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to prepare analogues and derivatives of these compounds by al-
tering the C, substituent and/or by using suitably substituted
dipolarophiles. Further studies using (trimethylsilyl)methyl-
substituted indoles and pyrroles in natural product synthesis are
in progress and will be discussed in subsequent papers.
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Largely through the effects of Bohlmann and co-workers, a
variety of angular triquinanes have been isolated from natural
sources over the past decade or so.? Synthetic strategies toward
these compounds have most commonly employed sequential an-
nulations to construct the interesting tricyclic ring system.? In
principle, multiple cyclizations can present a more convergent
approach to these compounds. We now outline a facile tandem
radical cyclization approach to the representative angular tri-
quinane silphiperfol-6-ene (1) and its C-9 epimer (2).

Silphiperfol-6-ene was isolated by Bohlmann and Jakupovic
in 1980 from the roots of Silphium perfoliatum.? A recently
reported synthesis by Paquette, et al. in 15 steps from (R)-
(+)-pulegone served to determine the absolute stereochemistry
of 1 aild also confirm the initial spectroscopic structural assign-
ment.

We have recently demonstrated that a tandem radical cycli-
zation strategy can provide a unified approach to the linear class
of triquinane natural products.® In this approach, exemplified
by the syntheses of hirsutene and A°?-capnellene, the two outer
rings of the tricyclic system were simultaneously closed about a
preformed central ring. Equation 1 depicts the adoption of a

CH3 H C.:Hs H OR

and or ¢

)]
related strategy for the synthesis of silphiperfolene. Note in
particular that the cyclization precursor A should be readily
available from an alkoxy cyclopentenone by routine transforma-

(1) Sloan Foundation Fellow, 1985-1987. Dreyfus Teacher-Scholar,
1986-1991. Eli Lilly Grantee, 1985-1987. Merck Young Faculty Develop-
ment Grantee, 1986.

(2) For comprehensive reviews, see: Paquette, L. A. Top. Curr. Chem.
1984, 119, 1; 1979, 79, 41.

(3) Bohlmann, F.; Jakupovic, J. Phytochemistry 1980, 19, 259. For
structurally related natural products, see: Bohlmann, F.; Suding, H.; Cua-
trecasas, J.; Robinson, H.; King, R. M. Ibid. 1980, 19, 2399. Bohlmann, F.;
Wallmeyer, M.; Jakupovic, J.; Ziesche, J. Ibid. 1983, 22, 1645.

(4) Paquette, L. A.; Roberts, R. A.; Drtina, G. J. J. Am. Chem. Soc. 1984,
106, 6690. Following the acceptance of this manuscript, a second synthesis
has appeared: Wender, P. A., Singh, S. K. Tetrahedron Lett. 1985, 26, 5987.

(5) (a) Curran, D. P,; Rakiewicz, D. M. J. Am. Chem. Soc. 1988, 107,
1448. (b) Curran, D. P.; Rakiewicz, D. M. Tetrahedron 1985, 41, 3943. (c)
Curran, D. P.; Chen, M.-H. Tetrahedron Lett. 1985, 26, 4991.

(6) For a recent review of “Free-Radical Carbon—Carbon Bond Formation
in Organic Synthesis”, see: Hart, D. J. Science (Washington, D.C.) 1984, 223,
883.
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tions. Finally, note that the plan requires generation and cycli-
zation of a vinyl radical.”®

The synthesis is outlined in Scheme I. Cyclization precursor
5 is readily available in ~45% overall yield by sequential alkylation
of 3-ethoxy-2-cyclopenten-1-one (3) with methyl iodide and
(E)-2-methyl-1,3-dibromo-2-butene® to produce 4, followed by
standard Grignard addition of butenyl magnesium bromide and
hydrolysis.” Direct tin hydride promoted tandem cyclization®
of § gave a 66% isolated yield of a mixture of 2-oxosilphi-
perfol-6-ene (8x) and 9-epi-2-oxosilphiperfolene (8n). By no means
unexpectedly,!? the major product was the undesired epimer 8n
(ratio 8x/8n:1/3). In addition, chromatographic separation of
the 8x/8n mixture was not readily accomplished. Standard
Wolff-Kishner reduction* of the mixture provided a 1/3 mixture
of silphiperfolene (1) and its C-9 epimer (2). While the stereo-
chemical control (in the desired sense) at C9 is poor, it must be
noted that the synthesis is exceptionally short and each of the five
steps proceeds in good to excellent yield.!!

In order to disfavor formation of the 9-endo isomer 8n, a
substituent was introduced on the “endo” face of the forming
tricyclic system by the simple process of ketalization of § with
ethylene glycol. Ketal 6 was isolated in nearly quantitative yield
in a good state of purity. Due to its hydrolytic sensitivity, crude
6 was directly subjected to tandem cyclization to produce a mixture
of 7x/7n in 65% yield. In the absence of the carbonyl group to
activate the initial cyclization, the use of a vinyl (rather than alkyl)

(7) Over the past several years, Stork has elegantly developed and exploited
the chemistry of vinyl radicals, see: (a) Stork, G. In “Current Trends in
Organic Synthesis”; Nozaki, H., Ed.; Permagon Press: New York, 1982; pp
359-370. (b) Stork, G.; Mook, R, Jr; Biller, S. A.; Rychnovsky, S. D. J. Am.
Chem. Soc. 1983, 105, 3741. (c) Stork, G.; Mook, R., Jr. Ibid. 1983, 105,
3720. (d) Stork, G.; Baine, N. H. Ibid. 1982, 104, 2321. (e) Baine, N. H.
Ph.D. Thesis, Columbia University, 1981. (f) For addition of vinyl radicals
to enones, see: Marinovic, N. N.; Ramanathan, H. Tetrahedron Lett. 1983,
24, 1871.

(8) The stereochemistry of the vinyl bromide is inconsequential for the
radical cyclization (see ref 7d,e). The E olefin was chosen simply for ease
of preparation from S-bromoangelic acid (Buckles, R. E.; Mock, G. V. J. Org.
Chem. 1950, 15, 680) by reduction (LAH, Et,0) and bromination (HBr gas,
CH,Cl,).

(9) Quesada, M. L.; Schlessinger, R. H.; Parsons, W. H. J. Org. Chem.
1978, 43, 3968. Koreeda, M.; Chen, Y. P. L. Tetrahedron Lett. 1981, 22, 15.
Stork, G.; Danheiser, R. L. J. Org. Chem. 1973, 38, 1775.

(10) The formation of the less stable “endo” product in related bicyclo-
[3.3.0)octane systems is quite general: Hart, D.J.; Tsai, Y.-M. J. Am. Chem.
Soc. 1984, 106, 8209. Keck, G. E.; Enholm, E. J. Tetrahedron Lett. 1985,
26, 3311. Wolff, S.; Agosta, W. C. J. Chem. Res. Synop. 1981, 79. For a
mechanistic rationale and supporting calculations, see ref Sb and: Beckwith,
A. L. J; Schiesser, C. H. Tetrahedron Lett. 19858, 26, 373; Tetrahedron 1985,
41, 3925. Spellmeyer, D.; Houk, K. N, in press.

(11) (#)-Silphinene, a related triquinane, has been synthesized in only
three steps! Wender, P. A.; Ternansky, R. J. Tetrahedron Let:. 1985, 26,
2625.
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radical is crucial for the success of this reaction.”*%!2 Direct
dioxolane cleavage gave the previously prepared ketones 8x/8n,
however, in a reversed ratio of 2.5/1. As an added bonus, ketals
7x/Tn were readily separable by chromatography. Hydrolysis
of the individual epimers produced pure 8x and 8n. Each of these
ketones was then separately reduced to produce silphiperfol-6-ene
(1) and 9-episilphiperfolene (2) in 66~80% yields. Synthetic 1
exhibited spectroscopic properties identical with those reported
by Bohlmann.? Copies of spectra ('H NMR, IR, MS) of synthetic
silphiperfolene kindly provided by Processor Paquette were also
identical.

In conclusion, the tandem radical cyclization approach to
condensed cyclopentanoid natural products has now been extended
to encompass angular triquinanes such as silphiperfolene.!> With
appropriate modifications, a variety of related angular triquinanes
should also be readily accessible.!?
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Liquid crystals have orientational ordering and nonzero dipolar
couplings. NMR spectra of small solute molecules often show
well-resolved peaks which can be analyzed to determine order
parameters and molecular structures.! On the other hand,
molecules of the liquid crystal itself have extensive proton—proton
couplings and show broad, overlapping proton NMR peaks.
Fortunately, the carbon-13 spectra of liquid crystals are better
resolved and proton—carbon dipolar couplings can be determined?®
by a 2-D method called separated local field spectroscopy.’ We
have found that the quality of the carbon-13 spectra can be greatly
improved by using a combination of sample spinning near the
magic-angle and proton-proton dipolar decoupling.

When a nematic sample is spun rapidly (Z1 kHz at 7 T) at
or near the magic angle, the long axes of the molecules can align
along the spinning axis*® and sharp carbon-13 peaks can be

(1) Emsley, J. W.; Lindon, L. C. “NMR Spectroscopy Using Liquid
Crystal Solvents”; Pergamon Press: - Oxford, 1975.

(2) Hohener, A.; Muller, L.; Ernst, R. R. Mol. Phys. 1979, 38, 909.

(3) (a) Waugh, J. S. Proc. Natl. Acad. Sci. U.S.A. 1976, 73, 1394. (b)
Hester, R. K.; Ackerman, J. L.; Neff, B. L.; Waugh, J. S. Phys. Rev. Lett.
1976, 36, 1081. (c) Rybaczewski, E. R.; Neff, B. L.; Waugh, J. S.; Sherfinski,
J. S. J. Chem. Phys. 1977, 67, 1231. (d) Waugh, J. S;; Opella, S. J. 1977,
60, 4919.

(4) (a) Courtieu, J.; Alderman, D. W.; Grant, D. M. J. Am. Chem. Soc.
1981, 103, 6784. (b) Courtieu, J.; Alderman, D. W.; Grant, D. M.; Bayles,
J. P. J. Chem. Phys. 1982, 77, 723. (c) Heeschen, W. A; Alderman, D. W.;
Grant, D. M,; Daltry, D. K. J. Magn. Reson. 1984, 59, 318.

(5) Teedir, R.; Alla, M.; Lippmaa, E. Org. Magn. Reson. 1982, 19, 134.

(6) Fung, B. M.; Gangoda, M. J. Chem. Phys. 1988, 83, 3285.
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Figure 1. Carbon-13 spectra of EBBA at 75.4 MHz and 54 °C. The
sample was spun at an angle of 52.8° with respect to B at a rate of 1
kHz; yH,/2% = 20 kHz; 50% duty cycle: (A) with broad-band proton
decoupling; (B) without decoupling; (C) with BLEW-48 decoupling. The
accumulation time was 15 min for A and 1 h each for B and C. The
scaling factor f for C is 0.420.!?

observed with only moderate proton decoupling power. If the
angle # between the spinning axis and the magnetic field B, is equal
to the magic angle (54.7°), the chemical shifts are essentially the
same as those in the isotropic phase. They change with 8 because
of chemical shift anisotropies. The decoupled carbon-13 spectrum
of N-(p-ethoxybenzylidene)p-n-butylaniline (EBBA) spun at 8

PO 5 & 7/H
cmcmo@;c\\ .,
32 N—<'l r :>; CH2CH,CHaCHs

6 5
= 52.8° is shown in Figure 1A. Assignment of the peaks is given
in the literature’ and was checked by selective decoupling in an
isotropic-solution. At this angle, the signals of the 1’- and 2’-
carbons overlap. For 8 < 50°, the signal of the 1’-carbon is
resolved and appears at a lower field than that of the 2’-carbon,
but the two methyl signals may overlap with each other. With
rapid sample spinning at an angle 8, dipolar couplings are reduced
by a factor of (3 cos? # ~ 1)/2 and can be observed if proton
decoupling is not used (Figure 1B). However, the carbon-13
spectrum is affected by both proton—proton and proton—carbon
couplings. The peaks are rather broad and spectral analysis is
not straightforward. This problem can be overcome by applying
a pulse sequence which removes proton—proton dipolar cou-
plings.#12 The spectrum is simplified and the resolution is en-

(7) “Sadtler Standard Carbon-13 NMR Spectra”; Sadtler Research Lab-
oratories: Philadelphia, PA, 1977; Vol. 9, p 1791C.
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Phys. Rev. B 1973, 7, 90.

(11) (a) Burum, D. P.; Rhim, W. K. J. Chem. Phys. 1979, 71, 944, (b)
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