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First reported in 1984,! G-2N (1) and G-2A (2) are the
archetypal members of a small but growing family? of natural
products, all of which possess as a common structural feature the
pentacyclic benzo[a]naphthacenequinone nucleus. Members of
this family exhibit a variety of biological activities; perhaps most
noteworthy are the anti-HIV? and antifungal properties* of the
more recently characterized—and structurally more
complex—siblings typified by pradimicin A (3).2°4 To date, no
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naturally occurring benzo[a]naphthacenequinone has been syn-
thesized. We now report the syntheses of G-2N and G-2A. The
syntheses employ a regiospecific and potentially general route
that we expect can be extended in due course to the preparation
of the remaining members of this family.
Retrosyntheticanalysis (Scheme I) reinforced by considerations
of synthetic economy suggested that 1-3, as well as their congeners,
should be available by a unified strategy wherein a stilbene such
as 4 plays a key role. Reduction of the stilbene double bond of
4 and then an intramolecular biaryl coupling®€ between the two
X-bearing carbons leads to the skeleton of G-2N and G-2A,

(1) For a report of the isolation of G-2N and G-2A and initial (incorrect)
structure assignments, see; (a) Gerber, N. N.; Lechevalier, M. P. Can. J.
Chem. 1984, 62, 2818. For revised structure assignments (as 1 and 2), see
(b) Rickards, R. W. J. Antibiot. 1989, 42, 336. (c) Hauser, F. M.; Caringal,
Y.J. Org. Chem. 1990, 55, 555. The latter paper describes a synthesis of the
trimethyl ether of the original (incorrect) structure attributed to G-2N.

(2) For more recently identified members see, inter alia: (a) KS-619-1,
Matsuda, Y.; Kase, H. J. Antibiot. 1987, 40, 1104. Yasuzawa, T.; Yoshida,
M.; Shirahata, K.; Sano, H. J. Antibiot. 1987, 40, 1111. (b) SF2446A1 and
analogs, Takeda, U.; Okada, T.; Takagi, M.; Gomi, S.; Itoh, J.; Sezaki, M.;
Ito, M.; Miyadoh, S.; Shomura, T. J. Antibiot. 1988, 41, 417. Gomi, S.;
Sasaki, T.; Itoh, J.; Sezaki, M. J. Antibiot. 1988, 41,425. (c) Benanomycins,
Gomi, S.; Sezaki, M.; Kondo, S.; Hara, T.; Naganawa, H.; Takeuchi, T. J.
Antibiot. 1988, 41, 1019. (d) Pradimicins, Tsunakawa, M.; Nishio, M.;
Ohkuma, H.; Tsuno, T.; Konishi, M.; Naito, T.; Oki, T.; Kawaguchi, H. J.
Org. Chem. 1989, 54, 2532, Sawada, Y.; Tsuno, T.; Yamamoto, H.; Nishio,
M.; Konishi, M.; Oki, T. J. Antibiot. 1990, 43, 1367. (e) See also: benastatin
A and B, Aoyagi, T.; Aoyama, T.; Kojima, F.; Matsuda, N.; Maruyama, M.;
Hamada, M.; Takeuchi, T. J. Antibiot. 1992, 45, 1385.

(3) Tanabe, A.; Nakashima, H.; Yoshida, O.; Yamamoto, N.; Tenmyo,
0.;0ki, T. J. Amibwt 1988, 41, 1708 Hoshmo, H.; Seki, J. L; Takeuchl,
T. J. Antibiot. 1989, 42, 344.

(4) Saksena, A. K.; Girijavallabhan, V. M.; Cooper, A. B.; Loebenberg,
D. Annu. Rep. Med. Chem., Allen, R, C., Ed. 1989, 24, 116 and references
therein,

(5) For a model study, see: Kelly, T. R.; Li, Q.; Bhushan, V. Tetrahedron
Lett. 1990, 31, 161.

(6) For a recent review of biaryl coupling reactions, see: Bringmann, G.;
Walter, R.; Weirich, R. Angew. Chem., Int. Ed. Engl. 1990, 29, 977. See
also: Knight, D. W. In Comprehensive Organic Synthesis; Trost, B. M.,
ﬂelming, 1., Pattenden, G., Eds.; Pergamon Press: Oxford, 1991; Vol. 3, p
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whereas Sharpless-type’ asymmetric dihydroxylation of 4 followed
by cyclization generates’ the chiral pentacyclic unit of 3.

The tricyclicanthraquinone subunit of 4 corresponding to G-2N
and G-2A was constructed as shown in Scheme II. Twosuccessive,
regiospecific Diels—Alder reactions, whose regiochemical out-
comes follow from the work of Brassard,?led to the quick assembly
of the basicskeleton (we note that despite its apparent complexity,
diene 8 can be prepared in a single step from commercially
available ethyl a-ethylacetoacetate by reaction with LIN(i-Pr),/
TMS-CPP). The non-hydrogen-bonded hydroxyl in 9 was selec-
tively!0 converted to its triflate, the remaining hydroxyls were
methylated, and the ethyl side chain was modified to a vinyl
group by benzylic bromination, conversion to the selenide,!! and
selenoxide elimination. The overall yield of 13 from 6 is 38%.

Fabrication (Scheme III) of the A-ring synthon 20 commenced
with fusion!2of catechol with dichlorodiphenylmethane to generate
ketal 14,12 which was ortho-metalated!® and quenched with tert-
butyl isocyanate!4 to give 15. The newly installed amide group
in 15 not only can serve as a progenitor of the carboxylic acid/
amide units of 2 and 3 but also functions as a directing group for
a second ortho metalation. In that instance, a competing
metalation of one of the phenyl rings of the benzophenone ketal
unit intruded. The simplest rejoinder was to allow the two

(7) For a leading reference, see: Sharpless, K. B.; Amberg, W.; Bennani,
Y. L,; Crispino, G. A.; Hartung, J.; Jeong, K.-S.; Kwong, H.-L.; Morikawa,
K.; Wang, Z.-M.; Xu, D.; Zhang, X.-L. J. Org. Chem. 1992, 57, 2768.

(8) Savard, J.; Brassard, P. Tetrahedron 1984, 40, 3455.

(9) Compare: Kelly, T. R.; Behforouz, M.; Echavarren, A.; Vaya, J.
Tetrahedron Lett. 1983, 24, 2331,

(10) Thomson, R. H. Naturally Occurring Quinones, 2nd ed.; Academic
Press: New York, 1971; p 43.

(11) Sharpless, K. B.; Lauer, R. F. J. Am. Chem. Soc. 1973, 95, 2697.

(12) Jurd, L. J. Am. Chem. Soc. 1959, 81, 4606.

(13) For reviews, see, inter alia; Gschwend, H. W.; Rodriguez, H. R. Org.
React. (New York) 1979, 26, 1. Snieckus, V. Chem. Rev. 1990, 90, 879.

(14) Kelly, T.R.; Jagoe, C. T.; Li, Q. J. Am. Chem. Soc. 1989, 111,4522
and references therein.

© 1993 American Chemical Society



5844 J. Am. Chem. Soc., Vol. 115, No. 13, 1993

Scheme III

Ph
(o)

Pho,
1. Cl,CPhy, ok

170°C o 1.3.2equiv oM
OH _(®5%) C( tBuLi;Mel 7, °
2 a-BuLi R (98%) 6 Y
2. NzO, (90%) Me O
14, R=H'? 16, YaNH'Bu
15, R=CONH'Bu 17, Y=OH
OH o.MePh LICLEWN | OR oc->MePh
CF3COOH @ OLpn  (99%) \'Lph
———— ————————
(86%) 2. T1,0 (95%)
Me O Me O
18 19, RsH
20, R:Tf

competing reactions to each run their course, generating thedoubly
methylated species 16 in high yield. The amide group in 16 was
then cleaved with N;O4 under hydrolytic conditions!# to afford
17. Halogenation of 17, as well as its deprotected dihydroxy
analog, proceeded exclusively at the undesired C-6 position under
a variety of conditions. Fortunately, however, exposure of 17 to
CF3;COOH caused isomerization to 18, wherein the two A-ring
oxygen substituents are substantially differentiated. Now, due
to the overriding directing effect of the phenolic hydroxyl,
iodination took exclusively the desired regiochemical course,
yielding 19. The phenol moiety, having played its part as a
directing group, was then recast as a triflate for a role whose
purpose will become apparent shortly. The overall yield of 20
from catechol is 52%.

Given the complexity of the substrates (and the presence of the
triflates), it is not surprising that palladium-catalyzed coupling
of 13 with 20 proceeded poorly under conventional!s Heck reaction
conditions (Scheme IV). But comprehensive optimization of
various unconventional catalyst [Pd(CF;CO,);], ligand [P(C¢Fs)s],
base (i-Pr,NH), additive (CF3;CO,Ag), solvent (THF), and
temperature (90 °C, sealed tube) combinations!¢ eventually led
to 21 in 95% yield. In contrast, however, the seemingly trivial
catalytic hydrogenation of the double bond of 21 to give 22 could
not be realized under a variety!” of reaction conditions. That
difficulty was overcome in a nonstandard manner by reducing 21
to22using zincand concentrated HCl in N-methylpyrrolidinone.!8
Attempts at palladium-catalyzed cyclization of 22 failed. Ex-
amination of models of the putative palladacycle intermediate
suggested possible destabilizing interactions between the aryl
substituents on the C-2 position of the dioxanone ring and ligands
on the palladium, so 22 was modified to 23. Intramolecular biaryl
coupling of the two triflate-bearing carbons in 23 to give 25 was
then accomplished in one operation through the agency of
palladium catalysis in the presence of hexamethylditin.5!® The

(15) For reviews, see; Heck, R, F. Org. React. (New York) 1982, 27, 345.
Heck, R. F. In Comprehensive Organic Synthesis, Trost, B. M., Fleming, L,
Semmelheck, M. F., Eds.; Pergamon Press: Oxford, 1991; Vol. 4, p 833.

(16) Recent papers that contributed to the solution include those of:
Echavarren, A. M,; Stille, J. K. J. Am. Chem. Soc. 1988, 110, 1557. Farina,
V.; Baker, S. R.; Benigni, D. A.; Hauck, S. L; Sapino, C., Jr. J. Org. Chem.
1990, 55, 5833. Farina, V.; Krishnan, B.J. Am. Chem. Soc. 1991, 113,9585.
Madin, A.; Overman, L. E. Tetrahedron Lett. 1992, 33,4859, Karabelas, K
Hallberg, A. J. Org. Chem. 1989, 54, 1773. Grigg, R.; Loganathan, V.; San-
thakumar, V.; Sridharan, V.; Teasdale, A. Tetrahedron Lett. 1991, 32, 687.

(17) WithH,and Pd/Cinethanol, double bond reduction was accompanied
by detriflation. Conditions a—f gave complex mixtures: (a) H,, Raney Ni;
(b) H,, Rh/C; (c) diimide (TSNHNH;, NaOAc); (d) Et;SiH/CF;COOH;
(e) NaBH,/CoCly; (f) NaBH,/NiCl;. Sml; did not reduce the double bond
but did reduce off a triflate. Successive treatment with BHs. THF and CH;-
CH,;COOH gave back starting material after exposure to air.

(18) Wehave not examined the mechanism of this reaction, but the reagents
(HCl/Zn) were tried with the hope that the anthraqumone unit would be
reduced to the hydroquinone and that successive tautomerizations involving
protonations at first the 8 (see 21) and then the « carbon would generate 22.
The formation of 22 is consistent with (but does not prove) the involvement
of such a mechanism.
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course of the reaction was demonstrated by showing that 23 can
be converted to 24 in 68% yield and that 24 can be cyclized in
56% yield. Fusion of 25 with pyridine hydrochloride at 160 °C
for several hours results in concomitant demethylation2% and
decarboxylation (a facile reaction of salicylic acids?!) to give
G-2N. Brief exposure of 25 to an AlICl;/NaCl melt2% affords
G-2A. Synthetic G-2N and G-2A are identical to authentic
samples by direct comparison.

The foregoing sequences provide the first syntheses of any
members of the benzo[a]naphthacenequinone family of natural
products. The synthetic routes are regiospecific, convergent,and
short. Efforts to extend the general strategy to the synthesis of
more complex members of this family are presently underway.
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