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Among the natural products that modulate protein function
with high selectivity,[1] there is a group of reactive molecules
that alkylate nucleophilic residues in the active sites of
important enzymes. Lipstatin,[2] fumagillin,[3] and microcys-
tin[4] embody the chemistry of the carbonyl group, the
epoxide, and the electron-deficient alkene, respectively, and
are prominent examples of protein-reactive natural products.
These and related secondary metabolites are important
because they have yielded insight into the cellular functions
of key enzymes and will likely prove invaluable as molecular
probes in protein-activity-profiling experiments.[5]

Our interest in research opportunities provided by natural
products that covalently inhibit protein function[6] induced us
to address the chemical problem posed by viridin (1)[7]

(Scheme 1), a potent antifungal metabolite of Gliocladium
virens and the parent member of a family of furanosteroids
that includes wortmannin (2), viridiol, and demethoxyvir-
idin.[8] These natural products are biosynthesized from the
triterpene lanosterol and are distinguished by an unusual
structural feature: an electron-deficient furan ring fused
between C4 and C6 of the steroid framework. The doubly
activated carbon atom of this heterocycle predisposes these
compounds to react efficiently with a range of amines,[9]

including the active-site lysine of phosphatidylinositol 3-
kinase (PI3-kinase).[10] Wortmannin (2) and demethoxyviridin
are potent and relatively selective covalent inhibitors of PI3-
kinase[11] and have served as valuable molecular tools for
deciphering the role of PI3-kinase in signal-transduction
pathways.

With potential as therapeutic agents for the treatment of
neoplasms and other diseases,[12] viridin and its relatives
provide prime targets for research in organic synthesis.
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Although a total synthesis of viridin has not yet been
reported, Shibasaki and co-workers reported an impressive
synthesis of the complex furanosteroid wortmannin (2)[13] and
Souza and Rodrigo described a creative route to the
pentacyclic core of viridin (1).[14] Herein we report the first
total synthesis of racemic viridin (1; Scheme 1).

Mindful of the electrophilic nature of the doubly activated
furan, we favored a design that would introduce this reactive
element and the readily epimerizable methoxy-bearing ster-
eocenter at a late stage of the synthesis. By delaying the
oxidative functionalization of the steroid A-ring to an
advanced phase, we could focus on the problem of building
the pentacyclic framework of compound 3. We envisioned
that suitable substrates for annulating the A-ring of viridin (1)
could be constructed from a naphthalenofuran of type 4,
which in turn could arise in the course of a thermal
rearrangement of a benzocyclobutenol derivative 5. This
concept would require an electrocyclic ring opening of the
benzocyclobutene substructure of 5 and a subsequent 6p elec-
trocyclization with participation by the furan ring.[15] To
contend with the somewhat unusual architecture of com-
pound 5, we hoped to transmute the simple, substituted
acyclic triyne 7 to the tricyclic framework of 6 through a
transition-metal-mediated alkyne cyclotrimerization.[16] The
attack of an appropriate furanyl lithium reagent on the keto
group of 6 would then yield key intermediate 5.

Our synthesis of a benzocyclobutenol of type 5 com-
menced with diyne 8 (Scheme 2).[17] Formylation of the
lithium acetylide produced from 8 with N,N-dimethylform-

amide[18] produced an ynal, which was alkylated by a
propargylic zinc reagent to yield the triyne 9 as an incon-
sequential mixture of four diastereoisomers following cleav-
age of the alkynyl TMS protecting group. Treatment of this
triyne with [RhCl(PPh)3] (3 mol%) in ethanol at 80 8C
effected cyclotrimerization to the tetrasubstituted aryl cyclo-
butenol 10 (88%).[16c,d] The pioneering studies of Vollhardt
and co-workers demonstrated the power of alkyne cyclo-
trimerization in steroid synthesis, with impressive construc-
tions of A-ring[16f] and B-ring aromatic steroids.[16g] The work
presented herein offers a complementary, efficient approach
to the formation of the aromatic C-ring of an eventual steroid.

From tricyclic alcohol 10, a suitable equivalent of 5 could
be synthesized by an efficient three-step reaction sequence.
Thus, Swern oxidation of benzocyclobutenol 10 provided the
corresponding benzocyclobutenone 6 (P= SitBuMe2). When
the organolithium reagent derived from 2-trimethylsilyl-3-
vinylfuran[19] was allowed to react with 6, a key carbon–carbon
bond was formed, with exclusive addition of the heterocyclic
nucleophile anti to the methyl substituent. Silylation of the
newly formed tertiary alcohol then afforded the differentially
protected tetracycle 11.

Tandem conrotatory electrocyclic ring-opening 6p-disro-
tatory electrocyclizations of alkenyl-substituted benzocyclo-
butenes are attractive, yet somewhat underutilized, structure-
building processes in organic synthesis.[15] In the case of
substrate 11, the silyl ether substituent was expected to confer
a high degree of torquoselectivity to the ring-opening
process.[20] The predicted inward rotation of the furan would
allow a subsequent 6p electrocyclization of the intermediate
furanyl quinone dimethide. In the event, heating 11 to 140 8C
in degassed xylenes containing 2 equivalents of H>nig base,
followed by in situ oxidation with DDQ, afforded tetracycle
12 in high yield (83%, Scheme 3). With this key trans-
formation completed, four of the five rings of the viridin

Scheme 1. An approach to a synthesis of viridin (1) featuring an alkyne
cyclotrimerization and domino electrocyclic reactions. P and P’ are
unspecified protecting groups.

Scheme 2. Synthesis of benzocyclobutene 11. a) nBuLi, 8, THF,
�40 8C; DMF; aqueous KH2PO4 (10%), 89%; b) 2-bromobut-3-yne
(1.5 equiv), Zn dust (4 equiv), HgCl2 (2 mol%), THF, 60 8C, 1 h, 96%;
c) K2CO3 (0.1 equiv), MeOH, 2 h, 100%; d) [RhCl(PPh3)3] (3 mol%),
EtOH, 80 8C, 20 min, 88%; e) (COCl)2, DMSO, CH2Cl2, �78 8C; 10 ;
Et3N, �78 8C!RT, 85%; f) 2-trimethylsilyl-3-vinylfuran (1.3 equiv),
nBuLi (1.2 equiv), THF, �78!0 8C, 2 h; then add to benzocyclobute-
none 6 (P=TBS), �78 8C, 1 h, 94%; g) TESCl (1.15 equiv), imidazole
(2.5 equiv), DMAP (0.1 equiv), DMF, 88%. TMS=SiMe3; TBS=Sit-
BuMe2; TES=SiEt3; DMF=N,N-dimethylformamide; DMSO=di-
methyl sulfoxide; DMAP=4-dimethylaminopyridine.
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skeleton had been formed from acyclic triyne 9 in only five
steps.

From compound 12, construction of the A-ring of viridin
(1) required three transformations. A one-pot desilylation/
phenol allylation protocol afforded allyl ether 13.[21] Allyl
migration with concurrent formation of the quaternary
methyl-bearing stereocenter was achieved by heating 13 in
degassed mesitylene (165 8C, 91%).[22] A ring-closing meta-
thesis[23] of the resulting diene 14 produced pentacycle 15, a
substance containing the complete carbon skeleton of viridin
(1), in excellent yield (95%).

Oxidative functionalization of the viridin A-ring proved
challenging. Allylic oxidation of the cyclohexene ring of 15
with SeO2 provided allylic alcohol 16 in moderate yield (60%,
10% recovered starting material), with oxidation occurring
exclusively on the less hindered a face. Fortunately, the
required b stereochemistry of the alcohol was easily estab-
lished through an oxidation–reduction sequence. The remain-
ing oxygenation was installed by the powerful hydroxy-
directed dihydroxylation method recently described by
Donohoe et al.[24] This key oxidation yielded the desired all-
syn triol 17 in 76% yield.

The completion of the synthesis began with differentiation
of the triol 17 by a selective cyclic carbonate formation using
triphosgene,[25] followed by masking of the remaining hydroxy
group as the ethoxyethyl ether 18. A high-yielding hydrolysis
of the cyclic carbonate was followed by silylation of the more
accessible hydroxy function and methylation of the remaining
hydroxy group under the conditions shown to give compound
19. Fluoride-induced cleavage of the two silyl ethers in 19 set
the stage for a twofold oxidation (Dess–Martin periodinane)

and a mild deprotection of the ethoxyethyl ether (PPTS,
methanol). This efficient reaction sequence yielded viridin (1)
in racemic form.

In summary, the total synthesis of (� )-viridin (1) from
pent-4-yn-1-ol in 5.0% overall yield was based on a strategy
featuring an efficient rhodium-catalyzed cyclotrimerization, a
high-yielding thermal electrocyclic rearrangement, and a late-
stage Donohoe dihydroxylation. We anticipate that the
chemistry described herein will facilitate the design and
syntheses of manifold viridin-like probes for kinase-activity-
profiling experiments.

Received: October 21, 2003 [Z53129]

.Keywords: cyclotrimerization · dihydroxylation ·
electrocyclic reactions · inhibitors · natural products

[1] a) D. T. Hung, T. F. Jamison, S. L. Schreiber,Chem. Biol. 1996, 3,
623 – 639; b) H. Osada, J. Antibiot. 1998, 51, 973 – 982.

[2] P. Hadvary, W. Sidler, W. Meister, W. Vetter, H. Wolfer, J. Biol.
Chem. 1991, 266, 2021 – 2027.

[3] S. Liu, J. Widom, C. W. Kemp, C. M. Crews, J. Clardy, Science
1998, 282, 1324 – 1327.

[4] M. Runnegar, N. Berndt, S.-M. Kong, E. Y. C. Lee, L. Zhang,
Biochem. Biophys. Res. Commun. 1995, 216, 162 – 169.

[5] a) B. F. Cravatt, E. J. Sorensen, Curr. Opin. Chem. Biol. 2000, 4,
663 – 668; b) G. C. Adam, E. J. Sorensen, B. F. Cravatt, Nat.
Biotechnol. 2002, 20, 805 – 809.

[6] The reactive natural product (� )-FR182877 was recently
discovered to be a potent and selective covalent inhibitor of
carboxylesterase-1: G. C. Adam, C. D. Vanderwal, E. J. Soren-

Scheme 3. Synthesis of (� )-viridin (1). a) iPr2EtN (2 equiv), xylenes (degassed), 140 8C, 3.5 h; then DDQ (1 equiv), room temperature, 15 min,
83%; b) allyl bromide (10 equiv), CsF (2 equiv), DMF, 67%; c) mesitylene (degassed), 165 8C, 40 min, 91%; d) tricyclohexylphosphane[1,3-
bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene] [benzylidene]ruthenium(iv) dichloride (2.5 mol%), CH2Cl2, 95%; e) SeO2 (5 equiv), diox-
ane, 100 8C, 6.5 h, 60% (10% r.s.m.); f) Dess–Martin periodinane (1.2 equiv), CH2Cl2, room temperature, 97%; g) NaBH4 (0.5 equiv), ethanol,
0 8C, 98%; h) OsO4 (1.05 equiv), TMEDA (1.1 equiv), CH2Cl2, �78 8C, 1 h; then py/H2O/NaHSO3 (35:30:2), 3 h, 76%; i) triphosgene (0.5 equiv),
py (6 equiv), CH2Cl2, �78 8C, 15 min, 95%; j) PPTS (0.5 equiv), ethyl vinyl ether/CH2Cl2 (1.4:1), room temperature, 24 h, 91%; k) LiOH (1 equiv),
THF/H2O (2:1), 0 8C, 20 min, 97%; l) TBSOTf (2 equiv), 2,6-lutidine (3 equiv), CH2Cl2, �78 8C, 1 h, 95%; m) NaHMDS (3 equiv), toluene,
�78 8C, 10 min; then MeOTf (5 equiv), 75% (25% r.s.m.); n) nBu4NF (2.2 equiv), THF, room temperature, 99%; o) Dess–Martin periodinane
(3.0 equiv), CH2Cl2, room temperature, 1.5 h, 98%; p) PPTS (0.5 equiv), methanol, room temperature, 2 h, 84%. DDQ=2,3-dichloro-5,6-dicyano-
1,4-benzoquinone; r.s.m.= recovered starting material; TMEDA=N,N,N’,N’-tetramethylethylenediamine; PPTS=pyridinium p-toluenesulfonate;
OTf= trifluoromethanesulfonate; EE=1-ethoxyethyl; NaHMDS=sodium bis(trimethylsilyl)amide.

Zuschriften

2034 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2004, 116, 2032 –2035

http://www.angewandte.de


sen, B. F. Cravatt, Angew. Chem. 2003, 115, 5638 – 5642; Angew.
Chem. Int. Ed. 2003, 42, 5480 – 5484.

[7] a) P. W. Brian, J. C. McGowan, Nature 1945, 156, 144 – 145;
b) J. F. Grove, P. McCloskey, J. S. Moffatt, J. Chem. Soc. C 1966,
743 – 747.

[8] J. R. Hanson, Nat. Prod. Rep. 1995, 12, 381 – 384.
[9] a) W. von Haefliger, Z. Kis, D. Hauser, Helv. Chim. Acta 1975,

58, 1620 – 1628; b) C. A. Broka, B. Ruhland, J. Org. Chem. 1992,
57, 4888 – 4894.

[10] a) M. P. Wymann, G. Bulgarelli-Leva, M. J. Zvelebil, L. Pirola,
B. Vanhaesebroeck, M. D. Waterfield, G. Panayotou, Mol. Cell.
Biol. 1996, 16, 1722 – 1733; b) E. H. Walker, M. E. Pacold, O.
Perisic, L. Stephens, P. T. Hawkins, M. P. Wymann, R. L.
Williams, Mol. Cell 2000, 6, 909 – 919.

[11] a) A. Arcaro, M. P. Wymann, Biochem. J. 1993, 296, 297 – 301;
b) T. Okada, L. Sakuma, Y. Fukui, O. Hazeki, M. Ui, J. Biol.
Chem. 1994, 269, 3563 – 3567; c) M. J. Cross, A. Stewart, M. N.
Hodgkin, D. J. Kerr, M. J. O. Wakelam, J. Biol. Chem. 1995, 270,
25352 – 25355.

[12] J. A. Dodge, S. Masahiko, C. J. Vlahos (Eli Lilly and Co.), EP
0648492, 1995 [Chem. Abstr. 1995, 122, 299104w].

[13] a) T. Mizutani, S. Honzawa, S.-y. Tosaki, M. Shibasaki, Angew.
Chem. 2002, 114, 4874 – 4876; Angew. Chem. Int. Ed. 2002, 41,
4680 – 4682; b) S. Sato, M. Nakada, M. Shibasaki, Tetrahedron
Lett. 1996, 37, 6141 – 6144.

[14] F. E. S. Souza, R. Rodrigo, Chem. Commun. 1999, 1947 – 1948.
[15] For examples of domino benzocyclobutene ring-opening/6p-

electrocyclizations, see: a) B. J. Arnold, P. G. Sammes, J. Chem.
Soc. Chem. Commun. 1972, 1034 – 1035; b) M. R. DeCamp,
R. H. Levin, M. Jones, Jr., Tetrahedron Lett. 1974, 14, 3575 –
3578; c) L. S. Liebeskind, S. Iyer, C. F. Jewell, Jr., J. Org. Chem.
1986, 51, 3065 – 3067; d) S. T. Perri, L. D. Foland, O. H. W.
Decker, H. W. Moore, J. Org. Chem. 1986, 51, 3067 – 3068;
e) D. N. Hickman, K. J. Hodgetts, P. S. Mackman, T. W. Wallace,
J. M. Wardleworth, Tetrahedron 1996, 52, 2235 – 2260; f) T.
Hamura, M. Miyamoto, K. Imura, T. Matsumoto, K. Suzuki,
Org. Lett. 2002, 4, 1675 – 1678.

[16] For reviews of metal-catalyzed cyclotrimerizations, see:
a) K. P. C. Vollhardt, Angew. Chem. 1984, 96, 525 – 541; Angew.
Chem. Int. Ed. Engl. 1984, 23, 539 – 556; b) S. Saito, Y.
Yamamoto, Chem. Rev. 2000, 100, 2901 – 2915; for examples of
rhodium-catalyzed cyclotrimerizations, see: c) R. Grigg, R.
Scott, P. Stevenson, Tetrahedron Lett. 1982, 23, 2691 – 2692;
d) R. Grigg, R. Scott, P. Stevenson, J. Chem. Soc. Perkin Trans. 1
1988, 1357 – 1364; e) S. J. Neeson, P. J. Stevenson, Tetrahedron
Lett. 1988, 29, 813 – 814; for cobalt-catalyzed cyclotrimerization
applied to steroid synthesis, see: f) R. L. Funk, K. P. C. Voll-
hardt, J. Am. Chem. Soc. 1980, 102, 5253 – 5261; g) S. H. Lecker,
N. H. Nguyen, K. P. C. Vollhardt, J. Am. Chem. Soc. 1986, 108,
856 – 858.

[17] Diyne 8 was synthesized from commercially available pent-4-yn-
1-ol by the following reaction sequence: a) (COCl)2, DMSO,
CH2Cl2, � 78 8C; pent-4-yn-1-ol; Et3N, � 78 8C!RT; b) trime-
thylsilyl acetylene (1.5 equiv), nBuLi (1.5 equiv), THF, 0 8C,
30 min; then add to pent-4-yn-1-al in THF, � 78 8C!0 8C, 87%
(two steps); c) tBuMe2SiCl (1.03 equiv), imidazole (2.2 equiv),
CH2Cl2, room temperature, 30 min, 100%.

[18] M. Journet, D. Cai, L. M. DiMichele, R. D. Larsen, Tetrahedron
Lett. 1998, 39, 6427 – 6428.

[19] 2-Trimethylsilyl-3-vinylfuran was prepared by the following
reaction sequence: a) 3-bromofuran, LDA (1.0 equiv), THF, �
78 8C, 3 h; then Me3SiCl (1 equiv), � 78 8C!RT, 10 h, 92%;
b) 2,4,6-trivinylcyclotriboroxane–pyridine complex (0.35 equiv),
[Pd(PPh3)4] (2 mol%), DME/H2O (10:3), K2CO3 (1.0 equiv),
reflux, 24 h, 90%. LDA= lithium diisopropylamide; DME=

1,2-dimethoxyethane.

[20] a) N. G. Rondan, K. N. Houk, J. Am. Chem. Soc. 1985, 107,
2099 – 2111; b) K. N. Houk, D. C. Spellmeyer, C. W. Jefford,
C. G. Rimbault, Y. Wang, R. D. Miller, J. Org. Chem. 1988, 53,
2125 – 2127.

[21] T. Oriyama, K. Noda, K. Yatabe, Synlett 1997, 701 – 703.
[22] S. E. Branz, J. A. Carr, Synth. Commun. 1986, 16, 441 – 451.
[23] a) T. M. Trnka, R. H. Grubbs, Acc. Chem. Res. 2001, 34, 18 – 29;

b) A. F>rstner, Angew. Chem. 2000, 112, 3140 – 3172; Angew.
Chem. Int. Ed. 2000, 39, 3012 – 3043.

[24] T. J. Donohoe, K. Blades, P. R. Moore, M. J. Waring, J. J. G.
Winter, M. Helliwell, N. J. Newcombe, G. Stemp, J. Org. Chem.
2002, 67, 7946 – 7956.

[25] R. M. Burk, M. B. Roof, Tetrahedron Lett. 1993, 34, 395 – 398.

Angewandte
Chemie

2035Angew. Chem. 2004, 116, 2032 –2035 www.angewandte.de � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.de

