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Two new reaction paths not previously observed in the irradiation of 2,4-cyclohexadienone 4,5-epoxides are de-
scribed. Irradiation of 6,6-dimethyl-2,4-cyclohexadienone 4,5-epoxide (5) through Pyrex gave mainly the enol lac-
tone 6. The proposed mechanism, supported by isotopic labeling, involves as an intermediate the cyclopropanone
aldehyde G (also implicated as the precursor of 6 in the singlet oxygen oxidation of dimethylfulvene). The photo-
isomerization of 5 to 6 involves a triplet excited state (Et ~ 50-60 kcal/mol). Irradiation of 2,3,4,6,6-pentamethyl-
2,4-cyclohexadienone 4,5-epoxide (19) through Pyrex gave, among other products, the A2-butenolide 22 (27%), a
product best accounted for if the first bond-breaking step is cleavage of the C(1)-C(6) bond in 19, This is the first
example of a-cleavage in the irradiation of epoxy enones of this type. A general mechanism is proposed for the pho-
toisomerization of 2,4-cyclohexadienone 4,5-epoxides. The first step following excitation is either a-cleavage (rare)
or cleavage of the C(4)-0 bond of the epoxide ring (common) to give diradical D, which may isomerize in one or
more of four different ways depending on methyl substitution. Experimental examples of each path are given. A
general mechanistic scheme is proposed which summarizes to date the observed photoisomerizations of «,3-unsatu-

rated v,6-epoxy ketones.

We recently reported that the epoxy ketone 1 is converted
by irradiation to 2 and then 3. In this paper, we will describe
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the photochemistry of analogues of 1 containing fewer methyl
substituents. These studies disclosed novel photoisomeriza-
tion paths not previously observed with such epoxy ketones,
for one of which we propose a cyclopropanone intermediate.2
Following a description of these new reactions and evidence
for their mechanisms, we will present a general mechanistic
scheme which summarizes the known photochemistry of
a,f-unsaturated v,6-epoxy ketones to date, and which places
the new reactions in perspective.

Results and Discussion

Photochemistry of 6,6-Dimethyl-2,4-cyclohexadienone
4,5-Epoxide (5). The epoxy ketone 5 was obtained in high
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yield by oxidizing the corresponding dienone 43 with m-
chloroperbenzoic acid (m-CPBA).

Irradiation of 5 (0.01 M in ether, Pyrex) gave two pho-
toisomers in quantitative yield. The major product (86%) was
the enol lactone 6, a compound which has recently been ob-

tained? as the major product from the reaction of singlet
oxygen with 6,6-dimethylfulvene (Scheme II). Irradiation of
6 through Corex converted it to the isomeric lactone 8.5
The minor product (14%) was assigned the unsaturated
B-diketone structure 7 on the basis of its spectra and further
transformations. In particular, irradiation of 7 through Corex
gave in succession the known §3-diketone 96 and unsaturated
lactone 10.6b The first of these photoisomerizations is an
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oxa-di-rm-methane rearrangement,” and the second involves
the typical a-cleavage of a cyclic nonenolizable 3-diketone.®
It is clear from the product structures that the methyl
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substituents play an important part in determining the pho-
toisomerization paths of 1 and 5. Before discussing the
mechanism by which 6 and 7 are formed from 5, and before
trying to rationalize the different photoisomerization paths
of 1 and 5, it will be helpful to summarize the results obtained
by irradiating dienone epoxides with an intermediate number
of methyl substituents.

Photochemistry of Other 2,4-Cyclohexadienone Ep-
oxides. The epoxy ketones 11, 19, and 24 were prepared from
the corresponding dienones by oxidation with m-CPBA. Ir-
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radiation of 11 (0.06 M in ether, Pyrex) gave the enol lactone
12 and the epimeric 3-diketones 13 and 14. The latter two
compounds are secondary products derived from the primary
photoproduct 15 (analogous to the formation of 9 from 7). The
methyl substituents must enhance this reaction, thus pre-
venting us from observing 15.8 The structures of 13 and 14
were confirmed by their conversion to the lactones 16-17 on
irradiation through a Corex filter.®
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The structure of the enol lactone 12 was established as
follows. Its IR and UV spectra were similar to those of 6. The
NMR spectrum showed a sharp singlet for the gem-dimethyl
group, two vinyl protons (not coupled to each other) and two
vinyl methyl groups. The exact location of the methyl groups
was established by further irradiation of 12 through a Corex
filter. The resulting 18 had no vinyl protons, but two mutually
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coupled aliphatic protons at 6 2.82 and 4.67 (J = 4 Hz), the
latter being the proton adjacent to the oxygen. This result
required that the vinyl protons in 12 be at the termini of the
diene moiety. The remainder of the NMR spectrum of 18 was
consistent with this assignment.

Except for quantitative aspects, the photochemistry of §
and 11 appears to be identical, the primary products being an
enol lactone (6 and 12, respectively) and an «,3-unsaturated
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B-diketone (7 and 15, respectively). Differences appeared
when one more methyl substituent was added.
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Irradiation of 19 (0.01 M in ether, Pyrex) gave the epimeric
B-diketones 20 and 21 and the butenolide 22. The first two
compounds are again secondary products, derived from the
further photoisomerization of the unsaturated 8-diketone 23.
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As with the formation of 15 (vide supra), it was not possible
to detect the primary product 23. However, we were able to
obtain 23 through the treatment of 19 with trifluoroacetic
acid.!° Irradiation of 23 under the same conditions used with
19 gave a quantitative yield of 20 and 21, in the same ratio as
they were formed by irradiating 19.

The structure of the butenolide 22 is based on its spectra.
Its IR and UV spectra were nearly identical with those of the
known analogue in which the vinyl hydrogen is replaced by
a methyl group.!! The NMR spectrum of 22 showed one ali-
phatic methyl singlet (5 1.23), four vinyl methyls in the region
5 1.74-1.80 and one vinyl proton as a multiplet at 6 5.40. De-
coupling by irradiation in the vinyl methyl region sharpened
the vinyl proton signal to a singlet. Europium-shift data (see
Experimental Section) and deuterium labeling experiments
further support the structure. We consider 22 and 23 to be the
direct photoproducts of 19.12

The third epoxy ketone whose photochemistry we will de-
scribe in this section is 24.13 Irradiation of 24 (0.01 M in ether,
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Pyrex) gave the enol lactone 25, the acetyl cyclopentenone 26,
and the bicyclic ketone 27.

The gross structure of 25 was clear from the similarity of its
IR, UV, and NMR spectra to those of 6 and 12, Since the vinyl
proton in 24 occupies a position corresponding to a methyl
group in 11 (and therefore in 12) the proton in 25 must be lo-
cated on one of the two central carbons of the butadiene
moiety. Of the two alternative structures, only 25 was con-
sistent with the europium and chemical-shift data, and with
the results of labeling experiments (vide infra).

Compound 26 was analogous to 2; their IR, UV, and NMR
spectra (except for the vinyl proton) were nearly identical.
Although 26 was an initial photoproduct of 24, prolonged ir-
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radiation converted it quantitatively to an isomer, the bu-
tenolide 28. This conversion has a direct analogy!'® and un-
doubtedly proceeds via the bicyclic and ketene intermediates
shown.

The third photolysis product of 24 had a carbonyl band at
1740 cm™! typical of a five-membered-ring ketone, and the
UV spectrum showed only end absorption. The NMR spec-
trum of 27 showed one vinyl proton (8 5.56), coupled with an
adjacent vinyl methyl (6 1.72, J = 2 Hz), and four aliphatic
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methyls, two gem (6 1.12, 1.14) and two bridgehead (5 1.30,
1.32), requiring a bicycle structure such as that shown. The
remainder of the structural assignment (i.e., relative positions
of the groups on the 2-carbon bridges) is based on mechanistic
grounds and labeling results (vide infra).

Mechanisms for the Photoisomerization of 2,4-Cyclo-
hexadienone 4,5-Epoxides. Schéme I summarizes the
mechanisms we considered to rationalize our results. Fol-
lowing excitation to A* there are two options, a-cleavage to
give B, or epoxide cleavage to give D. a-Cleavage has not been
observed in any previous photochemical studies on a,8-un-
saturated v,6-epoxy ketones, but we include the path A* —
B — C torationalize the formation of 22 from 19. This minor
reaction pathway has some precedent. Compound 29, a close
saturated analogue of 19, gave the lactone 30 as the sole pho-
toisomerization product.i6
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The predominant pathway following excitation to A* is
epoxide cleavage at the C(4)-0 bond to give the diradical D.
Four options for this diradical are shown in Scheme I. 1,2-
Migration of R; will give the unsaturated 8-diketone E, a path
which is particularly important when R; = H (as in the for-
mation of 7 from 5, 15 from 11, and 23 from 19). Type E
products may not be observable, however, since they contain
nearly the same chromophore as the starting epoxy ketone A.
Consequently E may compete effectively with A for the light
and rearrange further. This was true of 15 and 23, which were
detectable only as their oxa-di-m-methane rearrangement
products (13 and 14 from 15; 20 and 21 from 23).

If R; is not hydrogen but methyl, then ring contraction is
favored over Rs migration, to give the cyclopentenone F. For
example, this was the principal path in the photoisomerization
of 1 (to 2) and of 24 (to 26). Once again the chromophore in
this type of product (F) is similar to that of the starting epoxy
ketone A, and further photoisomerizations may occur. In the
examples studied, an oxa-di-nr-methane rearrangement occurs
(3 from 2, and 28 from 26); however, this reaction usually is
slow enough so that the initial photoproducts of type F can
be isolated.
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A third option open to biradical D is formation of cyclo-
propanone G. This reaction can be regarded as analogous to
the ring contraction to F, except that a 1,4 instead of a 1,2 shift
occurs. The reaction could be stepwise or concerted. The cy-
clopropanone G must be formed with cis geometry at the
C(3)-C(4) double bond; consequently, a rapid subsequent
six-electron electrocyclic reaction to form the seven-mem-
bered ring enol lactone H is possible.

A cyclopropanone intermediate of this type was proposed*
to rationalize the formation of 6 from the reaction of singlet
oxygen with dimethylfulvene (Scheme II). Cleavage of the
0-0 bond in the initial adduct 31 and rebonding was postu-
lated to give the allene-oxide L, a precursor and valence tau-
tomer of the cyclopropanone aldehyde G (Ro-Rs = H).?

A plausible alternate route to the seven-membered ring enol
lactones is also shown in Scheme 1. The first step involves
collapse of the diradical D to the bicyclic ether ketone I. In-
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deed, a product of this type (27) was formed in the irradiation
of 24. Subsequent irradiation of I could cause a-cleavage to
J, which on bond reorganization as shown in the scheme could
lead to the enol lactone K.

This route to the enol lactones can be safely discarded on
two grounds. First, irradiation of 27 (0.014 M in ether, Pyrex)
under the same conditions which led to the enol lactone 25
from 24 gave no enol lactone whatever, only recovered starting
material. Second, it will be noted that enol lactone derived
from the cyclopropanone route (H) has the substituents Ro-R5
arranged in the reverse order from enol lactone (K) derived
from the two-photon route. The following deuterium-labeling
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Table I. Substitution Pattern and Mechanistic Paths

Registry  Epoxy % Rs % ring % cyclopropanone % C(2)-0 % a-
no. ketone Ry Rs R, Rs;  migration contraction formation bonding cleavage
63449-05-8 5 H H H H 14 0 86 0 0
52898-22-3 11 H CH; CH; H 78 0 22 0 0
63449-06-9 19 CH; CH; CH; H 73 0 0 0 27
50506-42-8 1 CH; CH; CH; CH; 0 100 0 0 0
63449-07-0 24 CH; H CH; CH;j 0 45 30 25 0

experiment was carried out to distinguish between these al-
ternatives.
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Irradiation of 11* (A, Ry = D, Rg = CD3, Ry = CH3, R; = H)
gave 12*. The NMR spectrum of unlabeled 12 has vinyl proton
signals at § 5.13 and 6.13 and a six-proton vinyl methyl signal
at 6 1.80. In 12* the signal at é 5.13 was absent and the peak
at § 1.80 was reduced in area to three protons. If the lower field
vinyl proton in 12 is adjacent to the oxygen, the label can be
assigned as shown in 12*, To confirm this assignment, 12* was
irradiated in Corex to give 18*. The methine protons in un-
labeled 18 appear at 6 2.82 and 4.67, the lower field proton
clearly being the one adjacent to the oxygen. In 18*, the
methine signal at § 2.82 was absent, establishing the label
pattern as shown on the structures. This result shows that the
correct structural relationship between the epoxy ketone A
and the enol lactone is as shown in H, not K (Scheme I), and
supports the mechanism which involves the cyclopropanone
intermediate G. Another labeling experiment, using deuter-
ated 24, verified this conclusion (see Experimental Section).
The labeling pattern in the other products (for example 13*
and 14*) was also consistent with the mechanisms proposed
in Scheme I.

Table I summarizes the mechanistic paths in Scheme I that
are followed by the simple cyclohexadienone epoxides studied
thus far. Different products derived from the same path were
summed (for example, 13 + 14, 20 + 21) to get the values in
the table. Examination of the results in this way permits us
to draw a few conclusions regarding the way in which methyl
vis-a-vis hydrogen substituents influence the reaction course.
Only when R; is hydrogen do we see the Rs-migration path;
only when R is methyl do we see ring contraction. The com-
parison between 19 and 1, where this is the only structural
change, is most striking. The sequence hydrogen migration
> ring contraction > methyl migration is characteristic for the
photorearrangement of «,3-epoxy ketones and «,8-epoxy-
alkenes.!8 Cyclopropanone formation appears to be dimished
by substitution of methyl for hydrogen at Rs (compare 11 and
19) or at R3 (compare 24 and 1, or 5 and 11). a-Cleavage was
only observed when Ry = CHg, R5 = H (19; see also 29).

Since the highest yield of enol lactone was obtained from
the unsubstituted epoxy ketone 5, we studied its photo-
chemistry in somewhat greater detail. The photoisomerization
of 5 could be sensitized with either acetophenone or benzo-
phenone. Although the reaction could not be quenched with
piperylene, it was efficiently quenched by trans-1,3,5-hexa-
triene (ET = 47 kcal/mol!9). These results suggest that the

photoisomerization of 5 occurs via a triplet excited state with
an energy of about 50-60 kcal/mol.20

We tried to detect or trap the cyclopropanone intermediate
G [R2-Rs = H]. After a 4-h irradiation of 5 in acetone-dg at
—178 °C, a fairly strong multiplet was observed at & 9.7 (alde-
hyde proton), which slowly disappeared on warming. This
peak may have been due to G [Ro-Rs = H],2! though we were
unable to definitely connect its disappearance with the ap-
pearance of peaks due to 6. Infrared studies were similarly
indicative but not conclusive. Irradiation of 5 in THF at —105
°C caused a weak band to appear at 1815 cm~1! which could
be attributed to the cyclopropanone intermediate.2? Its in-
tensity decreased when irradiation was stopped, but its decay
could not be associated directly with the appearance of bands
due to 6. Irradiation of 5 in CD30D at —78 °C, with the hope
of trapping the cyclopropanone as a ketal, gave only 6 and 7
in the same ratio as in ether. Consequently, the aldehyde cy-
clopropanone intermediate G remains a plausible but not
proven intermediate in the photoisomerization of A to H
(Scheme I).23

A General Mechanistic Scheme for the Photoisomer-
ization of a-Unsaturated v,6-Epoxy Ketones. The cyclo-
hexadienone epoxides whose photochemistry we have de-
scribed here and summarized in Scheme I belong to the more
general class of compounds, «,3-unsaturated v,6-epoxy ke-
tones, many of which have been irradiated in recent years by
Jeger, Schaffner, and co-workers.2* We think it useful to
summarize in one scheme the many types of reactions which
have been observed to date following excitation of this inter-
esting class of compounds (Schemes III and IV, no stereo-
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chemistry implied). The various alternatives are illustrated
below with specific examples.

Following initial excitation (the reactive state is usually a
triplet) one of three-bond-cleavage processes usually occurs.
Carbon-carbon cleavage of the epoxide ring (to give N) has
been observed24eh when the groups at C(5) can stabilize the
resulting radical (in 32, Rs = vinylic, R5 = methyl).2526 The
only example of a-cleavage (to give O) reported thus far is the
formation of 22 from 19 reported in this paper (vide supra).
In acyclic systems, E = Z isomerism at the C(2)-C(3) double
bond of the enone moiety is also known.24d.gh
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which have been observed for the resulting diradical M. Re-
arrangement of a group Rs from C(5) to C(4) occurs fre-
quently, and the group which migrates may be a hydrogen,24af
methyl,24h or other carbon fragment.l24a-c Although the
precursor to these rearrangements has been written in Scheme
IV as a diradical, the migration may in fact be stereospeci-
fic,24b¢ as in Scheme V.

Scheme V

Cyeclization to form a dihydrofuran by bond formation be-
tween the epoxide oxygen and C(2), as exemplified in this
paper by the formation of 27 from 24 (vide supra), has prec-
edent,24dfh the best example being eucarvone epoxide
39,24f

0
=
nme
40

The diradical M may fragment by cleavage of the C(4)-C(5)
bond to give a carbonyl compound and a carbene (or dipolar
ion), as illustrated by the formation of 42 and 43 on irradiation
of trans-3-ionone epoxide 41,24d,h,27,28

The formation of the cyclopropanone G (Scheme I), and
ultimately the enol lactone H reported in this paper (vide
supra) can be visualized as a radical fragmentation of the di-
radical M (Scheme IV). This is shown specifically for the
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formation of 6 from 5. This type of diradical fragmentation
has not been observed previously in the photoisomerization
of a,8-unsaturated v,5-epoxy ketones.!:24:29

‘;I cleovoge O'

radical
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Finally, the diradical intermediates M and N (Scheme III)
may abstract hydrogen atoms, particularly from favorably
located intramolecular positions.24h A good example is the
predominant formation of the bicyclic alcohol 46 on n7* ex-
citation of 44.
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The reactions shown in Scheme I for cyclohexadienone
epoxides constitute a subgroup of the more general Schemes
IIT and IV, Certain reactions in Scheme III (C(4)-C(5) bond
cleavage and E-Z isomerization) have not been observed or
are precluded by the cyclic structure of this type of epoxy
enone. One path in Scheme III (a-cleavage) is thus far unique
to cyclohexadienone epoxides. Of the five alternatives open
to the diradical M which results from C(4)-0 bond cleavage
(Scheme IV), three (rearrangement, cyclization, radical
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fragmentation) are known with cyclohexadienone epoxides,
the last of these being so far unique to this class of epoxy en-
ones. Schemes 111 and IV provide a framework for studying
structural effects on the photochemistry of epoxy enones; most
of the various possible reaction paths have probably now been
delineated, and further progress may rest on more quantita-
tive studies.

Experimental Section

General Procedures. Analytical gas chromatography (VPC) was
carried out on a Varian Aerograph Model 1400 (flame-ionization
detector) and preparative VPC was performed with a Varian Aero-
graph Auto Model 700 instrument (thermal-conductivity detec-
tor).

NMR spectra were measured in CDCl3 or CCly solutions on a
Varian Associates T-60 or HA-100 spectrometer using Me,Si as an
internal standard. Low-temperature NMR spectra were obtained on
an A56-60 spectrometer. Spectra are reported in 6 units. Numbers
adjacent to protons in structures refer to chemical shifts of these
protons. Numbers in brackets beside the chemical shifts are “euro-
pium-shift numbers” obtained by adding small increments of
Eu(fod)s. Shift numbers are the ratios obtained hy dividing the shift
of each signal in the spectrum by the shift of the least-shifted sig-
nal.

IR spectra were recorded on a Unicam SP-200 spectrometer except
for the low-temperature study, in which a Perkin-Elmer 237 grating
spectrophotometer was used. They were calibrated against a poly-
styrene film. UV spectra were recorded on a Unicam-800 spectrom-
eter. Mass spectra were obtained with a Hitachi Perkin-Elmer RMU-6
operated at 70 eV; we are indebted to Mrs. Ralph Guile for this service.
Melting points were determined with a Thomas-Hoovet melting-point
apparatus and are uncorrected. Analyses were performed by Spang
Microanalytical Laboratories, Ann Arbor, Mich., and by Clark Mi-
croanalytical Laboratories, Urbana, 111

Analytical chromatographic columns used in this work are as fol-
lows: column A: 5 ft X 0.125 in., 20% SE-30 on chromosorb W, AW-
DMCS 80/100; column B: same, 10% Carbowax 20 M; column C: same,
10% FFAP; column D: same, 5% SE-30; column E: same, 20% FFAP.
Preparative chromatographic columns used in this work are as follows:
column F: 10 ft X 0.25 in., 20% SE-30 on chromosorb W, AW-DMCS
80/100; column G: 6 ft X 0.25 in., 10% FFAP on chromosorb W, AW-
DMCS 80/100; column H: same as G, but 5 ft X 0.25 in.; column I:
same as F but 20% FFAP; column J: same as I, but 5 ft X 0.25 in.

General Photolysis Procedures. Solutions of compounds to be
irradiated were placed in septum-capped Pyrex tubes or NMR tubes
and purged of oxygen by bubbling dry, oxygen-free nitrogen through
them for 30 min prior to photolysis. Irradiations were carried out with
a 450-W Hanovia Type L medium-pressure mercury vapor lamp with
the appropriate filter. The tubes were fastened to an immersion well
which was immersed in water at ambient temperature. Alternatively,
a Rayonet photochemical chamber reactor or Type RS preparative
photochemical reactor was used. Photolyses were monitored by
withdrawing small (<1 pL) aliquots and injecting them into the an-
alytical gas chromatograph.

6,6-Dimethyl-2,4-cyclohexadienone 4,5-Epoxide (5). To a so-
lution of 2.5 g (0.02 mol) of 6,6-dimethyl-2,4-cyclohexadienone 4% in
20 mL of methylene chloride was added at 0 °C a solution of 3.54 g
(0.02 mol) of m-chioroperbenzoic acid in 20 mL of methylene chloride.
The mixture was stirred at room temperature for 8 h, precipitated
m-chlorobenzoic acid was removed by filtration, and the solvent was
removed by rotary evaporation. Petroleum ether (bp 30-60 °C) was
added, the filtrate was washed with aqueous sodium bicarbonate and
saturated sodium chloride solution, dried (MgS0y,), and evaporated
to give 2.37 g of a light yellow 0il (86%). The crude product was chro-
matographed on Florisil (60-200 mesh) using ether-hexane (1:10) as
eluent, to give 5. Analytical VPC (column A, 130 °C, 30 mL of No/min)
gave a retention time of 3 min; preparative VPC (column F, 100 °C,
60 mL of He/min, retention time 22 min) gave pure 5: IR (neat) 3000
(s), 1680 (s), 1480 (m), 1385 (m), 1380 (w), 1295 (m), 1250 (m), 1225
(w), 1180 (m), 1118 (s), 1065 (m), 940 (m), 860 (m), 83D (s) cm~1; UV
(MeOH) Apax 235 am (e 35 370) 280 (4080); NMR (CCl,) see footnote
30; mass spectrum m/e (rel intensity) 138 (7), 123 (10}, 122 (29), 109
(45), 95 (44), 82 (100), 79 (80), 77 (30), 70 (20), 67 (20), 55 (40), 54
(25),

Anal. Caled for CgH1909: C, 69.54; H, 7.30. Found: C, 69.54; H,
7.26.

Irradiation of 5. A degassed solution of VPC collected 5 (100 mg,
0.73 mmol) in 50 mL of anhydrous ether was irradiated through Pyrex
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with a 450-W Hanovia lamp at room temperature. The photolysis,
followed by VP and NMR, was complete in 7 h. Analytical VPC
(column B, 109 °C, 30 mL of No/min) showed two components, 6 (86%,
retention time 17 min) and 7 (14%, 24 min). Preparative VPC (column
G, 105 °C, 60 mL of He/min) gave pure 6 and 7.

For 6 (3,3-dimethyl-2(3H)oxepinone): IR (neat) 1740 em~1! (vc—o),
1640 and 1603 cm ™! (vo=c); UV (EtOH) Ayax 243 nm (e 6460); NMR
(CCly, 60 MHz) 6 1.30 (s, 6 H) and multiplets (4 H) between & 5.47 and
6.39. The NMR spectrum (CCly, 100 MHz) showed four sets of vinyl
protons at 6 5.47, 5.63, 6.02 and 6.39 (J1 2 = 6.7 Hz, J» 5= 6.2 Hz, J3 4
= 10.2 Hz); mass spectrum m/e (rel intensity) 138 (12) 109 (2), 95
(100), 81 (5), 79 (8), 77 (4), 68 (2), 67 (19), 66 (1), 65 (5), 55 (3), 52 (1),
50 (2), 43 (2), 42 (2), 40 (45), 39 (30), 38 (3). All spectral data were
identical to the literature reports.*

For 7 (6,6-dimethyl-2-cyclohexene-1,5-dione): IR (neat) 2990 (m),
1720 (s), 1675 (s), 1640 (w), 1530 (m), 1385 (m), 1340 (w), 1300 (m),
1170 (2), 830 (m) cm~%; UV (MeOH) Amax 228 nm (e 7000); NMR
(CCly) 6 1.23 (s, 6 H, gem-dimethyl), 3.17 (br, 2 H, methylene),
5.80-6.20 {d, 1 H, J = 9 Hz, C(2) vinyl], and 6.57-7.03 [m, 1 H, C(3)
vinyl]; mass spectrum m/e (rel intensity) 138 (42), 123 (1), 110 (12),
95 (22), 77 (4), 70 (100), 68 (55).

Anal. Caled for CgH1oOs: C, 69.54; H, 7.30. Found: C, 69.60; H,
7.39.

Identical results were obtained as when carbon tetrachloride,
benzene, methanol, tert-butyl alcohol, or acetone was used as the
solvent for irradiation of 5 through Pyrex. Irradiation of 5 through
a uranyl glass filter gave an almost quantitative yield of 6; no 7 was
isolated.

Irradiation of 6. A degassed solution containing 60 mg of 6 in 15
mL of anhydrous ether was irradiated through Corex with a 450-W
Hanovia lamp. The photolysis was followed by analytical VPC (col-
umn B, 100 °C, 30 mL of No/min). As the reaction proceeded, the peak
with a retention time of 12 min (corresponding to 6) decreased in in-
tensity and a peak with a retention time of 15 min due to 8 appeared.
After a 20-h irradiation, preparative VPC (column G, 105 °C, 60 mL
of He/min) allowed collection of the single photoproduct, 4,4-di-
methyl-2-oxabicyclo[3.2.0]hept-6-en-3-one (8)%: IR (neat) 2980 (m),
2940 (2), 1770 (s), 1540 (m), 1390 (w), 1360 (m), 1350 (w), 1300 (w),
1270 (m), 1170 (m), 1140 (s), 1095 (s), 1015 (s), 970 (m), 930 (w), 910
{w), 860 (m), 800 {s) cm~1; UV (MeOH) Aax 220 nm (e 235); NMR
(CCly) 6 1.16 (s, 6 H; europium shift reagent showed that the two
methyl groups are not identical), 3.13 [m, 1 H, C(5) methine], 4.98 [m,
1 H, C(1) methine], 6.30 (m, 2 H, vinyl protons); mass spectrum m/e
(rel intensity) 138 (1.5), 123 (2), 110 (15), 109 (36}, 95 (100), 93 (10),
91 (11), 83 (12), 81 (33), 79 (66), 77 (35), 87 (28), 53 (22), 51 (11).

Irradiation of 7. A degassed solution containing 40 mg of 7 in 10
mL of anhydrous ether was irradiated through Corex with a 450-W
Hanovia lamp. The photolysis was followed by analytical VPC (col-
umn B, 100 °C, 30 mL of Ny/min). As the reaction proceeded, the peak
with a retention time of 29 min corresponding to 7 decreased in in-
tensity and the peak due to the product 9 appeared at 39 min. After
complete reaction (2 h), preparative VPC (column H, 125 °C, 60 mL
of He/min) allowed collection of the single photoproduct 98 in 95%
yield: IR (neat) 3001 (w), 1750 (w), 1710 (s), 1480 (m), 1400 (w), 1307
(w), 1290 (m), 1241 (w), 1190 (m), 1160 (w), 1010 (m), 900 (m) cm~};
UV (ethanol) Amax 215 nm (e 550), 280 (190); NMR (CCl,) see footnote
31; mass spectrum m/e (rel intensity) 138 (47), 123 (9), 110 (21), 109
(16),97 (17), 95 (70),93 (6), 91 (7), 83 (6), 82 (10), 81 (15), 79 (24), 77
(8), 70 (100), 69 (19), 68 (69), 67 (55).

Irradiation of 9. A degassed solution containing 35 mg of com-
pound 9 in 10 mL of anhydrous ether was irradiated through Corex,
or 30 mg of compound 9 in 10 mL benzene was irradiated through
Pyrex with a 450-W Hanovia lamp. The photolysis was followed by
NMR (benzene-d¢) and analytical VPC (column B, 153 °C, 30 mL of
Ng/min). The reaction was complete within 30-45 min in Corex and
within 2 h with the Pyrex filter. As the reaction proceeded, the peak
with a retention time of 18 min corresponding to 9 decreased in in-
tensity and the peak due to the product 10 appeared with a retention
time 23 min. Preparative VPC (column G, 105 °C, 60 mL of He/min)
allowed collection of the single photoproduct 10° in 90% yield: IR
(neat) 3100 (m), 1795 (s), 1720 (s), 1680 (w), 1480 (w), 1380 (w), 1238
(w), 1210 (m), 1150 (m), 1100 (m) cm™1; UV (methancl) showed end
absorption; NMR (CCly) see footnote 32; mass spectrum m/e (rel
intensity) 138 (50), 123 (18), 110 (15), 109 (20), 96 (18), 95 (80}, 79 (35),
77 (25), 70 (100), 68 (80), 67 (82).

Irradiation of 5 with 254-nmmn Light. Irradiation of an 0.01 M ether
solution of 5 at 254 nm (Rayonet MGR-100) or with a Hanovia 450-W

lamp and Corex filter gave 6 and 7 in a ratio 7:1 after 2 h. Further ir-
radiation for 7 h followed by VPC (column C, 125 °C, 30 mL of N/
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min) gave the following products (%, retention time in min): 6 (38, 6),
7 (46, 9.5),9 (12, 17), and 10 (4, 30).

Irradiation of 5 at Low Temperatures. A degassed solution of
5 (25 mg) in 0.5 mL of acetone-dg was irradiated in a Pyrex NMR tube
with a 450-W Hanovia lamp at —78 °C. The photolysis was followed
by NMR and by VPC. After a 4-h irradiation, besides the strong
product signals of 6 and 7, an aldehyde proton peak at § 9.7 was ob-
served. When the solution stood at the same temperature for 3 h, the
intensity of the aldehyde proton signal gradually decreased. Following
a similar separate irradiation, the solution was warmed slowly (8 h)
to room temperature, and the signal due to the aldehyde disappeared.
Replacement of the acetone by methanol-d4 gave identical results.

A solution of 20 mg of 5 in 0.1 mL of tetrahydrofuran was placed
in a sodium chlioride cavity cell (0.2-mm path length) held in a lead
block and cooled to —105 °C. A beam from a 1000-W Hanovia mercury
lamp was filtered through Pyrex and diverted into the cavity cell.
Examination of the IR spectrum after irradiation for 10 min indicated
a decrease in the intensity of the carbony! absorption at 1680 cm™!
due to 5 and the appearance of a sharp intense absorption at 1740 and
1720 em™1, attributed to photoproducts. A weak peak also appeared
at 1815 cm~!. When the solution was warmed to room temperature,
the band at 1815 cm™! gradually disappeared.

Sensitization and Quenching Studies with 5. Analytical grade
benzene was purified by stirring with concentrated sulfuric acid for
several days, washing (10% sodium hydroxide, water, sodium chlo-
ride), drying (calcium hydride), and distilling (from potassium, middle
cut). Methanol and acetophenone was purified by distillation, and
benzophenone and hexamethylbenzene were purified by recrystalli-
zation from ethanol. trans-1,3,5-Hexatriene and piperylene were used
as purchased from Aldrich Chemical Co.

In benzene: 110 mg of 5 and 64 mg of hexamethylbenzene (to serve
as a VPC reference) were dissolved in 40 mL of benzene to give an 0.02
M standard solution of 5. For sensitization, a 3 M solution of aceto-
phenone was prepared by dissolving 3.6 g of acetophenone in 10 mL
of the standard solution. For quenching, a 2.6 M solution of trans-
1,3,5-hexatriene was prepared by dissolving 1 g of the triene in 5 mL
of the standard solution.

Aliquots (2.8 mL) of each solution were sealed in Pyrex tubes after
five freeze-thaw cycles (<0.005 Torr). Samples were irradiated in a
merry-go-round apparatus with a 450-W Hanovia lamp and Pyrex
filter. After varying times (to 7 h), samples were removed and analyzed
by VPC (column B, 155 °C, 30 mL of Ny/min). At 7 h, the blank
showed a single peak at 8.5 min due to 6; the acetophenone solution
gave the same result, but the triene solution showed only 10% 6 and
90% 5 (10.5).

In methanol: the standard solution of 5 was prepared as in benzene
(vide supra). The sensitization solution was 2 M in benzophenone (3.5
g in 10 mL of standard solution). The quenching solution was 5 M in
piperylene (3.4 g in 10 mL of standard solution). Irradiation as de-
scribed for the benzene solutions and VPC analysis (column D, 131
°C) showed after 7 h only one peak due to 6 (2 min) in all three solu-
tions.

3,4,6,6-Tetramethyl-2,4-cyclohexadienone-4,5-epoxide (11).
To a solution containing 5.0 g (0.033 mol) of 3,4,6,6-tetramethyl-
2,4-cyclohexadienone™ in 25 mL of methylene chloride was added
at 0 °C a solution of m -chloroperbenzoic acid (5.9 g, 0.034 mol) in 50
mL of the same solvent. The reaction, which was followed by NMR,
was complete in about 1 h, during which time m-chlorobenzoic acid
precipitated from solution. The precipitate was removed by filtration,
the solvent was removed by rotary evaporation, and the residue, which
consisted mainly of the desired epoxy ketone 11 contaminated with
a trace of m-chlorobenzoic acid (NMR), was chromatographed on a
short column of Florisil (80~100 mesh) using ethyl ether as eluent. The
yield of 11, which was identified by comparing its IR and NMR
spectra® with those of an authentic sample,3* was nearly quantita-
tive.

2-Deuterio-3-trideuteriomethyl-4,6,6-trimethyl-2,4-cyclo-
hexadienone 4,5-Epoxide (11*). To a solution of 11 (500 mg, 3.01
mmol) in dimethyl-dg sulfoxide (15 mL) was added with stirring and
under N; 370 mg (3.30 mmol) of potassium tert- butoxide. The mix-
ture was stirred at room temperature for 3 h and then quenched with
ice-water and extracted with ether. The combined organic layers were
dried (NaySO,4) and the solution was evaporated to give a nearly
quantitative yield of 11*. The NMR spectrum was identical to that
of 11,30 except that the peaks at 6 2.08 (3 H) and 5.72 (1 H) were ab-
sent.

Irradiation of 11. A degassed solution containing 300 mg (1.81
mmol) of 11 in 30 mL of anhydrous ether was irradiated through Pyrex
with a 450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 140 °C, 30 mL of No/min). The reaction was complete
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in about 8 h. VPC showed that there were three products, 13 (44%,
retention time 8.5 min), 14 (34%, 12.5 min), and 12 (22%, 16.5 min).
The products were isolated by preparative VPC (column H, 150 °C).
A similar irradiation in methanol gave the same resuit.

For 12 (4,5,7,7-tetramethyl-2-oxacyclohepta-3,5-dien-1-one): IR
(CCly) 1745 (s), 1145 (w), 1085 (w) em~!; UV (MeOH) Ajay 240 nm
(e 3225); NMR (CCly) 6 1.25 (s, 6 H, gem-dimethyl}, 1.80 (m, 6 H,
separates to two doublets, J = 1 Hz, with Eu shift reagent), 5.13 [br,
1 H, C(6) vinyl}, 6.13 [br, 1 H, C(3) vinyl]; mass spectrum m/e (rel
intensity) 167 (5), 166 (40), 138 (78), 124 (35), 123 (100), 109 (22), 96
(10), 95 (37), 91 (15), 77 (22), 67 (57), 55 (35), 53 (28), 51 (13).

Anal. Caled for C;gH 40 C, 72.26; H, 8.49. Found: C, 72.25; H,
8.37.

For 13 (endo-6-methyl-1,3,3-trimethylbicyclo[3.1.0}hexane-2,4-
dione): IR (CCly) 3000 (m), 1745 (w), 1710 (s), 1465 (w), 1385 (w), 1300
(w), 1140 (w) cm~1; UV (MeOH) Anax 215 nm (e 2590); NMR (CCly)
see footnote 31; mass spectrum m/e (rel intensity) 167 (9), 166 (77),
151 (29), 138 (14), 124 (15), 123 (565), 107 (20), 105 (10), 96 (100), 95
(27),91 (17), 81 (19), 70 (23), 68 (64), 67 (65), 53 (38).

Anal. Caled for CyoH 404 C, 72.26; H, 8.49. Found: C, 72.28; H,
8.49.

For 14 (exo-6-methyl-1,2,3-trimethylbicyclo[3.1.0]hexane-2,4-
dione): IR (CCly) 3000 (m), 1740 (m), 1705 (s}, 1465 (w), 1390 (w), 1280
(m), 1130 (w), 1095 (m) cm~!; UV (MeOH) Apax 225 nm (e 1240);
NMR (CCly) see footnote 31; mass spectrum (70 eV) m/e (rel inten-
sity) 167 (9), 166(58), 151 (19), 149 (16), 138 (18), 124 (20), 123 (59),
107 (28), 105 (15), 97 (10), 96 (100), 95 (35), 91 (20), 81 (20), 78 (17),
76 (11), 70 (20), 68 (78), 67 (83), 55 (21), 53 (58), 51 (15).

Anal. Caled for C1oH 1409 C, 72.26; H, 8.49. Found: C, 72.32; H,
8.55.

Irradiation of 11*. The conditions and workup procedure were
as described for 11 (ether). The NMR spectrum of the resulting 13*
was identical with that of 13,51 except that the signals at § 1.40 and
2.22 were absent. The NMR spectrum of the resulting 14* was iden-
tical with that of 14,3! except that the signals at 6 1.33 and 1.70 were
absent. The NMR spectrum of the resulting 12* was identical with
that of 12, except that the signal at 6 5.13 was absent and the area of
the peak at 6 1.80 was reduced to 3 H and simplified to a doublet.

Irradiation of 12. A degassed solution containing 100 mg (0.60
mmol) of 12 in 10 mL of anhydrous ether was irradiated through Corex
with a 450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 135 °C, 30 mL of No/min). As the reaction proceeded,
the peak with a retention time of 12.5 min (corresponding to 12) de-
creased in area and a product peak appeared at 6 min. After 2 h, the
reaction was complete and the product, 2,2,6,7-tetramethyl-4-oxa-
bicyclo[3.2.0]hept-6-en-3-one (18), was collected by preparative VPC
(column H, 180 °C): IR (CCly) 2960 (m), 2920 (w), 1780 (s), 1385 (w),
1330 (w), 1250 (w), 1160 (m), 1100 (s), 1060 (m), 1050 (m), 875 (s)
cm~!; UV (MeOH) Amax 210 nm (e 830); NMR (CCly) 6 1.10 [s, 3 H,
C(2) methyl], 1.17 [s, 3 H, C(2) methyl], 1.68 [s, 6 H, C(6) and C(7)
methyls, separate with Eu shift reagent], 2.82 {m, 1 H, C(1) methine],
4.67[d, 1 H, J = 4 Hz, C(5) methine]; mass spectrum m/e (rel inten-
sity) 166 (4), 148 (40), 123 (100), 109 (18), 107 (32), 91 (28), 79 (22),
77 (13), 67 (22), 55 (19), 53 (16). Since the mass spectrum showed that
18 was an isomer of 12, it was not subjected to elemental analysis.

Irradiation of 12*, The conditions and workup procedure were
as described for 12, The resulting 18* had an NMR spectrum identical
with that of 18, except that the signal at ¢ 2.82 was absent and the peak
at 6 1.68 was reduced in area to 3 H.

Irradiation of 2,3,6,6-tetramethyl-2-cyclohexene-1,5-dione
(15a). A degassed solution containing 200 mg of 15a® in 15 mL of
anhydrous ether was irradiated through Pyrex with a 450-W Hanovia
lamp. The photolysis was followed by analytical VPC (column C, 160
°C, 30 mL of No/min). As the reaction proceeded, the peak with a
retention time of 7.0 min (corresponding to 15a) decreased in area and
a product peak appeared at 2.0 min. After 3 h, the reaction was com-
plete and the product, 1,3,3,5-tetramethylbicyclo[3.1.0]hexane-
2,4-dione (13a), was collected by preparative VPC (column H, 170 °C):
IR (CCly) 3000 (m), 1750 (m), 1710 (s), 1470 (w), 1390 (w), 1290 (m),
1070 (m) em~Y, UV (MeOH) Ayax 225 nm (e 1190); NMR (CCly) see
footnote 31; mass spectrum m/e (rel intensity) 167 (4), 166 (38), 151
(10), 124 (20), 123 (53), 97 (7), 96 (100), 95 (14), 68 (38), 67 (35), 53
(15).

Anal. Caled for C,gH402: C, 72.26; H, 8.49. Found: C, 72.23, H,
8.57.

Irradiation of 15a labeled with a CD3 group at C(3) under the same
conditions gave labeled 13a whose NMR spectrum had the peak at
5 1.33 reduced in area to 3 H.

Irradiation of 13a. A degassed solution containing 100 mg (0.60
mmol) of 13a in 10 mL of anhydrous ether was irradiated through
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Corex with a 450-W Hanovia lamp. The photolysis was followed by
analytical VPC (column C, 160 °C, 30 mL of Na/min). As the reaction
proceeded, the peak with a retention time of 7.0 min (corresponding
to 13a) decreased in area and a product peak appeared at 16 min. After
1 h, the reaction was complete and the product, 1,5-dimethyl-4-iso-
propylidene-3-oxabicyclo[3.1.0]hexan-2-one (10a), was collected by
preparative VPC (column H, 170 °C): IR (CCly) 3000 (m), 1780 (s),
1700 (m), 1350 (w), 1300 (w), 1150 (w), 1135 (w), 1070 (m), 1030 (m)
cm™ L UV (MeOH) Apax 235 nm (e 3780); NMR (CCly) see footnote
32; mass spectrum m/e (rel intensity) 167 (4), 166 (34), 151 (10), 124
(21), 123 (58), 97 (7), 96 (100), 95 (16), 69 (10}, 68 (35), 87 (33), 53
(15).

Anal. Caled for Cy0H1409: C, 72.26; H, 8.49. Found: C, 72.04; H,
8.34.

Irradiation of 13a labeled at C(1) [C(5)] with a CD3 group under
the same conditions gave labeled 10a whose NMR spectrum differed
from that of 10a in that the areas of the peaks at 6 1.28 and 1.45 were
each reduced by 50%.

Irradiation of 13. A degassed solution containing 100 mg (0.60
mmol} of 13 in 10 mL of anhydrous ether was irradiated through Corex
with a 450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 140 °C, 30 mL of Ny/min). As the reaction proceeded,
the peak with a retention time of 8.5 min (corresponding to 13) de-
creased in area and a product peak appeared at 10.5 min. After 1.5 h,
the reaction was complete and the product, endo-6-methyl-1-
methyl-4-isopropylidene-3-oxabicyclo[3.1.0}hexan-2-one (18), was
collected by preparative VPC (column H, 170 °C): IR (CCly) 3000 {(m),
1780 (s), 1710 (m), 1450 (w), 1305 (w), 1140 (w), 1100 (m), 1050 (m),
970 (w), 870 (m) ecm~1; UV (MeOH) Apmax 230 nm (e 3320); NMR (CCly)
see footnote 32; mass spectrum m/e (rel intensity) 167 (5), 166 (46),
151 (29), 148 (31), 138 (19), 124 (22), 123 (76), 107 (20), 105 (15), 86
(100), 95 (29), 91 (21), 68 (41), 66 (50), 55 (22), 53 (21).  Anal. Caled
for CyoH1402: C, 72.26; H, 8.49, Found: C, 72.27; H, 8.46.

Irradiation of 13*. The conditions and workup procedure were
as described for 13. The NMR spectrum of the resulting 16* was
identical with that of 16,32 except that the signals at § 1.37 and 2.38
were absent.

Irradiation of 14. A degassed solution containing 100 mg (0.60

mmol) of 14 in 10 mL of anhydrous ether was irradiated through Corex
with a 450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 140 °C, 30 mL of Ny/min). As the reaction proceeded,
the peak with a retention time of 12.5 min (corresponding to 14) de-
creased in area, and two product peaks appeared with retention times
of 17.0 and 28.5 min in the ratio of 3:1. After 1.5 h the reaction was
complete. Preparative VPC (column H, 170 °C) gave a major com-
ponent, exo-6-methyl-1-methyl-4-isopropylidene-3-oxabicyclo-
{3.1.0]hexan-2-one (17): IR (CCly) 3000 (m), 1780 (s), 1715 (m), 1450
(w), 1290 (w), 1140 (w), 1060 (m) cm~1; UV (MeOH)Aax 235 nm (e
2400); NMR (CCly) see footnote 32; mass spectrum m/e (rel intensity)
167 (5), 166 (39), 151 (20), 138 (14), 124 (22), 123 (68), 107 (25), 96
(100}, 95 (30), 91 (26), 79 (20), 68 (52), 67 (71), 55 (31), 53 (55).

Anal. Caled for C1pH 409 C, 72.26; H, 8.49. Found: C, 72.24; H,
8.57.

The minor component was exo-6-methyl-5-methyl-4-isopropyli-
dene-3-oxabicyclo{3.1.0Jhexan-2-one (17a): IR (CCly) 2980 (w), 2940
(w), 1785 (s), 1700 (m), 1460 (w), 1280 (m), 1250 (w), 1180 (m), 1140
(w), 1080 (w), 975 (w), 890 (w) em~1; UV (MeOH) Apax 235 nm (e
6150); NMR (CCl,) see footnote 32; mass spectrum m/e (rel intensity)
167 (12), 166 (100), 151 (40), 138 (13), 124 (15), 123 (49), 107 (27),97
(14), 96 (52), 95 (27), 91 (27), 81 (186), 79 (19), 70 (30), 69 (20), 68 (48),
67 (45), 55 (16), 53 (27), 51 (8). Since the mass spectra showed that
17 and 17a were isomers, 17a was not subjected to elemental analy-
sis.

Irradiation of 14*. The conditions and workup procedure were
as for 14. The resulting 17* had an NMR spectrum identical with that
of 17,32 except that the peaks at § 1.33 and 1.93 were absent. Insuffi-
cient 17a* was isolated for an NMR spectrum.

2,3,4,6,6-Pentamethyl-2,4-cyclohexadienone 4,5-Epoxide (19).
To a solution of 1.20 g (7.32 mmol) of 2,3,4,6,6-pentamethyl-2,4-
cyclohexadienone? in 20 mL of methylene chloride was added, at 0
°C, a solution of 1.42 g (8.61 mmol) of m-chloroperbenzoic acid in 20
mL of methylene chloride. The mixture was stirred at room temper-
ature for 3 h (NMR monitoring showed complete reaction at this
time). m-Chlorobenzoic acid was removed by filtration, and the sol-
vent was removed by rotary evaporation. Petroleum ether (bp 30-60
°C) was added, the filtrate was washed with aqueous sodium bicar-
bonate and saturated sodium chloride solution, dried (MgS0,), and
evaporated to give 1.20 g (91%) of 19 as a light oil. The crude produce
was chromatographed on Florisil (60-200 mesh) using ether—hexane
(1:5) as eluent, to give pure epoxide 19: IR (neat) 3000 (s), 1674 (s),
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1616 (m), 1480 (m), 1390 (m), 1320 (m), 1260 (m), 1090 (m), 1050 (m),
918 (m); UV (MeOH) Amax 210 nm (e 2970), 255 (8460), 325 (270);
NMR (CCly) see footnote 30; mass spectrum m/e (rel intensity) 180
(50), 165 (35), 164 (15), 151 (26), 137 (100), 135 (52), 123 (34), 121 (31),
119 (25), 112 (35), 120 (55), 95 (20), 91 (20), 83 (15), 81 (30), 69 (24),
67 (50), 55 (26), 53 (30).

Anal. Caled for C1;H1602: C, 78.30; H. 8.95. Found: C, 73.24; H,
8.92.

3-Trideuteriomethyl-2,4,6,6-tetramethyl-2,4-cyclohexadi-
enone 4,5-Epoxide (19*). To a solution containing 500 mg (2.77
mmol) of 19 in 10 mL of dimethyl-dg sulfoxide was added with stirring
and under Ng, 310 mg (2.77 mmol) of potassium tert-butoxide. The
mixture was stirred at room temperature for 1 h and then quenched
with ice-water and extracted with ether. Organic layers were dried
(MgS0y,) and the solution was evaporated to give a nearly quantitative
yield of 19*. The NMR spectrum was identical to that of the starting
material, except that the signal at 5 1.95 had disappeared.

Irradiaion of 19. A degassed solution of 100 mg (0.55 mmol) of 19
in 30 mL of anhydrous ether was irradiated through Pyrex with a
450-W Hanovia lamp at room temperature for 2 h. The photolysis was
followed by VPC. Analytical VPC (column C, 160 °C, 30 mL of No/
min) showed three components: 20 (2%, retention time 2.5 min), 21
(11%, 5 min), and 22 (27%, 25 min). Preparative VPC (column I, 140
°C, 60 mL of He/min) gave pure 20 (retention time 18 min), 21 (31
min), and 22 (over 1 h). Further purification of 22 with VPC (5 ft X
0.25 in. column J, 180 °C, 60 mL of He/min) gave pure 22 (retention
time 12 min).

For 20 (endo-1,3,3,5,6-pentamethylbicyclo[3.1.0}hexane-2,4-dione):
IR (KBr) 3000 (m), 1700 (s), 1462 (m), 1380 (m), 1360 (w), 1300 (m),
1205 (m), 1110 (w), 1090 (w), 1040 (m), 845 (m) cm~1; UV (MeOH)
Amax 215 nm (e 2610); NMR (CCly) see footnote 31; decoupling at &
1.06-1.27 caused the doublet at 4 1.04 to sharpen to a singlet; mass
spectrum m/e (rel intensity) 180 (42), 165 (20), 163 (10), 137 (60), 120
(11), 110 (100), 109 (22), 105 (15), 95 (25), 82 (22), 79 (13), 67 (80).

Anal. Caled for C;;H04: C, 73.30; H, 8.95. Found: C, 73.29; H,
8.97.

For 21 (ex0-1,3,3,5,6-pentamethylbicyclo[3.1.0Jhexane-2,4-dione):

YIR (neat) 3000 (m), 1742 (w), 1701 (s), 1470 (m), 1398 (m), 1295 (m),

1101 (w), 1080 (m), 1040 (w), 845 (w) cm~1; UV (MeOH) Apax 215 nm
(¢ 1870); NMR (CCl,) see footnote 31; decoupling at 6 1.46 caused the
methyl signal at 8 1.13 to sharpen to a singlet; mass spectrum m/e (rel
intensity) 180 (53), 165 (20), 162 (9), 138 (20), 137 (60), 121 (13), 120
(25), 110 (100), 109 (27), 105 (10), 95 (25), 82 (25), 81 (15), 87 (88), 55
(7), 54 (7).

Anal. Caled for C;1H 505 C, 73.30; H, 8.95. Found: C, 73.11; H,
8.98.

For 22: IR (neat) 2985 (m), 1741 (s}, 1680 (m), 1448 (m), 1382 (m),
1325 (m), 1281 (m), 1180 (w), 1140 (w), 1100 (m), 1005 (m), 760 (m)
cm™ L UV (MeOH) Apax 225 nm (e 7150); NMR (CDCl3) 6 1.23 [s, 3
H, C(4) methyl], 1.74 (br s, 3 H), 1.76 (s, 3 H), 1.79 [s, 3 H, C(3)
methyl], 1.80 [s, 3 H, C(2) methyl}, 5.40 (m, 1 H, vinyl); decoupling
at 6 1.74-1.80 caused the vinyl proton at 6 5.40 to sharpen to a singlet;
europium shift slopes, respectively, 3.00, 1.00, 1.30, 2.57, 5.80, 4.28;
mass spectrum m/e (rel intensity) 180 (60), 165 (92), 137 (30), 135 (80),
125 (20), 119 (25), 112 (21), 110 (35), 105 (20), 97 (100), 91 (19), 69 (65),
68 (25), 55 (40), 54 (40), 53 (30).

Anal. Caled for C;;H1609: C, 73.30; H, 8.95. Found: C, 73.11; H,
9.02.

Irradiation of 3-Trideuteriomethyl-2,4,6,6-tetramethyl-
2 4-cyclohexadienone 4,5-Epoxide (19*). The conditions and
workup procedure were as described for the unlabeled material. From
19* the resulting 20* had an NMR spectrum identical with that of 20,
except that the signal at § 1.32 (s, 6 H) was reduced to half its area (s,
3 H). The spectrum of the resulting 21* was identical with that of 21,
except that the signal at § 1.20 (s, 6 H) was reduced to half its area (s,
3 H). The spectrum of the resulting 22* was identical with that of 22,
except that the signal at § 1.79 was absent.

Irradiation of 23. A degassed solution of 23 (50 mg, 0.27 mmol)
in 25 mL of anhydrous ether was irradiation through Pyrex with a
450-W Hanovia lamp. The photolysis, followed by VPC and NMR,
was complete in about 1 h. Analytical VPC (column C, 160 °C, 30 mL
of N2/min) showed two components: 20 (85%, retention time 2.5 min)
and 21 (15%, 5 min). Preparative VPC (column I, 140 °C, 60 mL of
He/min) gave pure 20 and 21 in the same ratio.

Irradiation of 23 labeled at C(3) with a CDj group gave, under the
same conditions, 21* and 22* in the same ratio as obtained from
19*.

2,4,5,6,6-Pentamethyl-2,4-cyclohexadienone 4,5-Epoxide (24).
To a solution of 2.10 g (12.8 mmol) of 2,4,5,6,6-pentamethyl-2,4-
cyclohexadienone?? in 40 mL of methylene chloride was added, at 0
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°C, a solution of 2.20 g (12.8 mmol) of m-chloroperbenzoic acid in 60
mL of methylene chloride. The mixture was stirred at room temper-
ature for 2 h (NMR monitoring showed complete reaction). During
this time a white precipitate formed; it was removed by filtration. The
solvent was removed by rotary evaporation, petroleum ether (bp 30-60
°C) was added, the filtrate was washed three times with 15% aqueous
sodium sulfite, water, and saturated sodium chloride solution, dried
(MgS0Oy), and evaporated to give 2.24 g (97.4%) of a light yellow oil.
The crude product was chromatographed on Florisil (60-200 mesh)
using ether-hexane (1:10) as eluent, to give colorless epoxide 24. When
epoxide 24 was subjected to preparative VPC (column F, 180 °C, 60
mL of He/min, retention time 18 min), only 60% was recovered and
40% was converted to an isomeric alcohol due to thermal oxirane ring
opening. For 24: IR (neat) 3000 (s), 1680 (s), 1550 (w), 1480 (s), 1400
(s), 1380 (m), 1278 (m), 1200 (w), 1130 (m), 1100 (s), 1080 (m), 1060
(m), 1003 (m), 978 (m), 300 (s), 848 (m), 780 (w), 740 (m) cm™~}; UV
(methanol) Anax 208 nm (e 3200), 250 (9560), 320 (500); NMR (CCly)
see footnote 30; mass spectrum m/e (rel intensity) 180 (9), 165 (18},
137 (100), 112 (40), 110 ¢20), 109 (18), 97 (10), 69 (35), 67 (36).

Anal. Caled for C1,H502: C, 73.30; H, 8.95. Found: C, 73.33; H,
9.02.

5-Trideuteriomethyl-2,4,6,6-tetramethyl-2,4-cyclohexadi-
enone 4,5-Epoxide (24*). 2,4,5,6,6-Pentamethylcyclohexa-2,4-di-
enone® (1 g) was added to a solution of 0.30 g of potassium tert-
butoxide in dimethyl-dg sulfoxide. The solution became deep red
immediately and remained so. The mixture was stirred at room
temperature for 5 h (NMR monitoring showed complete reaction).
The red-brown solution was poured into 300 mL of methylene chloride
and washed with ice-water (three 50-mL portions). After being dried,
the solution was evaporated to an oil, which was distilled, and then
further purified by VPC (column J, 148 °C, 60 mL of He/min, reten-
tion time 2 min). The NMR spectrum, which was consistent with
deuteration at the C(5) methyl group, consisted of three signals at §
1.12, 1.81, and 6.60 with relative 6:6:1, assigned respectively to the
gem-dimethyls, the allylic methyls at C(2), C(4), and C(3) vinyl pro-
ton.

To a solution containing 120 mg (0.73 mmol) of the labeled cyclo-
hexadienone in 2 mL of methylene chloride was added a solution of
148 mg (0.86 mmol) of m-chloroperbenzoic acid in 2 mL of methylene
chloride. The mixture was stirred at room temperature for 2 h, and
workup was as described for the preparation of 24, The product 24*
had an NMR spectrum identical with that of 24,79 except that the
signal at ¢ 1.40 was absent.

Irradiation at 24, A degassed solution of 100 mg (0.55 mmol) of
24 in 50 mL of anhydrous ether was irradiated through Pyrex with
a 450-W Hanovia lamp. The photolysis was followed by VPC, and was
complete in about 1 h. Analytical VPC (column E, 178 °C, 30 mL of
No/min) showed three components: 27 (retention time 1 min), 26 (7
min), and 25 (9 min). Preparative VPC (column F, 120 °C, 60 mL of
He/min) gave pure 27 (25%; retention time 8 min), 26 (45%; 25 min),
and 25 (30%; 40 min).

For 25 [3,3,4,6,7-pentamethyl-2(3H)-oxepinone]: IR (neat) 3000
(s}, 1750 (s), 1660 (m}), 1460 (m), 1400 (m), 1340 (w), 1280 (w), 1260
(w), 1200 (m}), 1150 (m), 1120 (w), 1100 (w), 1040 (w}, 950 (w), 880 (w)
cm™1; UV (MeOH) Mgy 212 nm (e 2700), 250 (10 570); NMR (100
MHz, CCly) 6 1.23 (s, 6 H, gem-dimethyl), 1.67 [br s, 3 H C(6) methyl],
1.83[d, 3H, J = 2 Hz, C(4) methyl}, 1.89 (br s, 3 H, C(7) methyl], 5.60
(m, 1 H, vinyl); decoupling at 6 5.60 caused the doublet at 6 1.83 to
become a singlet; europium shift slopes, respectively, are 3.76, 1.05,
2.08, 1.00, 1.92; mass spectrum m/e (rel intensity) 180 (61), 165 (7),
138 (30), 137 (98), 109 (100), 108 (71), 93 (75), 91 (32), 97 (34), 67 (50),
65 (20), 55 (15), 53 (20).

Anal. Caled for Cy1H1509: C, 73.30; H, 8.95. Found: C, 73.21; H,
9.09.

For 26 (4-acetyl-2,4,5,5-tetramethyl-2-cyclopentenone): IR (CCly)
3000 (s), 1710 (s), 1660 (w), 1480 (w), 1460 (w), 1400 (w), 1373 (m), 1305
(w), 1300 (w), 1192 (w), 1160 (m), 1050 (m), 990 (m), 890 (m) cm™!;
UV (cyclohexane) Apax 265 (e 7000); NMR (CCly), 6 0.90 [s, 3 H, C(5)
methyl], 1.03 {s, 3 H, C(5) methyl], 1.25 [s, 3 H, C(4) methyl], 1.75 [d,
3 H, J = 1.0 Hz, C(2) methyl], 1.95 (s, 3 H, acetyl methyl), 6.92 (q, 1
H, J = 1 Hz, vinyl); europium shift slopes, respectively, are 4.80, 3.40,
1.00, 3.00, 2.50, 2.80; mass spectrum m/e (rel intensity) 180 (6), 162
(5), 144 (5), 139 (26), 138 (100), 137 (35), 123 (82), 109 (43), 93 (7), 91
(7), 81 (8), 71 (10), 77 (9), 69 (8), 67 (60), 55 (15).

Anal. Caled for C11H;602: C, 73.30; H, 8.95. Found: C, 73.14; H,
8.91. ’

For 27 (1,3,3,4,5-pentamethyl-7-oxabicyclo[2.2.1]hept-5-en-2-one):
IR (neat) 3000 (s), 1740 (s), 1640 (w), 1470 (m), 1450 (m), 1392 (m),
1300 (w), 1220 (m), 1200 {m), 1180 (m), 1100 (s), 1020 (w), 1000 (s),
900 (w), 860 (w), 810 (s) em~1; UV (MeOH) A ax 207 nm (e 950) with
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a shoulder at 280 (¢ 100); NMR (CCly) 6 1.12 {s, 3 H, C(3) methyl], 1.14
[s, 3 H, C(3) methyl], 1.30 [s, 3 H, C(4) methyl], 1.32 [s, 3 H, C(1)
methyl], 1.72 [d, 8 H, J = 2 Hz, C(5) methyl], 5.56 (q, 1 H, J = 2 Hz,
vinyl]; europium shift slopes are, respectively, 3.50, 3.37, 2.77, 2.98,
1.00, 1.93; mass spectrum m/e (rel intensity) 180 (14), 165 (5), 152 (5),
140 (100), 139 (42), 138 (35), 137 (75), 124 (20), 122 (76), 121 (83), 111
(11), 110 (84), 108 (15), 95 (40), 94 (62),92 (15), 82 (64), 77 (77), 69 (12),
67 (25), 58 (60), 55 (20), 54 (68), 53 (31), 52 (10}, 51 (15).

Anal. Caled for C11H602: C, 73.30; H, 8.95. Found: C, 73.34; H,
8.96.

Irradiation of 24*. The conditions and workup procedure were
as for the unlabeled material. From 24* the resulting 27* had an NMR
spectrum identical with that of 27, except the signal at 6 1.30 was
absent. The spectrum of the resulting 26* was identical with that of
26, except that the singlet at § 1.95 was absent. The resulting 25* was
identical with that of 25, except that the signal at § 1.89 was absent
and the peak at § 1.67 sharpened to a singlet.

Irradiation of 26. A degassed solution of 50 mg (0.28 mmol) of 26
in 25 mL of anhydrous ether was irradiated through Pyrex with a
450-W Hanovia lamp at room temperature. The photolysis was fol-
lowed by VPC and was complete in about 40 min. Analytical VPC
(column C, 150 °C, 30 mL of Ny/min) showed two components with
retention times of 3.5 and 19 min, respectively, in a ratio of 1:6. Pre-
parative VPC (column I, 120 °C, 80 mL of He/min) allowed collection
of the major product 28 with a retention time of 52.5 min. For 28: IR
(neat) 3000 (m), 1760 (s), 1662 (m), 1460 (m), 1396 (m), 1360 (w), 1330
(m), 1200 (w), 1120 (m), 1080 (m), 1040 (w), 940 (w) cm~1; UV (MeOH)
Amax 222 (e 7640), 263 (6250); NMR (CCly) 6 1.35 [d, 3H, J = 6 Hg,
C(4) methyl], 1.66 (s, 3 H, vinyl methyl), 1.68 [s, 3 H, C(2) methyl],
1.86 (homoallylic coupling, 6 H, terminal vinyl methyls), 4.85 [g, 1 H,
J = 6 Hz, C(4) proton]; europium shift slopes are respectively 2.30,
1.00, 5.47, (1.50, 1.62), 4.37; mass spectrum m/e (rel intensity) 180 (60),
165 (4), 137 (100), 138 (30), 123 (10), 110 (17}, 109 (85), 108 (50), 93
(50), 91 (20), 77 (20), 67 (40), 55 (10), 53 (14).

Anal. Caled for C11H 604 C, 73.30; H, 8.95. Found: C, 73.33; H,
8.86.

Irradiation of 27. A degassed solution of 27 (25 mg, 0.14 mmol)
in 10 mL of anhydrous ether was irradiated through Pyrex with a
450-W Hanovia Type L lamp. The reaction was followed by NMR.
After 1 h the NMR spectrum showed no change and 27 was recov-
ered.
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(all peaks whose multiplicity is not indicated are singlets), where isomeric
pair 18 and 17 can be distinguished by the Eu-shift slopes and chemical
shifts of the C(6) hydrogens and methyls, and isomeric pair 17 and 17a can
be distinguished by similar examination of the C(1) and C(5) substituents.
Registry no.: 10, 29980-22-1; 18, 63449-12-7; 17, 63526-15-8; 17a,
63440-13-8; 10a, 63449-14-9,
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Synthesis of 4aa-Phorbol 9-Myristate 9a-Acetate and Related Esters
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The sterecisomer of the most potent tumor-promoting agent phorbol 9-myristate 9a-acetate and its analogues
have been synthesized and fully characterized. Phorbol isolated from croton oil was epimerized with 0.1 N sodium
methoxide to 4aa-phorbol. Selective base-catalyzed esterification of 4aa-phorbol and selective acid-catalyzed hy-
drolysis of the resulting esters gave the desired compounds. They are: 4ac-phorbol 9-myristate 9a-acetate, 4daa-
phorbol 9,9a-didecanocate, 3-decanoyl-4ac-phorbol 9,9a-didecanoate, 3-acetyl-4aa-phorbol 9,9a-diacetate, 3-ace-
tyl-4aa-phorbol 9a-acetate, 4aa-phorbol 9a-acetate, 3-acetyl-4aa-phorbol 9-myristate 9a-acetate, 3-myristoyl-
4aa-phorbol 9-myristate 9a-acetate, and 3-myristoyl-4ac-phorbol 3a-acetate.

Croton oil is a complex lipid mixture obtained by extrac-
tion or expression of the seeds of Croton tiglium L. This oil
was first discovered to be a tumor promoter on mouse skin in
two-stage carcinogenesis by Berenblum.! The subject of tumor
promoters and cocarcinogens was recently reviewed.? The
active principles of croton oil were isolated and characterized
as the esters of the tetracyclic diterpene alcohol, phorbol34
(1a). The structure and stereochemistry of la was established
from x-ray crystallographic studies.5® Partial syntheses of
phorbol esters have been reported.” We now wish to report the
synthesis of 4ac-phorbol 9-myristate 9a-acetate (2b), which
is the most important counterpart of the potent tumor pro-
moter phorbol 9-myristate 9a-acetate® (1b), and the related
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esters: 4aa-phorbol 9,9a-didecanoate (2¢), 3-decanoyl-4aa-
phorbol 9,9a-didecanoate (2d), 3-acetyl-4aa-phorbol 9,9a-
diacetate (2e), 3-acetyl-4ac-phorbol 9a-acetate (2f), 4aa-
phorbol 9a-acetate (2g), 3-acetyl-4aa-phorbol 9-myristate
9a-acetate (2h), 3-myristol-4an-phorbol 9-myristate 9a-ace-
tate (2i), and 3-myristol-4aa-phorbol 9a-acetate (2j). Com-



