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The first total synthesis of (+)-scopadulin, an aphidicolane diterpene, is described. The core structure
(A/BIC/D ring system) was constructed by an initial synthesis of the B/C/D ring system by our
reported methods and a subsequent A ring cyclization by intramolecular aldol condensation. A
highly stereoselective cyanation of the tetracyclic enone by Et,AICN gave a trans-fused A/B ring
system with a f-cyanide at C-4. Stereoselective construction of a quaternary carbon at C-4 was
achieved by a-alkylation of the cyano group and conversion of the sterically hindered cyano group
to a methyl group via our novel reaction for conversion of primary aliphatic amines into alcohols.
Finally, the total synthesis of (+)-scopadulin was accomplished by a highly chemo- and stereo-
selective methylation at C-16 and modification of the C-4 a-functionality. The stereoselectivity
observed in the MeTi(O-i-Pr);-mediated methylation for the generation of a tertiary axial alcohol

at C-16 is extremely high.

Introduction

The widely distributed plant Scoparia dulcis (fam.
Scrophulariaceae) has long been used as a traditional
medicine in Paraguay, India, and Taiwan for hyperten-
sion, toothaches, blennorhagia and stomach disorders.!
Due to these diverse medicinal properties, considerable
phytochemical investigations were carried out on this
plant by different groups to identify the active constitu-
ents. Hayashi and co-workers isolated and characterized
a number of structurally unique tetracyclic diterpenoids
(scopadulane diterpenes), exemplified by scopadulcic acid
A (1), scopadulcic acid B (2), and scopadulciol (3) (Figure
1) from the Paraguayan crude drug Typcha-KuratQ
prepared from the whole plants of S. dulcis.? Scopadulciol
has also been isolated earlier from a Bangladeshi collec-
tion of S. dulcis.® The continued investigation of Ha-
yashi’s group on this plant resulted in isolation and
characterization of a novel tetracyclic aphidicolane diter-
penoid scopadulin (4) in 1990 (Figure 1).# This is the first
example of an aphidicolane diterpenoid from a higher
plant. The structure of scopadulin was determined by
spectroscopic studies and finally confirmed by single-
crystal X-ray crystallography of its acetone solvate.*

The synthetically challenging structural complexity of
scopadulin due to the presence of four quaternary carbons
and eight stereocenters coupled with its notable antiviral
and cytotoxic activities* has attracted the organic chem-
ists as a worthy synthetic target. Like other aphidicolane®

(1) Hostettmann, K. Phytochemistry of Plants Used in Traditional
Medicine; Oxford University Press: New York, 1995.

(2) (a) Hayashi, T.; Kishi, M.; Kawasaki, M.; Arisawa, M.; Shimizu,
M.; Suzuki, S.; Yoshizaki, M.; Morita, N.; Tezuka, Y.; Kikuchi, T.;
Berganza, L. H.; Ferro, E.; Basualdo, I. Tetrahedron Lett. 1987, 28,
3693. (b) Hayashi, T.; Kishi, M.; Kawasaki, M.; Arisawa, M.; Morita,
N. J. Nat. Prod. 1988, 51, 360. (c) Hayashi, T.; Asano, S.; Mizutani,
M.; Takeguchi, N.; Morita, N. J. Nat. Prod. 1991, 54, 802.

(3) Ahmed, M.; Jakupovic, J. Phytochemistry 1990, 29, 3035.

(4) Hayashi, T.; Kawasaki, M.; Miwa, Y.; Taga, T.; Morita, N. Chem.
Pharm. Bull. 1990, 38, 945.
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scopadulcic acid B (2): R = CO;H
scopadulciol (3): R = CH,OH

[e]
aphidicolin (5)

scopadulin (4)

Figure 1.

and stemodane® diterpenes, scopadulin has a similar
bicyclo[3.2.1]Joctane moiety (C/D ring system) fused with
a trans-decalin moiety (A/B ring system). In addition, the
presence of two adjacent quaternary carbon centers at
C-9 and C-10 makes these diterpenes quite crowded.
Although numerous synthetic pathways for other aphidi-
colane” and stemodane™? diterpenes and, recently, the
total synthesis of scopadulcic acid A (1),° scopadulcic acid
B (2),°»1° and scopadulciol (3)%® were established, no
synthetic approach toward scopadulin (4) has been
reported to date. Previously, successful syntheses of

(5) (&) Brundret, K. M.; Dalziel, W.; Hesp, B.; Jarvis, J. A. J.; Neidle,
S. J. Chem. Soc., Chem. Commun. 1972, 1027. (b) Dalziel, W.; Hesp,
B.; Stevenson, K. M.; Jarvis, J. A. J. J. Chem. Soc., Perkin Trans. 1
1973, 2841.

(6) (@) Manchand, P. S.; White, J. D.; Wright, H.; Clardy, J. 3. Am.
Chem. Soc. 1973, 95, 2705. (b) Hufford, C. D.; Guerrero, R. O.;
Doorenbos, N. J. J. Pharm. Sci. 1976, 65, 778. (c) Kelly, R. B.; Harley,
M. L.; Alward, S. J.; Manchand, P. S. Can. J. Chem. 1982, 60, 675. (d)
Chamy, M. C.; Piovano, M.; Garbariono, J. A.; Gambaro, V. Phy-
tochemistry 1991, 30, 1719.
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aphidicolin (5)* and stemodinone® were established in
our laboratory. Our continued interest in this diterpene
family prompted us to target the total synthesis of this
novel diterpene.

Although we started our project for the total synthesis
of scopadulin some years ago, the progress in the
synthetic study was hampered due to several failed
attempts to construct the A/B ring system with the
requisite stereochemistry. We encountered many difficul-
ties in the stereoselective generation of a quaternary
carbon at C-4 and subsequent manipulation of the
hindered functionalities. Accordingly, the problems as-
sociated with the total synthesis were successfully over-
come by conducting a model study for the stereoselective
construction of the A/B ring system with the desired
functionalities.’? In the course of the model study, we
discovered a novel and efficient one-step conversion of
primary aliphatic amines into alcohols.*?? In this paper,
we describe the total synthesis of (+)-scopadulin in full
details,!® utilizing our novel reaction.

(7) For the synthesis of other aphidicolanes, see: (a) Trost, B. M.;
Nishimura, Y.; Yamamoto, K.; McElvain, S. S. J. Am. Chem. Soc. 1979,
101, 1328. (b) McMurry, J. E.; Andrus, A.; Ksander, G. M.; Musser, J.
H.; Johnson, M. A. J. Am. Chem. Soc. 1979, 101, 1330. (c) McMurry,
J. E.; Andrus, A.; Ksander, G. M.; Musser, J. H.; Johnson, M. A.
Tetrahedron 1981, 37, Suppl. 9, 319. (d) Corey, E. J.; Tius, M. A,; Das,
J. 3. Am. Chem. Soc. 1980, 102, 1742. (e) Ireland, R. E.; Godfrey, J.
D.; Thaisrivongs, S. 3. Am. Chem. Soc. 1981, 103, 2446. (f) Ireland, R.
E.; Dow, W. C.; Godfrey, J. D.; Thaisrivongs, S. J. Org. Chem. 1984,
49, 1001. (g) van Tamelen, E. E.; Zawacky, S. R.; Russel, R. K.; Carlson,
J. G. J. Am. Chem. Soc. 1983, 105, 142. (h) Bettolo, R. M.; Tagliatesta,
P.; Lupi, A.; Bravetti, D. Helv. Chim. Acta 1983, 66, 1922. (i) Lupi, A,;
Patamia, M.; Bettolo, R. M. Helv. Chim. Acta 1988, 71, 872. (j) Holton,
R. A.; Kennedy, R. M.; Kim, H. B.; Krafft, M. E. 3. Am. Chem. Soc.
1987, 109, 1597. (k) Rizzo, C. J.; Smith, A. B., Ill. Tetrahedron Lett.
1988, 29, 2793. (I) Rizzo, C. J.; Smith, A. B., I11. J. Chem. Soc., Perkin
Trans. 1 1991, 969. (m) Toyota, M.; Nishikawa, Y.; Fukumoto, K.
Tetrahedron Lett. 1994, 35, 6495. (n) Toyota, M.; Nishikawa, Y.; Seishi,
T.; Fukumoto, K. Tetrahedron 1994, 50, 10183. (o) Toyota, M.
Nishikawa, Y.; Fukumoto, K. Tetrahedron 1994, 50, 11153. (p) Toyota,
M.; Nishikawa, Y.; Fukumoto, K. Tetrahedron Lett. 1995, 36, 5379.
(q) Toyota, M.; Nishikawa, Y.; Fukumoto, K. Tetrahedron 1996, 52,
10347. (r) Kaliapan, K.; Rao, G. S. R. S. Tetrahedron Lett. 1996, 37,
8429. (s) Abelman, M. M.; Kado, N.; Overman, L. E.; Bélanger, G;
Deslongchamps, P.; Sarkar, A. K. Synlett 1997, 1469. (t) Bélanger, G.;
Deslongchamps, P. Org. Lett. 2000, 2, 285. (u) Bélanger, G.; Deslong-
champs, P. J. Org. Chem. 2000, 65, 7070. (v) For a comprehensive
review on the synthesis of aphidicolane and stemodane diterpenes,
see: Toyota, M.; lhara, M. Tetrahedron 1999, 55, 5641.

(8) For the recent synthesis of stemodane diterpenes, see: (a) Corey,
E. J.; Tius, M. A;; Das, J. J. Am. Chem. Soc. 1980, 102, 7612. (b) Piers,
E.; Abeysekera, B. F.; Herbert, D. J.; Suckling, I. D. Can. J. Chem.
1985, 63, 3418. (c) White, J. D.; Somers, T. C. J. Am. Chem. Soc. 1987,
109, 4424; 3. Am. Chem. Soc. 1994, 116, 9912. (d) Germanas, J.;
Aubert, C.; Vollhardt, K. P. C. 3. Am. Chem. Soc. 1991, 113, 4006. (e)
Hegarty, P.; Mann, J. Tetrahedron 1995, 51, 9079. (f) Tanaka, T.;
Murakami, K.; Kanda, A.; Patra, D.; Yamamoto, S.; Satoh, N.; Kim,
S.-W.; Ishida, T.; In, Y.; lwata, C. Tetrahedron Lett. 1997, 38, 1801.
(g) Pearson, A. J.; Fang, X. J. Org. Chem. 1997, 62, 5284. (h) Toro, A.;
Nowak, P.; Deslongchamps, P. J. Am. Chem. Soc. 2000, 122, 4526.

(9) (a) Kucera, D. J.; O'Connor, S. J.; Overman, L. E. J. Org. Chem.
1993, 58, 5304. (b) Ziegler, F. E.; Wallace, O. B. J. Org. Chem. 1995,
60, 3626. (c) Fox, M. E.; Li, C.; Marino, J. P., Jr.; Overman, L. E. J.
Am. Chem. Soc. 1999, 121, 5467.

(10) (a) Overman, L. E.; Ricca, D. J.; Tran, V. D. 3. Am. Chem. Soc.
1993, 115, 2042. (b) Overman, L. E.; Ricca, D. J.; Tran, V. D. 3. Am.
Chem. Soc. 1997, 119, 12031.

(11) (a) Tanaka, T.; Murakami, K.; Okuda, O.; Inoue, T.; Kuroda,
T.; Kamei, K.; Murata, T.; Yoshino, H.; Imanishi, T.; Kim, S.-W.; lwata,
C. Chem. Pharm. Bull. 1995, 43, 193. (b) Tanaka, T.; Okuda, O;
Murakami, K.; Yoshino, H.; Mikamiyama, H.; Kanda, A.; Kim, S.-W;
Iwata, C. Chem. Pharm. Bull. 1995, 43, 1407.

(12) (a) Rahman, S. M. A.; Ohno, H.; Maezaki, N.; lwata, C.; Tanaka,
T. Org. Lett. 2000, 2, 2893. (b) Rahman, S. M. A.; Ohno, H.; Yoshino,
H.; Satoh, N.; Tsukaguchi, M.; Murakami, K.; Iwata, C.; Maezaki, N.;
Tanaka, T. Tetrahedron. 2001, 57, 127.

(13) We have recently communicated the first total synthesis of (+)-
scopadulin: Rahman, S. M. A.; Ohno, H.; Murata, T.; Yoshino, H.;
Satoh, N.; Murakami, K.; Patra, D.; Iwata, C.; Maezaki, N.; Tanaka,
T. Org. Lett. 2001, 3, 619.
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Scheme 1

Results and Discussion

Initial Synthetic Approach. Our synthetic studies
on scopadulin were based on a strategy of construction
of the B/C/D ring system followed by A ring cyclization.
Therefore, we planned to start from the B/C/D analogue
9 whose synthesis was previously reported from our
laboratory.'! As shown in Scheme 1, we thought that
scopadulin (4) might be synthesized by functional group
modifications of the tetracyclic precursor 6, which could
be accessed from the enone 7 by stereoselective genera-
tion of a quaternary carbon at C-4 with a carboxyl
equivalent. We envisaged that an angular methyl group
would provide the requisite stereochemical features. The
tetracyclic enone 7, which is regarded as the core
structure, might be easily obtained by aldol condensation
from 8, which was assumed to be obtained from 9 in a
straightforward manner. We anticipated that the facial
bias provided by the bicyclooctane moiety (C/D ring
system) would favor the stereoselective introduction of
a methyl group at C-10.

Starting from 9, we initially synthesized the scopadulin
core structure as depicted in Scheme 2. Barbier reaction
of 9 with 2-(3-chloropropyl)-2-methyl-1,3-dioxolane af-
forded the allyl alcohol 10 in excellent yield. Dauben—
Michno oxidative rearrangement** of 10 provided the
transposed enone 11. Conjugate addition of Me,CuLi to
the enone 11 gave the ketone 8 in excellent yield. 5-Face
addition of a methyl group proceeded exclusively because
the a-side was more congested due to the presence of a
bicyclooctane moiety (structure 11 within brackets).
Deketalization of 8 gave the triketone 12, which was
cyclized quantitatively by acid-catalyzed intramolecular
aldol condensation to yield the enone 13.15 Selective
ketalization proceeded smoothly and efficiently to provide
7 in nearly quantitative yield.

Our next operation was the stereoselective formation
of a quaternary carbon at C-4. We assumed that the
angular methyl group at C-10 would favor a-face addition
of a cyano nucleophile to the enone 7 to give the desired
nitrile 14 (Scheme 3), which could be easily transformed
to scopadulin by modification of functional groups. How-

(14) Dauben, W. G.; Michno, D. M. J. Org. Chem. 1977, 42, 643.

(15) One-step conversion of 8 into 13 by deketalization and a
subsequent aldol condensation was quite difficult. For example,
treatment of 8 with p-TSA in benzene under reflux (Dean—Stark) led
to a complex mixture of unidentified compounds.
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Scheme 22
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a Reaction conditions: (a) Li, 2-(3-chloropropyl)-2-methyl-1,3-
dioxolane, Et,0, ultrasound, rt; (b) PCC, AcONa, Celite, CgHs; (C)
Me,CuLi, Et;0, —20 to 0 °C; (d) PPTS, H.0, acetone; (e) p-TSA,
CsHs, reflux (Dean—Stark); (f) (CH2OH),, PPTS, CgHs, reflux
(Dean—Stark).

Scheme 32

14 (0%) 15 (51%)

a Reaction conditions: Et,AICN, CgHg, 0 °C.

ever, conjugate addition of Et,AICN to the enone 7
afforded the undesired adduct 15. Not only did the CN
addition occur from the p-face, the A/B ring junction
moreover was the cis configuration. The stereochemis-
tries were determined by NOE analyses. NOE was
observed between 10-CH; and 5-H (4%). However, no
NOE was found between 4-CH3/5-H and 4-CH3/10-CHs.
The stereoelectronic effects coupled with the fact that the
CN group is sterically very small and was not disturbed
by the axial methyl group favored this undesired addi-
tion. Moreover, Nagata reported that CN addition would
occur in an axial fashion.*® And possibly the presence of
the C-4 methyl group at the a-face of the enolate
intermediate encouraged protonation from the less hin-
dered p-face resulting in the cis-fused A/B ring system.
Copper-catalyzed conjugate addition of a relatively bulkier
reagent (allylmagnesium bromide'” or methoxyallyl-

(16) Nagata, W. In Org. React. (N.Y.) 1977, 25, 255.
(17) Lipshutz, B. H.; Hackmann, C. J. Org. Chem. 1994, 59, 7437.
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Scheme 4
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copper?®) to the enone 7 was investigated. However, the
reactions were unrewarding in both cases. Thus, we
learned that the formation of a quaternary carbon at C-4
via the conjugate addition was extremely difficult pre-
sumably due to the steric hindrance exerted by the
methyl groups at both C-4 and C-10.

Next, a different strategy via the anionic oxy-Cope
rearrangement'® was applied to the stereoselective
generation of a quaternary carbon at C-4. As shown in
Scheme 4, 1,2-addition of allylmagnesium bromide to the
enone 7 gave the homoallyl alcohol 16 in excellent yield.?®
Then, some oxy-Cope conditions (KH, KH/18-crown-6,
KHMDS, KHMDS/18-crown-6, Pd(OAc),, etc.) were ex-
amined.? However, the desired product 17 was not
formed in any case. Possibly, steric hindrance due to the
presence of the methyl substituent at C-4 and/or confor-
mational unbias of the quasi-equatorial pendant allyl
substituent at C-6 are the causes for these unsuccessful
results.

Revised Synthetic Plan. The presence of a methyl
substituent at C-4 impeded the stereoselective formation
of a quaternary carbon at C-4. Therefore, we changed our
strategy and planned a different route via the enone 19,
which lacks a methyl substituent at C-4 (Scheme 5).
Synthesis of 19 from 9 was previously reported from our
laboratory!® (see the Supporting Information for the
augmented and updated data for 19 and the intermedi-
ates). Conjugate addition of Et,AICN to the enone 19
might proceed smoothly as learned from the previous
discussion. We envisaged that scopadulin could be syn-

(18) Berrien, J.-F.; Raymond, M.-N.; Moskowitz, H.; Matrargue, J.
Tetrahedron Lett. 1999, 40, 1313.

(19) (a) Cope, A. C.; Field, L.; MacDowell, D. W. H.; Wright, M. E.
J. Am. Chem. Soc. 1956, 78, 2547. (b) Hill, R. K. In Comprehensive
Organic Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon Press:
Oxford, 1991; Vol. 5, Chapter 7.1. (c) For some recent reviews on oxy-
Cope rearrangement, see: (i) Paquette, L. A. Angew. Chem., Int. Ed.
Engl. 1990, 29, 67. (ii) Wilson, S. R. Org. React. (N.Y.) 1993, 43, 93.
(iii) Paquette, L. A. Tetrahedron 1997, 53, 13971.

(20) Stereochemistry of 16 was deduced by NOE analysis: no NOE
was observed between allylic protons and axial 10-methyl protons.

(21) (a) Evans, D. A.; Golob, M. A. 3. Am. Chem. Soc. 1975, 97, 4765.
(b) Wilson, S. R.; Mao, D. T.; Jernberg, K. M.; Ezmirly, S. T.
Tetrahedron Lett. 1977, 2559. (c) Evans, D. A.; Baillargeon, W. A.
Tetrahedron Lett. 1978, 3319. (d) Evans, D. A.; Nelson, J. V. J. Am.
Chem. Soc. 1980, 102, 774. () Overman, L. E.; Knoll, F. M. J. Am.
Chem. Soc. 1980, 102, 865. (f) Overman, L. E.; Jacobson, E. J. J. Am.
Chem. Soc. 1982, 104, 7225. (g) Overman, L. E. Renaldo, A. F.
Tetrahedron Lett. 1983, 24, 1157.; J. Am. Chem. Soc. 1990, 112, 3945.
(h) Overman, L. E. Angew. Chem., Int. Ed. Engl. 1984, 23, 579.
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Scheme 62

i@

NC ~ OTMS
22

a Reaction conditions: (a) Et;AICN, TMSCI, CgHg, 0 °C; (b)
NaBH4, MeOH—THF (7:5), 0 °C; (c) TMSCI, pyridine, DMAP,
CHClj, 0 °C; (d) LDA, BOMCI, THF, —78 to 0 °C.

thesized by stereoselective generation of a quaternary
carbon at C-4 with a carboxylic acid equivalent such as
a benzyloxymethyl group and subsequent modification
of functional groups at the C-4, C-6, and C-16 positions.
The difficulties associated with the formation of a qua-
ternary carbon at C-4 and manipulation of the hindered
functionalities were overcome by a model study.!?

Stereoselective Construction of a Quaternary
Carbon at C-4. The tetracyclic enone 19 was synthesized
by a procedure similar to that reported from our
laboratory.''® To generate a quaternary carbon at C-4, a
convenient strategy reported by Overman and co-workers
was followed.%¢ Conjugate addition of Et,AICN to 19 in
the presence of TMSCI proceeded smoothly and stereo-
selectively to give the nitrile 20 as a single isomer.
Borohydride reduction of 20 and trimethylsilyl protection
of the resulting secondary alcohol 21 furnished the silyl
ether 22 with the requisite stereochemistry, in nearly
guantitative yield (Scheme 6).

The stereochemistry of 22 was confirmed by NOE
analysis. Irradiation of the signal of 4-H led to NOE
enhancement of the signals of 5-H and 6-H. In contrast,
NOE was absent in 4-H, 5-H, or 6-H when 10-methyl was
irradiated. The nitrile 22 was then alkylated with LDA/
BOMCI to provide 23 having a quaternary carbon at C-4
with the desired stereochemistry. The stereochemistry
was confirmed by NOE analyses. Strong NOE was
observed between 6-H and 1'H. The facial selectivity was
regulated by the axial methyl at C-10 and a trimethyl-
siloxy group at C-6.%¢

Conversion of the Hindered Cyano Group to a
Methyl Group via our Novel Amine-to-Alcohol Re-
action. Unlike the model study,*? without deprotecting
the TMS group, the nitrile 23 was exposed to excess
LiAIH, at reflux, and the resulting crude amine was
subjected to the novel reaction conditions (KOH, dieth-
ylene glycol, 210 °C) for the one-step direct conversion
of primary aliphatic amines into alcohols'?22 to give the

(22) We conducted the labeling experiment using a simple amine
and ethylene glycol-ds. According to the 'H NMR spectra of the
resulting alcohol, a considerable amount of the carbinol protons was
deuterated, which implies that a redox mechanism (imine formation,
hydrolysis, and reduction) would be one of the reaction pathways. We
are now undertaking a detailed study of these reactions, which will
be reported elsewhere. We thank the reviewer who suggested necessity
of the labeling experiment.
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Scheme 7

b
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(63%, two steps)

d
L (72%)
iH
BnO/ OH
25: R = CH,OH .
26 R CHO 4 ¢ (72%)

a Reaction conditions: (a) LiAlHs, THF, 75 °C; (b) KOH,
diethylene glycol, 210 °C; (c) RuClx(PPhz)s;, CeHs, air, room
temperature; (d) NH>,—NH2-H>0, K>COs3, diethylene glycol, 170—
210 °C.

diol 25 in 63% yield in two steps (Scheme 7). This
simultaneous TMS deprotection by the base-mediated
reaction saved one step and provided better overall yield
than that of the model study. Moreover, purification of
the intermediate amine was not necessary for the ef-
ficient synthesis which greatly simplified the operation.
This conversion further clarified the applicability of the
novel reaction to a sterically hindered functionality in a
complex molecule. Selective oxidation of the primary
alcohol of 25 with RuCl,(PPhj3)s?® in the presence of air?*
afforded the aldehyde 26 (72%) together with recovered
starting material (21%). The aldehyde 26 was then
converted to the 4,10-dimethylated alcohol 27 by Huang—
Minlon reduction.?®

Benzoylation of the Hindered Secondary Alcohol
at C-6. We previously investigated the benzoylation of
the highly congested secondary hydroxyl group at C-6 in
our model study,*?® and we found that benzoylation was
quite difficult and BzOTf26—2,6-lutidine was the reagent
of choice. The same reagent was used for 27. However,
the presence of a ketal functionality at C-16 resulted in
the formation of several unidentified, undesired side
products along with the desired benzoate 28 (Scheme 8)
and a large amount of the starting material. This
undesired product formation occurred due to the electro-
philic nature of BzOTf. When BzOTf was added very
slowly by a micropipet to a well-stirred mixture of 27 and
2,6-lutidine, the formation of undesired products de-
creased substantially and the reaction mainly contained
28 (37%), the starting alcohol (44%), and traces of the
side products 29 and 30.2” The recovered starting mate-

(23) Tomioka, H.; Takai, K.; Oshima, K.; Nozaki, H. Tetrahedron
Lett. 1981, 22, 1605.

(24) Nicolaou, K. C.; Murphy, F.; Barluenga, S.; Ohsima, T.; Wei,
H.; Xu, J.; Gray, D. L. F.; Baudoin, O. 3. Am. Chem. Soc. 2000, 122,
3830.

(25) Huang-Minlon, J. Am. Chem. Soc. 1946, 68, 2487. (b) Huang-
Minlon, J. Am. Chem. Soc. 1949, 71, 3301. In this reduction, no
deformylated product was detected in the reaction mixture.

(26) Brown, L.; Koreeda, M. J. Org. Chem. 1984, 49, 3875.

(27) This decreased formation of the side products might be due to
sufficient formation of the less reactive BzOTf—lutidine complex
resulting in a low concentration of free BzOTf (as the rate of
complexation between BzOTf and 2,6-lutidine is faster than the Lewis
acidic behavior to the ketal functionality).26
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Scheme 82

O/H OBz
(0]

+ 27 (44%)

/i HOBz

29: R = Bn (trace)
30: R = Bz (trace)

(66%)

O

unidentified
products

T

R1O/:
32:R'=Bn, R = H (19%)
33:R'= R® =Bz (10%)

OR?

31 (35%)

a Reaction conditions: (a) BzOTf, 2,6-lutidine, CH,Cl5, 0 °C; (b)
BzOTf, CH.Cl,, —78 °C; (c) dilute HCI, MeOH, 40 °C.

Scheme 9

rial was recycled. Employment of BzOTf alone to 27
furnished a number of side products with the desired
ketone 31, and the starting material disappeared within
a few minutes. The benzyl group was mildly susceptible
to BzOTf, and debenzylation and subsequent benzoyla-
tion of the resulting primary alcohol commenced to give
the bis-benzoate 33.% The benzoate 28 and the enolate
29 were successfully transformed to the ketone 31 by
treatment with a dilute acid.

Chemo- and Stereoselective Methylation at C-16
and Completion of the First Total Synthesis of (+)-
Scopadulin. Completion of the total synthesis from 31
further required a chemo- and stereoselective methyla-
tion at the C-16 ketone and modification of the C-4
o-substituent. The tertiary hydroxyl group at C-16 of
scopadulin is located in an axial position. Therefore, a
methylating reagent that predominantly attacks from the
equatorial side would be suitable for the reaction, pro-
vided that the reagent should be inert enough to the ester
functionality at C-6. Initially, the reaction was conducted
with methyllithium to identify the two isomers. Treat-
ment of 31 with methyllithium at —78 °C afforded two
chromatographically separable isomeric alcohols 34 and
35 (Scheme 9 and Table 1) in nearly equivalent ratio
(54:46) along with traces of unidentified product(s),
possibly debenzoylated isomer(s). According to the NMR
spectra in CDClI; of the isolated isomers, the less polar

(28) By taking the advantage of the Lewis acidic nature of BzOTf,
Brown and Koreeda?® succeeded in the conversion of a steroidal alcohol
having a ketal functionality to the corresponding keto benzoate in 85%
yield in one step using three equivalents of BzOTf. Formation of the
undesired side products in our case might result from the steric
demand of the C-6 OH as well as the susceptibility of the benzyl group
to BzOTf.
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Table 1. Chemo- and Stereoselective Methylation of 31

entry conditions yield (%)  ratio® 34:35
1 MeLi, —78 °C, 20 min 80ab 54:46b
2 MeLi—LiClO4, —65°C, 2 h 24¢ 50:50
3 MeTi(O-i-Pr)s, rt, 18 h 66°¢ >99:1

a |solated yield. ® Trace amount of debenzoylated product was
detected. ¢ Determined by 'H NMR spectra (500 MHz).

o]

MeTi(OFPr)g ----= || == MeTi(OF-Pr)q
H

Figure 2. Stereoselective methylation of 31.

isomer showed a methyl singlet at 6 1.14 that is 0.15 ppm
more upfield than that of the more polar isomer (6 1.29).2°

Next, the selective formation of 34 was investigated
by some reagents that essentially prefer equatorial
attack. Among the reported reagents, we selected MeLi—
LiClO,4 and MeTi(O-i-Pr); for our investigation.® Reaction
of MeLi—LiClO4%2 with the ketone 31 was sluggish and
was not selective (Table 1, entry 2). However, when 31
was allowed to react with an excess of MeTi(O-i-Pr);31¢.d32
at room temperature, the desired alcohol 34 was formed
exclusively (>99:1). This exclusive equatorial addition
occurred due to the steric repulsion of the bulky reagent
with the axial hydrogens at both C-11 and C-14 (Figure
2).% In contrast, reaction with MeLi—LiClO, was not
selective, probably due to lack of complex formation of
the ketone with LiClO,4.3*

As shown in Scheme 10, debenzylation of 34 afforded
the diol 36 in excellent yield. Oxidation of the primary
alcohol to a carboxyl group was performed by RuQ,353¢
to give (+)-scopadulin (4) in 63% yield. This synthetic (£)-
scopadulin was in all respects (500 MHz 'H NMR

(29) The desired and the undesired isomers were identified by
converting both isomers separately into the corresponding 4-carboxylic
acid derivatives 4 and 38 (Scheme 10), and it was confirmed that the
less polar isomer was the desired product 34.

(30) Although several reagents were used for the selective equatorial
attack to generate an axial tertiary alcohol 8231 MeLi—LiClO4,312 and
MeTi(O-i-Pr)z3¢d were sorted out considering the chemo- and stereo-
selectivities factors. Although MeLi—Me,CuL.i%'® was also reported to
display good stereoselectivity, this reagent was more active than MeL.i
and might be reactive with the ester functionality.

(31) (a) Ashby, E. C.; Nodling, S. A. J. Org. Chem. 1979, 44, 4371.
(b) Macdonald, T. L.; Still, W. C. 3. Am. Chem. Soc. 1975, 97, 5280. (c)
Reetz, M. T.; Westermann, J.; Steinbach, R.; Wenderoth, B.; Peter, R.;
Ostarek, R.; Maus, S. Chem. Ber. 1985, 118, 1421. (d) Reetz, M. T.;
Steinbach, R.; Westermann, J.; Peter, R.; Wenderoth, B. Chem. Ber.
1985, 118, 1441.

(32) This reagent was freshly prepared and purified by distillation
(50—53 °C/0.01 Torr) prior to use by a reported method.31d

(33) Only the less polar desired isomer was detected by TLC and
1H NMR spectrum. Piers and co-workers observed a 6:1 selectivity on
the methylation of a stemodin precursor with MeTi(O-i-Pr)3.85 Our
surprisingly high selectivity would be attributed to the axial benzoyloxy
group at C-6, which will affect the conformation of the B/C/D ring
system.

(34) The selectivity of the reaction of ketone by MeLi—LiClO, is
regulated by the efficiency of complex formation of the ketone with
LiClO4.312 Usually, unhindered ketone gives good result due to suf-
ficient complex formation.

(35) Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B.
J. Org. Chem. 1981, 46, 3936.

(36) We preferred RuO, instead of the Jones reagent which was used
in the model study'? because we surmised that the highly acidic nature
of the Jones reagent might cause elimination of the tertiary alcohol at
C-16.
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Scheme 102

(88%)

(43%) L2
HO.C H OBz

" OBz
37 16-epi-scopadulin (38)

a Reaction conditions: (a) Pd/C, Hz, MeOH, rt; (b) RuCl3-3H0,
NalQy4, CCls, CH3CN, H,0, rt.

(pyridine-ds), 125 MHz 3C NMR (pyridine-ds), IR, and
TLC mobility in three solvent systems), indistinguishable
from an authentic sample of the natural scopadulin
supplied by Professor Hayashi.*

The more polar undesired isomer 35 was similarly
converted to the 16-epimer of scopadulin (38),%” which
showed marked differences in *H NMR (500 MHz,
pyridine-ds) spectra from those of natural and synthetic
scopadulin. The axial methyl at C-16 resonated at 6 1.50,
whereas the equatorial methyls at C-16 of the natural
and synthesized scopadulin both resonated at 6 1.29.
Some other proton signals also differ from those of
scopadulin (also see and compare the data of 4 and 38 in
the Experimental Section).

Conclusion

We have accomplished the first total synthesis of (+)-
scopadulin. The strategic elements of this synthesis are
as follows: (1) the B/C/D-fused A-ring cyclization, (2)
conversion of the hindered cyano group to a methyl group
via our novel reaction, and (3) a highly chemo- and
stereoselective methylation at C-16 by MeTi(O-i-Pr),.
Moreover, during the synthetic studies, the problems
associated with the stereoselective construction of the C-4
guaternary carbon with the methyl-substituted enone 7
were identified and overcome by changing the strategy.
In addition, the synthetic utility of our novel reaction for
the one-step conversion of primary aliphatic amines into
primary alcohols in a complex molecule was clarified by
this total synthesis. Total yield of (+)-scopadulin starting
from commercially available 1,4-cyclohexadione is 0.29%
in 29 steps. Biological screening and the structure—
activity relationship of some of the synthetic intermedi-
ates and the debenzylated derivatives® of the C-4
benzyloxymethyl substituent are now being investigated
in collaboration with Professor Hayashi.

Experimental Section

General Methods. Unless otherwise specified, all reactions
were carried out in well-dried glassware, using an N, atmo-
sphere. THF and Et,O were distilled from sodium benzophe-

(37) We suffered a low yield (43%) in the oxidation of 37 into 16-
epi-scopadulin 38. However, we could not optimize the reaction
conditions due to a small amount of 37.

(38) Free hydroxyl groups at this position are known to be respon-
sible for the binding in the host cavity. See: McMurry, J. E.; Webb, T.
R. J. Med. Chem. 1984, 27, 1367.

Rahman et al.

none ketyl under N,. MeOH was distilled from Mg. CH,Cl;,
benzene, n-hexane, diisopropylamine, triethylamine, and
pyridine were distilled from CaH, under N,. BOMCI was
distilled over CaCl,. Other solvents were used without further
purification. Melting points are uncorrected. Chemical shifts
are reported in parts per million downfield from internal Me,-
Si (s = singlet, d = doublet, dd = double doublet, ddd = doublet
of double doublet, t = triplet, dt = double triplet, td = triple
doublet, m = multiplet). For column chromatography, silica
gel 60 (0.063—0.200 mm, Merck) was employed. For flash
chromatography, silica gel 60 (0.040—0.063 mm, Merck) was
employed.
(+)-(1S*,6S*,8R*)-2-[3-(2-Methyl-1,3-dioxolan-2-yl)-
propyl]tricyclo[6.3.1.0%6]dodec-3-en-2-0l-9-one 9,9-Eth-
ylene Acetal (10). An Li dispersion (30%; 475 mg, 20.4 mmol),
washed with dry hexane, was suspended in THF (25 mL)
under an argon atmosphere. The enone 9 (753 mg, 3.22 mmol)
and 2-(3-chloropropyl)-2-methyl-1,3-dioxolane (2.51 mL, 16.1
mmol) were added. The mixture was sonicated for 30 min on
an ultrasonic bath at room temperature. The mixture was
cooled to 0 °C, Li was quenched by water, and the resulting
mixture was neutralized by aqueous NH4CIl. The whole was
extracted with EtOAc, and the extract was washed with water
and brine, dried (MgSOQ,), and concentrated. The concentrate
was purified by column chromatography (1:1 hexane/EtOAc)
to give 1.13 g (97%) of 10 as a colorless solid. Mp: 99—101 °C
(n-hexane/EtOAc). IR (KBr) cm™1: 3590, 1635, 1115. 'H NMR
(CDClg, 500 MHz) 6: 1.32 (s, 3H), 1.35—1.96 (m, 16H), 2.01—
2.06 (m, 1H), 2.11-2.19 (m, 2H), 3.82—4.00 (m, 8H), 5.46 (d,
J = 10.5 Hz, 1H), 5.73 (ddd, J = 10.5, 5.0, 2.0 Hz, 1H). 3C
NMR (CDCls;, 125 MHz) 6: 18.5, 23.7, 25.6, 28.3, 30.5 (2C),
34.8, 38.1, 39.7, 39.8, 43.0, 47.3, 63.9, 64.5 (2C), 64.6, 76.5,
110.1, 111.8, 128.6, 133.1. MS (FAB) m/z: 365 (MH*, 100).
HRMS (FAB): calcd for C;H330s (MHT) 365.2328, found
365.2314.
(£)-(1S*,6R*,8R*)-2-[3-(2-Methyl-1,3-dioxolan-2-yl)-
propyl]tricyclo[6.3.1.0'¢]dodec-2-ene-4,9-dione 9,9-Eth-
ylene Acetal (11). To a stirred suspension of PCC (1.34 g,
6.20 mmol), AcONa (250 mg, 3.10 mmol), and Celite (1.0 g) in
CH_CI; (26 mL) was added a solution of the alcohol 10 (1.13
g, 3.10 mmol) in CH,CI; (14 mL) at 0 °C. The reaction mixture
was stirred at room temperature for 2 h. Et,O (30 mL) was
added, and the suspension was applied to a Florisil column
and eluted with Et,0. The eluate was concentrated and the
residue was purified by column chromatography (1:1 hexane/
EtOACc) to give 11 (810 mg, 72%) as a colorless oil. IR (KBr)
cm~% 1662, 1605, 1115. 'H NMR (CDCl3, 500 MHz) 6: 1.31
(s, 3H), 1.48—1.69 (m, 8H), 1.81-1.93 (m, 2H), 1.96—2.03 (m,
1H), 2.12 (d, 3 = 11.5 Hz, 1H), 2.25-2.32 (m, 3H), 2.33—-2.41
(m, 2H), 2.58—2.66 (m, 1H), 3.83—4.02 (m, 8H), 5.70 (s, 1H).
13C NMR (CDCls, 125 MHz) 6: 20.9, 23.8, 29.6, 30.6, 31.7, 32.6,
36.8, 38.7, 39.6, 42.7, 44.7, 46.8, 64.0, 64.6 (3C), 109.7, 110.8,
124.5, 173.0, 201.0. MS (El) m/z: 362 (M, 13.0), 99 (100).
HRMS (El): calcd for C21H300s 362.2093, found 362.2100.
(1)-(1S*,25*,6R*,8R*)-2-Methyl-2-[3-(2-methyl-1,3-diox-
olan-2-yl)propyl]tricyclo[6.3.1.0*¢]dodecane-4,9-dione 9,9-
Ethylene Acetal (8). To a stirred suspension of Cul (853 mg,
4.48 mmol) in Et,O (17 mL) was added dropwise MeL.i (1.16
M in Et;O; 7.7 mL, 8.93 mmol) at —20 °C, and the mixture
was stirred for 15 min. A solution of the enone 11 (810 mg,
2.24 mmol) in Et;0 (3 mL) was then added dropwise at —20
°C, and the reaction mixture was warmed to 0 °C. After being
stirred for 1 h at 0 °C, the reaction mixture was neutralized
by aqueous NH4CIl. The whole was extracted with EtOAc,
washed with water and brine, dried (MgSQ,), and concen-
trated. Purification of the concentrate by a column chroma-
tography (1:2 hexane/EtOAc) afforded 8 (815 mg, 96%) as a
colorless oil. IR (KBr) cm~% 1700, 1111. *H NMR (CDCls, 500
MHz) 6: 0.96 (s, 3H), 1.24—-1.34 (m, 2H), 1.31 (s, 3H), 1.36—
1.44 (m, 3H), 1.50—1.66 (m, 4H), 1.80—1.88 (m, 4H), 1.90—
1.95 (m, 1H), 2.12 (d, J = 16.0 Hz, 1H), 2.21 (t, J = 7.0 Hz,
1H), 2.29—2.45 (m, 4H), 3.82—4.01 (m, 8H). **C NMR (CDCls,
125 MHz) ¢: 18.7, 20.1, 23.9, 26.0, 29.7, 29.9, 35.3, 39.7, 40.0,
40.1, 40.2, 42.9, 43.6, 46.3, 51.1, 64.0, 64.7 (3C), 109.9, 111.3,
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211.4. MS (El) m/z: 378 (M*, 0.4), 99 (100). HRMS (EI): calcd
for C,,H3405 378.2406, found 378.2416.
(+)-(1S*,25*,6R*,8R*)-2-Methyl-2-(4-oxopentyl]tricyclo-
[6.3.1.0-¢]dodecane-4,9-dione (12). Pyridinium p-toluene-
sulfonate (PPTS) (25 mg, 0.099 mmol) and H,0 (0.03 mL) were
added to a solution of the ketone 8 (149 mg, 0.53 mmol) in
acetone (6 mL), and the resulting mixture was refluxed for 4
h. Saturated NaHCO; (few drops) was added, and acetone was
evaporated. The residue was diluted with EtOAc, washed with
water and brine, dried (MgSO,), and concentrated. Purification
of the concentrate by column chromatography (1:2 hexane/
EtOAC) yielded 12 (104 mg, 91%) as a colorless solid. Mp: 112—
113 °C (n-hexane/EtOAc). IR (KBr) cm™t: 1720 (br). *H NMR
(CDCl3, 500 MHz) 6: 1.04 (s, 3H), 1.21—1.26 (m, 1H), 1.33 (dd,
J =145, 9.0 Hz, 1H), 1.43—1.63 (m, 3H), 1.85—1.94 (m, 2H),
2.07 (dd, 3 = 9.0, 5.5 Hz, 2H), 2.14 (s, 3H), 2.17—-2.21 (m, 2H),
2.35 (dt, J = 15.5, 6.5 Hz, 2H), 2.41—2.44 (m, 3H), 2.51—2.64
(m, 3H), 2.78 (t, J = 6.5 Hz, 1H). *3C NMR (CDClg, 125 MHz)
0: 18.4,20.1, 25.1, 30.0, 30.8, 34.0, 36.8, 39.5, 40.2, 41.2, 42.6,
43.9, 47.0, 49.4, 51.1, 208.1, 209.9, 213.1. MS (El) m/z: 290
(M, 18.7), 209 (100). HRMS (EI): calcd for C1gH2603 290.1879,
found 290.1878.
(£)-(18*,2R*,10R*,12R*)-2,6-Dimethyltetracyclo-
[10.3.1.0%10.027lhexadec-6-ene-8,13-dione (13). To a solution
of 12 (314 mg, 1.08 mmol) in benzene (15 mL) was added
p-toluenesulfonic acid monohydrate (p-TSA) (21 mg, 0.11
mmol), and the resulting mixture was refluxed for 6 h (Dean—
Stark device). Saturated aqueous NaHCO3; was added, and the
mixture was extracted with EtOAc, washed with water and
brine, dried (MgSO,), and concentrated. The residue was
purified by a column chromatography (2:3 hexane/EtOAc) to
provide the enone 13 (294 mg, 99%) as a colorless solid.
Recrystallization from n-hexane/acetone gave analytically pure
13 as a colorless solid. Mp: 150—151 °C. IR (KBr)cm™1: 1716,
1678, 1614. *H NMR (CDCl3, 500 MHz) 6: 1.07 (s, 3H), 1.34
(dd, J = 14.0, 8.0 Hz, 1H), 1.37—1.41 (m, 1H), 1.60—1.68 (m,
2H), 1.74 (d, J = 12.0 Hz, 1H), 1.77-1.87 (m, 2H), 1.83 (s,
3H), 1.91 (ddd, J = 12.0, 6.0, 3.0 Hz, 1H), 1.97—-2.13 (m, 3H),
2.20—2.33 (m, 2H), 2.38—2.43 (m, 1H), 2.49-2.55 (m, 1H),
2.65—2.70 (m, 2H), 2.78 (t, J = 6.5 Hz, 1H). *C NMR (CDCls,
75 MHz) ¢: 18.5, 22.2, 22.5, 24.9, 30.8, 31.5, 33.4, 34.3, 34.8,
38.7,40.8, 43.8,47.7,49.1, 137.1, 144.5, 203.7, 213.9. MS (El)
m/z: 272 (M*, 61), 257 (100). HRMS (EI): calcd for C1gH2,0;
272.1777, found 272.1787.
(£)-(1S*,2R*,10R*,12R*)-2,6-Dimethyltetracyclo-
[10.3.1.0%19.027]hexadec-6-ene-8,13-dione 13,13-Ethylene
Acetal (7). To a solution of the ketone 13 (18 mg, 0.066 mmol)
in benzene (1.2 mL) were added PPTS (2.5 mg, 0.01 mmol)
and ethylene glycol (2 drops), and the mixture was refluxed
(Dean—Stark device) at 110 °C for 3 h. The reaction mixture
was diluted with EtOAc, washed with water and brine
sequentially, dried (MgSO.), and concentrated. Purification of
the concentrate by column chromatography (3:1 hexane/
EtOAc) afforded 7 (21 mg, 99%) as a colorless solid. Recrys-
tallization provided colorless crystals. Mp: 180—181 °C (n-
hexane/CHCl,). IR (KBr) cm™*: 1682, 1117. *H NMR (CDCls,
500 MHz) 6: 1.01 (s, 3H), 1.25—-1.33 (m, 3H), 1.38 (dd, J =
13.5, 7.0 Hz, 1H), 1.56—2.09 (m, 10H), 1.80 (s, 3H), 2.23 (t, J
= 6.0 Hz, 1H), 2.34 (t, J = 14.5 Hz, 1H), 2.45-2.60 (m, 2H),
3.83—4.01 (m, 4H). °C NMR (CDCls, 125 MHz) ¢: 18.7, 22.2
(2C), 26.7, 29.8, 30.4, 30.6, 33.6, 34.4, 37.3, 41.1, 43.6, 44.4,
46.8, 64.0, 64.6, 111.5, 138.2, 143.5, 204.7. MS (EIl) m/z: 316
(M*, 1.9), 99 (100). HRMS (EI): calcd for C,oH2503 316.2036,
found 316.2035. Anal. Calcd for C,oH»s03: C, 75.91; H, 8.92.
Found: C, 75.80; H, 8.88.
(£)-(18*,25*,6S*,7R*,10R*,12R*)-2,6-Dimethyl-8,13-
dioxotetracyclo[10.3.1.0119.02"Thexadecane-6-carboni-
trile 13,13-Ethylene Acetal (15). A solution of the enone 7
(20 mg, 0.074 mmol) in benzene (0.37 mL) was added dropwise
to a stirred solution of Et;AICN (1.0 M in toluene; 0.22 mL,
0.22 mmol) at 0 °C, and the resulting mixture was stirred at
0 °C for 1 h. The reaction was quenched by the addition of
saturated NH;Cl and warmed to room temperature. The
resulting mixture was extracted with EtOAc, washed with
water and brine, dried (MgSQ,), and concentrated. Purification
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of the residue by column chromatography (2:1 hexane/EtOAc)
gave 13 mg (51%) of 15 as a colorless solid. Recrystallization
(n-hexane/CH,CI,) provided an analytically pure colorless solid.
Mp: 132—-133°C. IR (CHCIlg) cm™% 2227,1712,1114. *H NMR
(CDClg, 500 MHz) 6: 1.24—1.43 (m, 5H), 1.44 (s, 3H), 1.51 (s,
3H), 1.55—1.60 (m, 3H), 1.63—1.75 (m, 3H), 1.77—1.83 (m, 2H),
2.06 (ddd, J = 14.0, 12.0, 8.0 Hz, 1H), 2.17—-2.25 (m, 2H), 2.58
(dd, J = 16.5, 8.0 Hz, 1H), 2.73—2.81 (m, 1H), 2.78 (s, 1H),
3.80—3.99 (m, 4H). 3C NMR (CDCls, 125 MHz) 6: 18.7, 19.8,
23.2, 26.1, 28.5, 30.2, 30.8, 33.5, 34.5, 36.8, 37.9, 42.2, 44.3,
45.7, 48.6, 56.7, 64.0, 64.6, 110.8, 126.8, 211.9. MS (El) m/z:
343 (M*, 13.7), 99 (100). HRMS (EI): calcd for CyHzoNO3
343.2147, found 343.2163.

(£)-(1s*,25*,8R*,10R*,12R*)-8-Allyl-2,6-dimethyl-
teracyclo[10.3.1.0119.02"Thexadec-6-en-8-ol 13,13-Ethylene
Acetal (16). Allylmagnesium bromide (1.0 M in Et;0; 0.3 mL,
0.3 mmol) was added to a stirred solution of the enone 7 (10
mg, 0.030 mmol) in dry Et,O (1 mL) at —78 °C. The mixture
was gradually warmed to 0 °C for 1 h. Saturated aqueous NH,-
Cl (excess) was added, and the resulting mixture was extracted
with Et,O, washed with water and brine, dried (MgSO.),
filtered, and concentrated. The resulting concentrate was
purified by column chromatography (3:1 hexane/EtOAc) to give
10 mg (97%) of 16 as a colorless oil, which solidified on
standing. Recrystallization from n-hexane/CH,Cl, gave an
analytical sample. Mp: 144—145 °C. IR (CHCI3) cm~% 3482,
1637, 1112. 'H NMR (CDCl3, 500 MHz) 6: 1.09 (s, 3H), 1.26—
1.31 (m, 2H), 1.43—1.59 (m, 6H), 1.70 (d, J = 11.0 Hz, 1H),
1.72—-1.84 (m, 4H), 1.86—2.01 (m, 2H), 1.92 (s, 3H), 2.09—2.24
(m, 4H), 2.39 (dd, J = 14.0, 8.0 Hz, 1H), 2.54 (dd, J = 14.0,
7.0 Hz, 1H), 3.79—-3.99 (m, 4H), 5.12 (dd, J = 17.0, 1.0 Hz,
1H), 5.18 (dd, J = 10.0, 2.5 Hz, 1H), 5.91-6.00 (m, 1H). *C
NMR (CDCls, 125 MHz): 19.1, 23.2, 24.8, 27.9, 29.5, 30.8, 34.2,
34.7, 35.1, 35.3, 41.0, 41.1, 43.4, 45.8, 46.4, 63.9, 64.6, 76.5,
111.9, 118.9, 132.4, 134.4, 140.5. MS (FAB) m/z: 359 (MH",
55), 317 (100). HRMS (FAB): calcd for Cy3H3sO; (MHTY)
359.2586, found 359.2592.

(£)-(1S*,25*,65*,7S*,10R*,12R*)-2-Methyl-8,13-dioxo-
tetracyclo[10.3.1.0%1°,02"Jhexadecane-6-carbonitrile 13,-
13-Ethylene Acetal (20). A solution of the enone 19 (145 mg,
0.48 mmol) in benzene (1.4 mL) was added dropwise to a
stirred solution of Et,AICN (1.0 M in toluene, 1.4 mL) at 0 °C.
After being stirred for 1.5 h at 0 °C, a viscous solution of EtsN
(0.625 mL, 4.50 mmol) and TMSCI (0.295 mL, 2.34 mmol) in
benzene (0.4 mL) was added using a cannula. The resulting
mixture was warmed to room temperature, and Et,O (20 mL)
and saturated aqueous NaHCO; (9 mL) were added carefully.
The organic layer was separated, and the aqueous layer was
extracted with CH.Cl,. The combined organic layers were
washed with saturated aqueous NaHCOs;, dried (K;COs),
filtered, and concentrated to give the crude silyl enol ether.
The concentrate was then dissolved in MeOH—benzene (10:1;
4 mL), and K;CO3 (130 mg) was added. The mixture was
stirred for 10 min at 0 °C, dried (Na;SO,), filtered, and
concentrated. Purification of the residue by column chroma-
tography (1:1 hexane/EtOAc) gave 128 mg (81%) of 20 as a
colorless solid. Recrystallization (n-hexane/CH,Cl,) provided
analytically pure coarse powder. Mp: 124—126 °C. IR (KBr)
cm~% 2227, 1708. *H NMR (CDCls, 500 MHz) §: 1.22 (s, 3H),
1.37-1.46 (m, 3H), 1.59—1.75 (m, 6H), 1.86—1.97 (m, 4H),
2.13-2.15 (m, 1H), 2.26 (t, J = 7.0 Hz, 1H), 2.34 (t, J = 14.5
Hz, 1H), 2.46—2.54 (m, 1H), 2.57 (dd, J = 13.5, 3.5 Hz, 1H),
2.66 (d, J = 3.5 Hz, 1H), 3.10 (br s, 1H), 3.84—4.01 (m, 4H).13C
NMR (CDCls, 125 MHz) §: 15.7, 18.7, 23.8, 25.6, 29.2, 29.8,
29.9, 32.7, 34.0, 39.9, 42.5, 42.8, 43.5, 47.6, 52.7, 64.0, 64.6,
111.2, 122.0, 207.1. MS (El) m/z: 329 (M, 4.3), 99 (100).
HRMS (EIl): calcd for CyoH,7NO3; 329.1993, found 329.1991.
Anal. Calcd for C,oH,7NOs: C, 72.92; H, 8.26; N, 4.25. Found:
C, 72.63; H, 8.14; N, 4.10.

(+)-(1Ss*,25*,6S*,7S*,8R*,10R*, 12R*)-8-Hydroxy-2-meth-
yl-13-oxotetracyclo[10.3.1.011°,02"lhexadecane-6-carboni-
trile 13,13-Ethylene Acetal (21). To a solution of the ketone
20 (424 mg, 1.29 mmol) in MeOH—THF (7:5, 12 mL) was added
NaBH, (38 mg, 1.00 mmol) at 0 °C. The mixture was warmed
to room temperature and stirred for 45 min. Aqueous NH,4CI
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(excess) was added. The whole was concentrated, and the
concentrate was dissolved in CHCl,, washed with water and
brine, dried (MgS0O,), and concentrated. The concentrate was
purified through a short silica gel column (1:1 hexane/EtOAc)
to provide 426 mg (100%) of 21 as a colorless foam. Recrys-
tallization from n-hexane/CH,Cl, provided colorless needles.
Mp: 143-146 °C. IR (KBr) cm™% 3471, 2233, 1115. *H NMR
(CDCls, 500 MHz) 8: 1.26—1.31 (m, 2H), 1.44 (s, 3H), 1.47—
1.66 (m, 9H), 1.75—-1.85 (m, 4H), 1.89—1.96 (m, 2H), 2.09—
2.12 (m, 1H), 2.17 (t, J = 6.0 Hz, 1H), 2.64—2.72 (m, 1H), 2.87
(m, 1H), 3.82—3.99 (m, 4H), 4.02 (m, 1H). *C NMR (CDCls,
125 MHz) 6: 17.0, 19.0, 25.7, 28.9, 29.5, 30.2, 31.4, 33.9, 35.0,
35.1 (2C), 40.5, 43.1, 43.7, 47.4, 63.9, 64.5, 73.0, 111.7, 124.2.
MS (FAB) m/z: 332 (MH", 12.2), 307 (100). HRMS (FAB):
calcd for CyoH30NO3; (MH™) 332.2226, found 332.2231.

(£)-(1S*,2S*,6S*,75*,8R*10R*,12R*)-2-Methyl-13-0x0-8-
[(trimethylsilyl)oxy]tetracyclo[10.3.1.0%1°.02"Jhexadecane-
6-carbonitrile 13,13-Ethylene Acetal (22). To a solution of
the alcohol 21 (125 mg, 0.377 mmol) in CH.CI; (1.5 mL) were
added DMAP (17 mg, 0.139 mmol) and pyridine (1.18 mL) at
0 °C. Freshly distilled TMSCI (0.28 mL, 2.21 mmol) was then
added, and the mixture was stirred at 0 °C for 2 h. Saturated
NaHCO3 (10 mL) was added, and the reaction mixture was
extracted with CH,Cl,, dried (Na,;SO,), and concentrated. The
concentrate was purified by column chromatography (3:2
hexane/EtOAC) to give 22 (149 mg, 98%) as a crystalline solid.
Recrystallization from n-hexane provided 22 as a colorless
solid. Mp: 166—167 °C. IR (KBr) cm™: 2227, 1114. 'H NMR
(CDCls3, 500 MHz) 6: 0.17 (s, 9H), 1.20—1.28 (m, 4H), 1.39 (s,
3H), 1.46—1.65 (m, 8H), 1.71—-1.80 (m, 2H), 1.85—1.92 (m, 2H),
2.06—2.09 (m, 1H), 2.13—-2.18 (m, 1H), 2.60—2.67 (m, 1H),
2.67—2.70 (m, 1H), 3.82—4.00 (m, 5H). *3C NMR (CDCls, 125
MHz) 6: 0.09 (3C), 16.7, 19.2, 25.9, 29.50, 29.53, 30.3, 32.1,
33.7, 34.7, 35.0, 35.2, 40.6, 43.1, 44.2, 47.3, 63.9, 64.5, 73.0,
111.8,123.8. MS (El) m/z: 403 (M*, 5.9), 389 (23.3), 316 (100).
HRMS (EI): calcd for Ca3H3/NO3Si (M) 403.2543, found
403.2541.

(£)-(15*,25* 6R*,7R*,8R*10R*,12R*)-6-[(Benzyloxy)-
methyl]-2-methyl-13-oxo-8-[(trimethylsilyl)oxy]tetracyclo-
[10.3.1.0%1°.0%>"]hexadecane-6-carbonitrile 13,13-Ethylene
Acetal (23). To a stirred solution of diisopropylamine (0.085
mL, 0.606 mmol) in THF (0.75 mL) was added n-BuLi (1.59
M in hexane; 0.375 mL, 0.596 mmol) dropwise at —78 °C, and
the mixture was warmed to 0 °C for 30 min. Then a solution
of the nitrile 22 (82 mg, 0.203 mmol) in THF (0.85 mL) was
added dropwise, and the resulting solution was stirred for 20
min. The solution obtained was cooled to —78 °C, and freshly
distilled benzyloxymethyl chloride (0.108 mL, 0.775 mmol) was
added rapidly. The reaction mixture was warmed to 0 °C. After
being stirred at 0 °C for 1.5 h, the reaction mixture was
guenched with saturated aqueous NaHCOj; (excess). The whole
was then extracted with CH,Cl,, and the extract was washed
with brine, dried (MgSQ,), filtered, and concentrated. Purifica-
tion of the concentrate by flash chromatography (8:1 hexane/
EtOAC) yielded 95 mg (89%) of 23 as a colorless oil. IR (KBr)
cm™1 2231, 1115. 'H NMR (CDCl3, 500 MHz) 6: 0.06 (s, 9H),
1.20—1.27 (m, 2H), 1.41 (s, 3H), 1.42—1.97 (m, 15H), 2.14 (br
s, 1H), 2.55—2.62 (m, 1H), 3.39 (d, J = 9.0 Hz, 1H), 3.57 (d, J
= 9.0 Hz, 1H), 3.82—4.00 (m, 4H), 4.02 (m, 1H), 4.46 (d, J =
12.0 Hz, 1H), 4.61 (d, J = 12.0 Hz, 1H), 7.30—7.39 (m, 5H).
3C NMR (CDCls, 125 MHz) 6: 0.44 (3C), 17.0, 19.4, 25.8, 29.5,
30.3, 33.2, 34.3, 35.0, 35.4, 36.0, 38.7, 40.6, 43.1, 44.1, 47.6,
63.9, 64.5, 68.0, 73.3, 73.5, 111.8, 123.9, 127.8 (2C), 128.0, 128.5
(2C), 137.5. MS (FAB) m/z: 524 (MH*, 72), 91 (100). HRMS
(FAB): calcd for C3:H4sNO4Si (MH') 524.3196, found 524.3218.

(£)-(18*,25*,6R*,7R*,8R*,10R*,12R*)-6-[(Benzyloxy)-
methyl]-8-hydroxy-6-hydroxymethyl-2-methyltetracyclo-
[10.3.1.0%19.0271hexadecan-13-one 13,13-Ethylene Acetal
(25). To a solution of the nitrile 23 (21 mg, 0.040 mmol) in
THF (1.4 mL) was added LiAIH,4 (1.0 M in ether; 0.65 mL) at
0 °C, and the resulting mixture was warmed to room temper-
ature and then refluxed at 75 °C for 4 h. The solution was
cooled to 0 °C and quenched by successive addition of H,O (25
uL), 2 N NaOH (25 uL), and H,O (80 uL). The resulting
heterogeneous mixture was stirred at room temperature for 2
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h and filtered, and the solid was washed with EtOAc. The
combined filtrate was concentrated to give the amine 24. The
crude amine 24, KOH (110 mg, 1.93 mmol), and degassed
diethylene glycol (0.9 mL) were placed under N in a round-
bottom flask equipped with a refluxing condenser. The mixture
was heated at 210 °C for 4 h. The dark solution was then cooled
to room temperature, and Et,O (3 mL) and H,O (2 mL) were
added. The organic phase was separated, and the aqueous
layer was extracted with Et,O (5 x 6 mL). The combined
organic layers were washed with brine, dried (MgSO.), filtered,
and concentrated. Purification of the residue by column
chromatography (5:1 hexane/EtOAc) gave 12 mg (63%, two
steps) of the diol 25 as a solid mass. Crystallization from
benzene provided a pure white solid. Compound 25. Mp: >300
°C. IR (KBr) cm™*: 3267 (br), 1115. *H NMR (CDCls, 500 MHz)
01 1.16 (d, J = 10.5 Hz, 1H), 1.25—1.29 (m, 4H), 1.31 (s, 3H),
1.39-1.72 (m, 10H), 1.77—-1.93 (m, 4H), 2.14 (m, 1H), 2.63—
2.70 (m, 1H), 3.41 (d, J = 9.0 Hz, 1H), 3.47 (d, J = 9.0 Hz,
1H), 3.53 (d, J = 12.0 Hz, 1H), 3.82—4.00 (m, 4H), 4.23 (d, J
= 2.0 Hz, 1H), 4.32 (d, 3 = 12.0 Hz, 1H), 4.47 (d, J = 12.5 Hz,
1H), 4.53 (d, J = 12.5 Hz, 1H), 7.28—7.37 (m, 5H). 3C NMR
(CDClg, 125 MHz) ¢: 18.5, 18.7, 26.4, 29.7, 30.5, 33.5, 34.9,
35.4, 35.8, 35.9, 40.8, 43.0, 43.1, 46.8, 48.5, 63.9, 64.5, 67.6,
67.7,73.4,79.0,111.9, 127.5 (2C), 127.7, 128.5 (2C), 138.2. MS
(FAB) m/z: 457 (MH™, 10.8), 212 (100), 91 (84). HRMS (FAB):
calcd for CysH410s (MH™) 457.2954, found 457.2954.
(£)-(18*,25*,6S*,7R*,8R*,10R*,12R*)-6-[(Benzyloxy)-
methyl]-8-hydroxy-2-methyl-13-oxotetracyclo-
[10.3.1.0%19.027Thexadecane-6-carboaldehyde 13,13-Eth-
ylene Acetal (26). RuCl;(PPhs); (30 mg, 0.031 mmol) was
added to a solution of the diol 25 (14 mg, 0.0307 mmol) in
benzene (0.7 mL), and the resulting mixture was stirred in
the presence of air at room temperature for 24 h. The dark
solution obtained was passed through a short silica gel column
eluting with EtOAc. The eluate was then concentrated, and
the residue was chromatographed on silica gel (3:1 hexane/
EtOAc) to afford 26 (10 mg, 72%) as a colorless oil, together
with 3.0 mg (21%) of the recovered diol 25. Compound 26. IR
(KBr) cm™% 3493, 1705, 1115. *H NMR (CDCls, 500 MHz) 6:
1.00 (s, 3H), 1.16—1.29 (m, 4H), 1.51-1.69 (m, 8H), 1.76—1.83
(m, 2H), 1.88—1.94 (m, 2H), 2.14 (t, J = 7.0 Hz, 1H), 2.32 (d,
J =13.0 Hz, 1H), 2.57-2.65 (m, 1H), 3.35 (s, 1H), 3.44 (d, J =
8.5 Hz, 1H), 3.55 (d, J = 8.5 Hz, 1H), 3.81—3.99 (m, 4H), 4.28
(brs, 1H), 4.42 (d, 3 = 12.0 Hz, 1H), 4.47 (d, 3 = 12.0 Hz, 1H),
7.25—7.36 (m, 5H), 10.19 (s, 1H). *3C NMR (CDCls, 125 MHz)
6:18.8, 19.0, 26.2, 29.6, 30.4, 32.7, 33.3, 34.7, 34.8, 35.1, 35.7,
40.6, 43.2, 43.5, 48.7, 63.9, 64.5, 67.9, 73.6, 76.3, 111.7, 127.5
(2C), 127.7, 128.4 (2C), 137.6, 211.1. MS (FAB) m/z: 477
(MNa'*, 16), 176 (100). HRMS (FAB): calcd for CpgH3sNaOs
(MNat) 477.2617, found 477.2602.
(£)-(1S*,2S*,6R*,7R* 8R* 10R* 12R*)-6-[(Benzyloxy)-
methyl]-2,6-dimethyl-13-oxotetracyclo[10.3.1.0°.0271hexa-
decan-8-ol 13,13-Ethylene Acetal (27). A mixture of the
aldehyde 26 (24 mg, 0.0528 mmol), K,COs3; (32 mg, 0.232
mmol), and hydrazine monohydrate (0.6 mL) in diethylene
glycol (2 mL) was refluxed at 170 °C. After 2 h at 170 °C, the
reaction flask was opened and heated to 190 °C to distill out
excess hydrazine and water, and again the reaction mixture
was refluxed at 210 °C for 3 h. The reaction mixture was cooled
to room temperature, and H,O (2 mL) and Et,O (3 mL) were
added. The organic layer was separated, and the aqueous layer
was extracted with Et,0. The combined organic layers were
washed with brine, dried (MgSO,), filtered, and concentrated.
Purification of the concentrate by column chromatography (2:1
hexane/EtOAc) provided 17 mg (72%) of the title compound
27 as a colorless oil. IR (KBr) cm™: 3494, 1113. 'H NMR
(CDCl3, 500 MHz) 6: 1.15 (t, J = 14.5 Hz, 1H), 1.21 (s, 3H),
1.25 (s, 3H), 1.42—1.89 (m, 17H), 2.14 (m, 1H), 2.50—2.55 (m,
1H), 3.00 (d, 3 = 9.0 Hz, 1H), 3.33 (d, J = 9.0 Hz, 1H), 3.82—
4.00 (m, 4H), 4.21 (br s, 1H), 4.45 (d, J = 12.5 Hz, 1H), 4.52
(d, 3 = 12.5 Hz, 1H), 7.28-7.36 (m, 5H). 3C NMR (CDCls,
125 MHz) 6: 18.4,18.7,21.2, 26.3, 29.7, 30.7, 33.8, 35.4, 35.7,
36.0, 38.6, 38.9, 40.7, 43.3, 44.7, 48.2, 63.9, 64.5, 69.3, 73.2,
80.8, 112.0, 127.3 (2C), 127.4, 128.3 (2C), 138.8. MS (FAB)
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m/z: 441 (MH*, 3.0), 73 (100). HRMS (FAB): calcd for
C2sH4104 (MHT) 441.3005, found 441.3024.

(£)-(1S*,2S* 6R*,7R*,8R* 10R*,12R*)-6-[(Benzyloxy)-
methyl]-2,6-dimethyl-13-oxotetracyclo[10.3.1.0%°.02"Thexa-
dec-8-yl Benzoate 13,13-Ethylene Acetal (28). Freshly
prepared BzOTf (70 uL, 0.43 mmol) was added very slowly
(dropwise addition by a micropipet) at 0 °C to a well-stirred
mixture of the alcohol 27 (18 mg, 0.0409 mmol), 2,6-lutidine
(104 uL, 0.89 mmol), and CH,Cl, (0.8 mL). After the mixture
was stirred at 0 °C for 2.5 h, Et,O (4 mL) and saturated
aqueous NaHCO; (0.5 mL) were added. The mixture was
warmed to rt and extracted with Et,O, and the extract was
washed with water and brine, dried (MgSO,), and concen-
trated. Purification of the residue by a column chromatography
(13:1 to 1:1 hexane/EtOAC) yielded 8 mg (37%) of the benzoate
28 along with traces of the undesired enolates 29 and 30, and
8 mg (44%) of the recovered 27. Compound 28. Colorless oil.
IR (KBr) cm™*: 1713, 1603, 1111. 'H NMR (CDCls, 500 MHz)
0: 0.95 (s, 3H), 1.15—1.25 (m, 4H), 1.45 (s, 3H), 1.60—1.93 (m,
12H), 2.12—-2.16 (m, 1H), 2.27 (d, J = 2.5 Hz, 1H), 2.46—2.55
(m, 1H), 2.90 (d, J = 9.0 Hz, 1H), 3.38 (d, J = 9.0 Hz, 1H),
3.83—4.00 (m, 4H), 4.47 (d, J = 13.0 Hz, 1H), 4.58 (d, J = 13.0
Hz, 1H), 5.57 (d, J = 2.5 Hz, 1H), 7.28—7.36 (m, 5H), 7.46 (t,
J =7.5Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 8.05 (d, J = 7.5 Hz,
2H). ¥C NMR (CDCls, 125 MHz) ¢: 18.7, 20.6, 26.4, 29.7, 30.5,
32.6, 34.9, 35.4, 35.8, 38.3, 38.6, 40.8, 42.18, 42.23, 43.3, 48.1,
63.9,64.5,72.3,73.1,79.4,111.9, 127.2 (2C), 127.3, 128.3 (2C),
128.5 (2C), 129.6 (2C), 131.0, 132.8, 139.0, 166.0. MS (FAB)
m/z: 545 (MH™, 60), 91 (100). HRMS (FAB): calcd for C3sH450s
(MH*) 545.3267, found 545.3282.

For the data of 29 and 30, see the Supporting Information.

(£)-(1S*,25*,6R*,7R*,8R* 10R*,12R*)-6-[(Benzyloxy)-
methyl]-2,6-dimethyl-13-oxotetracyclo[10.3.1.01°.0>"]hexa-
dec-8-yl Benzoate (31). Freshly distilled BzOTf (10 uL,
0.0617 mmol) was added to a stirred solution of the alcohol
27 (7.0 mg, 0.0159 mmol) in CH,CI; (0.3 mL) in a microreactor
at —78 °C. After the mixture was stirred at —78 °C for 10 min,
Et,0 (0.2 mL) and saturated NaHCOj3 (few drops) were added,
and the mixture was warmed to room temperature. The whole
was extracted with EtOAc, and the extract was washed with
water and brine, dried (MgSO,), and concentrated. The
concentrate was then purified by column chromatography (6:1
hexane/EtOAc) to provide the keto benzoate 31 (3 mg, 35%),
together with 32 (1 mg, 19%) and the bis-benzoate 33 (1 mg,
10%) all as colorless oils, and a mixture of unidentified product
(3 mg). Compound 31. Colorless crystalline solid. Mp: 223—
224 °C (n-hexane/EtOAC). IR (KBr) cm™: 1716 (br), 1601. *H
NMR (CDCls, 500 MHz) 6: 0.96 (s, 3H), 1.19—-1.31 (m, 5H),
1.53 (s, 3H), 1.60—1.77 (m, 4H), 1.95—-2.11 (m, 5H), 2.21-2.25
(m, 1H), 2.22 (d, J = 2.5 Hz, 1H), 2.47-2.54 (m, 1H), 2.60—
2.69 (m, 2H), 2.91 (d, J = 9.5 Hz, 1H), 3.42 (d, J = 9.5 Hz,
1H), 4.48 (d, 3 = 12.0 Hz, 1H), 4.57 (d, J = 12.0 Hz, 1H), 5.61
(m, 1H), 7.27-7.37 (m, 5H), 7.47 (t, J = 7.5 Hz, 2H), 7.58 (t,
J = 7.5 Hz, 1H), 8.05 (d, J = 7.0 Hz, 2H). *C NMR (CDCls,
125 MHz) 6: 18.5,19.3, 20.7, 24.9, 29.7, 31.5, 32.5, 34.4, 35.9,
36.2, 36.4, 38.2, 38.5, 40.9, 42.1, 49.0, 71.6, 73.1, 79.1, 127.3
(2C), 127.4, 128.3 (2C), 128.5 (2C), 129.6 (2C), 130.9, 132.9,
138.8, 166.0, 214.7. MS (FAB) m/z: 501 (MH*, 27), 91 (100).
HRMS (FAB): calcd for Cs3H4O4 (MHT) 501.3005, found
501.3008.

For the data of 32 and 33, see the Supporting Information.

Preparation of 31 from 28 or 29. To a solution of 28 (8
mg, 0.0147 mmol) in acetone (0.5 mL) was added 1 N HCI (10
uL), and the resulting solution was heated at 40 °C for 30 min.
Saturated aqueous NaHCO; (few drops) was added, and then
the organic solvent was evaporated. The aqueous layer was
extracted with CH,Cl,, and the extract was washed with brine,
dried (MgSOQOy), and concentrated. Purification of the residue
by column chromatography (5:1 hexane/EtOAc) gave 31 (6 mg,
76%) with 1 mg (10%) of the recovered benzoate 28. Similarly,
29 (4 mg, 0.0058 mmol) was converted to 31 (2 mg) in 66%
yield.

(1)-(15*,25* 6R* 7R*,8R* 10R*,12R*,13R*)-6-[(Benzyloxy)-
methyl]-13-hydroxy-2,6,13-trimethyltetracyclo[10.3.1.0*%°.027]-
hexadec-8-yl Benzoate (34) and Its (£)-(1S*,2S*,6R*,7R*,8R* -
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10R*,12R*,13S*)-Isomer (35). MeLi (1.14 M in Et,0; 25 uL,
0.0285 mmol) was added dropwise at —78 °C to a stirred
solution of the ketone 31 (5 mg, 0.0104 mmol) in THF (0.5
mL) in a microreactor, and the resulting mixture was stirred
at —78 °C for 10 min. Saturated aqueous NH,Cl was added at
—78 °C, and the reaction mixture was warmed to room
temperature. The whole was extracted with CH,Cl,, and the
combined extract was washed with brine, dried (MgSQ,), and
concentrated. The concentrate was purified by column chro-
matography (6:1 hexane/EtOAc) to give 34 (2 mg, 43%) and
35 (2 mg, 37%) (combined yield 80%). In another run, when
31 was stirred with a freshly prepared and distilled MeTi(O-
i-Pr); (excess) at room temperature for 18 h, 34 was detected
as the single isomer by the TLC and 500 MHz 'H NMR
spectrum. The yield of 34, calculated by the *H NMR spectrum
was 66%.

Compound 34. Colorless oil. IR (KBr) cm™: 3487, 1713,
1601. *H NMR (CDCls, 500 MHz) : 0.95 (s, 3H), 0.96 (dd, J
=14.0, 7.0 Hz, 1H), 1.14 (s, 3H), 1.18—1.90 (m, 16H), 1.44 (s,
3H), 2.00 (t, J = 7.3 Hz, 1H), 2.28 (d, J = 3.0 Hz, 1H), 2.42—
2.49 (m, 1H), 2.91 (d, J = 9.0 Hz, 1H), 3.39 (d, J = 9.0 Hz,
1H), 4.48 (d, J = 12.0 Hz, 1H), 4.57 (d, J = 12.0 Hz, 1H), 5.57
(d, 3 = 3.0 Hz, 1H), 7.31-7.36 (m, 5H), 7.45 (t, J = 8.0 Hz,
2H), 7.56 (t, J = 7.0 Hz, 1H), 8.04—8.06 (m, 2H). *C NMR
(CDClg, 125 MHz) ¢: 18.6, 18.7, 20.7, 25.2, 28.1, 29.7, 31.6,
32.8, 33.3, 34.6, 35.8, 38.4, 38.7, 40.9, 42.1, 46.8, 48.1, 72.4,
72.8,73.1,79.5,127.2 (2C), 127.3, 128.3 (2C), 128.5 (2C), 129.6
(2C), 131.1, 132.8, 139.0, 166.0. MS (FAB) m/z: 539 (MNa",
3.3), 91 (100). HRMS (FAB): calcd for C34HasNaO, (MNat)
539.3137, found 539.3156.

Compound 35. Colorless oil. IR (KBr) cm™%: 3450, 1716,
1603. 'H NMR (CDCls, 500 MHz) ¢: 0.94 (s, 3H), 1.18—1.73
(m, 15H), 1.29 (s, 3H), 1.44 (s, 3H), 1.81—1.84 (m, 1H), 1.87—
1.90 (m, 1H), 1.98 (t, J = 6.0 Hz, 1H), 2.26 (d, J = 2.5 Hz,
1H), 2.44—-2.52 (m, 1H), 2.90 (d, 3 = 9.0 Hz, 1H), 3.39 (d, J =
9.0 Hz, 1H), 4.47 (d, J = 12.5 Hz, 1H), 4.58 (d, J = 12.5 Hz,
1H), 5.57 (d, J = 2.5 Hz, 1H), 7.28—7.36 (m, 5H), 7.46 (t, J =
8.0 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 8.05 (d, J = 7.5 Hz, 2H).
13C NMR (CDCls, 125 MHz) 6: 18.7, 20.6, 26.6, 26.9, 28.9, 29.7,
32.0, 34.0, 34.7, 35.8, 35.9, 38.3, 38.6, 40.7, 42.2, 47.6, 48.5,
72.3,72.9,73.1,79.4,127.2 (2C), 127.3, 128.3 (2C), 128.5 (2C),
129.6 (2C), 131.1, 132.8, 139.0, 166.0. MS (FAB) m/z: 539
(MNat, 25), 91 (100). HRMS (FAB): calcd for CssHiNaO,
(MNat) 539.3137, found 539.3146.

(£)-(1s*,2S*,6R*,7R*,8R*,10R*,12R*,13R*)-13-Hy-
droxy-6-(hydroxymethyl)-2,6,13-trimethyltetracyclo-
[10.3.1.0%1%.027Thexadec-8-yl Benzoate (36). A flask con-
taining the alcohol 34 (6 mg, 0.0107 mmol) and 10% Pd/C (6
mg) was evacuated and then flushed with H; for several times.
Freshly distilled MeOH (0.8 mL) was added, and H, was
bubbled into the stirred mixture for few minutes. The mixture
was stirred at room temperature under a H, atmosphere for
12 h. The reaction mixture was passed through a plug of silica
gel eluting with EtOAc, the eluate was concentrated. Purifica-
tion of the residue by a column chromatography (2:1 hexane/
EtOAc) afforded 4 mg (88%) of 36 as a colorless oil. IR (KBr)
cm~% 3464, 3446, 1713. *H NMR (CDCls, 500 MHz) §: 0.95
(s, 3H), 0.96 (dd, J = 13.5, 8.0 Hz, 1H), 1.14 (s, 3H), 1.16—
1.91 (m, 17H), 1.46 (s, 3H), 2.01 (t, J = 7.0 Hz, 1H), 2.16 (d, J
= 2.5 Hz, 1H), 2.44—2.50 (m, 1H), 3.11 (d, J = 10.5 Hz, 1H),
3.58 (d, 3 = 10.5 Hz, 1H), 5.64 (d, J = 2.5 Hz, 1H), 7.47 (t, J
=8.0 Hz, 2H), 7.57 (t, J = 7.0 Hz, 1H), 8.05—8.07 (m, 2H). 13C
NMR (CDCls, 125 MHz) é: 18.7 (2C), 20.3, 25.1, 28.1, 29.7,
31.5, 32.8, 33.3, 34.5, 35.8, 38.1, 38.6, 40.9, 41.9, 46.8, 48.1,
71.9,72.2,72.8,128.5(2C), 129.7 (2C), 131.0, 132.8, 166.1. MS
(FAB) m/z: 449 (MNa', 40), 176 (100). HRMS (FAB): calcd
for C;7H3sNaO, (MNat) 449.2668, found 449.2667.

(£)-Scopadulin (4). NalO4 (45 mg, 0.21 mmol) was added
to a solution of 36 (4.0 mg, 0.0094 mmol) in a mixed solvent of
CCl;—CH3CN—H,0 (1:1:1.5; 0.35 mL) in a microreactor, and
the mixture was stirred at room temperature for 20 min.
RuCl;+3H,0 (about 0.5 mg) was added, and the mixture was
stirred overnight at room temperature. After 15 h, the reaction
mixture was filtered through a plug of Celite, and the filter
cake was washed with EtOAc. The filtrate was dried (MgSO,),
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filtered, and concentrated, and the residue was purified by
column chromatography (1:2 hexane/EtOAc to EtOAc to 7:3
EtOAc/MeOH) to give (+)-scopadulin 4 (3 mg, 63%) as a white
solid. Recrystallization from EtOAc provided an analytically
pure colorless solid. Mp: 238—240 °C. IR (KBr) cm™: 3436
(br), 1716, 1701, 1603. *H NMR (CsDsN, 500 MHz) 6: 1.06
(dd, J = 13.0, 8.0 Hz, 1H), 1.27-1.30 (m, 2H), 1.29 (s, 3H),
1.50—1.61 (m, 4H), 1.59 (s, 3H), 1.74 (s, 3H), 1.78—1.89 (m,
7H), 2.11-2.24 (m, 4H), 2.43 (d, J = 11.0 Hz, 1H), 2.62—2.68
(m, 1H), 3.03 (d, J = 2.0 Hz, 1H), 6.03 (d, J = 2.0 Hz, 1H),
7.50—7.57 (m, 3H), 8.34 (d, J = 8.0 Hz, 2H). 3C NMR (CsDsN,
125 MHz) ¢: 18.7 19.0, 20.2, 25.7, 28.6, 31.6, 33.2, 33.5, 33.9,
35.3, 36.0, 40.6, 41.1, 44.5, 47.6, 48.1, 48.6, 71.4, 75.2, 129.1
(2C), 130.0 (2C), 131.7, 133.3, 166.2, 182.8. MS (FAB) m/z: 441
(MH™, 29), 185 (100). HRMS (FAB): calcd for C;7H3705 (MH™)
441.2641, found 441.2631.
(£)-(1S*,2S*,6R*,7R*,8R*,10R*,12R*,13S*)-13-Hy-
droxy-6-(hydroxymethyl)-2,6,13-trimethyltetracyclo-
[10.3.1.0%1%.027Thexadec-8-yl Benzoate (37). According to
the procedure for the synthesis of 36 from 34, the benzyl ether
35 (5 mg, 0.0093 mmol) was converted into 37 (3 mg, 76%) as
a colorless oil. IR (KBr) cm~%: 3410 (br), 1709, 1618. 'H NMR
(CDCl3, 500 MHz) 6: 0.94 (s, 3H), 1.16—1.28 (m, 4H), 1.30 (s,
3H), 1.41—1.77 (m, 12H), 1.45 (s, 3H), 1.82—1.86 (m, 1H), 1.90
(dt, 3 = 14.0, 3.0 Hz, 1H), 1.99 (t, J = 6.5 Hz, 1H), 2.14 (d, J
= 3.0 Hz, 1H), 2.46—2.53 (m, 1H), 3.10 (d, J = 11.0 Hz, 1H),
3.59 (d, J = 11.0 Hz, 1H), 5.64 (m, 1H), 7.46 (t, J = 7.0 Hz,
2H), 7.57 (t, 3 = 7.5 Hz, 1H), 8.04—8.06 (m, 2H). ¥*C NMR
(CDCls, 125 MHz) d: 18.6, 18.8, 20.3, 26.5, 26.9, 28.9, 32.0,
34.0, 34.7, 35.8, 35.9, 38.0, 38.6, 40.7, 42.0, 47.5, 48.5, 71.8,
72.1,72.9,128.5 (2C), 129.6 (2C), 131.0, 132.8, 166.1. MS (FAB)
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m/z: 449 (MNa', 6.0), 176 (100). HRMS (FAB): calcd for
C27H3sNaO, (MNa') 449.2668, found 449.2661.

16-epi-Scopadulin (4a): According to the procedure for the
synthesis of 4 from 36, the alcohol 37 (3 mg, 0.0061 mmol)
was converted into 38 (1 mg, 43%) as a colorless oil. IR (KBr)
cm~% 3421, 3327 (br), 1716 (br), 1603. *H NMR (CsDsN, 500
MHz) 6: 1.21-1.97 (m, 16H), 1.50 (s, 3H), 1.58 (s, 3H), 1.74
(s, 3H), 2.09—2.17 (m, 1H), 2.13 (d, J = 13.0 Hz, 1H), 2.24 (t,
J = 6.8 Hz, 1H), 2.60—2.66 (m, 1H), 2.96 (br s, 1H), 6.00 (br s,
1H), 7.49—7.55 (m, 3H), 8.33—8.34 (m, 2H). 13C NMR (CsDsN,
125 MHz) ¢: 18.8 19.0, 22.0, 27.0, 27.6, 30.0, 32.5, 33.5, 34.8,
35.2, 35.9, 40.6, 40.9, 42.8, 44.6, 48.2, 49.1, 71.6, 75.1, 129.1
(2C), 130.0 (2C), 131.7, 133.3, 164.8, 179.6. MS (FAB) m/z: 463
(MNat, 3.2), 176 (100). HRMS (FAB): calcd for Cy7H3sNaOs
(MNat) 463.2460, found 463.2459.
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