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ABSTRACT
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An efficient method has been developed for the stereocontrolled construction of polycyclic and spirocyclic compounds, including the spirocyclic
core of the antitumor agent fredericamycin A. The strategy involves a one-pot aldol addition/Brook rearrangement/cyclization sequence beginning
from arene chromium tricarbonyl complexes and can formally be described as a [3 + 2] annulation.

Fredericamycin AJ), which was isolated frorStreptomyces  of fredericamycin A itself, since the asymmetry of the spiro
griseusin 1981} exhibits potent in vitro cytotoxic activity ~ center is due only to the well-separated methoxy functionality
and possesses efficaceous antitumor activity against a varietyof the A ring. Thus, although several total syntheses of
of tumor models, including P388 leukemia, B16 melanoma, fredericamycin A have appeared over the past detate,
and CD8F mammary.The promising biological profile of  was not until recently that an asymmetric synthesis was
1, along with the unique and challenging architecture, has achieved. Recently we reported an efficient strategy for the
motivated considerable effort toward its total synthesis. The stereoselective bis-functionalization of arene chromium tri-
spirocyclic core is the synthetically most prominent feature carbonyl complexes mediated by a Brook rearrangefent.
to be addressed, and a variety of novel strategies for itsAs part of our research objective to enhance the synthetic
construction have been developedithough a number of  utility of this process, we are currently developing one-pot
model studies have demonstrated chemically efficient routes
to this moiety, the stereoselective synthesis of the quaternary (3) (a) Ciufolini, M. A.; Browne, M. ETetrahedron Lett1987, 28, 171—
spirocyclic center has proven to be much more challenging. 174. (b) Mehta, G.; Subrahmanyam, Tetrahedron Lett1987,28, 479—
The difficulty of this task is amplified for the construction 480. (¢) Toyota, M.; Terashima, Setrahedron Lett1989,30, 829~ 832.

(d) Pandey, B.; Khire, U. R.; Ayyangar, N. R. Chem. Soc., Chem.

Commun.1990, 1791-1792. (e) Rama Rao, A. V.; Singh, A. K.; Reddy,
T To whom any correspondence concerning the crystallographic data K. M.; Ravikumar, K.J. Chem. Soc., Perkin Trans.1993, 3171—3175.
should be addressed at the Department of Chemistry, Indiana University, (f) Watanabe, M.; Morimoto, H.; Tomoda, M.; lwanaga, $}nthesi4994,
Bloomington, IN 47405. 1083—1086. (g) Kita, Y.; Kitagaki, S.; Imai, R.; Okamoto, S.; Mihara, S.;
(1) Pandey, R. C.; Toussaint, M. W.; Stroshane, R. M.; Kalita, C. C.; Yoshida, Y.; Akai, S.; Fujioka, HTetrahedron Lett1996 37, 1817-1820.
Aszaios, A. A.; Garretson, A. L.; Wei, T. T.; Byrne, K. M.; Geoghegan, R.  (h) Evans, P. A.; Brandt, T. ATetrahedron Lett1996,37, 1367—1370. (i)

F., Jr.; White, R. JJ. Antibiot.1981,34, 1389—1401. Baskaran, S.; Nagy, E.; Braun, Miebigs Ann./Recuil997, 311—312. (j)
(2) Warnick-Pickle, D. J.; Byrne, K. M.; Pandey, R. C.; White, RJJ. Akai, S.; Tsujino, T.; Fukuda, N.; lio, K.; Takeda, Y.; Kawaguchi, K.; Naka,
Antibiot. 1981,34, 1402—1407. T.; Higuchi, K.; Kita, Y. Org. Lett.2001,3, 4015—4018.
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Figure 1. Fredericamycin A.

generated when symmetrically substituted ester enolates are
employed. In the consideration of this strategy, we were
encouraged by related aldol additions of lithium enolates to
ortho-substituted chromium benzaldehyde complexes re-
ported by Brocard and co-workers, which proceed with
complete diastereoselectivity.

Our initial studies with symmetrically substituted ester
enolates established that the desired aldol addition/Brook
rearrangement/cyclization sequence occurs with very good
chemical efficiency and excellent diastereoselectivity (Table
1). The initial aldol reaction was achieved by the addition

syntheses of polycyclic and spirocyclic ring systems from
arene chromium tricarbonyl precursors. Herein we report the
application of this strategy to the stereoselective synthesis
of the spirocyclic core of fredericamycin A.

Our strategy, as outlined in Scheme 1, entails addition of
lithium ester enolates8 to arene chromium tricarbonyl
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complex 2. We anticipated that the initial aldol addition

would generate a quaternary carbon center and trigger the

subsequent 1,4 carbon-to-oxygen silyl migration and cy-
clization to afford product6. The overall transformation can
formally be described as a [8 2] annulation reaction. Since
the productss contain planar chirality associated with the
chromium arene moiety as well as the newly generated
stereogenic center, two diastereomers could potentially be

Table 1. Annulation Reactions with Symmetrically Substituted
Enolates
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(4) (a) Kelly, T. R.; Bell, S. H.; Ohashi, N.; Armstrong-Chong, RJJ.
Am. Chem. Sod 988,110, 6471—6480. (b) Rama Rao, A. V.; Singh, A.
K.; Rao, B. V.; Reddy, K. MTetrahedron Lett1993,34, 2665—2668. (c)
Saint-Jalmes, L.; Lila, C.; Xu, J. Z.; Moreau, L.; Pfeiffer, B.; Eck, G.; Pelsez,
L.; Rolando, C.; Julia, MBull. Chim. Soc. Fr1993,130, 447—449. (d)
Wendt, J. A.; Gauvreau, P. J.; Bach, R.D.Am. Chem. S0d 994,116,
9921-9926. (e) Clive, D. L. J.; Tao, Y.; Khodabocus, A.; Wu, Y.; Angoh,
A. G.; Bennett, S. M.; Boddy, C. N.; Bordeleau, L.; Kellner, D.; Kleiner,
G.; Middleton, D. S.; Nichols, C. J.; Richardson, S. R.; Vernon, PJ.G.
Am. Chem. Socl994,116, 11275—11286. (f) Boger, D. L.; Huter, O.;
Mbiya, K.; Zhang, M.J. Am. Chem. S0d 995,117, 11839—-11849.

(5) Kita, Y.; Higuchi, K.; Yoshida, Y.; lio, K.; Kitagaki, S.; Akai, S.;
Fujioka, H. Angew. Chem., Int. EA.999,38, 683—686.

(6) Moser, W. H.; Endsley, K. E.; Colyer, J. Drg. Lett.2000,2, 717—
719.

1982

of lithium ester enolate8a—d to racemic arene chromium
tricarbonyl complex in THF solution at—78 °C. Warming

the reaction flask to ca-20 °C induced silyl migration and
cyclization to provide the corresponding chromium tricar-
bonyl complexed indanone ring systeBes—d. Silyl migra-

tion could be induced at lower temperatures through the
addition of HMPA or other lithium cation chelators to the

(7) Brocard, J.; Mahmoudi, M.; Pelinski, L.; Maciejewski, Letrahedron
Lett. 1990,46, 6995—7002.
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reaction solutiorf. However, these additives also appeared was conveniently achieved by exposure to air and sunlight
to enhance the reactivity of the lithium alkoxide byproducts, to afford products8a—d (Scheme 3).
resulting in extensive product decomposition. It is also
notable that the disubstituted enolaBs-d serve as much
more efficient reactant partners in this process than unsub-
stituted enolatea, which afforded only low yields ofa. y

We were pleased to find in all cases that only a single MesSIO, ' R hv, Et,0
product diastereomer could be detectedB\NMR analysis @iﬁ: 8a-d

of the crude reaction mixtures. Purification by flash chro-

Scheme 3. Removal of Cr(CO) Moiety

matography on silica gel afforded the diastereomerically pure érécof
compoundséa—d as orange-colored solids. Although we af
were unable to grow crystals of sufficient quality for X-ray MesSiO

analysis, verification of the relative stereochemistry was
achieved by reduction of compoungb as depicted in
Scheme 2. Specifically, addition of LiAlHto an EtO

Scheme 2
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C’é‘;’oh C’_;CO)C‘ On the basis of this initial success, we were motivated to

attempt the same annulation protocol with unsymmetrically
disubstituted ester enolates. In these cases, two new stereo-
genic centers would be generated in the initial aldol addition,
which in conjunction with the planar chirality of the arene
chromium tricarbonyl moiety could generate up to four
diastereomeric products. The closest precedent that we are
aware of for this transformation involves the Lewis acid
4 . : i catalyzed addition of cyclic or acyclic silyl enol ethers to
between the chromium moiety and the silyl ether functional- otho_supstituted chromium benzaldehyde complexes, as
ity generated by the [3 2] annulation process. alluded to previously? These reactions are reported to
Since the chromium tricarbonyl group effectively blocks roceed with moderate to high levels of diastereoselectivity
the complexed face of arene compl@ the observed yith respect to the two newly generated stereogenic centers.
stereochemical outcome of the {8 2] annulation process  However, since the presence of Lewis acids is not compatible
is consistent with exclusivexoaddition of the enolates 10 ith anionic silyl migrations, it was not certain that our
the syn aldehyde rotamer of depicted in Scheme 1. A approach would allow useful diastereoselectivity to be
originally proposed by Davies and co-workers, selective
reaction of this rotameric isomer may result from the ability
of the oxophilic silyl group to precoordinate the aldehyde
oxygen? The importance of this attractive interaction is
further suggested by previously reported aldol additions to
ortho-substituted chromium benzaldehyde complexes. That OCH,
is, with ortho substituents other than silyl groupsr in the

solution of6b afforded a single diastereomer fin which
hydride delivery had occurred from the face opposite to the
sterically bulky chromium tricarbonyl group. The crystalline
product7 was suitable for X-ray analysis, which verified
the proposed structure and established diserelationship

Scheme 4. Construction of Spirocyclic Diones
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Following these stereochemical studies, we verified that RO H

essentially quantitative removal of the chromium fragment

(8) Moser, W. H.Tetrahedron2001,57, 2065—2084.

(9) Davies, S. G.; Goodfellow, C. LJ. Chem. Soc., Perkin Trans. 1
1990, 393—-407.

(10) (a) Mukai, C.; Cho, W. J.; Kim, I. J.; Kido, M.; Hanaoka, M.

8e (R=MesSi, n=1) 10e (n=1), 62% from 6e

Tetrahedron 991,47, 3007—3036. (b) Mukai, C.; Miyakawa, M.; Mihara, TBAF, 8f (R=Me3Si, n=2) 10f (n=2), 87% from6f
A.; Hanaoka, MJ. Org. Chem1992 57, 2034-2040. (c) Mukali, C.; Kim, THF

. J.; Furu, E.: Hanaoka, Mletrahedronl993 49, 8323-8336. (d) Swamy, 9e (R=H, n=1)

V. M.; Bhadbhade, M. M.; Puranik, V. G.; Sarkar, Aetrahedron Lett. 9f (R=H, n=2)

2000,41, 6137—6141.
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achieved in the one-pot formation of products bearing ternary and/or spirocyclic centers from arene chromium
stereogenic quaternary and/or spirocyclic carbon centers. tricarbonyl precursors. Since enantiomerically pure arene
In practice, we were delighted to find that addition of chromium tricarbonyl complexes are available through a
unsymmetrically disubstituted ester enoladesfto racemic number of established methods, our strategy appears to
arene complexX under our optimized conditions afforded possess significant potential for the asymmetric synthesis of
products6e,fin good yields as single diastereomers, dem- spirocyclic ring systems, including fredericamycin A.
onstrating that complete relative stereochemical control had
been achieved in the formation of the spirocyclic center ~Acknowledgment. We thank the Camille and Henry
(Scheme 4). The stereochemical relationship between theDreyfus Foundation, the donors of the Petroleum Research
newly generated spirocyclic and carbinol centers was verified Fund, administered by the American Chemical Society, and
by Converting6e to the previously reported a|C0th'3i the |ndiana UniVerSity-PUrdue University |I’ldianap0|is SChOOI
Finally, both 6e and 6f were readily converted to the ©f Science for financial support of this research.
corresponding spirodione$0e and 10f characteristic of . . . . .
fredericamycin A through the three-step procedure of Supporting Information Available: Experimental pro-
chromium removal v, EtO), cleavage of the silyl ether cedures and complete spectral data for compoﬁpdsf, 7,
(TBAF, THF), and oxidation (PCC, Cigl). 8a—f, 9e,f, 'and10e,f'an(.j crystgl structure data f@rin C'IF
format. This material is available free of charge via the

In summary, we have developed an efficient 43 2] Internet at http://pubs.acs.org

annulation method for the rapid and diastereoselective
construction of polycyclic ring systems bearing new qua- OL025729M
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