(C/D trans) isomers.!? To test whether an intermediary tri-
cyclic hydrocarbon, namely 15, was similarly involved in the
formation of the 13« (C/D cis) isomers produced in the cy-
clization of the substrate 1, the substance 2, with a deuterium
label at pro C-14, was prepared.!3 The tetracyclic products
3 and 5 from the cyclization of the substrate 2 were separated
and analyzed by mass spectrometry which showed that both
isomers had retained >97% of their deuterium label. This re-
sult precludes the possibility of the intermediacy of 15 in the
formation of the 13« (C/D cis) isomer.

In attempting to rationalize the fact that the phenylacetyl-
enic terminator favors formation of 13« (C/D cis) isomers
relative to the styryl terminator, we have entertained the pos-
sibility that the lower steric requirement of the former facili-
tates axial approach to the tricyclic cation 16. A difference in
the angle of attack on the sp! vs. the sp? carbon by the cationic
center may also be a factor.!4

Conclusions. In polyene cyclization of the type under con-
sideration here, we feel that high stereoselectivity to form 133
(C/D trans) products having natural configuration will be
realized with olefinic terminators, provided that these bonds
are sufficiently nucleophilic to react with the incipient cationic
center of the tricyclic species (cf. formula 16) faster than de-
protonation occurs to form a tricyclic olefin (which, as shown
above in the case of 14, leads to 13« isomers by a reprotonation
mechanism).!® In addition to the styryl group, a number of
other olefinic terminators appear to give highly stereoselective
cyclizations and we plan to report on these subsequently.
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Epoxidation of Olefins with Carbonyl Oxides
Sir:

We report that carbonyl oxides, e.g., 1, produced via singlet
oxygen oxidation of diazo compounds, can epoxidize olefins.

The oxidation of the diazo compound can be carried out by
both photosensitized and triphenyl phosphite ozonide methods.

o 0

: s
(CH;),COO- (CH,0%P (CeH,)C
N\ N\

1 00- 0
2 3

This method of producing carbonyl oxides and studying their
reactions with olefins avoids many of the complicating factors
of olefin ozonolysis, including the strong competition of al-
dehydes for carbony! oxides. These results confirm the earlier
suggestion of Kwart and Hoffman! that carbonyl oxides ob-
tained under nonozonolysis conditions will act as epoxidizing
agents.

Hamilton has suggested? that certain reactions catalyzed
by the monooxygenase enzymes (MOX) occur via an oxygen
atom transfer mechanism which he termed an oxenoid mech-
anism. Hamilton and co-workers subsequently showed? that
carbonyl oxides, produced by oxidizing 9-diazofluorene and
diphenyldiazomethane, serve as models for MOX in that they
are capable of oxidizing hydrocarbons to alcohols and carbonyl
compounds. In addition, there have now been several re-
ports!4-1! of olefin epoxidation with carbonyl oxides. In all of
these cases, the carbonyl oxides were produced under ozonol-
ysis conditions. Wasserman and Miller!2 have invoked epox-
idation via a carbonyl oxide in order to explain an epoxide
product in the photosensitized oxygenation of a pyrrole. Use
of the nonozonolysis source of carbonyl oxides has permitted
us to show that such epoxidations are a general reaction. This
observation and our earlier report!3 that carbonyl oxides,
similarly produced, can oxidize an aromatic hydrocarbon add
further support to the suggestion of Hamilton3-° that these
intermediates serve as useful chemical models for the
MOX.

The suggestion that photooxidation of diazo compounds
could prosuce carbonyl oxides was first made by Kirmse et
al.'4 The possibility was subsequently confirmed by Bartlett
and Traylor!'® and Hamilton and Giacin.? We earlier had
shown!¢:!7 that carbonyl oxides so produced can be trapped
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Table I, Resuits of Olefin Epoxidations

epoxide
olefin stereo-
olefin reaction consumed,  epoxide chemistry
(mmol)  conditions mmol yield, % (cis/trans)
\/=\/
(2.91) A“ 0.28 10.4 84/16
(3.12) B¢ 0.38 5.9 88/12
(3.01) Ce 1.36 32 55/45
(3.0) D¢ 1.12 0.9 18/82
(3.0) Ee¢ 0
(3.0) F/ 0
BN
-~
(3.0)¢ A¢ 0.19 2.6 0/100
(3.0)¢ Ce 0.65 7.8 12/88
(2.51) A 0.17 24 0/100
(2.51) B 0.23 12.8 0/100
(3.0) C 0.73 4.2 0/100
(3.0) D 0.6 2.2 0/100
(3.0) E 0
(2.51) F 0.24 34 0/100
(3.0) Gh 0
(3.04) A 0.15 26.7 96/4
(3.04) B 0.10 15 93/7
(3.04) C 0.54 4.3 69/31
(3.05) D 0.25 1.2 54/46
(2.98) F 0.24 4.2 75/25

@ Reaction was performed by adding a CH,Cl; solution of olefin
and diphenyldiazomethane at —90 °C to a solution of triphenyl
phosphite ozonide at —96 °C and then allowing the mixture to warm
up to room temperature. & Reaction was performed by adding a cold
(—50 °C) solution of triphenyl phosphite ozonide to a 0 °C CH,Cl»
solution of olefin and diphenyldiazomethane. ¢ Reaction was per-
formed by photooxidizing diphenyldiazomethane in CH,Cl5 solution
in the presence of the olefin and using ®-Rose Bengal as sensitizer.
¢ Photolysis control reaction using benzophenone and no diazo com-
pound. ¢ Photolysis control reaction using only light, oxygen, and
sensitizer. / Phosphite ozonide control reaction was conducted the
same as A except no diazo compound was present. & Starting olefin
gives a cis/trans epoxide ratio of 3.4/96.6 when treated with m-
chloroperbenzoic acid. # Phosphite ozonide control reaction was the
same as B except no diazo compound was present.

by aldehydes to give ozonides, and that the efficiency of car-
bonyl oxide production can be greatly improved by using sin-
glet oxygen to oxidize the diazo compounds. '3

In a typical epoxidation experiment diphenyldiazomethane
(1.17 g, 6 mmol) was photooxidized'® in the presence of cis-
3-hexene (252 mg, 3 mmol) in methylene chloride solution
using (®-Rose Bengal®! (50 mg) as sensitizer. The diazo
compound was added to the photolysis vessel in six aliquots
with each aliquot added only after the red color of the pre-
ceding addition had disappeared.2? After the sensitizer beads
were filtered off, the volatile material was pumped into a liquid
nitrogen trap and analyzed by GLC. The results of this and
similar experiments are shown in Table 1.

The oxidations were also accomplished using triphenyl
phosphite ozonide as a source of singlet oxygen.23 These ex-
periments were carried out in two different sets. In one set the
diazo compound was added to a cold (—70 °C) solution of the
triphenyl phosphite ozonide (direct addition). In the second
set (reverse addition) the cooled (—50 °C) ozonide solution was
added to a solution of the diazo compound maintained at 0 °C.,
The results of these experiments are also shown in Table 1.

The epoxidation via the carbonyl oxide is partially stereo-
specific; trans olefins give trans epoxides while cis olefins give
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mainly cis epoxides. This stereochemistry is the same as that
observed by Hamilton and Keay*> when the carbonyl oxide
used was derived from alkyne ozonization.

Since benzophenone is a product of the diazo compound
oxidations and some of our reactions were run under photolysis
conditions, it became necessary to run additional control re-
actions. Shimizu and Bartlett?* have shown that olefins can
be epoxidized by intermediates produced from excited carbonyl
compounds (including benzophenone) and oxygen. When
photochemical reactions, using only benzophenone,?® are run
on some of the olefins used in this study, then small amounts
of epoxide are formed.

That such reactions are not responsible for the major portion
of epoxide formed in the diazo compound oxidation reactions
can be seen from examining the data in Table 1. In addition to
the fact that the control reactions using only benzophenone give
much lower epoxide yields, the stereochemistry of the epox-
idation is different. Thus, for example, cis-3-hexene gives an
84/16 (cis/trans) epoxide ratio when epoxide is produced using
phosphite ozonide and diazo compound, but gives a ratio of
18/82 when benzophenone alone and photolysis conditions are
used.

The epoxide cis/trans ratio obtained (55/45) from cis-3-
hexene when singlet oxygen is produced photochemically is
different from that obtained (84/16) using phosphite ozon-
ide.2® A contribution from the benzophenone-mediated ep-
oxidation would be expected to alter the cis/trans epoxide ratio
in favor of trans epoxide, but the expected extent of this reac-
tion (Table 1) indicates that it cannot be solely responsible for
the observed ratio. Recent theoretical calculations?7-2¢ indicate
that the carbonyl oxide should exist as a planar singlet dirad-
ical, 1, in its lowest energy state. The calculations also indicate
the availability of several other low-lying states. We have
shown that use of the phosphite ozonide oxidation method plus
irradiation alters the epoxide cis/trans ratio toward that ob-
tained in the photosensitization experiments. These results
could indicate that more than one state of the carbonyl oxide
is involved in the epoxidation reaction under some conditions.
The possible intervention of several states of the carbonyl oxide,
which states lead to different chemical outcomes, has a po-
tentially dramatic implication for reactions involving carbonyl
oxides, including the ozonolysis reaction. We are presently
investigating such possibilities.

We have also obtained some data which indicate that tri-
phenyl phosphite ozonide itself may act as an epoxidizing re-
agent. In the case of trans-2,5-dimethyl-3-hexene a small
amount of epoxide is obtained in the absence of diazo com-
pound.?® Hamilton and Keay® have reported a similar result
when cyclohexene is treated with the triphenyl phosphite
ozonide. These latter reactions could be occurring via an in-
termediate, 2, which is somewhat analogous to that (3) which
Shimizu and Bartlett have suggested for the benzophenone-
oxygen epoxidation reactions.

At this time it is not clear why epoxidations occurring with
the carbonyl oxide are more stereospecific than those appar-
ently occurring via 1 or 2.

It should also be noted that stereospecific production of
epoxides which has been observed to accompany some ozon-
olysis reactions may be due to reactions of carbonyl oxides with
olefins and not to reactions of ozone with the olefin as previ-
ously suggested.!’
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Epoxide yields are based on olefin consumed. These reactions are also
accompanied by the competing singlet oxygen ene reaction. We have
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conditions. The higher yields obtained in the phosphite ozonide direct ad-
dition cases probably indicates that a bimolecular reaction between the
ozonide and diazo compound occurs to give the carbonyl oxide. To the
extent that this is true there is less opportunity for the competing ene re-
action to occur.
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A Stereocontrolled Total Synthesis
of (£)-Hirsutic Acid C
Sir:
We report the first fully stereocontrolled synthesis of (&)-
hirsutic acid C (1), a representative of a novel tricyclic

sesquiterpene class whose members possess antibiotic and
antitumor activity.'v2 The key structural problem is the cre-

11 2. R=-H
Ho2 20 R = ChyCatH
4

R -
1 e R = CHpoecoo g

ation of four of the seven chiral centers (C(2), C(3), C(9), and
C(11)) since it has been shown these four centers allow ulti-
mate control of the remaining three.22 Using a rigid bridged
bicyclic template, these four centers are introduced with the
correct relative stereochemistry and then the polycycle is un-
raveled to reveal the skeleton of hirsutic acid. Two intramo-
lecular Michael reactions create the key polycycle 13.
Adaptability of this route toward a chiral synthesis is also il-
lustrated.

4-Cyanocyclohexanone ketal (2) is smoothly alkylated with
1-trimethylsilylpropargyl bromide (LiN(C3;H7-i),, THF, =30
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°C) to give after desilylation (KOH, CH3OH) crystalline
cyano ketal 3, mp 75-76 °C, in 88% yield. Conversion of 3 to
the acetylide ion (LDA, TMEDA, THF, —78 °C) must be
done with careful maintenance of the low temperature to avoid
elimination of cyanide. The acetylide is smoothly carboxylated
(CO; and then CH;,N,) to give 4° and the ketal hydrolyzed
(PhH, 2.5% aqueous HCI, H,O, reflux, 6 h) to give cyclo-
hexanone 5,34 mp 99-101 °C, in 88% yield. While use of
acetylenes as Michael acceptors has been rather restricted, they
are in fact excellent substrates.® Thus, subjection of 5 to tri-
ethylamine (4-8 equiv) in refluxing toluene for 12 h gives keto
enoate 6,>* mp 115-116 °C, in 65-70% yield. The stereo-

i N
Q
e = —0CH3 o " Y
2 &

005CH;

chemistry of the double bond is proposed as E on the basis of
the proton at C(1) appearing at 6 3.46, whereas in the very
minor Z isomer (<5%) this proton appears at 6 4.39—the
difference reflecting the additional deshielding by the ester
carbonyl group. This reaction establishes the stereochemistry
of C(2) and C(11) of hirsutic acid C since C(1) and C(5) of
6 become these carbons in 1. Hydrogenation (5% Pd/BaCO;,
1 atm, C;HsOH-C,;HsOAc, 80%) of enoate 6 from the exo
face establishes the stereochemistry of C(7) in the saturated
keto ester 7,> mp 90-92 °C, as shown; this stereochemistry
translates into C(9) of hirsutic acid C. Subjecting the keto ester
7 to the Reformatsky reaction (BrZnCH,CO,C;,Hs, PhH-
cther, reflux, 15 min) confirms the stereochemistry of 7 since
only the lactone 83 is observed. Subjection of lactone 8 to 0.5
M methanolic sodium methoxide at room temperature for 3
h effects ring opening and transesterification to give acid 9,346
mp 141-146 °C, in 77% overall yield from 7 in which the
chemical differentiation of the three functional groups is
maintained. Selective reduction of the acid (BH3;-THF, 0 °C,
75%) and acetylation (AcyO, pyridine, RT, 89%) generates
acetate 103 which is subjected to bromination (NBS, CCly,
reflux, 30 min), dehydrobromination (LiBr, Li;CO3;, DMF,
130 °C, 20 min) and hydrolysis (K,CO3;, CH30H, 0°C, 2 h)
without isolating any intermediates to give the dienoate 113.46
in 79% yield from enoate 10. Oxidation of the alcohol 11 to the
aldehyde 123 (CsHsN*HCrO;Cl-, CH,Cl,, RT, 60-80%) sets
the system up for the second critical Michael reaction.

In situ formation of an acyl anion equivalent for an intra-
molecular Michael reaction was achieved with 2.3 equiv of
3,4-dimethyl-5-(2’-hydroxyethyl)thiazolium iodide’ and 50
equiv of triethylamine in refluxing 2-propanol for 5 h to give
directly the critical tricyclic ketone 13,4 mp 118-119 °C, in
67% yield. At this point, the four centers (C(2), C(3), C(9),
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and C(11)) of hirsutic acid which correspond to C(9), C(1),
C(6), and C(4), respectively, of ketone 13 have been estab-
lished with correct relative stereochemistry. With the problem
of stereochemistry solved, the polycycle must now be unfolded
to reveal the hirsutic acid system.
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