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Abstract: The total synthesis of natural (-)-ptaquilosin (2) the aglycon of a potent carcinogen ptaquiloside (1) from
bracken fern and its (+)-enantiomer (2) has been achieved starting with (+)-dimenthyl (1 R,2R)-cyclopentane-1,2-
dicarboxylate. The synthesis proceedsin 20 steps (2.9% overall yield). The key features of the synthesis are as follows:
(i) diastereoselective alkylation of a common chiral compound § under different conditions has provided each of two
diastereomers 6a and 6b predominantly, the former 6a eventually leading to natural (-)-2 and the latter 6b giving
unnatural (+)-2 and (ii) the deformylative oxidation reaction of aldehyde 23 has been effected under the conditions
mild enough to permit survival of the unstable product ptaquilosin (2). As to the DNA cleaving activities, dienone
4 prepared from natural (-)-ptaquilosin (2) was shown to be more efficient than dienone 4 derived from unnatural

(+)-ptaquilosin (2).

Bracken fern (Pteridium aquilinum) is widely distributed in
many parts of the world and used as a food for human consumption
in Japanand some other countries. The carcinogenicity of bracken
fern was discovered in 1960 in connection with cattle bracken
poisoning, which was first reported in the late 19th century.!
Since the discovery of the carcinogenicity of bracken fern, isolation
of the carcinogen(s) has been a long-standing problem. Although
the intense studies in search for the carcinogen had been made,
it was extremely difficult to isolate the active principle because
of (i) the instability of the carcinogen and (ii) the lack of the
appropriate short-term bioassay systems such as the Ames test.
Overcoming these difficulties, we isolated a new type of carcinogen
ptaquiloside (1) from bracken in 1983,2 determined the novel
structure,? and proved its potent carcinogenicity.?

Ptaquiloside (1) and its aglycon ptaquilosin (2) are unstable
under acidic or basic conditions. Inaqueoussolutiontheyundergo
aromatization to give pterosin B (3).224 Both ptaquiloside (1)
and ptaquilosin (2) are converted under weakly basic conditions
into dienone 4, which is the activated form of ptaquiloside (1)
andis regarded as the ultimate carcinogen?2d (Scheme I). Dienone
4is a powerfulalkylating agent toward nucleophiles such as amino
acids, nucleosides, and nucleotides;2d it also alkylates DNA and
causes base-specific cleavage of DNA* (Scheme I).
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(b) Hirono, 1.; Yamada, K. In Naturally Occurring Carcinogens of Plant
Origin: Hirono, 1., Ed.; Kodansha-Elsevier: Tokyo-Amsierdam, 1987; pp 87-
120.

(2) (a) Niwa, H.; Ojika, M.: Wakamaisu, K.; Yamada, K.: Hirono, 1.;
Maisushita, K. Tetrahedron Lett. 1983, 24,4117-4120. (b) Niwa, H.; Ojika,
M.; Wakamaisu, K.; Yamada, K.; Ohba, S.; Sai1o, Y.. Hirono, 1.; Maisushila,
K. Tetrahedron Lett. 1983, 24, 5371-5372. (c) Ohba, S.; Saito, Y.; Hirono,
I.: Niwa, H.; Ojika, M.; Wakamaisu, K.; Yamada, K. 4cta Crystallogr., Sect.
C 1984, 40, 1877-1879. (d) Ojika, M.; Wakamaisuy, K.; Niwa, H.; Yamada,
K. Tetrahedron 1987, 43, 5261-5274.

(3) (a) Hirono, I.; Yamada, K.; Niwa, H.; Shizuri, Y.; Ojika, M.; Hosaka,
S.; Yamaji, T.; Wakamaisu, K.; Kigoshi, H.; Niiyama, K.; Uosaki, Y. Cancer
Lerr. 1984, 2/, 239-246. (b) Hirono, 1; Aiso, S.; Yamaji, T.; Mori, H ;
Yamada, K.; Niwa, H.; Ojika, M.; Wakamaisu, K.; Kigoshi, H.: Niiyama,
K.; Uosaki, Y. Gann 1984, 75, 833-836. (c) Hirono, 1.; Ogino, H.; Fujimoto,
M.; Yamada, K.: Yoshida, Y.; lkagawa, M.; Okumura, M. J. Nat!l. Cancer
Inst. 1987, 79, 1143-1146.

(4) Ojika. M.; Sugimoio, K.; Okazaki, T.; Yamada, K. J. Chem. Soc.,
Chem. Commun. 1989, 1775-1777.

0002-7863/93/1515-3056$04.00/0

2 (-)-ptaquilosin
1 ptaqulloside

HO.

The synthetic challenge of ptaquilosin (2) structure, combined
with the DNA cleaving activities of dienone 4 derived from 2,
prompted us to explore the synthesis and properties of both
enantiomers of ptaquilosin (2). Previously we reported the
synthesis of racemic ptaquilosin (2)° and of unnatural (+)-
ptaquilosin (2).6 In this full account, we describe the total
synthesis of natural (-)- and unnatural (+)-ptaquilosin (2) using
the novel method of stereoselective construction of the R or §
quaternary stereocenter from a common chiral compound §.
Further, we present the DNA cleaving activities of both
enantiomers of dienone 4 derived from natural (-)- and unnatural
(+)-ptaquilosin (2), respectively.

Synthetic Plan. The instability of ptaquilosin (2) poses a
multitude of serious synthetic problems. The presence of the C-4
hydroxyl group in ptaquilosin (2), which undergoes dehydration
easily, is one of the major reasons for the instability of 2. We
thus devised an approach wherein the angular hydroxyl group is
introduced under extremely mild conditions at the very last stage

(5) Kigoshi, H.; Sawada, A; Nakayama, Y.; Niwa, H.; Yamada, K.
Tetrahedron Lett. 1989, 30, 1983-1986.

(6) Preliminary communication: Kigoshi, H.; Imamura, Y.. Niwa, H;
Yamada, K. J. Am. Chem. Soc. 1989, []1, 2302-2303.
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Synthesis of Natural (-)- Ptaquilosin

Scheme I
L PH o
1 ptaquiloside OH
2 (-)-ptaquilosin
4
Table 1. Alkylation of Alkali Metal Enolates Generaled from

(+)-Menthy1 Hydrogen (1R,2R)-Cyclopentane-1,2-dicarboxylaie (5)

HOOC., HOOC.,,
+)-menihyl-O0C R)]\ w

COO (+)-menihyl QO0-(+)-menihyl
5 6a R xMe 6b R - Me
7a R=H 7b RaH
normal alkylalion contrasteric alkylation
product product
yield (%),
entry  base RX HMPA (equiv) time (h) ratio of normal : contrasteric
)\,X

6a : 6

1 LDA cl - 16.04 8 1 40
2 2.3 6.5d 72 25: 1
3 Br - 47 91 34: 1
4 23 3.0 92 11.5: 1
5 23 e 93 450: 1

X

e 7a: D

6 ] - 3.7d 96 1 : 49
7 23 5.04 95 14: 1
8 Br - 45 74 171
9 2.3 17 86 39: 1
10 1 - 09 95 39: 1
11 23 0.5 92 62: 1

12 OTs - 22 76f 1 : 40

13 23 22 80f 1 24

14 23 3.0 51f 112

15 NaN(TMS); ClI - 204 90 1 :13
16 Br - 4.0d 66¢ 112: 1
17 KN(TMS)2 Cl - 7.0d 57¢ 20: 1
18 Br - 3.0 81¢< 67: 1

“ Unless otherwise stated, the reaction was performed at -25 ~ -15
°C for a period of the indicated time. # Unless otherwise noticed, yields
refer to isolated materials. < Determined by 'H NMR spectra. ¢ After
addition of the alkylating agent at -25 °C, the reaction mixture was
warmed to room temperature and was stirred for a period of the indicated
time. ¢ See Experimental Section. / Isolated as the corresponding methyl
ester.

ofthesynthesis. For the purpose of synthesizing both enantiomers
of ptaquilosin (2) efficiently, we adopted the strategy wherein
each of two diastereomers 6a and 6b possessing respectively the
R and S configuration at the newly formed quaternary carbon
would be prepared stereoselectively from a common chiral
compound § (Table I): the diastereomer 6a would lead to natural
(-)-ptaquilosin (2), while the diastereomer 6b would ultimately
afford unnatural (+)-ptaquilosin (2).

Results and Discussion

Control of Stereoselectivity in the Alkylation of (+)-Menthyl
Hydrogen (1R,2R)-Cyclopentane-1,2-dicarboxylate (5). (+)-
Dimenthyl (1R,2R)-cyclopentane-1,2-dicarboxylate prepared
according to the Yamamoto method’ was partially hydrolyzed
to afford monoester 5. The dianion generated from 5§ (LDA,
THF) reacted with methallyl bromide in THF-HMPA (-78 °C
—-20°C)toaffordin 94%yield a 45:1 mixture of diastereomeric

(7) Misumi, A.; lwanaga, K.; Furula, K.; Yamamolo, H. J. Am. Chem.
Soc. 1985, 107, 3343-3345. Furuia, K.; lwanaga, K.; Yamamoto, H. Org.
Synth. 1988, 67, 76-85,
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alkylation and
cleavage of DNA

esters 6aand 6b (Table I, entry 5),i.e., 6a with96% de. The ratio
of 6a and 6b was determined by 'H NMR spectral analysis. On
the other hand, the dianion derived from 5 on reaction with
methallyl chloride in THF (-25 °C — room temperature) in the
absence of HMPA provided a 1:4 mixture of diastereomeric esters
6a and 6b, in 89% yield (Table I, entry 1), which was converted
to the methyl esters and chromatographically separated to give
8a (19%) and 8b (77%): in this case the predominant product
6bwas the onethat wasalkylated from the sterically more hindered
side of the enolate, namely the contrasteric? alkylation product.
Stereochemistry of 6a and 6b was determined as follows: methyl
ester 8a could be converted into a tetrahydrofuran derivative 9
in two steps (1. LiAlH,; 2. TsCl, pyr), whereas methyl ester 8b
could not. Thus, we could establish the method that allows us
to prepare each of two diastereomers (6a and 6b) preferentially
through stereoselective alkylation of the common compound 5.

MeQOC.,

AP

COO-(+)-menthyl

MeQOC.,

C=:OO-(+)-menthy|

8a 8b

9

We examined the stereochemical outcome in the alkylation of
the dianion derived from monoester S under a variety of conditions
in order to investigate the factor(s) causing contrasteric alky-
lation.” The dianion generated from § with an appropriate base
was alkylated with various alkylating agents in the absence or
presence of HMPA, and the results are summarized in Table I.
The alkylation of the Li enolate with alkyl chlorides or alkyl
tosylate in the absence of HMPA proceeded in the contrasteric
manner to give 6b and 7b predominantly (entries 1, 6, 12), while
alkylation with alkyl bromides or alkyl iodide gave mainly normal
alkylation products, 6a and 7a (entries 3, 8, 10).!19 The
stereochemical results in these reactions may depend on the

(8) Other examples for contrasieric alkylation, see: (a) Naef, R.; Seebach,
D. Angew. Chem.,Int. Ed. Engl. 1981, 20,1030-1031. (b) Ladner, W. Angew.
Chem., Int. Ed. Engl. 1982, 2], 449-450. (c) Ladner, W. Chem. Ber. 1983,
116,3413. (d) Seebach, D.; Aebi, J. D.; Gander-Coquoz, M .; Naef, R. Helv.
Chim. Acta 1987, 70, 1194-1216.

(9) Preliminary communication: Kigoshi, H.; Imamura, Y.; Yoshikawa,
K.; Niwa, H.; Yamada, K. Tetrahedron Lett. 1991, 32, 45414544,

(10) Siereochemisiry of 7Ta and 7b was established by the chemical me1hod.
Diasiereomer 7a was transformed inio cyclic ether I by a 1hree-step sequence
(1.CH.N: 2. LiAIH,; 3. TsCl, pyr), while diastereomer 7b led 10 monotosylale
if and ditosylale lif by 1he same sequence of reaciions.

H H

Ts-O 3
O,
RO
x 2

1 11 R=H
MWR=Ts
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Figure 1. The plausible intermediary complex for the contrasteric
alkylation.

hardness!' of the leaving groups in the alkylating reagents.
Formation of contrasteric alkylation products (6b and 7b)
decreased with decreasing the hardness of the leaving groups
(OTs, Cl > Br > I), and this tendency is consonant with the
ability of the leaving groups for complexation to Li cation. Thus,
the harder leaving groups may coordinate more tightly to the Li
counterion of the carboxylate group adjacent to the enolate moiety.
The tighter complexation may cause the contrasteric alkylation
toalarger extent. A cation-complexingagent HMPA mayinhibit
complexation of the leaving group to the Li cation of the
carboxylate group. Thus the alkylation of the Li enolate in the
presence of HMPA was carried out (entries 2,4, 5,7,9, 11, 13,
14), and, as was expected, formation of contrasteric alkylation
products (6b and 7b) decreased in all cases in comparison with
the alkylation in the absence of HMPA. The alkylation of the
Na and K enolates was performed in the absence of HMPA
(entries 15-18) in order toexamine the effect of metal counterions
on stereoselectivity. In the cases of the Na and K enolates
contrasteric alkylation occurred to a smaller extent (entries 15
and 17) in comparison with the case of the Li enolate (entry 6).
These results are ascribed to the fact that the affinity of Na and
K cations for halide ions is weaker than that of Li cation. The
findings described above strongly suggest that the factor causing
contrasteric alkylation of the Li enolate derived from § is
complexation of the alkylating agent to the Li counterion located
on the neighboring carboxylate groupin the enolate: complexation
of the harder leaving group (e.g., Cl) of the alkylating agent to
the carboxylate Li counterion causes contrasteric alkylation to
a larger extent. The plausible intermediary complex for the
contrasteric alkylation is shown in Figure 1.

Preparation of Bicyclic Enone 12 and Its Cyclopropanation.
The ester 6a with 96% de was converted into the acyl chloride,
which was subjected to cyclization with Lewis acid to give enone
10 (83% from 6a) (Scheme II). Direct cyclization of 6a with
polyphosphoric acid or methanesulfonicacid-P,Osafforded enone
10 in lower yield (40-60%). Conversion of 10 into enone 11 was
accomplished in 81% yield by the following sequence: (1)
reduction with LiAlH, to give two diastereomeric diols and (2)
oxidation of the allylic hydroxyl group of the diols with
imidazolium dichromate.'? A single crystallization of this material
provided pure 11, which was silylated to furnish bicyclic enone
12 in quantitative yield. The enantiomeric purity of 12 was
determined to be >99% ee on the basis of the 'H NMR spectral
analysis in the presence of chiral shift reagent Eu(hfc)s.
Spirocyclopropanation of 12 was effected by using (2-chloroethyl)-
dimethylsulfonium iodide!* and potassium rert-butoxide to form
a separable 4.5:1 mixture of two ketones 13a (45%) and 13b
(10%), the latter 13b being isomerized by acid catalysis' to the
former 13a (81%). Spirocyclopropanation of 12 could also be
carried out under the conditions employing 1,2-dibromoethane
andsodiumamide'*!5in lower yield (20-30%): thesilyl protecting
group in 12 was partially removed during the reaction.

(11) Ho, T.-L. Hard and Soft Acids and Bases Principle in Organic
Chemistry; Academic Press: New York, 1977.

(12) Kim, S.; Lhim, D. C. Bull. Chem. Soc. Jpn. 1986, 59, 3297-3298.

(13) For spirocyclopropanation of saturaled ketones with this reagent, see:
Ruder, 8. M.; Ronald, R. C. Tetrahedron Lett. 1984, 25, 5501-5504.

(14) Yaies, P.; Helfer1y, P. H.; Mahler, P. Can. J. Chem. 1983, 61, 78-85.

(15) Newman, M. S.. DeVries, J.. Darlak, R. J. Org. Chem. 1966, 31,
2171-2174.
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Functionalization of the Cyclopentane Moiety of Ketone 13a
and Total Synthesis of (-)- and (+)-Ptaquilosin (2). The next
phase of the synthesis was functionalization of the cyclopentane
part of ketone 13a (Scheme III). Conversion of 13a into
conjugated ketone 14 was executed in 73% yield by the two-step
sequencevia a selenide. Oxidation of the double bond conjugated
with theketogroupin 14 provided a mixture of two diastereomeric

o]

o-T8DMS o-18DMS
15b 17b

epoxides 15a (85%) and 15b (12%). Reduction of epoxide 15a
with calcium in liquid ammonia-THF at -78 °C afforded
B-hydroxy ketone 16 in 90% yield. The reaction of the Grignard
reagent (MeMgI) with 16 proceeded highly stereoselectively from
the less hindered, convex face of the substrate to provide a mixture
of two diols 17a (93%) and 17b (1%). The addition of
methyllithium to 16 was shown to proceed with lower stereose-
lectivity to give a mixture of 17a (54%) and 17b (23%). Inorder
to confirm the stereostructure of 17a unambiguously, the X-ray
crystallographic analysis was performed on racemic triol 17¢ (mp
146-148 °C) obtained by desilylation (Bu,NF, THF) of racemic
17a,'® proving the correctness of the assigned stereochemistry.
Swern oxidation of 17a provided ketone 18 in 94% yield.
Monomethylation « to the keto group in 18 was performed by
the Noyori method:'" silyl enol ether 19 prepared from 18 was
allowed to react with methyl iodide in the presence of
(Me;N);S(Me;SiF,) to give a separable mixture of two diaster-
eomeric ketones 20a (49%) and 20b (42%), the former 20a being
converted into the latter 20b by base treatment (77%). Stere-
ochemistry of the secondary methyl groups in 20a and 20b was
determined by the 'H NMR spectral analysis: 20a and 20b were
transformed into conformationally rigid acetonides 25a and 25b,
respectively, and their coupling constants (25a, J,, = J,, = 4.0
Hz; 25b, J,, = J, o = 9.6 Hz) were compared with those (J,, =
J1.9=9.7Hz) of the acetonide 26 derived from natural 1 (Scheme
1V). These 'H NMR spectral data clearly showed that the
thermodynamically more stable isomer 20b has the desired
stereochemistry concerning the secondary methyl group. Trans-
formation of 20b into aldehyde 23 was effected in 88% overall
yield through the sequence: (1) reduction of the keto group and
removal of the TMS group to afford diol 21; (2) deprotection of
the TBDMS group to give triol 22; and (3) Swern oxidation
(Scheme III).

The final phase of the synthesis required deformylative
oxidation of aldehyde 23in order to introduce an angular hydroxyl
group or its equivalent under conditions mild enough to permit
survival of the unstable product ptaquilosin (2). We found that
this transformation was achieved by warming a concentrated
solution of 23 in ethyl acetate under an oxygen atmosphere!® to
afford hydroperoxide 24, which was reduced with triphenylphos-
phine providing (-)-ptaquilosin (2) in 34% yield. The structural

(16) Racemic 17a was available by an aliernalive synthetic roule siarling
from a-allyl-é-valerolacione: Kigoshi, H.; Sawada, A.; Nakayama, Y ;Niwa,
H.: Yamada, K. Tetrahedron Lett. 1989, 30, 1983-1986. The compound 17a
was oblained by a more efficien1 roule siarting with cyclopeniene-1,2-
dicarboxylicacid anhydride: Kigoshi, H.: Tanaka, H.; Hirokawa, J.; Mizuia,
K.; Yamada, K. Tetrahedron Lett. 1992, 33, 6647-6650.

{17) Noyori, R.; Nishida, 1.; Sakaia, J. Tetrahedron Lett. 1980, 21, 2085-
2088.

(18) 11 was found 1hat decarbonylation of acyl radicals which were generaled
from aldehydes proceeded smooihly when 1he alkyl radicals thai were formed
could be s1abilized by allylic conjugation. Further conjugation of 1the double
bondintheallylradical witha carbonyl or a cyclopropyl group allowed position-
seleclive peroxidalion of the alkyl radical. For details, see: Kigoshi, H.;
Imamura, Y; Sawada, A; Niwa, H.; Yamada, K. Bull. Chem. Soc. Jpn.
1991, 64, 3735-3737.
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Scheme II-

HOOC.

—_—

C::OO-(+)-menthyI

6a

o.-18DMS
13a
“ (a) (COCI),, benzene, 23 °C; (b) SnCly, CH,Cl,, -78 °C; (¢) LiAlH,, THF, 23 °C; (d) imidazolium dichromate, DMF, 23 °C; (e) t-BuMe,SiCl,
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c.d

L
12 R=TBDMS

o.TBOMS
13b

imidazole, DMF, 23 °C; (f) CICH.CH.SMe-l, Kl, t-BuOK, -BuOH, 23 °C; (g) p-TsOH, dioxane, reflux.

Scheme III#
0 0
a.b d

No-TEDMS No-TBDMS “0-TBDMS “0.TBDMS

138 14 15a 16
e
h
“N0-TBDMS “No-TBDMS
20a 19
18 17a R=TBOMS
! + 17¢ R=H

20b 21 R=TBDMS
22 R=H

23 l:: 24 R=00H
n
2 R=0OH

“(a) LDA, 1then PhSeCl, THF, -78 °C; (b) 30% H.0,, pyr, CH:Cl5, 23 °C; (¢) 30% H.0,, NaOH, MeOH. 10 °C; (d) Ca, liquid NH3/THF (2:1),
-78 °C; (e) MeMgl, ether, 23 °C; (f) DMSO, (COCl),, CH,Cl;, -78 °C, then Et;N, -78 °C — 23 °C; (g) TMS-OT{, 2,6-lutidine, CH,Cl,, -78
°C; (h) (Me:aN);S(Me;SiF»), Mel, THF, 23 °C; (i) r-BuOK, 1-BuOH, 23 °C; (j) LiAlH,, ether, 23 °C; (k) BusNF, THF, 45 °C; (1) DMSO, (COCl),,
CH,Cl,, -65 °C, 1then Et;N, —65 °C — 23 °C; (m) O,, EtOAc, 50 °C: (n) PPh;, eiher, 23 °C.

feature embodied by the 8,y-unsaturated aldehyde unit wasshown
to be a requisite for the success of this intriguing deformylative
oxidation reaction.'*'® Synthetic (-)-ptaquilosin (2) proved to
be identical with natural 220 by spectral (‘H NMR, IR, MS, «ap)
and chromatographic comparison.

The (+)-enantiomer of natural (-)-ptaquilosin (2) was also
synthesized from methyl ester 8b (Scheme V). Alkaline hydrolysis

(19) This deformylalive oxidalion reaction proceeded also in benzene al
50 °C in 1he presence of AIBN in less yield.

{20) Naiural 2 wasderived from 1 by chemical means: Kigoshi, H.. Sawada,
A.; lmamura, Y.; Niwa, H.; Yamada, K. Tetrahedron 1989, 45, 2551-2556.

of 8bafforded a mixture of diastereomericacids 6band 6¢ (91%),
which, through their acyl chlorides, was converted into enone 27
(89% from a mixture of 6b and 6¢) (Scheme V). Inthe manner
similar to the synthesis of (-)-ptaquilosin (2) described above,
enone 27 furnished (+)-ptaquilosin (2). Synthetic (+)-ptaquilosin
(2) proved to be identical with natural (-)-2 in every respect ('H
NMR, IR, MS, ap, TLC) except for the sign of the specific
rotation.

DNA Cleaving Activities of Both Enantiomers of Dienone 4
Derived from (-)- and (+)-Ptaquilosin (2). Previously we reported
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Scheme IV*

a.b.c
———
\O-TBDMS
20a 25a
a.c
———
N0.TBOMS
20b 25b
7 steps
———

“(a) LiAlH4, ether, 23 °C; (b) K.CO;, MeOH, reflux; (c)
CH-=C(OMe)Me, p-TsOH, benzene, 23 °C.

the DNA cleaving activities of dienone 4 obtained from bracken
carcinogen ptaquiloside (1) as well as from ptaquilosin (2).4
Having secured both enantiomers of ptaquilosin (2) by synthesis,
we were interested in the problem whether or not there is a
difference in reactivities between two enantiomers of derived
dienone 4 toward DNA from the viewpoint of chiral molecular
recognition. Thus, the DNA cleaving properties of both enan-
tiomers of dienone 4 were explored using pBR322 double-stranded
supercoiled DNA (Figure 2). Both enantiomers of dienone 4
were prepared by treatment of (-)- and (+)-ptaquilosin (2) with
sodium carbonate in methanol, respectively. Incubation of 4 with
pBR322 form I DNA at 37 °C produced form II DNA and
subsequently form III DNA as shown by agarose gel electro-
phoresis analysis (Figure 2). Since dienone 4 reacts with DNA
and also with other nucleophiles such as water and inorganic
anions in the reaction mixture, high [4] /[DNA nucleotide] ratios
(25-50) wererequired for the complete relaxation of form I DNA
into form II DNA and finally into form III DNA (Figure 2).
Interestingly, dienone 4 derived form natural (-)-ptaquilosin (2)
was found to be more efficient than dienone 4 obtained from
unnatural (+)-ptaquilosin (2) with respect to the DNA cleaving
activities.?!

Conclusion

Thesynthesis of both enantiomers of ptaquilosin (2), the aglycon
of a bracken carcinogen ptaquiloside (1), has been achieved
stereoselectively by employing a common chiral compound §.
Further, concerning the DNA cleaving activities, dienone 4
prepared from natural (-)-ptaquilosin (2) was observed to be
more efficient than dienone 4 derived from unnatural (+)-
ptaquilosin (2).

(21) In all of 1three experimenis performed 1the small bul clear difference
of DNA cleaving activities between both enantiomers of dienone 4 was observed.
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Experimental Section

General Methods. Unless otherwise noted, materials were obtained
from commercial suppliers and used without further purification.
Tetrahydrofuran (THF),diethyl ether,and 1,2-dimethoxyethane (DME)
were distilled from sodium/benzophenone prior touse. Diisopropylamine,
triethylamine, dichloromethane, pyridine, and rerz-butyl alcohol were
distilled from CaH,. Hexamethylphosphoric triamide (HMPA), N,N-
dimethylformamide (DMF), and dimethyl sulfoxide were distilled from
CaH; under reduced pressure. All reactions involving organometallic
reagents were conducted under a nitrogen atmosphere. Evaporation of
solvents was carried out with a rotary evaporator under reduced pressure
(ca. 20 Torr). Fuji-Davison silica gel BW-820MH was employed for
column chromatography. Merck precoated silica gel 60 Fas, plates were
used for thin-layer chromatography (TLC). Melting points are uncor-
rected. IR spectra were obtained with a JASCO IR-810 instrument in
chloroform solutions. Proton nuclear magnetic resonance (‘'H NMR)
spectra were recorded on a JEOL JNM-Cé675 instrument (270 MHz).
Chemicalshifts are reported in ppm downfield from internal tetramethyl-
silane. Jvaluesare in hertz. Mass spectra (EIMS/CIMS) are recorded
ona JEOL JMS-LG2000 spectrometer. Methane was used as a reagent
gas for chemical ionization method.

The purity of all compounds submitted for high-resolution mass
spectrometric analysis was determined to be >90-95% by 'H NMR
analysis. Optical rotations were measured with a JASCO DIP-4
polarimeter.

(+)-Menthyl Hydrogen (1R,2R)-Cyclopentane-1,2-dicarboxylate (5).
Toasolution of (+)-dimenthyl (1R,2R)-cyclopentane-1,2-dicarboxylate
(3.00 g, 6.91 mmol) in methanol (100 mL) were added KOH (0.80 g,
14 mmol) and 30% aqueous H,0, (2.0 mL, 18 mmol). The mixture was
stirred at 50 °C for 14 h, and methanol was removed in vacuo. The
residual aqueous solution was diluted with 5% aqueous NaHCO; solution
(30 mL) and hexane (40 mL), and the aqueous layer was separated. The
hexane layer was extracted with 5% aqueous NaHCO; solution (2 X 10
mL). The aqueous layer and the aqueous extracts were combined and
washed with hexane (10 mL). The aqueous layer was acidified with a
6 M HCI solution (50 mL), saturated with NaCl, and exiracted with
ethyl acetate (3 X 50 mL). The combined organic extracts were washed
with saturated aqueous NaClsolution, dried (Na,SO,),and concentrated.
The residual oil was purified by column chromatography on silica gel (50
g, hexane—ether 1:1) to give monoester § (1.47 g, 72%) as a colorless oil;
[a]*p +7.7° (¢ 0.73, CHCl;); IR (CHCI3) 3500-2400 (br), 1710, 1460,
1375,1195cm™}; '"H NMR (CDCl;3) 6 0.74 (d, J = 6.9 Hz, 3 H), 0.80-
1.13 (m, 3 H), 0.89 (d, J = 6.9 Hz, 3 H), 0.90 (d, J = 6.6 Hz, 3 H),
1.34-1.55(m, 2 H), 1.58-2.20 (m, 10 H), 3.08-3.16 (m, 2 H), 4.67 (ddd,
J=10.9,10.9, 4.3 Hz, | H); CIMS (m/z, rel intensity) 297 [(M + H)*,
3], 159 (50), 138 (100). Anal. Calcd for C\7H304: C, 68.89; H, 9.52.
Found: C, 68.85; H, 9.64.

Methallylation of (+)-Menthy! Hydrogen (1R,2R)-Cyclopentane-1,2-
dicarboxylate (5). (A) A solution of monoester § (0.92 g, 3.1 mmol) in
THF (7.5 mL) was added at —20 °C to a solution of lithium diisopro-
pylamide (LDA) prepared from diisopropylamine (1.1 mL, 7.9 mmol),
a 1.68 M solution of n-BuLi in hexane (4.3 mL. 7.2 mmol), and THF
(7.5mL) at -20 °C. After the mixture was stirred at -24 ~ -17 °C for
1 h, HMPA (1.4 mL, 8.0 mmol) was added. The mixture was cooled
to-78 °C, and methallyl bromide (0.97 mL, 9.3 mmol) was added. The
reaction mixture was stirred at =78 °C for 1.5 h, allowed to warm to -20
°C over 5.5 h, diluted with 2 M HCI1 (43 mL), and extracted with ethyl
acetate (3 X 40 mL). The combined extracts were washed with saturated
aqueous NaClsolution, dried (Na,S0O,), and concentrated. The residual
oil was purified by column chromatography on silica gel (100 g, hexane-
ether 5:1 — 2:1) 10 afford a 45:1 mixture of acids 6a and 6b, i.e., acid
6a with 96% de (1.02 g, 93%) as an oil: [a]’'p +34.0° (¢ 1.05, CHCl;);
IR (CHCIl;) 3500-2400 (br), 1705, 1640, 1450, 900 cm'!; 'H NMR
(CDCl;) 60.72(d, J = 6.9 Hz, 3 H). 0.78-1.13 (m, 3 H), 0.89 (d, J =
6.6 Hz, 6 H), 1.33-1.52 (m, 2 H), 1.59-2.10 (m, 10 H), 1.75 (brs, 3 H),
2.22(m, 1 H),2.46 (d,/=13.9Hz, 1 H),2.66 (d,J =13.9 Hz, | H),
2.83(dd,J =8.1,8.1 Hz, | H), 4.64 (ddd, J =10.9,10.9, 43 Hz, | H),
4,75 (m, 1 H), 4.87 (m, 1 H); EIMS (m/z, rel intensity) 350 (M*, 10),
294 (15), 213 (55), 194 (85), 166 (45), 157 (100), 149 (55), 138 (80).
Anal. Caled for C, H1::04: C, 71.96; H, 9.78. Found: C, 72.05; H,
9.76.

(B) A solution of monoester 5 (1.03 g, 3.48 mmol) in THF (6 mL)
was added a1-25 °C1oasolution of LDA prepared from diisopropylamine
(1.25 mL, 9.0 mmol), a 1.56 M »n-BuLi in hexane (5.5 mL, 8.5 mmol),
and THF (8 mL) a1 -25 °C. Afier the mixture was stirred at -25 ~
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Figure 2. DNA cleavage by both enantiomers of dienone 4 derived from
natural (~)- and unnatural (+)-ptaquilosin (2), respectively. Reaction
mixtures containing (in a total volume of 20 uL) pBR322 DNA (42 uM
nucleotide concentration), 8 mM Tris-borate buffer (pH 7.5), 0.4 mM
ethylenediaminetetraaceticacid (EDTA),and 17% (v/v) acetonitrile were
incubated with natural 4 or unnatural 4 at 37 °C for 13.5 h. Lanes |
and 14, DNA alone (control). The values of [natural 4]/[DNA
nucleotide] for lanes 2-7: 2.5, 5, 10, 25, 50, 100 and those of [unnatural
4] /[DNA nucleotide] for lanes 8-13: 2.5, 5,10, 25,50, 100. Thesamples
were electrophoresed on a 1% agarose gel containing 50 mM Tris-borate
tuffer (pH 8.0) and | mM EDTA. Key: form I, supercoiled DNA; form
11, nicked DNA,; form I11, linear DNA.

—-20 °C for 1 h, methallyl chloride (1.1 mL, 11 mmol) was added. The
reaction mixture was stirred at room temperature for 16 h, diluted with
2 M HCI (30 mL), and extracted with ethyl acetate (3 X 40 mL). The
combined extracts were washed with saturated aqueous NaCl solution,
dried (Na,SO,), and concentrated. The residual oil was purified by
column chromatography on silica gel (60 g, hexane—ethyl acetate 10:1)
to give a 1:4 mixture of acids 6a and 6b (1.04 g, 86%) as an oil.

The mixture of acids (1.04 g, 2.97 mmol) was dissolved in ether (3
mL), and an ethereal diazomethane solution was added in small portions
until the yellow color of diazomethane persisted. After decomposition
of unreacted diazomethane with aceticacid, the mixture was concentrated
and purified by column chromatography onsilica gel (55 g, hexane—ether
30:1 —= 10:1) to afford methyl ester 8a (201 mg, 19%) and methyl ester
8b (828 mg, 77%) as an oil, respectively.

Methyl ester 8a: [«]*'p +41.7° (¢ 0.915, CHCL); IR (CHCI5) 3080,
1720, 1640, 1455, 1365, 1195, 900 cm '; "H NMR (CDCl;) 6 0.65-1.12
(m,3H),0.72(d,J=69Hz,3H),0.90 (d, /= 6.8 Hz,6 H), 1.31-1.52
(m, 2 H), 1.60-2.06 (m, 9 H), 1.74 (br s, 3 H), 2.24 (m, 1 H), 2.39 (d,
J=14,1Hz 1 H), 2.69 (d, J = 14.1 Hz, 1 H), 2.79 (dd, J = 8.1, 8.1
Hz, 1 H), 3.66 (s, 3 H), 4.62 (ddd, J = 10.8, 10.8, 4.4 Hz, 1 H), 4.73
(brs, 1 H), 4.85 (br s, 1 H); EIMS (m/z, rel intensity) 364 (M*, 25),
308 (8), 226 (95), 180 (100), 138 (70). Anal. Caled for C2:H1604: C,
72.49; H, 9.95. Found: C, 72.50; H, 10.11.

Methyl ester 8b: [a]'5p —12.7° (¢ 1.12, CHCl;); IR (CHCl;) 3080,
1715, 1650, 1455, 1365, 1200, 900 cm '; '"TH NMR (CDCl;) 6 0.72 (d,
J=6.9Hz, 3 H),0.75-1.15 (m, 3 H), 0.90 (d, J = 6.3 Hz, 6 H), 1.35-
1.55 (m, 2 H), 1.55-1.75 (m, 2 H), 1.67 (brs, 3 H), 1.75-2.05 (m, 7 H),
2.25(m, 1 H), 2.26 (d, J = 14.6 Hz, 1 H), 2.57 (d, J = 14.6 Hz, 1 H),
3.23 (dd, J = 6.9, 6.9 Hz, 1 H), 3.66 (s 3 H), 4.63 (brs, 1 H), 4.64 (ddd,
J=1009,10.9,4.3 Hz, | H),4.75 (brs, 1 H); EIMS (m/z, rel intensity)
364 (M*, 10), 310 (3), 226 (70), 95 (100). Anal. Caled for C;:H1404:
C, 72.49; H, 9.95. Found: C, 72.44; H, 10.10.

Tetrahydrofuran 9: To a solution of methyl ester 8a (98.9 mg, 0.27
mmol) in THF (2 mL) was added a 1 M solution of lithium aluminum
hydride in THF (0.8 mL, 0.8 mmol), and the mixture was stirred at room

temperature for 1 h. Sodium fluoride (350 mg, 8.3 mmol) was added
to the reaction mixture, and the mixture was stirred at room temperature
for 10 min. To the ice-cooled reaction mixture was added a solution of
H,O-THF (1:9) (1.5mL). The mixture was stirred at room temperature
for 10 min and filtered through a pad of Celite. The residue was washed
with ether, and the filtrate and the washings were combined and
concentrated. The residual oil was purified by column chromatography
onsilica gel (5 g, hexane—ethyl acetate, 2:1) to give a diol (40.6 mg, 82%)
asa colorless oil: [a]*p—16.8° (¢ 1.06, CHCl;); IR (CHCI;) 3620, 3350
(br), 3070, 1640, 1065, 1040, 1020 cm™'; 'H NMR (CDCl;) 6 1.33 (m,
1 H), 1.45-1.85 (m, 6 H), 1.82 (d, J = 1.0 Hz, 3 H), 1.94 (d, J = 13.5
Hz, 1 H), 2.53 (d, J = 13.5 Hz, 1 H), 3.30-3.60 (br s, 2 H), 3.44 (d,
J=11.5Hz1H), 3.56 (d, /= 11.5 Hz, 1 H), 3.72 (m, 2 H), 4.78 (m,
1 H), 4.88 (m, 1 H); EIMS (m/z, rel intensity) 184 (M*, 10), 169 (5),
153 (30), 81 (100).

To a solution of the diol obtained above (21.8 mg, 0.12 mmol) in
pyridine (0.3 mL) was added p-toluenesulfonyl chloride (28 mg, 0.15
mmol). The flask was stoppered, and the mixture was stirred at room
temperature for 3h. p-Toluenesulfonyl chloride (20 mg, 0.11 mmol) was
added, and the mixture was stirred for further 2 h. The unreacted
p-toluenesulfonyl chloride was hydrolyzed by adding a small amount of
ice. The reaction mixture was diluted with water (3 mL) and extracted
with ether (4 X 5 mL). The combined extracts were washed with 2 M
HCI, saturated aqueous NaHCO; solution, and saturated aqueous NaCl
solution, successively. The organic layer was dried (Na;SO,) and
concentrated. The residual oil was purified by column chromatography
on silica gel (4 g, hexane—ecthyl acetate 20:1 — 10:1) to give tetrahy-
drofuran 9 (12.6 mg, 63%) as a colorless volatile oil: [a]?'p -0.63° (¢
0.61, CHCI;); IR (CHCls) 3080, 1645, 1350, 1070, 910, 900 cm™'; 'H
NMR (CDCl;) 6 1.45 (m, 1 H), 1.54-1.85 (m, 5 H), 1.74 (s, 3 H), 2.22
(d, J=13.7Hz, 1 H), 2.24 (m, 1 H), 2.29 (d, J = 13.7 Hz, 1 H), 3.43
(dd, J =89, 4.6 Hz, | H), 3.52 (d, J = 8.9 Hz, 1 H), 3.71 (d, J = 8.9
Hz, 1 H), 3.90 (dd, /= 8.9, 7.6 Hz, 1 H), 4.68 (m, 1 H), 4.81 (m, 1 H);
EIMS (m/z, rel intensity) 166 (M™*, 2), 151 (2), 148 (1), 110 (100), 82
(80); HREIMS caled for C;;H,;30 (M*) 166.1358, found 166.1361.

Ketone 10. A mixture of acid 6a with 96% de (2.42 g, 6.91 mmol)
and oxalyl chloride (6.6 mL, 76 mmol) in benzene (240 mL) was stirred
at room temperature for 3 hand concentrated. The residue was dissolved
in benzene (20 mL), concentrated, and dissolved in dichloromethane
(290 mL). To the solution tin(IV) chloride (2.4 mL, 21 mmol) was
added at -78 °C. After being stirred at =78 °C for 3.7 h, the reaction
mixture was diluted with 2 M HCI (290 mL) and extracted with chloroform
(3 X 250mL). Thecombined organicextracts were washed withsaturated
aqueous NaCl solution, dried (Na;S0,), and concentrated. The residual
oil was heated at 50 °C for 2.5 h under reduced pressure and purified
by column chromatography on silica gel (100 g, benzene—ether 20:1) to
give ketone 10 (1.90 g, 83%) as a colorless oil: [a]'*p +64.6° (¢ 1.06,
CHCIs); IR (CHCI:) 3010, 1715, 1660, 1380, 905 cm '; 'H NMR
(CDCls) 6 0.68-1.11 (m, 3 H), 0.72 (d, J = 6.9 Hz, 3 H), 0.88 (d, J =
6.4 Hz, 6 H), 1.31-1.93 (m, 10 H), 1.96 (s, 3 H), 2.02-2.18 (m, 2 H),
234 (brd,J =184 Hz | H), 2.72 (d, J = 18.4 Hz, | H), 3.04 (dd, J
= 8.6, 8.6 Hz, 1 H), 4.66 (ddd, J = 10.9, 10.9, 4.3 Hz, | H), 5.85 (br
s, 1| H); EIMS (m/z, rel intensity) 332 (M*, 5), 195 (85), 149 (100).
Anal. Caled for C;H;;05: C, 75.86; H, 9.70. Found: C, 75.92; H,
9.81.

Ketone 27. Potassium hydroxide (414 mg, 7.4 mmol) was added to
a solution of methyl ester 8b (828 mg, 2.27 mmol) in isopropyl alcohol
(20 mL) and water (2 mL). The mixture was refluxed for 6 h and
concentrated in vacuo. The resulting aqueous layer was diluted with 2
M HCI (20 mL), saturated with NaCl, and extracted with ethyl acetate
(3% 20mL). Thecombined extracts were washed with saturated aqueous
Na(l solution, dried (Na;S0O,), and concentrated. The residual oil was
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purified by column chromatography on silica gel (30 g, hexane—ether,
10:1) to givea mixture of acids 6band 6¢ (725 mg, 91%, 7:3 diastereomeric
mixture) as a colorless oil. A mixture of acids 6b and 6¢ (839 mg, 2.40
mmol) and oxalyl chloride (2.5 mL, 29 mmol) in benzene (84 mL) was
stirred at room temperature for 3 h and concentrated. The residue was
dissolved in benzene (10 mL), concentrated, and dissolved in dichlo-
romethane (84 mL). To the solution tin(1V) chloride (0.85 mL, 7.3
mmol) was added at -78 °C. After being stirred at -78 °C for 2 h, the
reaction mixture was diluted with 2 M HCI1 (50 mL) and extracted with
chloroform (3 X 50 mL). The combined organic extracts were washed
withsaturated aqueous NaClsolution, dried (Na,SO4),and concentrated.
The residual oil was heated at 50 °C for 30 min under reduced pressure
and purified by column chromatography on alumina (8 g, benzene—ethyl
acetate, 1:1) and subsequently on silica gel (40 g, hexane—ethyl acetate,
10:1) to give ketone 27 (707 mg, 89%) as a colorless oil: [a]'’p +50.4°
(¢ 1.00, CHCl3); IR (CHCl3) 3010, 1715, 1660 cm-'; 'H NMR (CDCl;)
50.69(d, J =69 Hz, 3 H), 0.85-1.15 (m, 3 H), 0.88 (d, / = 6.9 Hz,
3 H), 0.89 (d, J = 6.6 Hz, 3 H), 1.20-2.00 (m, 10 H), 1.96 (s, 3 H),
2.00-2.20 (m, 2 H), 2.36 (brd,J = 18.1 Hz, | H), 2.69 (d, / = 18.1 Hz,
1 H), 3.03(dd, / = 8.6, 8.6 Hz, | H), 4.65(ddd, J = 10.9, 10.9, 4.3 Hz,
1 H), 5.84 (brs, 1 H): EIMS (m/z, rel intensity) 332 (M*, 10), 195
(100), 149 (90). Anal. Calcd for C5H3,03: C,75.86; H,9.70. Found:
C, 75.88; H, 9.87.

Reduction of Ketone 10. A solution of ketone 10 (1.90 g, 5.72 mmol)
in ether (10 mL) was added to a mixture of lithium aluminum hydride
(500 mg, 13 mmol) in ether (12 mL). After the mixture was stirred at
room temperature for 2 h, sodium fluoride (5.5 g) and a solution of
H,O-THF (1:9) (10 mL) were added to the cooled reaction mixture.
After being stirred at room temperature for 10 min, the mixture was
filtered through a pad of Celite. The residue was washed with ether
thoroughly and the filtrate and the washings were combined and
concentrated. The residual oil was purified by column chromatography
on silica gel (90 g, benzene—ethyl acetate, 2:1 — 1:1) to give diol (+)-A
(434 mg, 42%) and diol (+)-B (605 mg, 58%) as colorless crystals,
respectively.

Diol (+)-A: mp 66.0-68.0 °C (hexane); [a]'®p +71.7° (¢ 0.582,
MeOH); IR (CHCl,) 3600, 3370 (br), 1680, 1450, 1040, 1005 cm~'; 'H
NMR (C¢Dg) 6 1.10-1.51 (m, 5 H), 1.55-1.74 (m, 2 H), 1.60 (s, 3 H),
1.74-1.88 (m, 2H), 2.8-3.8 (brs, 2 H), 3.41 (d,J = 10.7 Hz, | H), 3.47
(d, J =10.7 Hz, 1 H), 3.95 (brs, 1 H), 543 (brs, 1 H); EIMS (m/z,
rel intensity) 182 (M, 4), 167 (8), 164 (35), 151 (100), 133 (60). Anal.
Caled for C, H 50, C, 72.49; H, 9.95. Found: C, 72.50; H, 9.92.

Diol (+)-B: mp 98.5-100.0 °C (benzene); [a]*'p +1.5° (¢ 0.582,
MeOH); IR (CHCIl3) 3600, 3430 (br), 1680, 1440, 1380, 1025 cm~'; 'H
NMR (C¢D¢) 6 0.70-1.10 (br s, 2 H), 1.25-1.64 (m, 7H), 1.53 (d,J =
0.7Hz,3H), 1.76 (m, 1 H), 1.95 (m, 1 H), 3.10 (d, / = 10.4 Hz, | H),
3.18(d,/=10.4 Hz, 1 H),4.25(brs, | H), 5.33 (brs, | H); EIMS (m/z,
rel intensity) 182 (M, 2), 167 (10), 164 (40), 151 (100), 133 (60). Anal.
Caled for C,HsO1: C, 72.49; H, 9.95. Found: C, 72.51; H, 10.04.

In the same manner as in the case of ketone 10, reduction of ketone
27 was carried out to give diol (-)-A (46%) and diol (-)-B (51%). Diel
(-)-A: mp59.0-60.5 °C (hexane—ether); [«]'2p-63.3° (¢0.510, MeOH).
Diol (-)-B: mp 97.0-99.0 °C (hexane—ether); [a]'4p -2.7° (¢ 0.515,
MeOH).

Ketone 11. (A) From Diol (+)-A. A mixture of diol (+)-A (403 mg,
2.22 mmol) and imidazolium dichromate (1.57 g, 4.44 mmol) in DMF
(6 mL) was stirred at room temperature for 1.5 h. The mixture was
diluted with water (36 mL) and extracted with ether (2 X 20 mL) and
with ethyl acetate (6 X 20 mL). The combined extracts were washed
withsaturated aqueous NaClsolution, dried (Na,SO,).and concentraied.
The residue was purified by column chromatography on silica gel (35 g,
hexane—ethylacetate, 1:1) to give ketone (+)-11 (328 mg, 82%) as colorless
crystals. The enantiomeric excess of ketone (+)-11 obtained by
recrystallization from pentane—ether was found to be >99% by 'H NMR
spectral analysis of derived bicyclic enone (+)-12 in C¢Dg in the presence
of 45 mol % of Eu(hfc);: mp45.0-47.5°C (pentane—ether); [«]2p +32.1°
(¢0.555, MeOH); IR (CHCl;) 3630, 3430 (br), 3010, 1655, 1440, 1380,
1030 cm™'; '"H NMR (CDCl;) 6 1.57-1.65 (m, 2 H), 1.68-1.81 (m, 3
H), 1.90-2.14 (m, 2 H), 1.96 (d, / = 0.7 Hz, 3 H), 2.22 (brd, J = 19.1
Hz, | H), 2.40 (dd, J = 8.4, 8.4 Hz, 1 H), 2.44 (d, / = 19.1 Hz, | H),
3.43(d,J =10.6 Hz, 1 H),3.56 (d,J = 10.6 Hz, 1 H), 5.86 (brs, 1 H);
EIMS (m/z, rel intensity) 180 (M*, 30), 162 (6), 149 (100), 82 (85).
Anal. Caled for C; H 402 C, 73.18; H, 9.10. Found: C, 73.30; H,
8.95. (-)-11: mp45.0-47.5 °C (pentane—ether); [a]''p -33.8° (¢ 0.590,
MeOH).

Kigoshi et al.

(B) From Diol (+)-B. A mixture of diol (+)-B (599 mg, 3.29 mmol)
and imidazolium dichromate (2.33 g, 6.58 mmol) in DMF (9 mL) was
stirred at room temperature for 50 min. The mixture was diluted with
water (55 mL) and extracted with ether (2 X 25 mL) and with ethyl
acetate (7 X 25mL). Thecombined extracts were washed withsaturated
aqueous NaCl solution, dried (Na;S0O,), and concentrated. The residue
was purified by column chromatography on silica gel (30 g, hexane—ethyl
acetate, 1:1) to give ketone (+)-11 (529 mg, 89%) as colorless crystals.

Bicyclic Enone 12. A solution of ketone (+)-11 (910 mg, 5.06 mmol),
tert-butyldimethylsilyl chloride (1.24 g, 8.23 mmol), and imidazole (1.05
g, 15.4 mmol) in DMF (15 mL) was stirred at room temperature for 1
h. The reaction mixture was diluted with water (80 mL) and extracted
with ether (3 X 80 mL). The combined extracts were washed with
saturated aqueous NaCl solution, dried (Na;SO,), and concentrated.
The residual oil was purified by column chromatography on silica gel (50
g, hexane—ethyl acetate, 20:1) to give bicyclic enone (+)-12 (1.49 g,
100%) as a colorless oil: [a]Zp +11.3° (¢ 1.13, CHCl;); IR (CHCl3)
3010, 1650, 1255, 1100, 840 cm-'; '"H NMR (C¢Dy) 6 —0.03 (s, 3 H),
—0.02 (s, 3 H), 0.92 (s, 9H), 1.27-1.54 (m, 4 H), 1.43 (s, 3 H), 1.74 (br
d,J = 18.8 Hz, | H), 1.87-2.17 (m, 2 H), 2.12 (br d, J = 18.8 Hz, |
H), 2.43 (brdd, J = 8.2,8.2 Hz, 1 H), 3.14 (d, J = 9.6 Hz, 1 H), 3.33
(d, J = 9.6 Hz, 1 H), 5.90 (br s, | H); CIMS (m/z, rel intensity) 295
[(M + H)*; 100], 279 (20), 237 (50), 163 (60). Anal. Calcd for
C7H300:Si: C, 69.33; H, 10.27. Found: C, 68.95; H, 10.54. (-)-12:
[a]''p -11.1° (¢ 0.710, CHCIl;).

Cyclopropanation of Bicyclic Enone 12. A solution of bicyclic enone
(+)-12 (802 mg, 2.73 mmol) in tert-butyl alcohol (6.5 mL) was added
to a stirred mixture of potassium tert-butoxide (1.23 g, 11.0 mmol) in
tert-butyl alcohol (6.5 mL). After the mixture was stirred at room
temperature for 15 min, potassium iodide (0.91 g, 5.5 mmol) and (2-
chloroethyl)dimethylsulfonium iodide (1.28 g, 5.1 mmol) were added in
portions under a stream of nitrogen. The mixture was stirred at room
temperature for 1 h, diluted with saturated aqueous NH,Cl solution (40
mL), and extracted with ether (3 X 40mL). The combined extracts were
washed with saturated aqueous NaCl solution, dried (Na,S0O,), and
concentrated. The residual oil was purified by column chromatography
on silica gel (50 g, hexane—ether 40:1 — 20:1 — 10:1) to give ketone
(-)-13a (395 mg, 45%) and ketone (+)-13b (89.7 mg, 10%) as a colorless
oil, respectively.

Ketone (-)-13a: [a]?p -13.1° (¢ 1.07, CHCl;); IR (CHCl;) 1690,
1660 (sh), 1255, 1095, 910, 840 cm-!'; '"H NMR (CDCl;) 6§ -0.02 (s, 6
H), 0.85 (s, 9 H), 0.98-1.23 (m, 3 H), 1.47-1.88 (m, 7 H), 1.49 (4, J
= 1.3 Hz, 3 H), 2.59 (ddd, J = 9.2,9.2, 1.3 Hz, 1 H), 3.38 (d, / = 9.6
Hz, 1 H), 3.48 (d, / = 9.6 Hz, 1 H), 5.27 (br s, 1 H); CIMS (m/z, rel
intensity) 321 [(M + H)*; 13], 305 (30), 263 (45), 189 (100), 161 (40).
Anal. Caled for CgH3,0:Si: C, 71.19; H, 10.06. Found: C, 71.19; H,
10.38. (+)-13a: [a]'?p +12.7° (¢ 1.18, CHCl3).

Ketone (+)-13b: [a]?4p +84.9° (¢ 0.851, CHCI,); IR (CHCl;) 3080,
1685, 1650, 1260, 1100, 840 cm-!; 'H NMR (CDCl,) § 0.04 (s, 6 H),
0.89 (s, 9 H), 0.98 (m, 1 H), 1.18 (m, 1 H), 1.38-1.84 (m, 7 H), 1.93
(m, 1 H), 2.19(d, J = 13.4 Hz, 1 H), 2.42 (dd, J = 8.6, 8.6 Hz, | H),
2.57(d,/J=134Hz 1 H),337(d,J=9.2Hz,1 H),343(d,J=9.2
Hz, 1 H), 4.57 (brs, | H), 4.69 (brs, | H); CIMS (m/z, rel intensity)
321 [(M + H)*; 11], 305 (25), 263 (40), 189 (100), 161 (45); HRCIMS
caled for C19H3:0,Si (M + H)* 321.2250, found 321.2229. (-)-13b:
[a]'?p -86.8° (¢ 0.660, CHCI;).

|somerization of Ketone 13b to Ketone 13a. A mixture of ketone 13b
(89.7 mg, 0.280 mmol) and p-toluenesulfonicacid (25.1 mg, 0.132 mmol)
in dioxane (6 mL) was refluxed for 50 min. The reaction mixture was
allowed to cool to room temperature, and Et;N (1.6 mL) was added. The
mixture was diluted with saturated NaHCO; solution (15 mL) and
extracted with benzene (3 X 15mL). Thecombined extracts were washed
withsaturated aqueous NaClssolution, dried (Na,SO,),and concentrated.
The residual oil was purified by column chromatography onsilica gel (10
g, hexane—ether, 50:1) to give ketone 13a (72.3 mg, 81%) as a colorless
oil.

Conjugated Ketone 14. A solution of ketone (-)-13a (250 mg, 0.781
mmol) in THF (3 mL) was added to a solution of LDA prepared from
diisopropylamine (0.35 mL, 2.5 mmol), a 1.64 M solution of #-BuLi in
hexane (1.45 mL, 2.4 mmol), and THF (3 mL) at -78 °C. After the
mixture was stirred at —78 °C for 1 h, a solution of phenylselenenyl
chloride (460 mg, 2.4 mmol) in THF (2 mL) was added. The mixture
was stirred at =78 °C for 2 h, diluted with saturated aqueous NH,Cl
solution (20 mL), and extracted with ethyl acetate (3 X 20 mL). The
combined extracts were washed with saturaied aqueous NaCl solution,
dried (Na,S04), and concentrated. The residual yellow oil was purified
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by column chromatography on silica gel (30 g, benzene) to give a crude
selenide (328 mg) as a yeilow oil. The selenide (328 mg) was dissolved
in dichloromethane (31 mL) and pyridine (5.6 mL), and 30% H,0: (5.5
mL, 49 mmol) was added. The mixture was stirred at room temperature
for 40 min, diluted with saturated aqueous NaHCO; solution (22 mL),
andextracted with dichloromethane (3 X 25mL). The combined extracts
were washed with 2 M Na,S,0; solution and saturated aqueous NaCl
solution, dried (Na,SO,), and concentrated. The residual oil was purified
by column chromatography onsilica gel (9 g, hexane—ether, 20:1) to give
conjugated ketone (-)-14 (182 mg, 73% from ketone (-)-13a) as a colorless
oil: [a]?%p-205° (¢ 1.06, CHCI;); IR (CHCl3) 3000, 1670, 1620, 1305,
1255, 1100, 850, 835 cm~!; '"H NMR (CDCl;) 6 -0.03 (s, 6 H), 0.85 s,
9 H), 1.08 (m, 1 H), 1.26 (m, 1 H), 1.38-1.46 (m, 2 H), 1.50 (d, J =
1.3 Hz,3H), 1.89(ddd, /= 12.5,9.6,9.6 Hz, 1 H), 2.17 (ddd, J = 12.5,
6.9, 1.5 Hz, 1 H), 2.34-2.60 (m, 2 H), 3.41 (d, / = 9.4 Hz, 1 H), 3.50
(d,J=9.4Hz | H), 561 (brs, 1 H), 6.57 (dd, J = 3.0, 2.6 Hz, 1 H);
EIMS (m/z, rel intensity) 318 (M*; 9), 303 (2), 261 (85), 173 (100);
HREIMS caled for C1gH3¢0,Si (M*) 318.2015, found 318.2019. (+)-
14; [a]''p +203° (¢ 0.868, CHCI;).

Epoxidation of Conjugated Ketone 14. A mixture of conjugated ketone
(-)-14 (392 mg, 1.23 mmol), 30% H,0; (4.2 mL, 37 mmol), and 2 M
aqueous NaOH solution (0.62 mL, 1.24 mmol) in methanol (19 mL) was
stirred at 5-10 °C for 8 h. The mixture was diluted with saturated
aqueous NH,Cl solution (20 mL) and extracted with benzene (4 X 20
mL). The combined extracts were washed with 2 M Na,S,0; solution
andsaturated aqueous NaClsolution, dried (Na,S0O,), and concentrated.
The residual oil was purified by column chromatography onssilica gel (20
g, hexane—ether, 10:1 — 2:1) to give epoxide (-)-15a (348 mg, 85%) as
a colorless oil and epoxide (-)-15b (49.7 mg, 12%) as colorless crystals.

Epoxide (-)-15a: [«]%*p -140° (¢ 1.10, CHCly); IR (CHCl;) 3010,
1710, 1650, 1255, 1115, 1085, 840 cm™'; '"H NMR (CDCl;) § -0.01 (s,
3 H), 0.00 (s, 3 H), 0.85 (s, 9 H), 1.12-1.43 (m, 4 H), 1.51-1.67 (m,
2H),1.54(d,J=13Hz, 3 H), 1.89 (m, 1 H), 2.09 (brdd, J = 14.2,
8.2 Hz, 1 H),3.52(d,/J=94Hz 1 H), 357 (brs,1 H),3.64(d,J =
9.4 Hz, 1 H), 5.40 (brs, | H); CIMS (m/z, rel intensity) 335 [(M +
H)*; 100], 317 (55), 203 (60); HRCIMS caled for C9H3,0,Si (M +
H)* 335.2043, found 335.2030. (+)-15a: [«]'?p+139°(c0.783, CHCl;).

Epoxide (-)-15b: mp 43.5-44.5 °C (pentane); [a] %45 -113° (¢ 0.635,
CHCl,); IR (CHCI3) 3000, 1715, 1635, 1255, 1115, 1095, 845 cm™}; 'H
NMR (CDCl;) 6 -0.02 (s, 3 H), -0.01 (s, 3 H), 0.85 (s, 9 H), 1.15 (ddd,
J=94,76,3.3Hz, 1 H), 1.29 (ddd, J = 9.7, 7.6, 3.6 Hz, | H), 1.44
(ddd, J = 9.4, 7.6, 3.6 Hz, 1 H), 1.48-1.60 (m, 2 H), 1.56 (d,J = 1.3
Hz, 3 H), 1.65(ddd, J =9.7, 7.6, 3.3 Hz, | H), 1.86 (m, 1 H), 2.05 (br
ddd, J = 13.9, 6.9, 2.0 Hz, 1 H), 3.47 (d, J = 10.1 Hz, 1 H), 3.52 (d,
J=10.1Hz 1 H),4.11 (brs, 1 H),5.65(q,J = 1.3 Hz, 1 H); CIMS
(m/z, rel intensity) 335 [(M + H)*; 15], 319 (15), 277 (10), 203 (70),
173 (100); HRCIMS calcd for CyH3,038i (M + H)* 335.2043, found
335.2071. (+)-15b: mp 42.5-44.0 °C (pentane); [a]'*p +117° (¢ 1.06,
CHCl;).

B-Hydroxy Ketone 16. Calcium (76.9 mg, 1.92 mmol) was added to
a solution of epoxide (-)-15a (339 mg, 1.02 mmol) in THF (10 mL) and
liquid ammonia (20 mL) at -78 °C. After the mixture was stirred at
-78 °C for 30 min, calcium (32.9 mg, 0.821 mmol) was added, and the
mixture was stirred for 30 min. Further, calcium (39.9 mg, 0.996 mmol)
wasadded, and the mixture was stirred at —78 °C for 35 min. Ammonium
chloride (1.5 g) and Fe(NO,);:9H,0 (0.52 g) were added, and the mixture
was stirred at -78 °C for 2 h. The mixture was allowed to warm to room
temperature. The residue was dissolved in saturated aqueous NH,Cl
solution (30 mL), and the aqueous mixture was extracted with ethyl
acetate (4 X 30mL). The combined extracts were washed with saturated
aqueous NaClsolution, dried (Na,SO,), and concentrated. The residual
oil was purified by column chromatography on silica gel (20 g, hexane-
ether 2:1 — 1:1) to give 8-hydroxy ketone (-)-16 (308 mg, 90%) as
colorless crystals: mp 60.0-62.0 °C (pentane); [a]?*p —46.8° (¢ 0.549,
CHCl3); IR (CHCIl3) 3590, 3410 (br), 1680, 1260, 1100, 840 cm™'; 'H
NMR (CDCl3) § -0.01 (s, 3 H), 0.00 (s, 3 H), 0.85 (s, 9 H), 1.10 (m,
1 H), 1.20-1.34 (m,2 H), 1.47-1.72 (m, 3 H), 1.49 (brs, 3 H), 1.70-1.94
(m, 2 H), 2.08 (m, 1 H), 2.51 (brd,J=79Hz, 1 H),340(d,/=9.6
Hz, 1 H),3.44(d,J =96 Hz, 1 H),4.28 (brddd,/=7.9,7.9,7.9 Hz,
1 H), 5.30 (brs, | H); CIMS (m/z, rel intensity) 337 [(M + H)*; 19],
319 (23), 279 (100), 205 (75), 188 (65), 173 (35). Anal. Calcd for
Ci9H3,0:8i: C,67.81;H,9.58. Found: C,67.94;H,9.67. (+)-16: mp
60.0-64.0 °C (pentane); [a]'®p +48.3° (¢ 0.515, CHCl;).

Diols 17a and 17b. A solution of 3-hydroxy ketone (-)-16 (431 mg,
1.28 mmol) in ether (6 mL) was added at room temperaturetoanethereal
solution of methylmagnesium iodide prepared from magnesium (357 mg,
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14.7 mmol) and methyl iodide (0.80 mL, 13 mmol) in ether (15 mL).
After being stirred for 1 h, the mixture was cooled to 0 °C, and the
reaction was quenched by careful addition of saturated aqueous NH,Cl
solution (40 mL). The aqueous mixture was extracted with ether (3 X
40 mL). The combined extracts were washed with saturated aqueous
NaCl solution, dried (Na,SOy), and concentrated. The residual oil was
purified by column chromatography onsilica gel (20 g, hexane—ether, 4:1
— 2:1 = 1:1 = 1:2) to give diol (-)-17a (418 mg, 93%) as a colorless
oil and diol (-)-17b (4.7 mg, 1%) as colorless crystals.

Diol (-)-17a: [a]**p--102° (¢ 1.08, CHCI;); IR (CHCI;) 3610, 3460
(br), 1650, 1255, 1090, 870, 855, 835 cm™!; 'H NMR (CDCl;) § 0.05
(s, 3 H), 0.06 (s, 3 H), 0.44-0.58 (m, 2 H),0.73 (m, 1 H), 0.92 (5,9 H),
1.20-1.56 (m, 3 H), 1.23 (s, 3 H), 1.40 (d, J = 1.3 Hz, 3 H), 1.86-2.00
(m, 3 H), 2.00-3.00 (br m, 2 H), 3.38 (d, /= 9.4 Hz, | H), 3.48 (d,J
=94 Hz, | H), 4.42 (ddd, J = 9.6,9.6,5.9 Hz, | H), 5.14 (br s, 1 H);
EIMS (m/z, rel intensity) 352 (M*; 9), 295 (50), 277 (60), 207 (90),
185 (100), 171 (65); HREIMS calcd for C20H350,Si (M*) 352.2434,
found 352.2412. (+)-17a: [a]'!p +101° (¢ 1.04, CHCI;).

Diol (-)-17b: mp96.0-97.0 °C (pentane); [«]27p—67° (¢ 0.25, CHCl3);
IR (CHCI;) 3600, 3380 (br), 1655, 1255, 1105, 1075, 835 cm™!; 'H
NMR (CDCl;) 6 0.08 (s, 6 H), 0.56 (m, 1 H), 0.75-0.95 (m, 3 H), 0.90
(s, 9 H), 1.09 (s, 3 H), 1.32-1.65 (m, 2 H), 1.44 (d, J = 1.0 Hz, 3 H),
1.62 (brs, 1 H), 1.71-1.90 (m, 2 H), 1.92 (br d, J = 3.6 Hz, 1 H), 3.53
(d,J =9.7Hz, 1 H),3.63(d,/J=9.7Hz, 1 H),4.24 (m, 1 H), 4.54 (1
H, br m), 5.12 (brs, 1 H); EIMS (m/z, rel intensity) 352 (M*; 2), 295
(10), 277 (60), 207 (60), 189 (100); HREIMS calcd for CyoH1,0;Si
(M+)352.2434, found 352.2427. (+)-17b: mp90.5-92.0 °C (benzene);
[a]'p +60° (¢ 0.27, CHCI,).

Ketone 18. A solution of dimethyl sulfoxide (0.16 mL, 2.3 mmol) in
dichloromethane (0.5 mL) was added at -78 °C to a solution of oxalyl
chloride (0.10 mL, 1.2 mmol) in dichloromethane (2 mL). After 3 min,
asolution of diol (-)-17a (87.2 mg, 0.248 mmol) in dichloromethane (1.2
mL) was added. The reaction mixture was stirred for an additional 15
minat-78 °C, and triethylamine (0.80 mL, 5.7 mmol) was added. After
being stirred at -78 °C for 5 min, the mixture was warmed to room
temperature over 30 min. The mixture was diluted with 1 M phosphate
buffer (pH 7, 10 mL) and extracted with dichloromethane (4 X 10 mL).
The combined extracts were washed withsaturated aqueous NaClsolution,
dried (Na,S0O,), and concentrated. The residue was purified by column
chromatography on silica gel (3.5 g, hexane—ether, 8:1) to give ketone
(-)-18 (81.1 mg, 94%) as colorless crystals: mp 63.0-65.0 °C (pentane);
[a]?4p —212° (¢ 0.555, CHCIl3); IR (CHCIl3) 3440 (br), 1715, 1650,
1255, 1095, 860, 835 cm™!; 'H NMR (CDCl3) §0.06 (s, 6 H), 0.41 (ddd,
J=9.6,6.6,4.0Hz, 1 H), 0.64-0.80 (m, 2 H), 0.88 (m, 1 H), 0.90 (s,
9H),1.20(s,3 H), 1.44 (d, /=13 Hz,3 H), 1.61(ddd,J =11.9,6.9,
2.6 Hz, 1 H), 2.12 (ddd, J = 13.2, 11.9, 7.9 Hz, 1 H), 2.19-2.41 (m, 2
H), 2.51 (brs, 1 H),3.52(d,J =99 Hz, | H), 3.65(d,J =99 Hz 1
H),4.93 (brs, 1 H), 5.14 (brs, 1 H); EIMS (m/z, relintensity) 350 (M*,
7), 293 (80), 275 (35), 205 (100), 187 (50), 159 (65). Anal. Calcd for
CyH340:8i: C,68.52; H,9.78. Found: C,68.54;H,9.91. (+)-18: mp
64.0-66.0 °C (pentane); [a]'’p +202° (¢ 0.952, CHCl,).

Methylation of Ketone 18: Ketones 20a and 20b. To a solution of
ketone (-)-18 (57.1 mg, 0.163 mmol) in dichloromethane (2 mL) were
added 2,6-lutidine (0.30 mL, 2.6 mmol) and trimethylsilyl trifluo-
romethanesulfonate (0.25 mL, 1.3 mmol) at =78 °C. The mixture was
stirred at =78 °C for 1 h, diluted with saturated NaHCO; solution (2
mL), and extracted with hexane (2 X 10 mL) and benzene (2 X 5 mL).
Thecombined extracts were washed with saturated aqueous NaClsolution,
dried (Na,SO,), and concentrated to give silyl enol ether 19 (84 mg) as
acolorlessoil: IR (CHCI3) 1645,1250,1095,840cm™!; 'HNMR (CDCl;)
50.06 (s, 6 H), 0.20 (s, 9 H), 0.22 (s, 9 H), 0.44 (m, 1 H), 0.60 (m, 1
H), 0.82 (m, 1 H), 0.93 (m, 1 H), 0.98 (s, 9 H), 1.20 (s, 3 H), 1.44 (d,
J=1.3 Hz, 3 H), 2.14 (m, 1 H), 2.36-2.47 (m, 2 H), 3.52 (brs, 2 H),
470 (m, 1 H), 5.56 (brs, 1 H): EIMS (m/z, rel intensity) 494 (M*, 1),
479 (4), 404 (40), 259 (100).

To a mixture of silyl enol ether 19 (84 mg), methyl iodide (0.51 mL,
8.2 mmol), and powdered molecular sieves 4A (0.15 g) in THF (1 mL)
was added a mixture of tris(dimethylamino)sulfur (trimethylsilyl)-
difluoride (Aldrich) (101 mg,0.367 mmol) in THF (1 mL). The mixture
was stirred at room temperature for 6 h, diluted with hexane (15 mL),
and filtered through a pad of Celite. The residue was washed with hexane
thoroughly, and the filtrate and the washings were combined and
concentrated. The residual oil was purified by column chromatography
on silica gel (5 g, hexane-benzene, 5:1 — 3:1 — 1:1) to give ketone
(-)-20a (34.8 mg, 49%) as a colorless oil and ketone (-)-20b (29.9 mg,
42%) as colorless crystals.
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Ketone (-)-20a; [a]*°p -16.7° (¢ 1.03, CHCI;); IR (CHCIl3) 1730,
1670, 1250, 1100, 1075, 1005, 840 cm-'; '"H NMR (CDCl3) 6 -0.01 (s,
3 H), 0.00 (s, 3 H), 0.04 (s, 9 H), 0.41 (ddd, J = 9.4, 6.6, 4.6 Hz, 1 H),
0.62(ddd.J =9.9,5.9,4.6 Hz, 1 H),0.71-1.08 (m, 2 H), 0.85 (s, 9 H),
1.05(d,J=6.9Hz,3H),1.21(s,3 H), 1.47(d,J = 1.3 Hz,3 H), 1.74
(dd,J =11.8,11.8 Hz, | H), 2.08 (dd, J = 11.8,9.2 Hz, | H), 2.09 (br
s, 1 H), 2.29 (ddq,J = 11.8,9.2,6.9 Hz, 1 H), 3.33 (d, J =9.7 Hz, |
H),3.37(d,J=9.7Hz, 1 H), 5.42 (brs, | H); EIMS (m/z, rel intensity)
436 (M*; 17), 421 (13), 379 (65), 291 (100), 201 (30); HREIMS calcd
for Cy4H4s0:Si; (M*) 436.2829, found 436.2852. (+)-20a: [a]'4p
+13.8° (¢ 0.603, CHCI;).

Ketone (-)-20b: mp 70.0-71.5 °C (pentane); [«]?°p -99.1° (¢ 0.565,
CHCl,); IR (CHCI,) 1735, 1655, 1255, 1135, 1095, 1010, 840 cm-'; 'H
NMR (CDCl3) 6 0.04 (s, 6 H), 0.14 (s, 9 H), 0.23 (ddd, J = 9.6, 6.3,
3.3Hz, | H), 0.55-0.70 (m, 2 H), 0.88 (s, 9 H), 0.95 (ddd, J = 9.6, 5.9,
3.3Hz, 1 H),1.01(d, /=68 Hz, 3H), 1.29 (5,3 H),1.45(d, /= 1.3
Hz, 3 H), 1.60(dd, J = 13.2, 12.0 Hz, 1 H), 1.75 (dd, J = 12.0, 8.2 Hz,
1 H), 2.36 (ddq, J = 13.2, 8.2, 6.8 Hz, 1 H), 2.42 (br s, 1 H), 3.44 (d,
J=9.6Hz | H), 353 (d,J =9.6 Hz, | H), 5.23 (br s, 1 H); EIMS
(m/z, rel intensity) 436 (M, 3),421 (12), 379 (100), 291 (65), 201 (25).
Anal. Calcd for C,4H4s03Siy: C, 66.00; H, 10.15. Found: C, 66.01;
H, 10.26. (+)-20b: mp 68.5-70.0 °C (pentane); [a]'5p +96.8° (¢ 0.751,
CHCl,).

Isomerization of Ketone 20a to Ketone 20b. A mixture of ketone 20a
(34.8 mg, 0.080 mmol) and potassium terz-butoxide (8.9 mg, 0.080 mmol)
in rert-butyl alcohol (1.1 mL) was stirred at room temperature for 2.5
h. The mixture was diluted with saturated aqueous NaCl solution (3
mL) and extracted with ether (5 X 5 mL). The combined extracts were
washed with saturated aqueous NaCl solution, dried (Na;SO,), and
concentrated. The residual oil was purified by column chromatography
on silica gel (5 g, hexane-benzene, 5:1 — 3:1 — 1:1) to give ketone 20b
(26.7 mg, 77%) as colorless crystals.

Diol 21. A 1 M solution of lithium aluminum hydride in ether (0.15
mL, 0.15 mmol) was added to a solution of ketone (-)-20b (50.1 mg,
0.115 mmol) in ether (1 mL). The mixture was stirred at room
temperature for 30 min. To the cooled reaction mixture were added
sodium fluoride (137 mg) and a solution of H,O-THF (1:9) (1.5 mL).
The mixture was stirred at room 1emperature for 45 min and filtered
through a pad of Celite. The residue was washed with ether thoroughly,
and the filtrate and the washings were combined and concentrated. The
residual oil was purified by column chromatography on silica gel (1.5 g,
hexane—ethyl acetate, 1:1) to give diol (-)-21(40.4 mg, 96%) as colorless
crystals: mp 164.0-166.0 °C (hexane); [«]3%p -64.3° (¢ 0.662, CHCl,);
IR (CHCl;) 3610, 3430 (br), 1655, 1255, 1100, 1085, 860, 835 cm-'; 'H
NMR (CDCl;) § 0.03 (s, 3 H), 0.04 (s, 3 H), 0.53 (ddd, J = 9.6, 6.6,
40Hz, 1 H),0.73 (ddd, / = 9.9, 6.6, 4.3 Hz, | H), 0.84 (ddd, J = 9.6,
5.6, 4.3 Hz, 1 H), 0.90 (s, 9 H), 1.00 (d, J = 6.6 Hz, 3 H), 1.07 (ddd,
J=99,56,40Hz | H), 121 (s, 3 H), 1.32(dd, J =12.0, 6.1 Hz, 1
H), 1.43(dd, J =12.0, 12.0 Hz, 1 H), 1.46 (d, J = 1.3 Hz, 3 H), 1.82
(dddq, J = 12.0, 9.9, 6.1, 6.6 Hz, 1 H), 2.10-2.70 (br s, 2 H), 2.46 (d,
J=99Hz | H),3.38(d,/=9.6Hz | H), 344 (d,J =9.6 Hz, | H),
3.77(dd,J=9.9,9.9Hz, 1 H),5.18 (brs, 1 H); EIMS (m/z, rel intensity)
366 (M*, 11), 348 (6), 307 (19), 291 (16), 235 (25), 221 (35), 217 (35),
203 (100). Anal. Calcd for C5H33O3Si: C, 68.80; H, 10.45. Found:
C,68.84,H,10.53. (+)-21: mp 166.0-167.5 °C (hexane); [«]*°p +65.0°
(¢ 0.625, CHCIl;).

Triol 22. A 1 M solution of tetra-n-butylammonium fluoride in THF
(0.22 mL, 0.22 mmol) was added to a solution of diol (-)-21 (39.9 mg,
0.109 mmol) in THF (2.2 mL). The mixture was stirred at 45 °C for
18 h,diluted withsaturated aqueous NaClsolution (10 mL), and extracted
with ether (4 X 10 mL). The combined extracts were washed with
saturated aqueous NaCl solution, dried (Na,SO,), and concentrated.
The residual oil was purified by column chromatography on silica gel
(1.5 g, hexane—ethyl acetate, 1:1 — ethyl acelale) 10 give triol (-)-22
(27.0 mg, 98%) as colorless crystals: mp 149.5-150.5°C (EtOAc); [«])*p
-73.3° (¢ 0.518, CHCIl;); IR (CHCl3) 3620, 3350 (br), 1660, 1105, 1045
cm s '"H NMR (CDCl,) 6 0.57 (ddd, J = 9.7, 6.3, 4.3 Hz, 1 H), 0.75
(ddd, J =99, 6.3,4.6 Hz, 1 H), 0.86 (ddd, J = 9.7, 5.6, 4.6 Hz, 1 H),
1.01 (d, J = 6.6 Hz, 3 H), 1.08 (ddd, J = 9.9, 5.6, 4.3 Hz, 1 H), 1.24
(s, 3H),1.32(dd,J=12.2,12.2 Hz, 1 H), 1.43(dd, J = 12.2, 5.9 Hz,
1 H), 1.47(d, J = 1.3 Hz, 3 H), 1.87 (dddq, J = 12.2,9.9, 5.9, 6.6 Hz,
1 H), 2.36 (d, J = 9.9 Hz, 1 H), 2.60-3.30 (brs, 3 H), 3.50 (s, 2 H),
3.82(dd,J=9.9,9.9Hz,1 H),5.23 (brs, | H); EIMS (m/z,rel intensity)
252 (M*; 14), 234 (14), 203 (80), 175 (35), 146 (100), 131 (55). Anal.
Caled for C:H»0x: C, 71.39; H, 9.59. Found: C, 71.42; H, 9.62.
(+)-22;: mp155.0-156.0 °C (benzene); [a] ¥ +73.3° (¢ 0.534, CHCI;).
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Aldehyde 23. A solution of dimethyl sulfoxide (0.072 mL, 1.0 mmol)
in dichloromethane (0.2 mL) was added to a stirred solution of oxalyl
chloride (0.044 mL, 0.50 mmol) in dichloromethane (0.3 mL) at —65 °C.
After 4 min, a solution of triol (-)-22 (12.7 mg, 0.050 mmol) in
dichloromethane—dimethyl sulfoxide (20:1, 0.7 mL) was added. The
mixture was stirred for an additional 15 minat—65 °C, and triethylamine
(0.35 mL, 2.5 mmol) was added. The mixture was stirred at —65 °C for
5 min and warmed to room temperature over 35 min. The mixture was
diluted with 1 M phosphate buffer (pH 7, S mL) and extracted with
dichloromethane (4 X 5 mL). The combined extracts were washed with
saturated aqueous NaCl solution, dried (Na,SO,), and concentrated.
The residue was purified by column chromatography on silica gel (1.0
g, hexane—ether, 2:1) to give aldehyde (-)-23 (11.7 mg, 94%) as a colorless
oil: [a]®p-217°(c0.598, CHCl); IR (CHCI;) 3460, 2810, 2720, 1720,
1650, 1085 cm-!; 'H NMR (CDCl3) 6 0.44 (m, 1 H), 0.70-0.91 (m, 3
H), 1.07 (s, 3H), 1.13(d, J = 6.9 Hz,3 H), 1.52 (d, / = 1.3 Hz, 3 H),
1.62(dd,J=12.4,12.4Hz, 1 H), 2.15(dd,J =12.4,8.3 Hz, 1 H), 2.46
(ddq, J=12.4,8.3,6.9 Hz, 1 H), 2,83 (brs, 1 H), 4.60 (brs, 1 H), 5.57
(brs, 1 H), 9.68 (s, | H); EIMS (m/z, rel intensity) 248 (M*; 8), 233
(9), 219 (100), 201 (95); HREIMS calcd for CisHz0O5 (M*) 248.1412,
found 248.1403. (+)-23: {a]20p +222° (¢ 0.33, CHCI5).

Ptaquilosin (2). A solutionofaldehyde (-)-23(11.1 mg, 0.045 mmol)
in ethyl acetate (0.1 mL) was stirred under an oxygen atmosphere at 50
°C for 10 hand concentrated. The resulting crude hydroperoxide 24 was
dissolved in ether (2 mL), and triphenylphosphine (24 mg, 0.092 mmol)
was added. The mixture was stirred at room temperature for 3.5 h and
concentrated. The residue was purified by column chromatography on
silica gel (0.7 g, hexane—ether 2:1 — 1:1) to give (-)-ptaquilosin (2) (3.6
mg, 34%) as a colorless oil. A sample for HRMS was obtained by
purification using preparative HPLC (Develosil ODS-5, 10 mm X 25 cm,
CH;CN-H;,0 40:60, 4 mL/min, tr = 7.9 min), which was of >95%
purity as judged by 'H NMR and HPLC (Develosil ODS-5, 4.6 mm X
25 ¢cm, CH;CN-H,0 40:60, | mL/min, tg = 9.0 min): [«]*0p-236° (¢
0.24, CHCly); IR (CHCI;) 3600, 3450 (br), 1720, 1645, 1030 cm™}; 'H
NMR (CDCl;) 6 0.42 (m, 1 H), 0.71-0.95 (m, 3 H), 1.12 (d, / = 6.6
Hz,3H),1.33(d,J =1.0Hz,3H), 1.48 (d,/ = 1.3 Hz, 3H), 1.69-1.96
(m, 2 H), 2.18-2.38 (m, 2 H), 2.49 (d, / = 1.3 Hz, | H), 4.63 (brs, |
H), 5.48 (brs, 1 H); EIMS (m/z, rel intensity) 236 (M*, 65), 221 (11),
218 (10), 205 (65), 166 (35), 149 (100), 135 (95); HREIMS calcd for
C1sH300; (M%) 236.1413, found 236.1437. (+)-2: [a]¥p +232° (¢
0.17, CHCly).

Acetonide 25a. (i) A 1 M solution of lithium aluminum hydride in
ether (0.1 mL, 0.1 mmol) was added to a solution of ketone 20a (21.4
mg, 0.049 mmol) in ether (0.6 mL). After the mixture was stirred at
room temperature for 1 h, sodium fluoride (42 mg) and a solution of
H,O-THF (1:9) (0.2 mL) were added to the cooled mixture. The mixture
was stirred at room temperature for 15 min and filtered through a pad
of Celite. Theresidue was washed with ether thoroughly, and the filtrate
and the washings were combined and concentrated. The residual oil was
purified by column chromatography on silica gel (2.5 g, hexane-benzene,
1:1 — 1:2) to give an alcohol (15.6 mg, 73%) as a colorless oil: [a]'%p
-32.0°(¢0.785, CHCl3); IR (CHCl,) 3580, 1255, 1105, 1090, 1005, 840
cm'; 'H NMR (CDCl;) 6 0.05 (s, 6 H), 0.13 (s, 9 H), 0.55-0.68 (m,
2 H), 0.90 (s, 9 H),0.92-1.15 (m, 2 H), 1.00 (d, J = 6.3 Hz, 3 H), 1.35
(s,3H),141(d,J=1.3Hz, 3H), 1.58(dd,J=11.6,11.6 Hz, 1 H),
1.90 (dd, J = 11.6, 7.3 Hz, 1 H), 1.99 (m, 1 H), 2.31 (d, J = 3.6 Hz,
1 H), 2.61 (brs, 1 H), 3.38 (s, 2 H), 4.13 (brdd, J = 3.6, 3.6 Hz, | H),
5.33 (brs, 1 H); EIMS (m/z, rel intensity) 438 (M*, 11), 348 (18), 293
(35), 203 (100); HREIMS calcd for C,4H46038i, (M*) 438.2986, found
438.2991.

(ii) A mixture of the alcohol (15.5 mg, 0.035 mmol) and K,CO; (2.8
mg, 0.02 mmol) in methanol (0.8 mL) was refluxed for 8 h and
concentrated. The residue was dissolved in ether and filtered through
a cotton plug. The residue was washed with ether thoroughly, and the
filtrate and the washings were combined and concentrated. The residual
oil was purified by column chromatography on silica gel (2.5 g, hexane—
ether, 2:1 — 1:1) to give a diol (13.1 mg, 100%) as colorless crystals:
mp 97.0-98.0 °C (hexane); [a]!"p —48.2° (¢ 0.705, CHC,); IR (CHCl3)
3580, 3450, 1255, 1095, 860, 840 cm''; '"H NMR (CDCl;) 6 0.04 (s, 6
H),0.65(m, 1 H),0.75(m, 1 H), 0.89 (s, 9 H), 0.90-1.13 (m, 2 H), 0.98
(d,J =64 Hz, 3 H), 1.26 (s, 3 H), 1.39 (m, | H), 1.43(d, s = 1.3 Hg,
3H), 1.92-2.11 (m, 4 H), 2.28 (d, J = 3.8 Hz, | H), 3.38 (5, 2 H), 4.16
(brdd,J=3.8.3.8Hz, 1 H), 5.41 (brs, | H); EIMS (m/z, rel intensity)
366 (M™, 25), 348 (9), 291 (13), 222 (50), 203 (100); HREIMS calcd
for C11H140,Si (M*) 366.2590. found 366.2587.
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(iii) Toa solution of the diol (11.4 mg, 0.031 mmol) in benzene (1 mL)
were added a solution of 2-methoxypropene (0.03 mL, 0.31 mmol) in
benzene (0.2 mL) and a solution of camphorsulfonic acid (1.3 mg, 0.005
mmol) in benzene (0.1 mL). After the mixture was stirred at room
temperature for 15 min, triethylamine (0.2 mL) was added. The mixture
was concentrated and purified by column chromatography on silica gel
(3 g, hexane-benzene, 4:1 — 2:1 — 1:1) to give acetonide 25a (11.8 mg,
93%) as a colorless oil: [a]'®p—-2.7° (¢0.635, CHCl,); IR (CHCl;) 1380,
1250, 1195, 1095, 1085, 1070 cm™!; '"H NMR (CDCl3) § 0.01 (s, 6 H),
0.19 (m, 1 H), 0.69 (m. 1 H), 0.78-0.93 (m, 2 H), 0.88 (s, 9 H), 0.98
(d,J =69 Hz 3 H), 1.08 (s, 3 H), 1.25 (s, 3 H), 1.39 (s, 3 H), 1.48
(d,/=13Hz,3H), 1.56 (dd, J = 11.7,11.7Hz, 1 H), 1.80 (d, J =
40Hz, 1 H), 1.92(dd, J = 11.7, 7.1 Hz, | H), 2.07 (dddq, J = 11.7,
7.1,4.0,6.9 Hz, 1 H), 3.28 (d, J = 9.6 Hz, 1 H), 3.32(d, J = 9.6 Hg,
1 H), 4.10(dd, J = 4.0, 4.0 Hz, 1 H), 5.39 (brs, | H); EIMS (m/z, rel
intensity) 406 (M, 4), 391 (2), 349 (9), 261 (59), 203 (100); HREIMS
caled for C34Hs0,3Si (M) 406.2903, found 406.2890.

Acetonide 25b. To a solution of diol 21 (22.2 mg, 0.061 mmol) in
benzene (1 mL) were added a solution of 2-methoxypropene (0.03 mL,
0.31 mmol) in benzene (0.3 mL) and a solution of camphorsulfonic acid
(1.2 mg, 0.005 mmol) in benzene (0.2 mL). The mixture was stirred at
room temperature for 15 min, and triethylamine (0.2 mL) was added.
The mixture was concentrated and purified by column chromatography
onsilica gel (2.5 g, hexane-benzene, 2:1) to give acetonide 25b (22.1 mg,
90%) as a colorless oil: [a]''p-97.2° (¢ 1.19, CHCl;); IR (CHCIl;) 1380,
1370, 1255, 1140, 1105, 1085, 860, 835 cm™!; '"H NMR (CDCl;) 6 0.05
(s, 3 H), 0.05 (s, 3 H), 0.37 (m, 1 H), 0.64 (m, 1 H),0.77 (m, 1 H), 0.91
(s, 9 H), 1.01 (d, J = 6.4 Hz, 3 H), 1.21 (s, 3 H), 1.28-1.52 (m, 3 H),
1.34 (s, 3 H), 1.42(d, J = 1.2 Hz, 3 H), 1.48 (s, 3 H), 2.05 (m, 1 H),
2.46 (d, J = 9.7 Hz, | H), 3.37 (s, 2 H), 3.63(dd, J = 9.7, 9.7 Hz, |
H), 5.17 (brs, 1 H); EIMS (m/z, rel intensity) 406 (M*, 9), 391 (2),
349 (8), 261 (55), 203 (100): HREIMS caled for C14H,20:8i (M)
406.2903, found 406.2901.

Acetonide 26. Ptaquiloside (1) was converted into 26 by the sequence
of the following reactions: (1) acetylation (Ac,0, pyr, 23 °C); (2)
reduction (NaBH,, THF-EtOH 1:1, 0 °C); (3) acetonide formation (2-
methoxypropene, camphorsulfonicacid, benzene, 23 °C); (4) deacetylation
(K,CO;, MeOH, 23 °C); (5) tosylation of the primary hydroxyl group
(Bu;SnO, MeOH, reflux, then TsCl, dioxane, 30 °C); (6) iodination (K1,
DMF, 80°C); (7) reduction {Zn, NH,Cl, EtOH, reflux). Crudeacetonide
26 thus obtained was purified by column chromatography on silica gel
with chloroform-acetone (10:1) to afford pure 26 as a colorless oil.

(-)-26: [a]'4p-84.7° (¢ 1.18, CHCl;); IR (CHCI3) 3600, 3450 (br),
1665. 1055, 1025, 1000 cm-!; '"H NMR (CDCl;) 6 0.39 (ddd, J = 9.6,
6.9,43Hz, 1 H),0.71 (ddd, J = 9.6, 6.9, 43 Hz, | H), 0.83 (m, | H),
1.05(d, J = 5.9 Hz, 3 H), 1.32 (s, 3 H), 1.34 (s, 3 H), 1.39 (m, 1 H),
1.47(d, J = 1.3 Hz, 3 H), 1.49 (s, 3 H), 1.70-1.94 (m, 3 H), 2.04-2.15
(m, 2 H), 2.58 (d, / = 9.7 Hz, 1 H), 3.92 (dd, J = 9.7, 9.7 Hz, 1 H),
5.43 (brs. 1 H); EIMS (m/z, rel intensity) 278 (M*, 15), 260 (45), 245
(25), 220 (55), 203 (30), 202 (30), 187 (100); HREIMS calcd for
C|7H3503 (M+) 2781886, found 278.1899.

Procedure for Alkylation of the Enolate Generated From (+)-Menthy!
Hydrogen (1R,2R)-Cyclopentane-1,2-dicarboxylate (5). A representative
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procedure for alkylation of the enolate of § with allyl bromide in the
presence of HMPA (entry 9 in Table 1) is as follows. A solution of
monoester § (146 mg, 0.49 mmol) in THF (7.5 mL) was added at -20
°C to a solution of LDA prepared from diisopropylamine (0.17 mL, 1.2
mmol), a 1.55 M solution of n-BuLi in hexane (0.78 mL, 1.2 mmol), and
THF (2 mL) at -25 °C. After the mixture was stirred at =25 ~ -17
°C for 1 h, HMPA (0.21 mL, 1.2 mmol) was added, and subsequently
allyl bromide (0.13 mL, 1.5 mmol) was added. The reaction mixture was
stirred at -25 ~ -17 °C for 1.7 h, diluted with 2 M HC1 (15 mL), and
extracted with ethyl acetate (3 X 10 mL). The combined extracts were
washed with saturated aqueous NaCl solution, dried (Na,SO,), and
concentrated. The residual oil was purified by column chromatography
on silica gel (20 g, hexane—ethyl acetate, 10:1 — 5:1) to afford a 3.9:1
mixture of acids 7a and 7b (142 mg, 86%) as an oil. The ratio of 7a and
b was determined by 'H NMR spectral analysis. After conversion to
the methyl esters by treatment with ethereal diazomethane, the mixture
was separated by column chromatography on silica gel (hexane—ether,
40:1 — 10:1) to afford methyl esters of 7a and 7b as an oil, respectively.

Methy! ester of 7a: [a]'%p +33.1° (¢ 0.645, CHCl;); IR (CHCl3)
3080, 1725, 1640, 1170,915 cm™!; 'H NMR (CDCl;) 6 0.73 (d, J = 6.9
Hz,3H),0.76-1.13 (m, 3 H), 0.89 (d, / = 7.2 Hz, 6 H), 1.33-1.54 (m,
2 H), 1.56-2.23 (m, 11 H), 2.43 (dd, J = 13.9, 7.6 Hz, 1 H), 2.61 (d,
J=13.9,7.1 Hz, 1 H), 2.76 (dd, J = 8.2, 8.2 Hz, |1 H), 3.65 (s, 3 H),
4.64 (ddd, J = 10.9, 10.9, 4.3 Hz, 1 H), 5.06-5.15 (m, 2 H), 5.79 (m,
1 H); EIMS (m/z, rel intensity) 350 (M*, 1), 335 (1), 308 (3), 249 (3),
212(100), 138 (35); HREIMS calcd for C5H3,0, (M*) 350.2458, found
350.2469.

Methyl ester of 7b: [«]'%p -26.8° (¢ 1:36, CHCl;); IR (CHCI;) 3080,
1720, 1640, 1230, 1165, 920 cm™}; 'H NMR (CDCl3) 6 0.74 (d, J = 6.9
Hz, 3 H), 0.79-1.15 (m, 3H), 090 (d,/ =7.1 Hz, 3 H),091 (d,J =
6.6 Hz, 3 H), 1.35-1.56 (m, 2 H), 1.55-2.03 (m, 10 H), 2.12 (m, 1 H),
2.20(dd,J = 14.2, 8.1 Hz, 1 H), 2.46 (dd, J = 14.2,6.2 Hz, | H), 3.32
(dd,J = 7.8, 7.8 Hz, 1 H), 3.65 (s, 3 H), 4.69 (ddd, J = 10.9, 10.9, 4.3
Hz, 1 H), 4.88-5.06 (m, 2 H), 5.74 (m, 1 H); EIMS (m/z, rel intensity)
350 (M*; 1), 335 (1), 308 (3}, 249 (2), 212 (100), 138 (30); HREIMS
caled for C; H3,0,4 (M*) 350.2458, found 350.2435.
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