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derived carboxylic acid as shown in the ORTEP structure
in Figure 1 (mp 189.5-190.5 °C, 82% overall yield from
6).

In conclusion, we have developed an exceptionally short
synthesis of the taxane ring system founded on the A +
C — AC — ABC approach conceptualized in Scheme I. In
particular, we have accomplished the first stereocontrolled
ring closure of the central eight-membered ring in the key
AC — ABC step by exploiting our versatile Claisen-rear-
rangement-based methodology for the preparation of
carbocycles. The synthesis and connection of more highly
functionalized A and C rings suitable for the synthesis of
taxol is now justified and is in progress.
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(16) Crystal data: Co0Hj304; M 334.46; monoclinic, space group P2,/c;
a=13.255 (3) A, b =9.956 (4) A, c = 13.870 (T) A, 3 = 94.00 (3)°, V =
1825.9 A3 Z = 4; D g q = 1.217 g cm™3;, Mo Ka radiation, A = 0.71073 A,
u = 0,78 cm™; 1957 observed reflections [I > 3 a(I)] collected on an
Enraf-Nonius CAD-4 diffractometer using a w/26 scan method and var-
iable scan speed to a g, = 25°; the structure was solved by direct
methods and refined by full-matrix least-squares calculations to a con-
ventional R = 0.038 (R,, = 0.047).
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Stereoselective Total Synthesis of the Antitumor
Antibiotic (-)-Bactobolin

Summary: The first total synthesis of the biologically
active microbial metabolite bactobolin (2) has been
achieved. An efficient, stereoselective route to 2 in 16 steps
from previously prepared a-keto lactone 3 is outlined.

Sir: Actinobolin (1)! and bactobolin (2)? are members of
a small class of microbial natural products® which show

(1) Isolation and structure: Haskell, T. H.; Bartz, Q. R. Antibiot.
Annu. 1959, 505. Antotz, F. J.; Nelson, D. B.; Herald, D. L., Jr.; Munk,
M. E. J. Am. Chem. Soc. 1970, 92, 4933. Wetherington, J. B.; Moncrief,
J. W. Acta Crystallogr., Sect. B 1975, B31, 501.

(2) Isolation and structure: Kondo, S.; Horiuchi, Y.; Hamada, M.;
Takeuchi, T.; Umezawa, H. J. Antibiot. 1979, 32, 1069. Ueda, L.; Mu-
nakata, T.; Sakai, J. Acta Crystallogr., Sect. B 1980, B36, 3128. Muna-
kata, T.; Ikeda, Y.; Matsuki, H.; Isagai, K. Agric. Biol. Chem. 19883, 47,
929.

(3) For some additional closely related compounds, see: Okumoto, T'.;
Kontani, M.; Hoshino, H.; Nakanishi, M. J. Pharmacobio-Dyn. 1980, 3,
1717.
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broad spectrum antibiotic activity* as well as significant
inhibitory effects against various leukemias.>> Bactobolin

'
>

H H O H o

1 R=MeR=H
2 R=CHCl, R'=Me

is the more interesting of the two compounds due to its
superior antitumor activity® and its more complex struc-
ture bearing an unusual dichloromethyl group. Several
groups have reported approaches to the total synthesis of
actinobolin (1),” including one from these laboratories.?
We now describe the first total synthesis of bactobolin (2)
utilizing an efficient variation of the strategy which we
previously applied to 1.8

In analogy with our actinobolin synthesis® a key step was
the anticipated stereoselective reduction of a C-4 imine to
introduce the amino substituent. However, the choice of
an appropriate protecting group for nitrogen was not
straightforward and proved to be frustrating and quite
time consuming. Based upon early studies,’ we knew that
N-acyl protection was not compatible with several trans-
formations within our synthetic approach.!® It was finally
determined that the [8-(trimethylsilyl)ethyl]sulfonyl (SES)
group!! was suitable. Thus, racemic a-keto lactone 3%
(Scheme I) was converted to an N-sulfonyl imine with the
N-sulfinyl compound'? derived from g-(trimethylsilyl)-

(4) (a) Pittillo, R. F.; Fisher, M. W,; McAlpine, R. J.; Thompson, P.
E.; Ehrlich, J. Antibiot. Annu. 1959, 497. (b) Hunt, D. E.; Navia, J. M,;
Lopez, H. J. Dent. Res. 1971, 371. (c) Munakata, T. Yakugaku Zasshi
1981, 101, 138.

(5) Merker, P. C.; Woolley, G. W. Antibiot. Annu. 1959, 515, Teller,
M. N.; Merker, P. C.; Palm, J. E.; Woolley, G. W. Ibid. 1959, 518. Sugiura,
K.; Reilly, H. C. Ibid. 1959, 522. Smithers, D.; Bennett, L. L.; Struck, R.
F. Mol. Pharm. 1969, 5, 433. Munakata, T.; Okumoto, T. Chem. Pharm.
Bull. 1981, 29, 891.

(6) Hori, M.; Suzukake, K.; Ishikawa, C.; Asakura, H.; Umezawa, H.
J. Antibiot. 1981, 34, 465.

(7) (a) Yoshioka, M.; Nakai, H.; Ohno, M. J. Am. Chem. Soc. 1984,
106, 1133. Yoshioka, M.; Nakai, H.; Ohno, M. Heterocycles 1984, 21, 151,
(b) Rahman, M. A_; Fraser-Reid, B. J. Am. Chem. Soc. 1985, 107, 5576.
(¢) Askin, D.; Angst, C.; Danishefsky, S. J. Org. Chem. 1985, 50, 5005.
Askin, D.; Angst, C.; Danishefsky, S. Ibid. 1987, 52, 622. (d) Kozikowski,
A. P.; Konoike, T.; Nieduzak, T. R. J. Chem. Soc., Chem. Commun. 1986,
1350. Kozikowski, A. P.; Nieduzak, T. R.; Konoike, T.; Springer, J. P.
J. Am. Chem. Soc. 1987, 109, 5167.

(8) Garigipati, R. S.; Tschaen, D. M.; Weinreb, S. M. J. Am. Chem.
Soc. 1985, 107, 7790.

(9) Tschaen, D. M. Ph.D. Thesis, The Pennsylvania State University,
1984.

(10) (p-Methylbenzyl)sulfonyl (PMS) nitrogen protection, as was used
for actinobolin,”® proved unrewarding. PMS-protected bactobolamine
i was prepared by a variation of the total synthesis described in this
paper, but despite intensive effort this group could not be removed
without destruction of the molecule.
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(11) Weinreb, S. M.; Demko, D. M.; Lessen, T. A.; Demers, J. P.
Tetrahedron Lett. 1986, 27, 2099.

(12) Bussas, R.; Kresze, G.; Munsterer, H.; Schwobel, A. Sulfur Rep.
1983, 2, 215.
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ethanesulfonamide, and this intermediate was reduced
stereoselectively with sodium cyanoborohydride to afford
a-sulfonamido lactone 4 (80%). Epoxidation of 4 gave a
1.8:1 mixture of epoxide stereoisomers 5 (100%), which was
solvolyzed to the diaxial diol 6. The lactone functionality
of 6 was opened with the aluminum amide reagent pre-
pared from trimethyl aluminum and N,O-dimethyl-
hydroxylamine,'® and the resulting triol was protected as
the silyl acetonide 7 (65% from 5). Addition of methyl
Grignard reagent to 7 provided keto alcohol 8 (88%) after
desilylation. Compound 8 possesses four of the five chiral
centers of bactobolin, and the methyl ketone group pro-

(13) Basha, A.; Lipton, M.; Weinreb, S. M. Tetrahedron Lett, 1977,
4171,
(14) Nahm, S.; Weinreb, 8. M. Tetrahedron Lett. 1981, 22, 3815.

vides a handle for introduction of the dichloromethyl group
at C-3.

Addition of (dichloromethyl)lithium?5 to 8 afforded only
intractable material. However, if the lithium reagent was
first treated with an equivalent of cerium trichloride!®
addition to the ketone occurred smoothly to provide the
single stereoisomer 9, along with some unreacted 8, pre-
sumably due to enolization of the methyl ketone (60%
conversion, 90% yield). The structure of 9 was proven by
its eventual conversion to bactobolin. The stereochemistry
in 9 is consistent with a Cram chelation controlled addition

(15) Kobrich, G.; Flory, K.; Drischel, W. Angew. Chem., Int. Ed. Engl.
1964, 3, 513.

(16) Imamoto, T.; Kusumoto, T.; Tawarayama, Y.; Sugiura, Y.; Mita,
T.; Hatanaka, Y.; Yokoyama, M. J. Org. Chem. 1984, 49, 3904.
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of an organocerium reagent to a-sulfonamido ketone 8.

The next stage of the synthesis involved introduction
of the carboxyl carbon (C-1) of the enol lactone function
of 2. Alcohol 9 was first oxidized to ketone 10 (90%)
(Scheme II). Not surprisingly, acylation of the tertiary
hydroxy! group of 10 with a variety of phosgene-based
reagents proved exceedingly difficult. However, it was
eventually found that upon treatment of 10 with methyl
chloroformate in triethylamine in the presence of 4-
pyrrolidinopyridine, cyclic carbamate 11 was produced
(80%). This compound is probably formed via initial
acylation of the sulfonamide nitrogen, followed by intra-
molecular closure onto the hydroxyl group.

Exposure of 11 to methanolic sodium methoxide yielded
the desired enol lactone 13 (70%). It would appear from
inspection of models that direct C-acylation of an enolate
derived from 11 is not possible. We believe that cyclic
carbamate 11 is first opened by methoxide to carbonate
12. Moreover, the alkoxide base generates an equilibrating
enolate mixture, of which only the regioisomer shown in
12 can undergo intramolecular acylation.

The SES protecting group of 13 was removed with
fluoride!! and acidification upon workup hydrolyzed the
acetonide moiety (45-50%). The resulting racemic amino
diol 14 was acylated with N-Cbz-L-alanine and the dia-
stereomers were separated by preparative TLC on silica
gel (30% isolated yield of each isomer). Hydrogenolysis
of the Cbz group (80%) afforded (-)-bactobolin (2), which
was identical with an authentic sample.'’® We have thus
completed a totally stereoselective synthesis of bactobolin
in sixteen steps from readily available a-keto lactone 3.
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Dioxygen-Promoted Cation Radical Reactions in
Bronsted Acids

Summary: Contrary to previous reports, the trifluoroacetic
acid promoted cis — trans isomerizations of 1-p-anisyl-2-
phenyleyclobutane and 1,2-di-p-anisylcyclopropane are not
proton catalyzed; results are presented suggesting that
cation radical reactions can be initiated in Bronsted acids
when dioxygen is present.

Sir: The difficulties in distinguishing cation radical ca-
talysis from Bronsted acid catalysis under aminium ion
initiation have been the subject of recent discussion in the
literature.! For example, Gassman and Singleton have
suggested that several aminium ion initiated Diels—Alder
reactions are, in fact, catalyzed by adventitious acid which

(1) (a) Gassman, P. G.; Singleton, D. A. J. Am. Chem. Soc. 1984, 106,
6085. (b) Gassman, P. G.; Singleton, D. A. JJ. Am. Chem. Soc. 1984, 106,

7993. (c) Reynolds, D. W.; Lorenz, K. T.; Chiou, H.-S.; Bellville, D. J.;

Pabon, R. A,; Bauld, N. L. J. Am. Chem. Soc. 1987, 109, 4960.

is produced in the reaction mixture.!»® We demonstrate
here the inverse of this experiment, namely, that cation
radical reactions can apparently be initiated in Bronsted
acids when dioxygen is present.

The trifluoroacetic acid promoted stereomutations of
cis-1-p-anisyl-2-phenylcyclobutane (1) and c¢is-1,2-di-p-
anisylcyclopropane (2) have both been claimed to be
proton-catalyzed reactions.2 We were naturally concerned
with these reports because of our work® on the cis — trans
isomerization of 1-p-anisyl-2-vinylcyclopropane catalyzed
by one-electron oxidants, including the aminium ion salt
p-BrPh;N** SbF;~. We excluded an acid-catalyzed
mechanism for this reaction by showing that the addition
of 2,6-di-tert-butylpyridine did not prevent the isomeri-
zation. Our work, coupled with the long-known propensity
for cation radical formation in Bronsted acids,* prompted
us to reinvestigate the reaction mechanisms for the tri-
fluoroacetic acid promoted isomerizations of 1 and 2.
Especially relevant was the report by Shine and Piette that
dioxygen was necessary for the one-electron oxidation of
thianthrene in trifluoroacetic acid.>” A similar observation
has been made for one-electron oxidations in trifluoro-
methanesulfonic acid.%’ Thus our initial goal was to de-
termine if the presence of dioxygen affected the isomeri-
zations of 1 and 2.

We first verified that 1° is indeed isomerized to 8 in
distilled trifluoroacetic acid when no special precautions
are made to exclude dioxygen. Our isomerization half-life
in trifluoroacetic acid-d (3.25 h at 25 °C) was noticeably
different, however, from that reported earlier (5.25 h at
25 °C).22 This discrepancy was easily rationalized by the

CH30

following series of experiments. When degassed® CF;C0O,D
was vacuum transferred into an NMR tube containing 1
and sealed, the isomerization was dramatically slower.
For example, after 12 days no trans isomer was detected
by 'H NMR.X® Only after much longer reaction times was
a small amount of isomerization observed (5.2% after 32
days). The deuteriation of the p-anisyl ring,?® however,
was not affected by degassing. The rate of deuterium
incorporation into the p-anisyl ring of trans cyclobutane

(2) (a) Flippin, L. A.; Dombroski, M. A. J. Am. Chem. Soc. 1986, 108,
4661. (b) Flippin. L. A. Ph.D. Thesis, University of Colorado, Boulder,
1980.

(3) Dinnocenzo, J. P.; Schmittel, M. J. Am. Chem. Soc. 1987, 109,
1561

(4) Bard, A. J.; Ledwith, A.; Shine, H. J. Adv. Phys. Org. Chem. 1976,
13, 155.

(5) Shine, H. J.; Piette, L. J. Am. Chem. Soc. 1962, 84, 4798.

(6) Yang, G. C.; Pohland, A. E. J. Phys. Chem. 1972, 76, 1504.

(7) For discussions on the mechanism of electron transfer, see: (a) Ij
Aalbersberg, W.; Hoijtink, G. J.; Mackor, E. L.; Weijland, W. P. J. Chem.
Soc. 1959, 3049. (b) Ij Aalbersberg, W.; Gaaf, J.; Mackor, E. L. J. Chem.
Soc. 1961, 905. (c) Akaba, R.; Sakuragi, H.; Tokumaru, K. Tetrahedron
Lett. 1984, 665.

(8) 1 was prepared as follows. Condensation (Lawson, J. E.; Dennis,
R. D.; Majewski, R. F.; Gallo, D. G. J. Med. Chem. 1974, 17, 383) of
p-methoxyphenacyl bromide with ethyl benzoylacetate provided 1-p-
anisoyl-2-benzoylethane. This substance was reductively coupled
(Baumstark, A. L.; Bechara, E. J. H.; Semigran, M. J. Tetrahedron Lett.
1976, 3265) to give 1-p-anisyl-2-phenylcyclobutene which was, in turn,
hydrogenated (Dodson, R. M.; Zielske, A. G. J. Org. Chem. 1967, 32, 28.)
to give 1.

(9) The degassing procedure consisted of four to six successive
freeze—pump (2 X 107® Torr)-thaw cycles.

(10) Our 'H NMR detection limits are ca. 2%.
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