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Scheme III°
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13 R = NCCH,CH;
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¢Key: (a) Bis(2-cyanoethyl) chlorophosphite, pyridine, 3-
hydroxypropionitrile, 25 °C; (b) 30% aqueous H,0,, CH,Cl,, 25
°C; (¢) DBU, TMSC], CH,Cl,, 25 °C.

component consumed a disproportionate amount of alcohol
10, forming a mixed chlorophosphite diester (Scheme III).
Upon aqueous workup, this intermediate hydrolyzed and
tautomerized to an unutilizable H-phosphonate byproduct.
This problem was conveniently circumvented by the ad-
dition of 3-hydroxypropionitrile to intercept the mixed
chlorophosphite diester prior to agueous workup providing
phosphite 12 in 83% yield. Oxidation of 12 with 30% H,0,
afforded phosphate triester 13 in 88% yield. Upon
treatment of 13 with DBU (CH,Cl,, 25 °C) only one of the
cyanoethyl groups is removed;'? however, in the presence
of chlorotrimethylsilane, complete deprotection is achieved
under mild conditions to produce phosphate 14 in excellent
yield as an insoluble white solid that could not be char-
acterized by NMR spectroscopy. FABMS analysis of this
compound displayed peaks at m/z 763 and 785, corre-
sponding to M + Na and M ~ H + 2Na, respectively, for
the desired phosphorus diacid.!?

Finally, we have begun to address the possibility of
carrying a mixed alkoxy bis(2-cyanoethyl) phosphate de-
rivative through the Wittig reaction. Treatment of a cooled

(12) Partial deprotection under these conditions was not unexpected.
See ref. 11 and Tener, G. M. J. Am. Chem. Soc. 1961, 83, 159-168.

(13) Further confirmation of the identity of 14 was provided by its
partial conversion to the corresponding dimethyl phosphate with diazo-
methane. Gage, J. R. Ph.D. Thesis, Harvard University, 1991.

(0 °C) THF solution of phosphonium salt 7 and aldehyde
15* with 2 equiv of KHMDS afforded olefin 16 in good
yield with >10:1 E/Z selectivity (eq 5). The extra equiv-
alent of base was intentionally used in this transformation
to facilitate partial deprotection of the phosphate moiety.

PVO  OMe 16

The incidental loss of one of the 2-cyanoethyl protecting
groups is not undesirable as deprotection of the phosphate
would be the next step in our projected route to calyculin
A. This route involves the synthesis of a modified version
of 6 in which the protected phosphate has been installed
prior to the key Wittig reaction. These efforts and the
completion of the total synthesis of calyculin A are in
progress and will be reported in due course.
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(14) Obtained from 13 in 84% yield by deprotection with HF-pyridine
followed by Dess—Martin periodinane oxidation.
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Summary: The synthesis of the 6a-hydroxymethyl me-
tabolite of simvastatin described here is predicted on the

conversion of iodoepoxides 7 to the cyclic ether 8 via a
novel radical catalytic cycle in which the rearrangement
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of the epoxycarbinyl radical to the allyloxy radical and the
atom-transfer radical reaction are the key elements to the
success of this process.

Simvastatin (I1b)! is a semisynthetic derivative of lo-
vastatin (la), a novel fungal metabolite initially isolated
from cultures of Aspergillus terreus? and Monascus ru-
ber.3eb Like lovastatin, simvastatin is a lactone prodrug*
that upon conversion to the corresponding ring-opened
dihydroxy acid form becomes a potent, specific, compe-
titive inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme
A reductase,’ an early and rate-limiting enzyme in cho-
lesterogenesis. More importantly, simvastatin and lo-

CH,

1 a, R=H (Lovastatin) 2  a Rea-CH,OH
b, R=CHj {Simvastatin) b, Rea-CO,H

¢, R=B-CH,0H
d, R=B-COH

vastatin are hlghly effective hypocholesterolemic agents
in humans®*4 and are the first members of the HMG-CoA
reductase inhibitor class to be approved for clinical use in
the management of hypercholesterolemia.” The obser-
vation that the 6a-methyl group of simvastatin is metab-
olized by both microorganisms® and mammals® to a com-
mon group of intrinsically-active oxygenated metabolites
2a-d presented the need to quickly develop viable syn-
thetic routes to 2a—d in order to supply them for biological
evaluation. Of special interest was the development of an
efficient synthesis of the least available metabolite 2a, the
subject to which this paper is addressed.

Our strategy for elaborating the metabolite 2a from 1b
consists of several critical stages. The first stage involves
the regio— and stereoselective introduction of a hydroxyl
group at the axial 4a position as shown in 6 (Scheme I).
Of critical importance in the second stage is the use of the
properly positioned axial 4a hydroxyl group in 6 as a
handle for oxygenating the 6a~methyl group via a radical
reaction route to form 8. Finally, the acidic cleavage of
the allylic ether bond followed by regioselective depro-
tonation should lead to our target compound 2a. Pursuit
of this strategy began with the elaboration of alcohol 6,
which was prepared in four steps from 1b as shown in

(1) Hoffman, W. F.; Alberts, A. W.; Anderson, P. 8,; Chen, J. S.; Smith,
R. L.; Willard, A. K. J. Med. Chem. 1986, 29, 849-852.

(2) Alberts, A. W.; Chen, J.; Kuron, G.; Hunt, V.; Huff, J.; Hoffman,
C.; Rothrock, J.; Lopez, M.; Joshua, H.; Harris, E.; Patchett, A.; Mona-
ghan, R.; Currie, S.; Stepley, E.; Albers-Schonberg, G.; Hensens, D.;
Hirshfield, J.; Hoogsteen, K.; Liesch, J.; Springer, J. Proc. Natl. Acad.
Seci. U.S.A. 1980, 77, 3957-3961.

(3) (a) Endo, A. J. Antibiot., 1979, 32, 852-854. (b) Endo, A. Ibid.,
1980, 33, 334-336.

(4) Duggan, D. E.; Vickers, S. Drug Metab. Rev. 1990, 22, 333-362.

(5) Rodwell, V. W.; Nordstrom, J. L.; Mitschell, J. J. Adv. Lipid Res.
1976, 14, 1-74.

(8) (a) Grundy, J. M. N. Engl. J. Med. 1988, 319, 24-33. (b) Illing-
worth, D. R.; Bacon, S. P.; Larson, K. K. Atherosclerosis Rev. 1988, 18,
161-187. (c) Walker, F. F.; Shapiro, D. R. Am. J. Cardiol. 1990, 65,
19F-22F. (d) Maher, V. M. G.; Thompson, G. R. Qrt. J. Med. 1990, 74,
165-175.

(7) Lovastatin and simvastatin were first approved for human use in
the USA (Aug 1987) and in Sweden (April, 1988), respectively.

(8) Chen, T.; Petuch, B.; Houck, D.; Hirsch, L.; Treiber, L.; White, R.;
Williamson, J.; Inamine, E. 200th National Meeting of the American
Chemical Society, Washington, D.C., Aug 26-31, 1990; BIOT 150.

(9) Vickers, S.; Duncan, C. A,; Vyas, K. P,; Kari, P. H.; Arison, B.;
Prahash, S. R.; Ramjit, H. G,; Pitzenberger, S. M.; Stokker, G.; Duggan,
D. E. Drug Metab. Dispos. 1990, 18, 476-483.
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Scheme I. Protection of the lactone hydroxyl group in 1b
as the tert-butyldimethylsilyl ether'® followed by se-
quential treatment with phenylselenyl chloride in meth-
ylene chloride at —78 °C and exposure to 30% hydrogen
peroxide in THF afforded 5 in 70% overall yield.!!
Mechanistically, the 1,4-addition of phenylselenyl chloride
across the diene moiety in 3 must have proceeded in the
indicated regio- and stereoselective manner to afford ad-
duct 4 which, after oxidation to the corresponding selen-
oxide, underwent a [2,3]-sigmatropic rearrangement and
subsequent hydrolysis to give 5. Dechlorination of 5 with
tri-n-butyltin hydride and the radical initiator AIBN in
refluxing benzene afforded axial 4a-alcohol 6 in excellent

(10) Lee, T.-J.; Holtz, W. J.; Smith, R. L. J. Org. Chem. 1982, 47,
4750—-47517.

(11) Satisfactory elemental analyses and/or spectral data consistent
with the assigned structures were obtained for all new compounds.
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yield (92%). To our surprise 6 failed to undergo the hy-
poiodite reaction!? with HgO and I, to give the expected
cyclic ether 8; instead, a mixture (9:1; 3a:38) of iodoex-
poxides 7 was produced under these conditions. Subse-
quently, it was found that photolysis of a solution of 7,
hexabutylditin (0.1 equiv), and pyridine (1 equiv) in
benzene with a sun lamp provided 8 in high yield (80%
from 6). The dynamics of this highly efficient transfor-
mation are shown in Scheme II. It should be noted that
the rearrangement of the epoxycarbinyl radical to the
allyloxy radical’® and the atom-transfer radical reaction!
are the key elements in this catalytic process cycle. Com-
pletion of this synthetic route was accomplished by simply
treating 8 with 48% hydrofluoric acid in acetonitrile at 60
°C, a process which gave target metabolite 2a in 58% yield
along with a trace of the byproduct 11.1* The conversion

(12) For general reviews of the hypoiodite reaction, see: (a) Heusler,
K.; Kalvoda, J. Angew. Chem., Int. Ed. Engl., 1964, 3, 525-538. (b)
Kalvoda, J.; Heusler, K. Synthesis 1971, 501-526.

(18) For examples of synthetic applications using the rearrangement
of an epoxycarbinyl radical to an allyloxy radical, see: (a) Carlson, R. G;
Huber, J. H. A.; Henton, D. E. J. Chem. Soc., Chem. Commun. 1978,
223-224. (b) Barton, D. H. R.; Motherwell, R. S. H.; Motherwell, W. J.,
J. Chem. Soc., Perkin Trans. 1 1981, 2363-2367. (c) Johns, A.; Murphy,
J. A. Tetrahedron Lett. 1988, 29, 837-840. (d) Gash, R. C.; Maclorquo-
dale, F., Walton, J. C. Tetrahedron 1989, 45, 55631-5538. (e) Rawal, V.
H.; Newton, R. C.; Krishnamurthyl, V. J. Org. Chem. 1990, 55, 5181-5183.

(14) For a comprehensive review of the atom-transfer radical reaction,
see: Curran, D. P. Synthesis 1988, 489-513.

of 8 to 2a was shown to proceed in a stepwise manner via
the sequence 8 — 9 — 2a with the second step presumably
proceeding via the intermediacy of a cationic species such
as 10 which, upon regioselective deprotonation of the 5-
position, affords 2a.

In summary, a seven-step synthetic route has been de-
veloped for elaboratoring 6a-hydroxymethyl metabolite
2a from simvastatin in 30% overall yield and used to
prepare g-scale quantities of 2a.
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(o]
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Summary: A brief synthesis of (+)-hirsutene demonstrates
the novel use of tris(phenylthio)methane as a dilithio-
methane equivalent capable of consecutive conjugate ad-
ditions to different enones to form a dienolate which can
be oxidized to a cyclopentane.

It has been shown that a variety of carbanion—carbenoids
can be used in carbon-carbon bond forming processes in
which the carbenoid function behaves as an electrophile.?
Herein we report one of the most efficient total syntheses
of the triquinane (£)-hirsutene® (1), by a process which
utilizes the nucleophilic nature of the carbenoid function
of a carbanion~carbenoid at low temperature. The syn-
thesis features completely stereoselective construction of
the triquinane nucleus by one-flask formation of three of
the five carbon—carbon bonds of the B ring, using com-
mercially available tris(phenylthio)methane as a dilithio-

(1) Current address: Synthesis Development Department, Hoff-
mann-La Roche, Inc., 340 Kingsland St., Nutley, NJ 07110.

(2) (a) Ramig, K.; Bhupathy, M.; Cohen, T. J. Org. Chem. 1989, 54,
ggog i?sd references cited therein. (b) Cohen, T.; Yu, L.-C., Ibid. 1985,

(3) Leading references to previous syntheses of hirsutene: (a) Pla-
mondon, L.; Wuest, J. D. J. Org. Chem. 1991, 56, 2076. (b) Mehta, G.;
Murthy, A. N.; Reddy, D. S.; Reddy, A. V. J. Am. Chem. Soc. 1986, 108,
3443. For triquinanes in general, see: Paquette, L. A.; Doherty, A. M.
Polyquinane Chemistry; Springer-Verlag: Berlin, Heidelberg, Germany,
1987; p 184. See also: Curran, D. P. Advances in Free Radical Chem-
istry; JAI Press: Greenwich 1990; Vol. 1, p 121.
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methane equivalent (Scheme I).

The synthesis begins with conjugate addition of tris-
(phenylthio)methyllithium* to commercially available 2-
methyl-2-cyclopentenone (3) at =78 °C, followed by sul-

(4) Smith, R. A. J.; Lal, A. R. Aust. J. Chem. 1979, 32, 353. Cohen,
T.; Nolan, S. M. Tetrahedron Lett. 1978, 3533. Manas, A. R.-B.; Smith,
R. A. J. J. Chem. Soc., Chem. Commun. 1975, 216. Seebach, D. Angew.
Chem., Int. Ed. Engl. 1967, 6, 443.
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