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Synthesis of a tricyclic core of rameswaralide
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A tricyclic core containing a 5,7-fused bicyclic unit of rameswaralide was prepared starting from a 1,6-
enyne. The synthetic sequence involved (i) ruthenium-catalyzed [5+2]-cycloaddition of 1,6-enyne, (ii)
an acyl radical based approach to construct the lactone, and (iii) a regioselective installation of the con-
jugated double bond by a concomitant sulfenylation–dehydrosulfenylation sequence.

� 2010 Elsevier Ltd. All rights reserved.
H

H

O
H

H

HO
CO2Me

OH

O

O

H

H

O
H

H

HO
CO2Me

OH

O

O

A B C A B C

Rameswaralide (1) Dihydrorameswaralide (2)

Figure 1. Structure of rameswaralide (1) and its derivative (2).
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Rameswaralide (1), a novel diterpene with a tetracyclic ring
skeleton, was isolated from the soft coral Sinularia dissecta near
the Mandapam coast of India in 1998 (Figure 1).1 Its relative ste-
reochemistry was determined by analysis of 1H NMR coupling con-
stants and NOESY correlations. The structure of 1 was further
confirmed by selective reduction of the enolic group with NaBH4

to form the corresponding dihydrorameswaralide (2). It was re-
ported that rameswaralide (1), and its derivatives, could function
as effective anti-inflammatory agents for the treatment of a variety
of inflammatory disorders, including arthritis, psoriasis, and
inflammatory bowel disease.2

Rameswaralide (1) is a highly oxygenated natural product con-
taining a variety of functional groups, including a tertiary hydroxyl
group, a carbonyl moiety, a fully enolized b-ketoester, a c-lactone,
and an isopropylidene group (Fig. 1). Furthermore, it contains
cis-fusions at the AB- and BC-ring junctions. Due to its complex
features and biological importance, rameswaralide (1) is a good
target for total synthesis. To date, the total synthesis of 1 has not
been reported, but several reported approaches have appeared.3

Herein, we report the synthesis of the tricyclic core 3 containing
a 5,7-fused bicyclic (AB-ring) unit of rameswaralide (1) (Fig. 2).

Retrosynthetically, the tricyclic compound 3 (Fig. 2) could be
accessed from chemoselective epoxidation of vinylsilane 4. In turn,
the five-membered c-lactone in 4 could be derived from the
alkoxycarbonyl radical cyclization of acylselenium 5 onto the
exocyclic cis-disubstituted olefin with retention of the alkene func-
tionality.4 The 5,7-fused bicyclic skeleton 6 could be formed by
ll rights reserved.
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).
ruthenium-catalyzed [5+2] intramolecular cycloaddition of the
1,6-enyne 7 developed in these laboratories.5,6

Synthesis of the 5,7-fused bicyclic compound 6 commenced
with a known b-hydroxy ketone 8 (Scheme 1).5c,d Stereoselective
HO H
6

TMS7

Figure 2. Retrosynthetic analysis of tricyclic core 3.
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Table 1
Atom transfer/reductive radical cyclization
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Entry Conditions Results

1 Et3B, O2, PhH, rt, 24 h No reaction
2 Et3B, O2, Yb(OTf)3, PhH Decomposition
3 Bu3SnSnBu3, hv, PhH, 80 �C No reaction
4 Me3SnSnMe3, hv, PhH, 80 �C No reaction
5 40 mol % Bu3SnH, 20 mol % AIBN PhH, 80 �C, 24 h 12 (30% yield)
6 120 mol % Bu3SnH, 20 mol % AIBN PhH, 80 �C, 12 h 12 (86% yield)
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Scheme 1. Formation of the 5,7-fused bicyclic compound 6.
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reduction of 8 to the corresponding syn 1,3-diol 7 was realized
using Et2BOMe as a chelating reagent and NaBH4 as a hydride
source.7 The diol 7 was obtained in 85% yield and with excellent
diastereoselectivity (dr = 20:1). The relative stereochemistry of
compound 7 was assigned by using Rychnovsky’s method for
determining the stereochemistry of the 1,3-diol acetonides.8

Subjection of 1,6-enyne 7–5 mol % of CpRu(CH3CN)3PF6 in CH2Cl2

for 3 h provided the desired hydroazulene product 6 (Scheme 1)
in 73% yield as a single diastereomer. The stereochemistry of
compound 6 has been determined by X-ray crystallography.5c,d

With 5,7-bicyclic compound 6 in hand, our attention turned to
development of the conditions for forming the five-membered
a,b-unsaturated lactone found within the tricyclic skeleton 4
(Fig. 2). One possible approach to forming the c-lactone while
retaining the alkene functionality involves an atom transfer radical
cyclization of acylselenium precursor 10 (Scheme 2) onto the
disubstituted cis-olefin.4 Accordingly, chemoselective acylation of
diol 6 with 1,10-carbonyl-diimidazole provided acylimidazole 9 in
99% yield. Treatment of 9 with a reagent combination of PhSeSePh
and NaBH4 afforded acylselenium 10 in 88% yield (Scheme 2). It is
important that an equimolar amount of PhSeSePh and NaBH4 must
be used in the reaction to ensure high conversion in forming the
desired product 10. If an excess amount of NaBH4 was employed
in the reaction, an undesired elimination product 11 (Scheme 2)
was formed as the major product.

Having successfully synthesized radical precursor 10, a variety
of atom transfer radical cyclization conditions were attempted
(Table 1, entries 1–4).9 Unfortunately, these conditions did not
provide the desired tricyclic product 12, and only resulted in
decomposition or recovery of the starting material 10. On the other
hand, when a substoichiometric amount of Bu3SnH (40 mol %) was
im im
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Scheme 2. Synthesis of acylselenium 10.
employed in the reaction, a reductive radical product 13 was iso-
lated in 30% yield (entry 5). Use of stoichiometric amount of
Bu3SnH (1.2 equiv) and AIBN (0.2 equiv) as the radical initiator
provided tricyclic product 13 in 88% yield as a single diastereomer
(entry 6).

To prepare the required five-membered a,b-unsaturated lac-
tone, the reported Tsuji method of reacting a silyl enol ether with
allyl methyl carbonate was explored.10 To avoid any difficulties
associated with the formation of a,b-unsaturated lactone, the ter-
tiary hydroxyl group within 13 was protected as silyl ether 14
(Scheme 3). Subsequent treatment of 14 with KHMDS at �78 �C,
followed by trapping the enolate intermediate with TMSCl, pro-
vided silyl enol ether 15. Reaction of 15 with Pd(OAc)2 and allyl
methyl carbonate in THF at 80 �C for 18 h did not yield the desired
a,b-unsaturated lactone 16.

An unsuccessful attempt at transforming the silyl enol ether 15
into the corresponding c-lactone 16 prompted us to explore the
introduction of the conjugated double bond by a concomitant sulf-
enylation–dehydrosulfenylation approach (Scheme 4).11 When
PhSSO2Ph was employed as the electrophilic reagent, sulfide 17
was obtained in 66% yield along with the undesired epimer 18
(Scheme 4). Chemoselective oxidation of the phenyl sulfide func-
tionality in 17 was investigated next. The use of mCBPA (1.1 equiv)
enabled to selectively oxidize phenylthiol 17 to the desired phenyl
sulfoxide 19 in 65% yield along with 12% of sulfone 20 (Scheme 4).

Elimination of phenyl sulfoxide 19 posed a challenge because
the phenyl sulfoxide group could abstract either the methine or
the methylene hydrogen to form endocyclic a,b-unsaturated
lactone 21 and/or exocyclic a,b-unsaturated lactone 22, respec-
tively (Scheme 5). Treatment of 19 in toluene at 90 �C for 6 h only
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Scheme 3. Attempted formation of a,b-unsaturated lactone.
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resulted in the undesired conjugated diene 21 (Scheme 5) with the
concomitant deprotection of the TMS group of tertiary alcohol. The
desired c-lactone 22 was not observed in the elimination reaction.

Several factors can be attributed to favoring this regioselectiv-
ity. The first is the minimizing of the carbonyl group dipole and
sulfoxide group dipole interaction, which will favor formation of
the endocyclic regioisomer.11a Second is the allylic nature of the
bridgehead hydrogen, whose abstraction leads to lactone 21
(Scheme 5). Converting the double bond to the corresponding
epoxide 23 (Scheme 6) attenuates both factors to some extent. In
addition, it dramatically increases the steric hindrance for abstrac-
tion of the bridgehead hydrogen. We speculate that the combina-
tion of these effects might be enough to shift the regioselectivity.
As expected, the endocyclic olefin of lactone 13 (Scheme 6) was
smoothly converted to epoxide 23 in 90% yield as a single diaste-
reomer with mCPBA. Sulfenylation of 23 with PhSSO2Ph, followed
by mCPBA oxidation of the resulting intermediate sulfide, provided
sulfoxide 24 (Scheme 6).

Gratifyingly, the treatment of sulfoxide 24 in toluene at 65 �C
for 18 h provided the desired exocyclic a,b-unsaturated lactone
25 in 77% yield (Scheme 7), along with 12% yield of the undesired
endocyclic c-lactone 26. Increasing the reaction temperature to
90 �C led to increased amounts of the undesired regioisomer 26
(25:26 69%:22%).

In summary, we have described an efficient approach to the
synthesis of the tricyclic core containing the AB-ring moiety of
rameswaralide (1), highlighted by a challenging formation of the
5,7-fused bicyclic skeleton and a,b-unsaturated five-membered
lactone. The ruthenium-catalyzed [5+2]-cycloaddition reaction
was employed to construct the 5,7-fused bicyclic system with
excellent diastereoselectivity. Use of reductive radical cyclization
followed by an oxidation/elimination approach was utilized to
form the exocyclic a,b-unsaturated five-membered lactone with
good regioselectivity. Efforts to apply these strategies toward the
enantioselective total synthesis of rameswaralide (1) are ongoing.

Acknowledgments

We thank the National Institutes of Health, General Medical
Sciences GM 033049, for their generous support of our research
programs. H.M.N. was supported by an NIH postdoctoral fellow-
ship. Mass spectra were provided by the Mass Spectrometry Regio-
nal Center of University of California—San Francisco, supported by
the NIH Division of Research Resources.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2010.09.042.

References and notes

1. Ramesh, P.; Reddy, N. S.; Venkateswarlu, Y.; Reddy, M. V. R.; Faulkner, J. D.
Tetrahedron Lett. 1998, 39, 8217–8220.

2. Faulkner, J. D.; Venkateswarlue, Y. PCT Int. Appl. WO 00,27,839, 2000.
3. Srikrishna, A.; Dethe, D. H. Org. Lett. 2004, 6, 165–168; Mehta, G.; Lakshminath,

S. Tetrahedron Lett. 2006, 47, 327–330; Pattenden, G.; Winne, J. M. Tetrahedron
Lett. 2009, 50, 7310–7313.

4. (a) Saici, R. N.; Zard, S. Z. Chem. Commun. 1996, 1631–1632; (b) Zard, S. Z.
Angew. Chem., Int. Ed. 1997, 36, 672–685; (c) Forbes, J. F.; Saicic, R. N.; Zard, S. Z.
Tetrahedron 1999, 55, 3791–3802.

5. (a) Trost, B. M.; Toste, F. D.; Shen, H. J. Am. Chem. Soc. 2000, 122, 2379–2380; (b)
Trost, B. M.; Shen, H. Angew. Chem., Int. Ed. 2001, 40, 2313–2316; (c) Trost, B.
M.; Shen, H. C.; Schulz, T.; Koradin, C.; Schirok, H. Org. Lett. 2003, 5, 4149–4151;
(d) Trost, B. M.; Shen, H. C.; Horne, D. B.; Toste, F. D.; Steinmetz, B. G.; Koradin,
C. Chem. Eur. J. 2005, 11, 2577–2590; (e) Trost, B. M.; Hu, Y.; Horne, D. B. J. Am.
Chem. Soc. 2007, 129, 11781–11790; (f) Trost, B. M.; Waser, J.; Meyer, A. J. Am.
Chem. Soc. 2007, 129, 11970–11978.

6. For rhodium-catalyzed [5+2]-cycloaddition, see the following representative
articles: (a) Liu, P.; Sirois, L. E.; Cheong, P. H.-Y.; Yu, Z.-H.; Hartung, I. V.; Rieck,
H.; Wender, P. A. J. Am. Chem. Soc. 2010, 132, 10127–10135; (b) Wender, P. A.;
Stemmler, R. T.; Sirois, L. E. J. Am. Chem. Soc. 2010, 132, 2532–2533; (c) Liu, P.;
Cheong, P. H.-Y.; Yu, Z.-X.; Wender, P. A.; Houk, K. N. Angew. Chem., Int. Ed.
2008, 47, 3939–3941; (d) Yu, Z.-X.; Cheong, P. H.-Y.; Liu, P.; Legault, C. Y.;
Wender, P. A.; Houk, K. N. J. Am. Chem. Soc. 2008, 130, 2378–2379; (e) Wender,
P. A.; Haustedt, L. O.; Lim, J.; Love, J. A.; Williams, T. J.; Yoon, J.-Y. J. Am. Chem.
Soc. 2006, 128, 6302–6303; (f) Wender, P. A.; Husfeld, C. O.; Langkopf, E.; Love,
J. A. J. Am. Chem. Soc. 1998, 120, 1940–1941; (g) Wender, P. A.; Takahashi, H.;
Witulski, B. J. Am. Chem. Soc. 1995, 117, 4720–4721.

7. (a) Chen, K.-M.; Gunderson, K. G.; Hardtmann, G. E.; Prasad, K.; Repic, O.;
Shapiro, M. J. Chem. Lett. 1987, 1923–1926; (b) Chen, K.-M.; Hardtmann, G. E.;
Prasad, K.; Repic, O.; Shapirio, M. J. Tetrahedron Lett. 1987, 28, 155–158; (c)
Evans, D. A.; Hoveyda, A. H. J. Org. Chem. 1990, 55, 5190–5192.

8. Rychnovsky, S. D.; Rogers, B.; Yang, G. J. Org. Chem. 1993, 58, 3511–
3515.

http://dx.doi.org/10.1016/j.tetlet.2010.09.042


B. M. Trost et al. / Tetrahedron Letters 51 (2010) 6232–6235 6235
9. (a) Stork, G.; Kahn, M. J. Am. Chem. Soc. 1985, 107, 500–501; (b) Stork, G.; Sher,
P. M. J. Am. Chem. Soc. 1986, 108, 303–304; (c) Curran, D. P.; Chen, M.-H.; Kim,
D. J. Am. Chem. Soc. 1989, 111, 626506276; (d) Curran, D. P.; Tamine, J. J. Org.
Chem. 1991, 56, 2746–2750; (e) Rawal, V. H.; Singh, S. P.; Dufour, S. C.;
Michoud, C. J. Org. Chem. 1991, 56, 5245–5247; (f) Bachi, M.; Bosch, E. J. Org.
Chem. 1992, 57, 4696–4705; (g) Clive, D. L. J.; Manning, H. W.; Boivin, T. L. B.;
Posteman, M. H. D. J. Org. Chem. 1993, 58, 6857–6873; (h) Crich, D.; Chen, C.;
Hwang, J.-T.; Yuan, H.; Papadatos, A.; Walter, R. I. J. Am. Chem. Soc. 1994, 116,
8937–8951; (i) Lucas, M. A.; Schiesser, C. H. J. Org. Chem. 1996, 61, 5754–5761;
(j) Studer, A.; Amerein, S. Synthesis 2002, 835–849; (k) Yorimitsu, H.;
Shinokubo, H.; Oshima, K. Synlett 2002, 674–686.

10. Tsuji, J.; Minami, I.; Shimizu, I. Tetrahedron Lett. 1983, 24, 5639–5640.
11. (a) Trost, B. M.; Salzmann, T. N.; Hiroi, K. J. Am. Chem. Soc. 1976, 98, 4887–4902;

(b) Trost, B. M.; Massiot, G. S. J. Am. Chem. Soc. 1977, 99, 4405–4412.


	Synthesis of a tricyclic core of rameswaralide
	Acknowledgments
	Supplementary data
	References and notes


