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Abstract: Irradiation of 4-cyano-4-[3'-(2-furyl)propyl]-2,5-cyclohexadien-1-one (9a) gave the type B zwitterion-furan cycloadduct
10. Shorter periods of irradiation of 9a enabled isolation of an intermediate, 6-cyano-6-{3’-(2-furyl)propyl]bicyclo[3.1.0]-
hex-3-en-2-one, which underwent photorearrangement to 10 on further irradiation. Photorearrangement of 2,5-cyclohexadien-1-one
9b has been shown to give a mixture of diastereomeric bicyclohexenones 11; irradiation of 9b or 11 in the presence of furan
gave cycloadduct 13. These observations indicate that the apparent photostability of 6-alkyl-6-cyanobicyclo[3.1.0]hexenones
is a result of the absence of efficient pathways for 1,2-rearrangement of the type B zwitterion to phenolic products rather than
suppression of zwitterion formation. It is suggested that formation of zwitterion 12 from 11 is reversible. Because the thermal
reversion of 12 to 11 is forbidden, this reaction is thought to occur via the excited state of 12. Novel photorearrangement
pathways were discovered for the 4-cyano-3-methoxy-2,5-cyclohexadien-1-ones 14 and 19 which give 2- and 3-methoxy-substituted
cycloadducts 17, 18, 21, and 22. The isolation of 18 and 22 necessitates the formulation of a second type B zwitterion (27;
Scheme IV) photogenerated from the as yet unobserved 5-methoxybicyclohexenone 25. In the presence of added furan or
a tethered 2-furyl substituent, zwitterion 27 gives cycloadducts; in the absence of a trapping agent, 27 must convert (pho-
tochemically) to the observed 4-methoxybicyclohexenones 24. Analogous behavior has been observed for the 4-carbometh-

oxy-3-methoxy-2,5-cyclohexadien-1-one 28.

Photorearrangements of 4-alkyl-4-carbomethoxy-2,5-cyclo-
hexadien-1-ones 1a at 366 nm result in the formation of phenols
4and 5.! Phenol formation presumably occurs by the well-known
type A photorearrangement? of 1a to intermediate bicyclo-
[3.1.0]hex-3-en-2-ones 2, followed by type B photorearrangement®
of 2 to oxyallyl zwitterions 3 and competing carbomethoxy group
rearrangements to C(2) and C(4) of oxyallyl zwitterions 3.

By contrast, 4-alkyl-4-cyano-2,5-cyclohexadien-1-ones 1b were
found to undergo type A photorearrangement to give isolable
bicyclo[3.1.0]hex-3-en-2-ones 6 that do not undergo further
photorearrangement to phenols.! However, irradiation of the
4-benzyl derivative of 1b gave 6 (R = CH,Ph), which photore-
arranged to 4-benzyl-3-cyanophenol (8) on continued irradiation.

These observations suggested that type B zwitterion formation
from 1a and 1b is reversible and does not lead to phenolic products
when groups with poor migratory aptitude are at C(4) of the
starting 2,5-cyclohexadien-1-one (e.g., cyano and primary alkyl).
Substitution of primary alkyl with the more mobile benzyl group
enables zwitterion 7 (R = CH,Ph) to rearrange to phenol 8.
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Although this explanation is in agreement with experimental
observations, it seemed to contradict expectations of reactivity
based on theoretical considerations. The type B zwitterion is
considered to be a pentadienyl cation, for which the required
disrotatory closure to a 6,6-disubstituted bicyclo[3.1.0]hex-3-
en-2-one is forbidden.> However, a four-electron disrotatory
cyclization ought to be possible by way of a photochemical
pathway.

At the outset of the experiments to be described in this paper,
we sought a more definitive test of the reversibility of type B
zwitterion formation. It has been demonstrated that 2-furyl
substituents tethered at C(4) of the starting 2,5-cyclohexadien-
1-one undergo cycloaddition to the type B zwitterion;* tethered
3’-azidopropyl and 3’-alkenyl substituents also are effective
trapping agents.*>> We expected that cycloaddition studies with
a 4-[3’-(2-furyl)propyl] analogue of 1b would demonstrate that
reversible type B zwitterion formation plays a significant role in
the photochemistry of bicyclo[3.1.0]hex-3-en-2-ones.

An important discovery concerning the regioselectivity of the
type A photorearrangements of 3-methoxy-2,5-cyclohexadien-1-
ones was made during the course of this study. For perspective,
it is necessary to review type A photorearrangements of 3-
methoxy-2,5-cyclohexadien-1-ones.

Zimmerman and Pasteris have shown that 3-methoxy-4,4-di-
phenyl-2,5-cyclohexadien-1-one photorearranges to a 1.4:1 mixture
of the 4-methoxy- and the 5-methoxybicyclo[3.1.0]hex-3-en-2-
ones. Zimmerman and Pasteris concluded that the 4-meth-
oxybicyclohexenone was derived from the type A zwitterion while
the 5-methoxy regioisomer originated directly from the excited-
state precursor of the type A zwitterion.

By contrast, 4-carbomethoxy- and 4-cyano-3-methoxy-2,5-
cyclohexadien-1-ones undergo photorearrangement at 366 nm to
give diastereomeric mixtures of 6-carbomethoxy- and 6-cyano-
4-methoxybicyclo[3.1.0]hex-3-en-2-ones; none of the corresponding
5-methoxy regioisomers are detected.! Continued irradiation of
the bicyclohexenone diastereomers at 366 nm results in photo-
equilibration to give mainly the 6-endo-carbomethoxy- and 6-
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endo-cyanobicyclohexenones. Trace amounts of phenolic products
slowly begin to accumulate after extended irradiation of the 6-
carbomethoxybicyclohexenones at 366 nm, while extended irra-
diation through Pyrex glassware (=300 nm) affords phenols as
the sole reaction products. In analogy with 6-cyanobicyclo-
hexenone 6 (R = primary alkyl), irradiation of 6-cyano-4-meth-
oxybicyclohexenones does not result in formation of phenols.
It will now be shown from inter- and intramolecular furan—
oxyallyl zwitterion cycloaddition studies that 5-methoxybicyclo-
[3.1.0]hexenones apparently are produced during photolyses of
4-carbomethoxy- and 4-cyano-3-methoxy-2,5-cyclohexadienones,
but in the absence of trapping agents, 5-methoxybicyclo[3.1.0]-
hexenones photorearrange to the 4-methoxy regioisomers.

Results and Discussion

4-Cyano-Substituted 2,5-Cyclohexadien-1-ones. Cyclo-
hexadienone 9a was prepared from benzonitrile by procedures
already described in detail.!#® Irradiation of 9a in benzene solution
at 366 nm gave 4-cyano-13-oxo-12-oxatetracyclo{6.3.2.1.0]tet-
radeca-2,9-diene (10) along with uncharacterized decomposition
products (Scheme I). Flash chromatography of the photoreaction
mixture provided the crystalline cycloadduct 10. The structure
of 10 was established by comparisons of spectroscopic data ob-
tained for 10 and an analogue for which an X-ray-determined
molecular structure was available.*

Shorter periods of irradiation of 9a enabled isolation of a 6-
cyano-6-[3’-(2-furyl)propyl]bicyclo[3.1.0]hex-3-en-2-one; this
substance underwent photorearrangement to 10 on further irra-
diation.

It was decided to unequivocally demonstrate that a type B
zwitterion (i.e., 12) is in photochemical equilibrium with 6-al-
kyl-6-cyanobicyclo[3.1.0]hex-3-en-2-ones. Cyclohexadienone 9b
was selected for study because it had been shown that type A
photorearrangement of 9b at 366 nm gave a mixture of diaste-
reomeric bicyclohexenones 11.! Subsequent irradiation of 11
resulted in a change in the distribution of diastereomers but did
not give rise to type B photorearrangement products.

Irradiation of 9b in the presence of 3 equiv of furan afforded
the furan—oxyallyl zwitterion cycloadduct 13.5 Furthermore,
irradiation of 11 under these same reaction conditions also gave
13. These observations clearly show that the apparent photost-
ability of 6-alkyl-6-cyanobicyclo[3.1.0Jhexenones is a result of
the absence of efficient pathways for 1,2-rearrangement of the
type B zwitterion to phenolic products rather than suppression
of zwitterion formation.

Cyclohexadienone 14 was prepared from 2-methoxybenzo-
nitrile,! and irradiation in benzene solution at 366 nm provided
bicyclohexenone diastereomers 15 and 16 as well as an intra-
molecular oxyallyl zwitterion—furan cycloadduct 17 possessing

J. Am. Chem. Soc., Vol. 114, No. 13, 1992 5069

Scheme 11
hv (366 nm)
7
o} o] H [o} H
hv (366 nm) b/CN ﬁ(n . MeO—
—— ) ':.R + l “ON
MeO' MeQ i MeO i c NC \0
R" CN
14, R = 3-(2-furyl)propyl 5 % 17
hv ‘Pyrex \(366 nm)
o]
MeO | No Reaction
4
NC o
18
Scheme II1
ny (Pyrex)
3 equiv furan
[o] o] H o] (|)
f MeQ
hv  (Pyrex) b{CN . .
Moo 30V me0 : R Z MeO—7
R” CN furan H R \0 R \0
20 CN CN
19, R= CHaCH,CH,C1 21 22
hv (366 nm)
3 aquiv furan
o] H o] H o]
Ja Y SR
¥~ "R " "CN MeO
MeO H MeO H . {
20 23 CN o
22
hv (366 nm)
3 equiv furan
No Reaction

an unexpected substitution pattern (Scheme II). Separation of
the photoproducts proved to be somewhat difficult. Flash chro-
matography on silica gel afforded recovered cyclohexadienone 14
(11%), the 6-endo-cyanobicyclohexenone 15 (18%), and a fraction
containing a 1:3 mixture of the 6-exo-cyanobicyclohexenone 16
and cycloadduct 17 (40%). Continued irradiation of the mixture
of 16 and 17 at 366 nm gave a mixture of isomerized bicyclo-
hexenone 15 and cycloadduct 17, which now provided pure 17
by flash chromatographic separation.

Bicyclohexenone 18 was found to be stable to irradiation in
benzene solution at 366 nm but photorearranged to the intra-
molecular oxyallyl zwitterion—furan cycloadduct 18 (43%) when
irradiated through Pyrex glassware. A control experiment dem-
onstrated that cycloadduct 17 did not photorearrange to 18 (=300
nm).

The intermolecular oxyallyl zwitterion—furan cycloaddition was
examined with 3-methoxy-2,5-cyclohexadien-1-one 19 (Scheme
IIT). Previous studies had shown that 19 photorearranges to
bicyclohexenones 20 and 23 on irradiation at 366 nm.! Pyrex-
filtered irradiation of 19 in benzene solution in the presence of
3 equiv of furan gave 6-endo-cyanobicyclohexenone 20 (20%),
cycloadduct 21 (21%), and the 3-methoxy-substituted cycloadduct
22 (33%) analogous to the intramolecular cycloadduct 17. At
366 nm, 19 gave a 3:1:2 mixture of bicyclohexenones 20 and 23
and cycloadduct 22. The structure of 22 was determined by X-ray
crystallographic studies; the molecular structure of 22 is shown
in Figure 1.

Control experiments showed that Pyrex-filtered irradiation of
bicyclohexenone 20 in the presence of furan gave cycloadduct 21;
none of the 3-methoxy-substituted cycloadduct 22 was detected
in the photoreaction mixtures. Furthermore, 20 was recovered
unchanged after irradiation at 366 nm in the presence of furan.

It is noteworthy that 22 is formed by intermolecular cyclo-
addition of furan to the less sterically hindered face of the in-
termediate type B zwitterion (e.g., 27 in Scheme IV). Presum-
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Figure 1. Molecular structure of 22.
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ably, this same configurational relationship is present in 21 and
13. The complementary stereoselectivities of inter- and intra-
molecular oxyallyl zwitterion—furan cycloaddition (cf., 10 vs 13)
should be of use in synthetic applications.

Mechanistic Considerations. The isolation of the intramolecular
furan—oxyallyl zwitterion cycloadduct 10 from photolysis of 9a
and the intermolecular cycloadduct from 9b and 11 convincingly
demonstrates that type B zwitterion formation can be reversible.
On the basis of previously discussed considerations,? reversion is
thought to occur from an electronically excited state of zwitterion
12. Although relatively little is known about the absorption
characteristics of the type B zwitterion, it has been reported that
low-temperature photolyses of lumisantonin derivatives in me-
thyltetrahydrofuran—isopentane glasses generate colored species
believed to be the reaction intermediates for photoproduct for-
mation.” If the lumisantonin transients are characteristic of type
B intermediates, then it is clear that zwitterions such as 12, which
are not prone to undergo rearrangement to phenols, will compete
with 11 for light absorption. Alternatively, 12 might revert to
11 via a pathway involving intermolecular energy transfer.

The isolation of oxyallyl zwitterion-furan cycloadducts 17 and
22 necessitates the formulation of a second type B zwitterion,
namely, 27 (Scheme IV). Type A photorearrangement of 14 and
19 apparently gives not only the isolable 4-methoxybicyclo-
[3.1.0]hexenone 24 but also the 5-methoxy regioisomer 25. Bi-
cyclohexenone 25 has not been detected from irradiations of 19
in the absence of furan, which implies that 25 must undergo

(7) (a) Fisch, M. H.; Richards, J. H. J. Am. Chem. Soc. 1968, 90, 1547.
(b) Fisch, M. H. J. Chem. Soc., Chem. Commun. 1969, 1472,
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photorearrangement to the 4-methoxybicyclohexenone 24.

To account for the formation of cycloadducts 17 and 22, it is
proposed that bicyclohexenone 285 also photorearranges to the type
B zwitterion 27. If the substituent R in 27 is the 3’-(2-furyl)propyl
group, then intramolecular oxyallyl zwitterion—furan cycloaddition
generates 17. In the absence of an intramolecular trapping agent,
27 reverts to 25, presumably by way of a photochemical pathway
(cf., 12 —11). In the presence of furan, 27 (R = CH,CH,CH,Cl)
is converted to cycloadduct 22.

Although it appears clear that bicyclohexenone 25 photoconverts
to bicyclohexenone 24, the complementary photorearrangement
of 24 to 25 most certainly does not occur. This was demonstrated
in two ways: (1) bicyclohexenone 15 was found to be photostable
at 366 nm and photoreactive at =300 nm to give only cycloadduct
18, and (2) Pyrex-filtered irradiation of 20 in the presence of furan
gave 21, but not the rearranged cycloadduct 22.

Formation of oxyallyl zwitterion 26 also is reversible. Thus,
although bicyclohexenone 20 appears to be photostable at 366
nm and =300 nm in the absence of furan, 20 does provide cy-
cloadduct 21 on irradiation at =300 nm in the presence of furan.

4-Carbomethoxy-Substituted 2,5-Cyclohexadien-1-ones, We
have reported that 4-[3’-(2-furyl)propyl]-3-methoxy-4-(meth-
oxycarbonyl)cyclohexa-2,5-dien-1-one (28) photorearranges to
bicyclohexenone 29 and phenol 31.%® However, the yields for
isolation of 29 and 31 were low, and an examination of 'H NMR
spectra of photoreaction mixtures indicated that several other
components were present. Since it was important to determine
the role of 5-methoxybicyclohexenones in the photochemistry of
4-carbomethoxy-3-methoxy-2,5-cyclohexadien- 1-ones, photore-
arrangements of 28 were carefully reexamined (Scheme V).

Irradiation of cyclohexadienone 28 in benzene solution (Pyrex)
and chromatography of the reaction mixture on silica gel gave
bicyclohexenones 29 (30%) and 30 (2%), phenols 31 (19%) and
32 (2%), and cycloadducts 33 (<5%) and 34 (14%). A similar
distribution of photoproducts was obtained from extended irra-
diation of 28 at 366 nm. Pyrex-filtered irradiation of 28 taken
to complete consumption of intermediate bicyclohexenones 29 and
30 provided phenols 31 (34%) and 32 (5%) and cycloadducts 33
(10%) and 34 (23%). No direct evidence for the presence of a
S-methoxybicyclo[3.1.0]hex-3-en-2-one could be obtained from
this or other photoreactions of 28. Finally, irradiation of bi-
cyclohexenone 29 through Pyrex glassware gave phenols 31 and
32 and cycloadduct 33, but not cycloadduct 34.

These data demonstrate that intramolecular furan cycloadducts
are obtained from tandem photorearrangements of 4-carbo-
methoxy-2,5-cyclohexadien-1-one 28, albeit in poor yield. Itis
proposed that intermediate bicyclohexenones 29 and 30 photo-
rearrange to zwitterion 35, the precursor of phenols 31 and 32
and cycloadduct 33. In analogy with the mechanism advanced
in Scheme IV, it appears that a S-methoxybicyclohexenone also
is photogenerated from cyclohexadienone 28. Subsequent pho-
toisomerization of the 5-methoxybicyclohexenone to zwitterion
36 and intramolecular cycloaddition of the zwitterion to the
tethered furan would give the rearranged cycloadduct 34. It is

0
o MeQ l
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3% 33
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noteworthy that rearrangement of 36 to phenol 37 was not de-
tected.

Conclusion

Cycloaddition studies have shown that photorearrangements
of 6-alkyl-6-cyanobicyclo[3.1.0]hex-3-en-2-ones to the type B
zwitterion (e.g., 11 — 12) are reversible. Bicyclohexenone 11 was
ideally substituted for this study because primary alkyl and cyano
substitution in zwitterion 12 does not enable 1,2-rearrangement
to phenolic products. Reversibility of type B zwitterion formation
from 6-alkyl-6-cyano- and 6-alkyl-6-carbomethoxy-4-methoxy-
bicyclo[3.1.0]hex-3-en-2-ones also has been demonstrated
(Schemes IV and V).

A quite remarkable additional discovery is the photorear-
rangement of the putative 5-methoxybicyclo[3.1.0Jhex-3-en-2-ones
25 to the 4-methoxy regioisomers 24. How do these fascinating
photorearrangements occur?

Photorearrangement of 25 to 24 might occur by a photorev-
ersion to the type A zwitterion 38 or a related species via cleavage
of cyclopropane bond a in 25 (Scheme VI). Alternatively, 25
might be converted to an intermediate 2-methoxybicyclo-
[2.1.1]hex-2-en-5-one 39% by a photochemical vinyl cyclopropane
rearrangement involving cleavage of cyclopropane bond b.> We
have already shown that bond a and/or b cleavages are responsible
for interconversions of diastereomeric 4-methoxybicyclo[3.1.0]-
hex-3-en-2-ones.! It is presumed that 39 would convert to 24 by
a photochemical pathway involving cleavage of bond a.

Although the formation of mixtures of regioisomeric oxyallyl
zwitterion—furan cycloadducts from 3-methoxy-2,5-cyclo-
hexadien-1-ones limits synthetic utility, it should be noted that
2,5-cyclohexadien-1-ones with other substitution patterns do
provide cycloadducts in excellent yield.*>

Experimental Section

6-Cyano-6-[3'-(2-furyl)propyl}-1-methoxy-1,4-cyclohexadiene. A so-
lution of 2-methoxybenzonitrile (593 mg, 4.45 mmol) in dry THF (10
mL) and rert-butyl alcohol (330 mg, 4.45 mmol) was cooled to 78 °C.
Liquid anhydrous ammonia (60 mL) was added to the reaction mixture.
Lithium (68 mg, 9.8 mmol, 2.2 equiv) was added to the stirred solution
in small pieces. The solution turned blue. The mixture was stirred for
10 min at =78 °C, and piperylene was added until the blue coloration
disappeared. To the ammonia solution at -78 °C was added 2-(3-iodo-
propyl)furan (1.05 g, 4.45 mmol). After the solution was stirred at -78
°C for 1.5 h, solid ammonium chloride was added, and the reaction
mixture was allowed to warm to room temperature. Water and ether
were added, and the organic layer was washed (2X each) with a solution
of sodium thiosulfate (~ 10%), water, and brine and dried over anhydrous
magnesium sulfate. Removal of solvent in vacuo afforded a yellow oil
(1.06 g). Flash chromatography (silica gel, hexane-ethyl acetate, 7:1)
gave the cyclohexadiene (822 mg, 76%) as an oil: 'H NMR (CDCl,)
61.45-1.90 (m, 3 H), 2.12 (m, 1 H), 2.63 (t, 2 H, J = 7 Hz), 2.65-2.98
(m, 2 H), 3.62 (s, 3 H), 488 (t, 1 H, /=3 Hz), 5.56 (dt, 1 H, /= 10
Hz, J = 2 Hz), 5.93-6.07 (m, 2 H), 6.28 (t, | H, J = 2 Hz), 7.30 (d,
1 H, J = 1 Hz); IR (film) 2950, 2240, 1783, 1704, 1600 cm™!; CIMS,
m/z (relative intensity) 244 (M* + 1, 53), 217 (100).

4-Cyano-4-[3'-(2-furyl) propyl]-3-methoxy-2,5-cyclohexadien-1-one
(14). To a stirred solution of 6-cyano-6-[3’-(2-furyl)propyl]-1-meth-
oxy-1,4-cyclohexadiene (172 mg, 0.707 mmol) in benzene (20 mL) at 0
°C was added Celite (600 mg) and pyridinium dichromate (666 mg, 1.77
mmol). To this slurry was added 90% tert-butyl hydroperoxide (160 mg,
1.77 mmol), and the resulting mixture was stirred at 0 °C for 1.5 h and
warmed to room temperature and stirred for 1.5 h. The reaction mixture
was filtered through a pad of Celite, the solids were washed thoroughly

(8) For rearrangements of bicyclo[2.1.1]hex-2-enes, see: (a) Masamune,
S.; Takada, S.; Nakatsuka, N.; Vukov, R.; Cain, E. N. J. Am. Chem. Soc.
1969, 91, 4322. (b) Roth, W. R.; Friedrich, A. Tetrahedron Lett. 1969, 2607.
(¢) Roth, R. J.; Katz, T. J. J. Org. Chem. 1980, 45, 961.

(9) Schultz, A. G.; Green, N. J. J. Am. Chem. Soc. 1992, 114, 1824,
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with ethyl acetate, and the filtrate was concentrated in vacuo to give a
brown oil. Flash chromatography (silica gel, hexane—ethyl acetate, 4:1)
gave the cyclohexadienone (92 mg, 50%) as a yellow oil: 'H NMR
(CDCl;) 6 1.45-1.75 (m, 2 H), 2.05-2.35 (m, 2 H), 2.67 (t, 2 H,J =
7 Hz), 3.86 (s, 3 H), 5.73 (s, 1 H), 6.01 (d,1 H, J = 3 Hz), 6.30 (t, 1
H,J=2Hz),6.39(d, 1 H,J=10Hz),6.60(d, 1 H,J =10 Hz), 7.32
(d, 1 H, J = 1 Hz); IR (film) 2955, 2245, 1715, 1660, 1605 cm™"; CIMS,
m/z (relative intensity) 258 (M* + 1, 57), 109 (83), 81 (100). UV
(MeOH): 366 nm (e = 9), 300 (813); Ap.x 272 (4069), 220 (12313).

Anal. Caled for C;sHsNOy: C, 70.03; H, 5.88. Found: C, 69.98;
H, 5.92.

6-Cyano-6-[3/-(2-furyl) propyl]-1,4-cyclohexadiene: prepared from
benzonitrile (2.23 g, 21.7 mmol) as described for 6-cyano-6-[3/-(2-fu-
ryl)propyl]-1-methoxy-1,4-cyclohexadiene. Flash chromatography (silica
gel, hexane-ethyl acetate, 10:1) gave the cyclohexadiene (3.13 g, 68%)
asan oil: '"H NMR (CDCl;) 6 1.65-1.87 (m, 4 H), 2.55-2.88 (m, 4 H),
5.66 (dt, 2 H, J = 10 Hz, J = 2 Hz), 5.93-6.05 (m, 3 H), 6.30 (m, 1
H), 7.33 (s, 1 H); IR (film) 3040, 2958, 2218, 1597, 1509 cm™}; CIMS,
m/z (relative intensity) 214 (M* + 1, 100), 187 (99).

4-Cyano-4-[3'-(2-furyl) propyl}-2,5-cyclohexadien-1-one (9a): prepared
from 6-cyano-6-[3/-(2-furyl)propyl]-1,4-cyclohexadiene (3.2 g, 15 mmol)
as described for 4-cyano-4-[3/-(2-furyl)propyl]-3-methoxy-2,5-cyclo-
hexadien-1-one. Flash chromatography (silica gel, hexane-ethyl acetate,
7:3) gave the cyclohexadienone (910 mg, 27%) as an oil: 'H NMR
(CDCly) 6 1.72-1.93 (m, 2 H), 1.97-2.11 (m, 2 H), 2.72 (t, 2 H,J =
7 Hz),6.04 (d,1 H, /=3 Hz),632(t,1H,J=2Hz),649 (d, 2 H,
J=10Hz), 6.86 (d, 2 H, J = 10 Hz), 7.34 (d, 1 H, J = 2 Hz); IR (film)
2945, 2219, 1728, 1668, 1633, 1506 cm™!; CIMS, m/z (relative intensity)
228 (M* + 1, 100), 109 (31). UV (MeOH): 366 nm (e = 11), 300
(188); Amax 228 (11458).

Anal. Caled for C,HsNO,; C, 74.00; H, 5.77. Found: C, 73.72;
H, 5.61.

6-Cyano-6-[3'-(2-furyl)propyl}-4-methoxybicyclo{3.1.0]hex-3-en-2-ones
(15 and 16) and 4-Cyano-3-methoxy-13-oxo-12-oxatetracyclo-
[6.3.2.1.0]tetradeca-2,9-diene (17). 14 (180 mg, 0.700 mmol) in benzene
(25 mL) was irradiated through uranyl glass (366 nm) for 7 h. Con-
centration of the reaction mixture gave a yellow foam (178 mg). Flash
chromatography (silica gel, hexane-ethyl acetate, 4:1) provided 14 (20
mg, 11%).

15 was obtained as an oil (33 mg, 18%): 'H NMR (CDCl,) §
1.55-1.68 (m, 2 H), 1.92-2.08 (m, 2 H), 2.32 (dd, 1 H,/=5Hz,J =
1 Hz), 2.55(dd, 1 H,J =5 Hz, J =1 Hz), 2.74 (t, 2 H, J = 7 Hz), 3.91
(s,3H),5.06 (t,1 H, /= 1Hz), 6.05(dd, 1 H, /=3 Hz, /= 1 Hz),
6.31 (t,1 H,J =2 Hz), 7.33 (d, 1 H, J = 1 Hz); IR (film) 3060, 2940,
2240, 1680, 1575 cm™!; CIMS, m/z (relative intensity) 258 (M* + 1,
100). UV (MeOH): 366 nm (e = 11), 300 (934); A,,.x 266 (7876), 218
(9655).

An acceptable elemental analysis could not be obtained.

16 and 17 were obtained as an inseparable 1:3 mixture; 'H NMR
analysis (72 mg, 40%). 16: 'H NMR (CDCl;) é 1.55-2.05 (m, 4 H),
2.60-2.87 (m, 3 H), 294 (d, 1 H,J = 5 Hz), 3.83 (s, 3 H), 4.97 (s, 1
H), 6.05 (d, 1 H, J = 3 Hz), 6.31 (m, 1 H), 7.33 (s, 1 H). Continued
irradiation of the mixture of 16 and 17 in deaerated benzene (5 mL)
through uranyl glass (366 nm) for 3 h, followed by concentration of the
reaction mixture, provided a mixture of 15 and 17. Following flash
chromatography (silica gel, hexane—ethyl acetate, 4:1) an analytical
sample of 17 was prepared by recrystallization from hexane-ethyl acetate
to give a white solid (mp 160-161 °C): 'H NMR (CDCl;) é 1.62-2.07
(m, 5§ H), 2.51 (d, 1 H, J = 2 Hz), 2.69 (m, 1 H), 3.02 (dt, 1 H,J =
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6 Hz, J = 2 Hz), 3.69 (s, 3 H), 459 (t, 1 H,J = 1Hz),492 (d,1 H,
J=6Hz),613(d, 1 H,J=6 Hz),6.34(dd, 1 H,J =6 Hz, J = 2 Hz);
IR (CCl,) 2965, 2240, 1732, 1632 cm™; CIMS, m/z (relative intensity)
258 (M* + 1, 100), 231 (3).

Anal. Calcd for CsHsNOy: C, 70.03; H, 5.88. Found: C, 70.01;
H, 5.76. .

Irradiation of Bicyclohexenone 15 at 366 nm. 15 (14 mg, 0.05 mmol)
in benzene (5 mL) was irradiated through uranyl glass for 15 h. Con-
centration of the reaction mixture gave 15 as determined by '"H NMR
analysis of the crude product.

4-Cyano-2-methoxy-13-0xo0-12-oxatetracyclo[6.3.2.1.0]tetradeca-2,9-
diene (18). 15 (30 mg, 0.12 mmol) in benzene (20 mL) was irradiated
through Pyrex glass (>300 nm) for 7.5 h. Concentration of the reaction
mixture gave a yellow oil (30 mg). Flash chromatography (silica gel,
hexane-ethyl acetate, 4:1) gave 18 (13 mg, 43%). An analytical sample
was prepared by recrystallization from hexane—~ethyl acetate to give a
white solid (mp 170-171 °C): 'H NMR (CDCl,) 6 1.58-1.80 (m, 3 H),
1.95-2.10 (m, 2 H), 2.23 (m, 1 H), 2.55 (s, 1 H), 3.07 (m, 1 H), 3.66
(s,3H),4.73 (s, 1 H), 4.83 (m, 1 H), 6.21 (d, 1 H, J = 6 Hz), 6.35 (dd,
1 H,J = 6 Hz, J = 2 Hz); IR (CCl,) 2938, 2862, 2235, 1725, 1638 cm™;
CIMS, m/z (relative intensity) 258 (M* + 1, 23), 231 (100).

Anal. Caled for CsH sNO,: C, 70.03; H, 5.88. Found: C, 70.05;
H, 5.74.

Irradiation of Cycloadduct 17 at >300 nm. 17 (14 mg, 0.05 mmol)
in benzene (5 mL) was irradiated through Pyrex glass for 20 h. Con-
centration of the reaction mixture gave 17 as determined by 'H NMR
analysis of the crude product.

6-(3'-Chloropropyl)-6-cyano-4-methoxybicyclo{3.1.0]hex-3-en-2-one
(20), 4-(3’-Chloropropyl)-4-cyano-3-methoxy-11-oxo-10-oxatricyclo-
[3.3.2.1]jundeca-2,7-diene (22), and 4-(3’-Chloropropyl)-4-cyano-2-meth-
oxy-11-o0x0-10-oxatricyclo[3.3.2.1]undeca-2,7-diene (21). 19 (328 mg,
1.45 mmol) in benzene (25 mL) and furan (0.33 mL, 4.4 mmol) was
irradiated through Pyrex glass for 16 h. Concentration of the reaction
mixture gave a yellow oil (449 mg). Flash chromatography (silica gel,
hexane-ethyl acetate, 7:3) provided 20 (66 mg, 20%); the '"H NMR
spectrum was identical to that previously described for 20.!

21 was obtained as an oil (89 mg, 21%). An analytical sample of 21
was prepared by crystallization from hexane—ethyl acetate to give a white
solid (mp 127-128 °C): 'H NMR (CDCl;) § 1.85-2.10 (m, 4 H), 2.60
(s, 1 H), 2,98 (t,1 H,J =2 Hz), 3.59 (t, 2 H, J = 6 Hz), 3.66 (s, 3 H),
4,84 (s,1 H), 496 (t,1 H, J = 2 Hz), 5.31 (t, 1 H, J = 2 Hz), 6.36 (dd,
1H,J=6Hz, J=2Hz),645(dd, 1 H,J =6 Hz, J = 2 Hz); IR (film)
2975, 2235, 1735, 1655 cm™; CIMS, m/z (relative intensity) 294 (M*
+ 1, 33), 267 (100).

Anal. Caled for C;sH,(CINO,: C, 61.33; H, 5.49. Found: C, 61.23;
H, 5.35.

22 was obtained as an oil (136 mg, 32%). An analytical sample was
prepared by crystallization from hexane—ethyl acetate to give a white
solid (mp 155-156 °C): 'H NMR (CDCl,) § 1.80-2.30 (m, 4 H), 2.62
(t,1 H,J=2Hz),295(dt, 1 H,J =7 Hz, J =2 Hz),3.57 (t, 2 H,
J=6Hz),3.71 (s,3H),473 (t, 1 H,/=2Hz),495(d, 1 H,J=7
Hz), 5.28 (t, 1 H, J = 2 Hz), 6.28 (dd, 1 H, / = 6 Hz, J = 2 Hz), 6.45
(dd, 1 H, J = 6 Hz, J = 2 Hz); IR (film) 2975, 2240, 1730, 1645 cm™;
CIMS, m/z (relative intensity) 294 (M* + 1, 44), 267 (7), 226 (100).

Anal. Caled for CsH,(CINO,: C, 61.33; H, 5.49. Found: C, 61.26;
H, 5.56.

Irradiation of Bicyclohexenone 20 at 366 nm. 20 (83 mg, 0.37 mmol)
in benzene (15 mL) and furan (75 mg, 1.1 mmol) was irradiated through
uranyl glass for 4.75 h. Concentration of the reaction mixture gave 20
as an oil (81 mg) as determined by 'H NMR analysis.

Irradiation of Bicyclohexenone 20 at >300 nm. 20 (83 mg, 0.37
mmol) in benzene (15 mL) and furan (75 mg, 1.1 mmol) was irradiated
through Pyrex glass for 4.75 h. Concentration of the reaction mixture
gave a mixture of 20 and 21 (3:1) as an oil (75 mg) as determined by
TH NMR analysis. Minor amounts (<10%) of uncharacterized products
are visible in the NMR spectrum.

Irradiation of Cyclohexadienone 19 at 366 nm. 19 (290 mg, 1.29
mmol) in benzene (25 mL) and furan (263 mg, 3.87 mmol) was irra-
diated through uranyl glass for 4.5 h. Concentration of the reaction
mixture gave a mixture of 20, 23, and 22 (3:1:2) as an oil (333 mg) as
determined by 'H NMR analysis. The '"H NMR spectrum of 23 was
identical to that previously reported.!

Irradiation of Cyclohexadienone 9a at 366 nm. 9a (105 mg) in
benzene (25 mL) was irradiated through uranyl glass for 3 h. Concen-
tration of the reaction mixture followed by flash chromatography (silica
gel, hexane—ethyl acetate, 3:1) gave 10 (27 mg, 26%). An analytical
sample was prepared by recrystallization from hexane—ethyl acetate to
give a white solid (mp 149-150 °C): '"H NMR (CDCl;) § 1.65-2.15 (m,
S H), 2.27 (m, 1 H), 2.57 (s, 1 H), 3.06 (m, 1 H),4.69 (t, 1 H,J =2
Hz), 587 (dd, 1 H, J =9 Hz, J = 1 Hz), 6.06 (dd, 1 H,J =9 Hz, J
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=6 Hz),6.19(d, 1 H, /=6 Hz), 6.34 (dd, 1 H,J = 6 Hz, / = 2 Hz);
IR (CHCl,) 3031, 2960, 2241, 1733 cm™; CIMS, m/z (relative intensity)
228 (M* + 1, 100).

Anal. Caled for C\,H,3sNO,: C, 73.99; H, 5.77. Found: C, 74.07;
H, 5.68.

6-endo-Cyano-6-[3'-(2-furyl) propylbicyclo{3.1.0Jhex-3-en-2-one (8 mg,
8%) also was isolated (oil); 'H NMR (CDCl,) § 1.52-1.74 (m, 2 H),
1.90-2.08 (m, 2 H), 2.29 (d, 1 H, J = 5 Hz), 2.67-2.77 (m, 3 H),
6.02-6.10 (m, 2 H), 6.29 (t, 1 H, J = 2 Hz), 7.31 (s, 1 H), 7.59 (m, |
H); IR (film) 2928, 2238, 1703, 1571 cm™; EIMS, m/z (relative in-
tensity) 227 (M, 1), 147 (67), 81 (100).

Irradiation of 6-endo-Cyano-6-[3'-(2-furyl) propyljbicyclo{3.1.0]hex-3-
en-2-one at >300 nm. The bicyclohexenone (10.5 mg) in benzene (15
mL) was irradiated through Pyrex glass for 5 h. Concentration of the
reaction mixture gave 10 as determined by 'H NMR analysis.

Irradiation of 6-endo-Cyano-6-[3'-(2-furyl)propylbicyclo{3.1.0Jhex-3-
en-2-one at 366 nm. The bicyclohexenone (8 mg) in chloroform-d (1.5
mL) was irradiated through uranyl glass for 3.25 h. '"H NMR analysis
of the reaction mixture showed that 10 was the major photoproduct.

Irradiation of Cyclohexadienone 28 at >300 nm. 28 (595 mg) in
benzene (80 mL) was irradiated through Pyrex glass for 9 h. Removal
of solvent in vacuo gave 567 mg of an oil. Flash chromatography (silica
gel, hexane-cthyl acetate, 4:1) gave phenol 31 (111 mg, 19%) as an oil:
'H NMR (CDCl,) 5 1.88 (qn, 2 H, J = 8 Hz), 2.67 (t, 2 H, J = 7 Hz),
290 (t,2H, /=8 Hz),3.80 (s, 3 H), 3.86 (s, 3H),6.00(d, 1 H,J =
3 Hz), 6.27-6.31 (m, 2H),6.34(d, 1 H,/J=3Hz),731(d,1 H,J =
2 Hz), 11.74 (s, 1 H, D,0 exchangeable); IR (film) 3350-2820, 1722
(weak) 1645, 1612, 1564 cm™!; CIMS, m/z (relative intensity) 291 (M*
+ 1, 100).

Anal. Caled for C;sH305: C, 66.19; H, 6.25. Found: C, 66.14; H,
6.17.

Phenol 32 (13 mg, 2%) also was obtained as an oil: 'H NMR (CD-
Cl;) 6 1.90 (qn, 2 H, J = 8 Hz), 2.56 (t, 2 H, / = 8 Hz), 2.64 (t, 2 H,
J =7 Hz), 3.77 (s, 3 H), 3.84 (s, 3 H), 5.17 (br 5, 1 H, D,0 ex-
changeable), 598 (d, 1 H, J = 3 Hz), 6.24-6.31 (m, 3 H), 7.30 (m, 1
H); IR (film) 3560-3100, 2952, 1698, 1600 cm™!; CIMS, m/z (relative
intensity) 291 (M™* + 1, 100).

Anal. Calced for C\sH305: C, 66.19; H, 6.25. Found: C, 66.03; H,
6.09.

Cycloadduct 34 (84 mg, 14%) was obtained as a solid (mp 126-128
°C); '"H NMR (CDCl,) 6 1.60-2.14 (m, 5 H), 2.28 (m, 1 H), 2.35 (d,
1 H, J = 2 Hz), 2.94 (m, 1 H), 3.60 (s, 3 H), 3.65 (s, 3 H), 4.60 (dd,
1H,J=3Hz,J=2Hz),486(d,1 H,J=7Hz),606(d, 1 H,J=
6 Hz), 6.30 (dd, 1 H, J = 6 Hz, J = 2 Hz); IR (film) 2950, 1720, 1635
cm™!; CIMS, m/z (relative intensity) 291 (M* + 1, 100), 259 (23).

Anal. Calced for C;sH305: C, 66.20; H, 6.25. Found: C, 66.26; H,
6.12.

Cycloadduct 33 (<5%) was obtained as a solid (mp 117-119 °C): 'H
NMR (CDCl;) 6 1.48-2.09 (m, 6 H), 2.76 (s, 1 H), 2.90 (d, 1 H, J =
2 Hz), 3.60 (s, 3 H), 3.64 (s, 3 H), 4.75-4.80 (m, 2 H), 6.15 (d, 1 H,
J =6 Hz), 6.27 (d, 1 H, J = 6 Hz); IR (film) 2950, 2928, 1730, 1635
cm™'; CIMS, m/z (relative intensity) 291 (M* + 1, 100).

Anal. Caled for C,4H,305: C, 66.20; H, 6.25. Found: C, 66.24; H,
6.15.

Bicyclohexenone 29 (178 mg, 30%) was obtained as an oil with
spectral data consistent with those previously reported.*®

Bicyclohexenone 30 (11 mg, 2%) was obtained as an oil: 'H NMR
(CDCl,) 6 1.55-2.03 (m, 4 H), 1.54-1.68 (m, 3 H), 2.86 (dd, 1 H, J =
6 Hz, J =1 Hz), 3.70 (s, 3 H), 3.77 (s, 3 H), 491 (t, 1 H, J = 1 Hz),
597 (d,1H,J=3Hz),6.26(dd,1 H,J=3Hz, J=2Hz), 7.28 (d,
1 H, J = 2 Hz); IR (film) 2950, 1725, 1690, 1588, 1440 cm™; CIMS,
m/z (relative intensity) 291 (M* + 1, 100).

Irradiation of Cyclohexadienone 28 at 366 nm. 28 (556 mg) in
benzene (80 mL) was irradiated through uranyl glass for 18 h. Removal
of solvent in vacuo gave 528 mg of an oil. Flash chromatography (silica
gel, hexane—ethyl acetate, 4:1) gave 31 (38 mg, 6%), 34 (106 mg, 19%),
33 (15 mg, 3%), 29 (246 mg, 44%), and 30 (25 mg, 4%).

Irradiation of Bicyclohexenone 29 at 366 nm. 29 (25 mg) in benzene
(5 mL) was irradiated through uranyl glass for 8 h. Removal of solvent
in vacuo gave 32 mg of an oil. No cycloaddition was visible from analysis
of the crude 'H NMR spectrum. Preparative TLC (silica gel, hexane—
ethyl acetate, 1:2) gave 29 (15 mg, 62%).

Irradiation of Bicyclohexenone 29 at >300 nm. 29 (246 mg) in
benzene (80 mL) was irradiated through Pyrex glass for 22 h. Removal
of solvent in vacuo gave 239 mg of an oil. Flash chromatography (silica
gel, hexane—ethyl acetate, 4:1) gave 31 (119 mg, 48%), 32 (26 mg, 11%),
33 (34 mg, 14%), and 29 (45 mg, 18%).

Extended Irradiation of Dienone 28 at >300 nm. 28 (543 mg) in
benzene (80 mL) was irradiated through Pyrex glass for 56 h. Removal
of solvent in vacuo gave 558 mg of an oil. Flash chromatography (silica
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gel, hexane—ethyl acetate, 4:1) gave 31 (186 mg, 34%), 32 (26 mg, 5%),
34 (124 mg, 23%), and 33 (57 mg, 10%).

4-(3’-Chloropropyl)-4-cyano-11-o0xo-10-oxatricyclo[3.3.2.1]undeca-
2,7-diene (13). 9b (244 mg, 1.25 mmol) in benzene (80 mL) and furan
(255 mg, 3.75 mmol) was irradiated through uranyl glass for 18 h.
Removal of solvent in vacuo gave 286 mg of an oil. Flash chromatog-
raphy (silica gel, hexane-ethyl acetate, 5:1) followed by preparative TLC
(silica gel, hexane—ethyl acetate, 1:1) gave 13 (70 mg, >85% pure, <20%
yield) and an unidentified byproduct. An analytical sample of 13 was
prepared by crystallization from pentane—ethyl acetate to give a white
solid (mp 108-109 °C): 'H NMR (CDCl,) § 1.81-2.04 (m, 4 H), 2.61
(s, 1 H), 2.96 (m, 1 H), 3.56 (t, 2 H, J = 6 Hz), 4.80 (5, 1 H), 5.30 (s,
1 H), 5.90-6.08 (m, 2 H), 6.31 (dd, | H,J = 6 Hz, J = 1 Hz), 6.42 (dd,
1H,J =6 Hz,J =1 Hz); IR (film) 2968, 2239, 1719 cm™; CIMS, m/z
(relative intensity) 264 (M™* + 1, 100), 237 (39), 196 (27).

Anal. Caled for C,,H,,CINO,: C, 63.76; H, 5.35. Found: C, 63.87;
H, 5.27.

Irradiation of Bicyclohexenone 11 at 366 nm. 11 (43 mg, 0.22 mmol)
in benzene (7 mL) and furan (45 mg, 0.66 mmol) was irradiated through
uranyl glass for 3.5 h. Removal of solvent in vacuo gave 61 mg of an

oil. Flash chromatography (silica gel, hexane-ethyl acetate, 2:1) followed
by preparative TLC (silica gel, hexane—ethyl acetate, 1:1) gave 13 (13
mg, 22%).

Irradiation of Bicyclohexenone 11 at >300 nm. 11 (34 mg, 0.17
mmol) in benzene (7 mL) and furan (35 mg, 0.52 mmol) was irradiated
through Pyrex glass for 1.5 h. Removal of solvent in vacuo gave 38 mg
of an oil. Flash chromatography (silica gel, hexane—ethyl acetate, 2:1)
followed by preparative TLC (silica gel, hexane—ethyl acetate, 1:1) gave
13 (7 mg, 16%).
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Abstract: We have shown that the A%-desaturase of Saccharomyces cerevisiae can behave as a regio- and enantioselective
oxygenating agent. The stereochemistry of oxygenation matches that of hydrogen removal in the desaturation process. Thus
methyl 9-thiastearate S-oxide (>96% ee), obtained via incubation of the corresponding sulfide with S. cerevisiae ATCC 12341,
was shown to possess the R configuration. (R)-Methyl 10-thiastearate S-oxide (91% ee) was produced from the corresponding
sulfide via the same catalytic system although less efficiently. (S)-(+)-a-Methoxyphenylacetic acid was used as a chiral NMR
shift reagent to determine the optical purity and absolute configuration of these quasisymmetrical dialkyl sulfoxides. (S)-
S-Benzyl-8-mercaptooctanoic acid methyl ester S-oxide was obtained by A°-desaturase-mediated sulfoxidation in 40~50% isolated
yield and with high enantioselectivity (>98% ee). The absolute configuration was established by synthesizing both optical
antipodes of benzyl decyl sulfoxide from the corresponding diastereomeric menthyl phenylmethanesulfinates. The correlation
was then established by polarimetry, circular dichroism, and chiral shift reagent '"H NMR. S-Benzyl-9-mercaptononanoic
acid methyl ester S-oxide (88% ee) was produced far less efficiently and was also shown to have the S configuration. In both
the dialkyl and benzyl series, sulfoxidation at the 9-position is consistently more efficient than at the 10-position, which seems

to indicate that dehydrogenation of stearoyl CoA is initiated at C-9.

Introduction

As part of a research program directed at understanding un-
usual enzymatic processes, we have been interested in a
“superfamily” of biological catalysts known as the desaturases.
The prototypical desaturase-mediated reaction is the “syn”
9,10-dehydrogenation of stearoyl CoA, which occurs in a wide
variety of biological species and plays a pivotal role in the aerobic
production of unsaturated lipids,! This process is catalyzed by
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an O,-dependent, non-heme iron protein which acquires its re-
ducing equivalents from NAD(P)H via a NAD(P)H reductase
and an intermediary electron-transfer protein such as cytochrome

(1) Cook, H. In Biochemistry of Lipids and Membranes, Vance, D. E,,
Vance, J. E., Eds.; The Benjamin Cummings Publishing Co. Ltd.: Menlo
Park, CA, 1985; pp 191-203.
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bs. A topographical model, based on sequence information, has
recently been constructed for the A%-desaturases of rat liver and
Saccharomyces cerevisiae.? However, precise information about
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