.0 Hz, 2 H, CH.C=0), 2.27 (s,
Av = 2.8 Hz, 2 H, C=CCH,), and 5.41 (quartet, 1 Hy, Jup = 7 Hz,
C=CH). Structural assignment of the § 2.13 and 2.18 nmr reso-
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nances to the acylic methylenes and the resonances at § 2.04 and
2.27 to the allylic methylenes of (Z)- and (E)-3-ethylidene-2,2,5,5-
tetramethylcyclohexanone, respectively, were verified by noting
selective depletion (ca. 95%) of the § 2.13 and 2.18 resonances in a
100-mg isomer mixture after treatment with 200 mg of sodium in
3 ml of methanol-d;, quenching with 5 ml of deuterium oxide, and
extracting into carbon tetrachloride.??

The ultraviolet spectra (CeHi) of mixtures of (Z)- and (E)-3-
ethylidene-2,2,5,5-tetramethylcyclohexanone of differing isomer
ratios (produced by photosensitization, vide infra) and analyzed for
isomer distribution by nmr (vide supra) allowed calculation of the
individual isomers’ spectra. Vibrational fine structure n-*
maxima were recorded at 318 nm (e 22), 307 (44), 298 (54), and 289
(49) for the Z isomer, and at 318 nm (e 47), 307 (93), 298 (104), and
289 (95) for the E isomer.

Direct Irradiation of 3-Ethylidene-2,2,5,5-tetramethylcyclohexa-
none. A solution of 4.00 g (22.2 mmol) of 3-ethylidene-2,2,5,5-
tetramethylcyclohexanone (as a 15:85 E:Z mixture) in 30 ml of
sodium-dried benzene was irradiated 35 hr in a Rayonet apparatus
equipped with RUL-3000 lamps. The reaction was monitored by
glpc and by changes in the nmr spectrum until the spectrum in-
dicated no further change and showed 329 conversion (photo-
stationary state) to a single photoproduct. Solvent was removed by
distillation under reduced pressure and the residue was chromato-
graphed at 65° through a 3 ft X 0.25 in. butanediol succinate (109
on Chromosorb P-DMCS) column to afford 2.41 g (60%) of re-
covered starting material (retention time 5.4 min) and 1.04 g (26 %)
of 3-isopropylidene-2,5,5-trimethylcyclohexanone (retention time
11.3 min), a clear, colorless liquid: ir (CCly) 1705, 1665, 1450,
1380, and 1365 cm™!; nmr (60 MHz, CCl,) ¢ 0.78 and 1.08 (two
s, 3 H each, C;-methys), 1.14 (d, 3 H,, Juw = 7 Hz, Cy-methyl),
1.68 and 1.72 (two s, 3 H each, C=C(CH3),), 2.24 (m, 4 H, CH.C=0
and C=CCH,), and 3.27 (quartet, 1 Hy,, J,, = 7 Hz, C;-methine);
ultraviolet (C¢Hj») n—r* fine structure at 320 nm (e 44), 309 (88),
299 (113), and 291 (104); mass spectral peaks at m/e 180 (P), 165,
96, 83, and 81.

Anal. Caled for C,HpO: C, 79.94; H, 11.18.
79.73; H, 11.33.

A solution of 270 mg (1.50 mmol) of the photoproduct (vide
supra) in 5 ml of ether was saturated with ozone (electrically gen-
erated, 0.01 lpm) for 25 min at 0°. Analysis by glpc indicated ca.
90% of the theoretical amount of acetone. Extraction of the
ethereal solution with 5 ml of 109 aqueous sodium carbonate,
followed by neutralization with hydrochloric acid, back-extraction
into 20 ml of ether, and evaporation yielded 220 mg (95 %) of 2,5,5-
trimethylcyclohexane-1,3-dione, mp 159-160° [lit.1? mp 158-159°).

Determination of the Singlet Steady-State Ratio of Z and E
Isomers of 3-Ethylidene-2,2,5,5-tetramethylcyclohexanone. A 50-
mg sample of a 15:85 E:Z isomer mixture of 3-ethylidene-2,2,5,5-
tetramethylcyclohexanone in 0.5 ml of sodium-dried benzene was
irradiated with a Pyrex-filtered 450-W mercury lamp (Hanovia).
Periodic monitoring by nmr indicated that isomerization to 3-
isopropylidene-2,5,5-trimethylcyclohexanone reached a photo-
stationary value of 3297 after c«. 80 hr, This ratio did not change
upon further irradiation; however, the percentage of E isomer of

3-ethylidene-2,2,5,5-tetramethylcyclohexanone to Z isomer steadily
increased, approachmg 100%; (98 % E after 260 hr).

Direct Irradiation of 3-Isopropylidene-2,5 5-tr1methylcyclohexa-
none. A 100-mg (0.556 mmol) sample of 3-isopropylidene-2,5,5-
trimethylcyclohexanone in 1.0 ml of sodium-dried, redistilled
benzene was irradiated with a corex-filtered 450-W mercury lamp.
Monitoring by glpe (3 ft X 0.25 in. 109 butanediol succinate on
Chromosorb P-DMCS at 65°) and nmr indicated formation of
(E)-3-ethylidene-2,2,5,5-tetramethylcyclohexanone as the only de-
tectable photoproduct. A stationary state was reached after 45 hr
in which (E)-3-ethylidene- and 3-isopropylidene ketones were
present in a 68:32 ratio. Further irradiation caused no change, and
no formation of (Z)-3-ethylidene-2,2,5,5-tetramethylcyclohexanone
was detected.

Photosensitization of 3-Ethylidene-2,2,5,5- tetramethylcyclohex-
anone, To a solution of 3.00 g (16.6 mmol) ofa 159, E:85% Z
mixture of 3-ethylidene-2,2,5,5- tetramethylcyclohexanone isomers
in 40 ml of sodium-dried benzene was added 1.50 g (7.64 mmol) of
xanthone (Aldrich, recrystallized twice from 959 ethanol), calcu-
lated to absorb greater than 9897 of the incident light at 350 nm.
The solution was photolyzed for varying periods of time to 48 hr
in a Rayonet reactor equipped with RUL-3500 lamps. Examina-
tion of the solution by nmr during the course of irradiation showed
that the sole detectable photoreaction was cis—trans isomerization
of the two isomers with the E isomer concentration steadily increas-
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ing at the expense of the Z isomer, to a pseudo-steady-state value
of 718% E:22% Z.

Ozonolysis of the Photolysate from Sensitized Irradiation of 3-
Ethylidene-2,2,5,5-tetramethylcyclohexanone, A 2.715-g sample
(15.06 mmol) of a 15% E:859% Z isomer mixture of 3-ethylidene-
2,2,5,5-tetramethylcyclohexanone in 40 ml of sodium-dried benzene,
and containing 1,50 g (7.64 mmol) of xanthone (Aldrich, recrystal-
lized twice from 95 % ethanol), was irradiated through Pyrex for 20
hr at 350 nm. The ultraviolet absorption spectrum of the mixture
indicated that a minirhum of 997 of total incident light was ab-
sorbed by xanthone. At the end of the irradiation period, nmr
analysis indicated the composition of the photolysate was 46%
E:54% Z. The solution was concentrated and the residue distilled
in vacuo to give 2.401 g (13.32 mmol) of clear liquid which was
analyzed as still a 469, E:549% Z isomer mixture by nmr. The
liquid was dissolved in 30 ml of ether, cooled to 0°, and ozone was
bubbled through the solution at a rate of 0.01 lpm for 30 min.
It was then poured into 10 ml of 109 hydrogen peroxide solution
and the layers were separated. The ethereal layer was concentrated
to yield 2.125 g (12.63 mmol, 957 based on distillate) of 2,2,5,5-
tetramethylcyclohexane-1,3-dione.!” Analysis of the aqueous phase
by nmr spectroscopy accounted for acetic acid (ca. 60 % of theoreti-
cal) as the only other detectable product.

Triplet Sensitization of 3-Ethylidene-2,2,5,5-tetramethylcyclo-
hexanone. To 1.0 ml of sodium-dried benzene in a Pyrex nmr
tube was added 100 mg (0.556 mmol) of 3-ethylidene-2,2,5,5-tetra-
methylcyclohexanone, asa 15% E:85%, Z isomer mixture. Enough
triplet sensitizer (vide infra) was added to absorb a minimum of 95 %]
(greater where possible) of the incident light. The solutions were
irradiated in a Rayonet reactor in a modified merry-go-round with
either RUL-3000 or RUL-3500 lamps, and monitored during ir-
radiation for extent of isomerization by nmr spectroscopy. Isom-
erization of the Z isomer to E isomer was observed with the follow-
ing sensitizers: xanthone, Er = 74 kcal/mol; acetophenone,
Et = 74 kcal/mol; benzophenone, Et = 69 kcal/mol; 10-thioxan-
thenone, Er = 65 kcal/mol; phenanthrene, Er = 62 kcal/mol;
and anthraquinone, Etr = 62 kcal/mol. However, Michler’s
ketone, Er = 61 kcal/mol; 2-acetonaphthone, Er = 59 kcal/mol;
and l-acetonaphthone, Er = 56 kcal/mol, produced no detectable
isomerization (irradiation time 7 days for Michler’s ketone).

Quantum Yield Measurements. Quantum yields were deter-
mined by parallel and/or consecutive irradiation of sample and
actinometer in matched cuvettes (either 5-ml with 1-cm optical
path or 2-ml with 0.4-cm optical path) held in a carousel centered
in a chamber reactor (Rayonet) of eight RUL-3000-A lamps.
The potassium ferrioxalate actinometer of Hatchard and Parker*
was employed, but was checked against the uranyl oxalate actinom-
eter of Leighton and Forbes.+” Stray light was eliminated by use of
a solution filter of 1.0 M cobaltous sulfate and 1.0 M nickelous
sulfate in 5% sulfuric acid contained in a Pyrex vessel of 0.5-cm
optical path; the filter was preirradiated several hours before use.
This filter transmitted ca. 759 of incident light in the range of
290-320 nm. Concentrations of both actinometer and sample
solutions were adjusted to absorb all incident light, and were
checked by uv spectroscopy before and after irradiation. Analysis
of actinometer was by absorbance of the 1,10-phenanthroline com-
plex of ferrous ion at 510 nm; analysis of organic photoproducts
was by glpe (3 ft X 0.25 in. butanediol succinate column, 107 on
Chromosorb P-DMCS, 65°), checked by nmr, for direct irradiations
and by nmr for sensitized irradiations. In the latter case, quantum
yields at higher conversions were used to obtain the quantum yield
at zero conversion by extrapolation.

Quenching of Acetophenone Phosphorescence by 3-Methylene-
and 3-Ethylidene-2,2,5,5-tetramethylcyclohexanone. A series of
solutions was prepared with acetophenone (0.308 g, 2.56 mmol,
0.051 M) in ethanol (50 ml) and weighed increments of 3-methylene-
2,2,5,5-tetramethylcyclohexanone, with concentrations of the latter
ranging from zero to 5.76 X 10-% M over nine solutions. The
phosphorescence spectra at 77°K were recorded; a linear Stern—
Volmer plot of &,/®q vs. [Q] was obtained with k7 = 6.4 M~L
Similarly, the phosphorescence spectra of eight solutions of 0.650
g (5.40 mmol, 0.054 M) of acetophenone and weighed increments
of 3-ethylidene-2,2,5,5-tetramethylcyclohexanone (range zero to
1.6 X 102 M) in 100 ml of ethanol were recorded at 77 °K, and
were found to give a linear plot of ®y/®q vs. [Q], with kqr = 65
ML

Phosphorescence Spectra and Lifetimes of 3-Methylene- and 3-
Ethylidene-2,2,5,5-tetramethylcyclohexanone, The phosphores-
cence spectrum of 3-methylene-2,2,5,5-tetramethylcyclohexanone
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(0.1 M) in ethanol glass at 77°K had vibrational fine structure as
follows: 405 nm, 0-0 band; 427, 0-1, Anax; 445, 0-2; 475, 0-3;
and 481 nm, 0-4 band. By use of a Tektronix 564B Storage
oscilloscope equipped with a polaroid camera, the mean phospho-
rescent lifetime was 205 msec with excitation at 300 nm (near the
N—7* Amax). Similarly, the phosphorescence spectra of 3-ethylidene-
2,2,5,5-tetramethylcyclohexanone (15% E:85% Z,0.1 M) in ethanol
and isopentane glasses were recorded at 77°K. In both solvents
spectra were diffuse, making the following band assignments some-
what uncertain. With excitation at 300 nm, band positions were:
0-0 band, 418 nm in ethanol, 412 nm in isopentane; Amax, 443 nm
in ethanol, 450 nm in isopentane. The mean radiative lifetime was
156 msec (ethanol glass). Authenticity of the phosphorescence
spectra was indicated by comparison of the excitation and absorp-
tion spectra. Additionally, capillary glpc analysis indicated purity
of samples at >99.9%.

Sensitized Irradiation of 3-Ethylidene-2,2,5,5-tetramethylcyclo-
hexanone at 77°K in Isopentane. To 0.50 ml of Spectrograde iso-

The Continuous Diradical as Transition State.

pentane in a Pyrex 5-mm nmr tube was added 50.0 mg (0.278 mmol)
of the ethylidene ketone as a 1597 E:859, Z isomer mixture and
15.0 mg (0.076 mmol) of xanthone (Aldrich, recrystallized twice
from ethanol). The solution was immersed in a Pyrex dewar at
77°K and irradiated with an external 450-W mercury lamp. After
5 hr, no visible change could be detected by 100-MHz nmr spec-
troscopy. When irradiation was continued under identical condi-
tions except at room temperature, only 4 hr irradiation produced
a 30%; E:70% Z mixture of isomers, as analyzed by nmr.
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Of the three most rapid rearrangements undergone by the disubstituted cyclopropanes of the title, the

two geometrical isomerizations cannot be concerted in the usual sense of continuous overlap of orbitals and are thus
able to reveal differences among the internal rotations requisite to the rearrangement. The three rearrangements
are independent of each other, proceed at their maximum rates at the beginning of the reaction, and can be accom-
modated only inadequately (32 %) by a conventional diradical intermediate within which only one internal rotation
at a time is permitted. In our estimation this is the first example of the opening of a three-membered ring which
has been so labeled by substituents and optical activity as to reveal the need for a change in mechanistic hypothesis.
In the dynamic aspects of bond breaking we believe to have found the basis for a consistent conceptual scheme,
that of the continuous diradical as the internally rotationally coupled extension of stretching vibrational modes.
Incapable of being trapped, the continuous diradical represents families of energetically and orbitally not concerted
transition states the stereochemical differences among which originate in energetic preferences among the observa-

tionally independent, internally rotational components.

Singlet trimethylene was put forward many years ago
to rationalize the constitutional isomerization of
cyclopropane to propylene.! This simple mechanistic
hypothesis has had the undeniable merit of compat-
ibility with the subsequently discovered cis-trans geo-
metrical isomerization? and racemization of optically
active cyclopropanes,®* as well as with the varied re-

(1) H. M. Frey, Advan. Phys. Org. Chem., 4, 147 (1966). H, M, Frey
and R. Walsh, Chem. Rev., 69, 103 (1969); K. J. Laidler, *Comprehen-
sive Chemical Kinetics,” Vol, 5, C. H. Bamford and C. F. H. Tipper,
Ed., Elsevier, Amsterdam, 1972.

(2) (a) B. S. Rabinovitch, E. W, Schlag, and K. B, Wiberg, J, Chem.
Phys., 28, 504 (1958); (b) E. W. Schlag and B. S, Rabinovitch, J.
Amer. Chem. Soc., 82, 5996 (1960); (¢) D, W, Setser and B. S. Rabino-
vitch, ibid., 86, 564 (1964); (d) H. M. Frey and D, C. Marshall, J.
Chem. Soc., 5717 (1963); (e) C. S. Elliott and H. M. Frey, ibid., 900
(1964); (f) M. C. Flowers and H. M. Frey, Proc. Roy, Soc., Ser, 4, 257,
122 (1960); 260, 424 (1961); (g) M, R. Willcott III and V. H. Cargle,
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arrangements of cyclopropanes substituted by one® or
two vinyl groups,® by a carbonyl function, or by a com-
bination of carbonyl and vinyl groups.”®

Recent years have seen major attention directed to-
ward a more precise definition of the nature and role of
trimethylene.®© Is it an intermediate of sufficiently
long life to be trapped in a second-order or pseudo-
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