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Abstract—Epolactaene, a neuritogenic compound in human neuroblastoma SH-SY5Y, induces apoptosis in a human leukemia
B-cell line, BALL-1. The apoptosis-inducing activities of 34 epolactaene derivatives, including those of the newly synthesized a-al-
kyl-a,b-epoxy-c-lactam derivative and cyclopropane derivatives, were also tested. The structure–activity relationships of the epol-
actaene derivatives as an inducer of apoptosis are described. The a-acyl-a,b-epoxy-c-lactam moiety as well as the hydrophobicity
derived from the long alkyl side chain are both important for activity. Compound 1e displayed the strongest activity among all
the synthesized compounds with an IC50 value of 0.70 lM.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Apoptosis, the process of programmed cell death, pro-
ceeds with several biochemical and cytological features,
including the condensation and fragmentation of nuclei,
apoptotic body formation, and chromosomal DNA
fragmentation into ca. 180 bp oligomers.1–3 Apoptosis
is tightly regulated with the cell cycle by a cascade of ini-
tiator and effector caspsases that are activated sequen-
tially.4–8 Inappropriate control of apoptosis plays a
role in many human diseases.9–11 Abnormal inhibition
of apoptosis is a hallmark of cancer and autoimmune
diseases,12–14 while excessive apoptosis is implicated in
neurodegenerative disorders such as Alzheimer�s
disease.9,15
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Epolactaene (1a) is a microbial metabolite that was orig-
inally isolated by Kakeya and Osada et al. from the cul-
tured mycelium of Penicillium sp. BM 1689-P.16

Epolactaene was found to induce neurite outgrowth
and cell cycle arrest at the G1 phase in a human neuro-
blastoma cell line, SH-SY5Y.16–19 The potent biological
properties of epolactaene, along with its structural com-
plexity, have initiated intensive synthetic research ef-
forts.20–24 We are particularly interested in the unique
biological activity of epolactaene and have undertaken
a series of both synthetic and biological studies.25–31

We have previously described the synthesis of
epolactaene and several of its analogues (1–12)
(Figs. 1 and 2).25–27,30 Mizushina et al. reported that
epolactaene 1a and its analogue 1b selectively inhibit-
ed the activities of mammalian DNA polymerases a
(pol a), b (pol b) and human DNA topoisomerase
II (topo II).28 More recently, analogues 1e, 7b, 8b,
and 12a have also been reported to inhibit the activi-
ties of mammalian pol a and pol b.30 Among these
analogues, compound 1e was found to be the most
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Figure 3. Structure of newly designed epolactaene derivatives.
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Figure 1. Structure of epolactaene and its derivatives.
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Figure 2. Structure of a,b-epoxy-c-lactams (9–12).
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potent inhibitor of DNA pols. The same group has
recently reported that some epolactaene derivatives
inhibit TPA (12-O-tetradecanoylphorbol-13-acetate)-
induced inflammation in the mouse inflammatory
test.31 Because epolactaene derivatives possess anti-in-
flammatory activity in vivo, these agents have poten-
tial therapeutic utility.

We are interested in compounds that induce apoptosis
as potential anti-cancer agents, because many cancer
cells exhibit abnormal inhibition of apoptosis.13,32 Thus,
we investigated the effect of epolactaene derivatives on
several cancer cell lines. We found that synthetic ana-
logues 1(a–d) induced apoptosis in a human leukemia
B-cell line, BALL-1, in a dose- and time-dependent
manner.29 The a,b-epoxy-c-lactam at the core of the
molecule and the linear extended alkyl group in the side
chain were both very important for maintaining biolog-
ical activities.

It has recently been reported that epolactaene binds to
Hsp60 as a Michael acceptor, thereby inhibiting Hsp60
chaperone activity.33,34 However some epolactaene
derivatives, which lack an a,b-unsaturated ketone, also
inhibit growth in cancer cell lines. These results suggest
that alternative protein targets exist. To investigate the
mode of action, we examined the structure–activity rela-
tionships of these epolactaene derivatives as inducers of
apoptosis.
2. Chemistry

We have previously reported the preparation of 1–6,
based on the bridgehead oxiranyl anion strategy,27 and
the preparation of 7–12.30 Here, we describe the prepa-
ration of a-alkyl-a,b-epoxy-c-lactam and cyclopropane
analogues in order to examine the influence of epoxyke-
tone on the biological activity of the derivatives (Fig. 3).

Scheme 1 outlines the preparation of a-alkyl-a,b-epoxy-
c-lactam 15. A solution of 13 in THF was added to a
solution of LDA and dodecyl trifluoromethanesulfonate
in THF at �78 �C to give the alkylated product, along
with several unknown byproducts. The formation of
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Scheme 1. Synthesis of a-alkyl-a,b-epoxy-c-lactam 15.
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byproducts presumably results from both the instability
of dodecyl triflate during silica gel purification and also
the high reactivity of the oxiranyl anion derived from 13.
Decomposition of 13 was observed when dodecyl iodide
was used in this reaction. No significant improvement
was observed when the reaction was carried out at a
lower temperature (�100 �C). Thus without any purifi-
cation, treatment of the alkylated product with aqueous
HF in CH3CN, desilylation, and lactonization proceed-
ed to give 14. After ammonolysis of 14, the resulting
hydroxyamide was oxidized by Swern oxidation.27 Since
O-trifluoroacetylated 15 was observed, the crude oxi-
dized product was hydrolyzed to give 15.

We also aimed to synthesize cyclopropane epolactaene
analogues. Construction of the cyclopropane ring was
conducted according to Temnikova�s procedure
(Scheme 2).35 Crotyl alcohol (16) was treated with tert-
butylhydroperoxide (TBHP) and Ti(O-i-Pr)4 in the pres-
ence of MS3A, followed by p-nitrosulfonate (NsCl) and
Et3N in one pot to give 18 in a racemic form.36,37 Treat-
ment of 18 with dimethyl malonate and Cs2CO3 in the
presence of 0.1 equivalent amount of 18-crown-6 affor-
ded 19, 20, and 21.38 The stereochemistry of 19 and 20
was determined by 1H NMR spectra and NOE experi-
ments (Fig. 4).39 The coupling constant (J4–5 = 4.6 Hz)
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Scheme 2. Synthesis of compound 19.
between H-4 and H-5 in 19 is greater than that (J4–5 =
�0 Hz) in 20. NOEs between H-6 and methyl group
and NOEs between H-4 and H-5 in 19 were observed.
These results suggest that the cyclopropane ring and
methyl group in 19 exist on the same face. The major
isomer 19 will be derived from trans-epoxide, whereas
the minor 20 will be derived from cis-epoxide. The prod-
uct 20 was non-cyclic a-alkylated malonate, which can
be converted into 19 by treatment with Cs2CO3 in THF.

Hydrolysis of methyl ester in 19 gave a carboxylic acid
22, which was transformed into Weinreb amide 23
(Scheme 3).40 After ammonolysis of 23, the resulting hy-
droxy group was protected as TBS ether to give 25.
Treatment of 25 with n-BuLi in THF gave 26 in 50%
yield (29% of 25 was recovered). Deprotection of the
TBS group with 3HF-Et3N gave hydroxyamide 27 and
lactone 28. Oxidation of 27 with Dess–Martin period-
inane41 afforded 29 as a 1.2:1 tautomeric mixture and
lactone 28. Compound 29 is one of the desired cyclopro-
pane epolactaene analogues. The mechanism for the for-
mation of lactone 28 is unclear, although it was also
observed by treatment of 27 with Dess–Martin period-
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the results suggest that lactone formation does not occur
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found that ammonolysis of 28 in MeOH regenerated the
hydroxyamide 27.

Since we have already established that a long alkyl
group in the side chain is important for the apoptosis-
inducing activity, we attempted to obtain other
cyclopropane analogues. However, the addition of n-
octadecyl lithium or n-octadecyl magnesium bromide
to 25 did not proceed (Scheme 4). When 25 was treated
with excess amount (30–50 equiv) of n-octadecyl lithium
or n-octadecyl magnesium bromide under higher
temperature (from room temperature to reflux), none
of the desired products was obtained and 25 was recov-
ered in 76–86% yield. The lack of reaction is presumably
due to the low reactivity of n-octadecyl lithium and
n-octadecyl magnesium bromide. Although the addition
of 1-heptadec-1-enyl lithium to 25 was investigated,
almost all of the starting material 25 was recovered.
Thus, we attempted to introduce an N-alkyl-N-methyla-
mide moiety into the side chain to act as a bioisostere of
the acyl group (Fig. 5).42 Condensation of 22 and hexa-
decanoic acid with BOP in the presence of i-Pr2NEt gave
30 as a 1.7:1 rotational mixture in 92% yield. After
ammonolysis of 30, the resulting hydroxy group was
oxidized with the Dess–Martin reagent to give 32 as a
1.1:1 rotational mixture. Judging from the 1H NMR
spectrum (singlet at 2.35 ppm) and IR spectrum
(absorption at 1712 cm�1), 32 appears to exist as a ke-
tone. The formation of c-lactam was not observed in
the 1H NMR spectrum (see Scheme 5).
3. Apoptosis-inducing activity in BALL-1 cells

We examined the cell death-inducing action of epolact-
aene derivatives in BALL-1 cells by means of the
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able 1. Fifty percent inhibitory concentrations (IC50s) acting against

ALL-1 cell viability and the calculated octanol/water partition

oefficients (C logP) of epolactaene and its derivatives

Compound IC50 (lM) ClogPb

1a 3.82a 1.85

1b 1.65a 2.80

1c 5.04a 0.20

1d 7.40a 0.29

1e 0.70 5.30

2a 3.26 1.85

3(a–d) >10 —

4(a–d) >10 —

5(a–d) >10 —

6(a–d) >10 —

7b 6.51 7.61

8b 3.50 3.16

9 >10 �1.13

10a 3.96 3.69

10b 8.34 1.18

11(a–b) >10 —

12(a–b) >10 —

15 >10 3.96

29 >10 0.78

32 >10 5.28

Ref. 29.

The ClogP values were obtained using CS ChemDraw version 7.0

software (Cambridge Soft, USA).
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MTT assay.29 The assay can indirectly calculate the cell
survival rate by determining the action of a mitochon-
drial dehydrogenase on MTT in metabolically active
cells.43 The 50% growth inhibitory concentrations
(IC50�s) are summarized in Table 1.

Compounds1 (a–e), 2a, 7b, 8b, and 10(a–b) induced cell
death in BALL-1 cells at concentrations lower than
10 lM. Each compound induced cell death in a dose-
and time-dependent manner. The formation of DNA
ladder on agarose gels in DNA fragmentation assay
was observed after treatment with 5 lM of each com-
pound for 6 h. These results indicate that these com-
pounds induced apoptosis.29

Because the hydroxyamides 3, 6 and lactones 4, 5 did
not inhibit BALL-1 cells at concentrations lower than
10 lM, the c-lactam moiety appears to be very impor-
tant for activity. There was no difference in the biologi-
cal action of (+)-epolactaene (1a) and (�)-epolactaene
(2a), signifying that the stereochemistry of the epoxide
does not influence the apoptosis-inducing activity.

Of all the compounds tested in this study, 1e was the
most potent inducer of apoptosis. Interestingly, 1e had
the greatest calculated logP (i.e., octanol/water partition
coefficient) value among 1(a–e), inferring that hydro-
phobicity affects the activity. We reasoned that the
hydrophobic side chain of epolactaene might enhance
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group at the side chain affected the activity, because
compound 1b was found to induce apoptosis with an
IC50 value of 1.65 lM. Compounds 29 and 32 did not
have any effect on BALL-1 cells at concentrations lower
than 10 lM, either. Compounds 29 and 32 have a cyclo-
propane ring instead of an epoxide ring. Because the
epoxide derivatives 1(a–e) induced apoptosis at concen-
trations lower than 10 lM, the activity of the cyclopro-
pane derivatives was less potent than those of the
epoxide derivatives. These results indicate that the a-ac-
yl-substituted a,b-epoxy-c-lactam moiety is important
for the apoptosis-inducing activity.
4. Discussion

Epolactaene (1a) was originally reported to possess a
potent neurite outgrowth activity in a human neuroblas-
toma cell line, SH-SY5Y.16,17 In our precedent paper,
we found that epolactaene and some of its derivatives in-
duced apoptosis in a human leukemia B-cell line, BALL-
1, in a dose- and time-dependent manner.29 In this
study, we describe the structure–activity relationships
of epolactaene derivatives as inducers of apoptosis. We
tested the apoptosis-inducing activity of 34 epolactaene
derivatives, including some newly synthesized deriva-
tives. We found that compounds 1(a–e), 2a, 7b, 8b,
and 10(a–b) induced apoptosis in BALL-1 cells at con-
centrations lower than 10 lM. Compound 1e was the
most potent inducer of apoptosis with an IC50 value of
0.70 lM. We also found that the hydrophobicity of
epolactaene derivatives, which was calculated as ClogP,
affected the apoptosis-inducing activity. We propose
that the side-chain moiety of the molecule may facilitate
permeation across the cell membrane.

Our structure–activity relationship studies suggest that
the a-acyl-a,b-epoxy-c-lactam moiety is important for
activity, because neither hydroxy amides (3 and 6),
lactones (4 and 5), a-alkyl-a,b-epoxy-c-lactam (15)
nor cyclopropanes (29 and 32) affected BALL-1 cells
at concentrations lower than 10 lM. Substitution at
the N-or O-position of the a-acyl-a,b-epoxy-c-lactam
(compounds 7b and 8b) caused a slight decrease in
activity. Although neither a,b-epoxy-c-lactam 9 nor
O-substituted analogues 12(a–b) induced apoptosis at
concentrations lower than 10 lM, N-substituted ana-
logues 10(a–b) did show the activity. However, the dif-
ferences between a-acyl-a,b-epoxy-c-lactams 1(a–e)
and 10(a–b) in terms of the mode of action were
not examined in detail.

Mizushina et al. reported that epolactaene and its deriv-
atives inhibit the activity of mammalian pol a, b, and k,
and human Topo II.28,30,31 It is known that inhibition of
these enzymes can result in cell cycle arrest, apoptosis,
and anti-inflammatory activity.45–47 Indeed, Mizushina
et al. have recently reported that the anti-inflammatory
effect of epolactaene might be related to the inhibition
of pol k. In addition, the structure–activity relationships
of epolactaene derivatives as apoptosis-inducers are sim-
ilar to those of DNA polymerase inhibitors. However,
epolactaene derivatives weakly inhibit the activity of
DNA polymerases at the concentrations required to in-
duce apoptosis.28,30,31 Thus, the inhibition of these
DNA-modifying enzymes may play some part in the
apoptosis-inducing effect of epolactaene and its deriva-
tives, but is not the primary mechanism of action. Nagu-
mo et al. have recently reported that epolactaene
covalently binds Hsp60 and inhibits Hsp60 chaperone
activity.33,34 The reports demonstrate that Micheal addi-
tion of Hsp60 through Cys-442 to the a,b-unsaturated
ketone moiety of epolactaene is responsible for the inhi-
bition of chaperone activity. However, some epolactae-
ne derivatives that lack the a,b-unsaturated ketone
also inhibit the growth of cancer cell lines (e.g., com-
pounds 1(b–e), 7b, and 8b). These results suggest that
the apoptosis-inducing effect of epolactaene is not al-
ways explained by the inhibition of Hsp60. In addition
to these results, we have also found that epolactaene
derivative 1b induces apoptosis more effectively in B
lymphocytes than T lymphocytes. Epolactaene deriva-
tives did not induce apoptosis in attached cells, HepG2,
HeLa, and A549.29 These results also suggest that addi-
tional target proteins are involved in the biological ac-
tion of epolactaene.

In conclusion, we have described the structure–activity
relationships of epolactaene derivatives as inducers of
apoptosis. We have demonstrated that the a-acyl-a,b-
epoxy-c-lactam moiety as well as the length of the side
chain (i.e., the hydrophobicity) are important for the
activity. Based on the structure–activity relationships
of these derivatives, we are currently attempting to iden-
tify the target molecules of epolactaene.
5. Experimental procedures

5.1. General

1H and 13C NMR were recorded on a JEOL JNM-
LD400 or JNM-LD500, or on a BRUKER DXR400
or DRX600. Chemical shifts were reported in d, parts
per million (ppm), relative to TMS as an internal stan-
dard or calibrated using residual undeuterated solvent
as an internal reference. IR spectra were recorded on a
JASCO FT/IR-410 spectrometer. Mass spectra were
obtained on an API QSTAR Pulsar i spectrometer.
Optical rotations were measured on a JASCO P-1030
digital polarimeter. Melting points were determined with
a Yanaco MP-3S melting point apparatus. Column
chromatography was carried out on Fuji Silisia
PSQ100B. Analytical thin-layer chromatography
(TLC) was performed on precoated Merck silica gel 60
F254 plates, and compounds were visualized by UV
illumination (254 nm) or heating 150 �C after spraying
phosphomolybdic acid in ethanol. THF was distilled
from sodium/benzophenone. CH2Cl2 was distilled
from P2O5. DMSO was distilled from CaH2. All other
solvent and reagents were obtained from commercial
sources and used without further purification. Organic
extracts were dried over Na2SO4 or MgSO4, filtered,
and concentrated using a rotary evaporator. Involatile
oils and solids were vacuum-dried.
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Fetal bovine serum (FBS), kanamycin sulfate, dimethyl
sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased
from Wako Pure Chemical Industries (Tokyo, Japan).
RPMI 1640 was purchased from Nissui (Tokyo, Japan).
2-Mercaptoethanol was purchased from Nakalai Tesque
(Kyoto, Japan).

BALL-1 cells were purchased from Riken Cell Bank
(Tsukuba, Japan). BALL-1 cells were maintained at
37 �C with 5% CO2 in RPMI 1640 supplemented with
kanamycin sulfate (64 mg/L), 2-mercaptoethanol
(3.5 lL/L), sodium bicarbonate (2 g/L), and heat-inacti-
vated 10% (v/v) FBS. These cells were routinely diluted
with the above medium to the appropriate concentra-
tions (1.0–4.0 · 105 cells/mL).

5.1.1. (1S,4S,5S)-1-Dodecyl-4-methyl-3,6-dioxabicyclo-
[3.1.0]hexan-2-one (14). To a solution of diisopropyl-
amine (0.8 mL, 5.71 mmol) in THF (30 mL) was added
n-BuLi (3.7 mL of a 1.56 M solution in hexane,
5.8 mmol) at 0 �C. The mixture was stirred at 0 �C for
10 min. A solution of dodecyl trifluoromethanesulfonate
(1.2 g, 3.77 mmol) in THF (10 mL) was added to the
mixture at 0 �C and the mixture was cooled to �78 �C.
A solution of 13 (1.0 g, 3.84 mmol) in THF (40 mL)
was added to the mixture in portions for 20 min. Then
the mixture was quenched by the addition of H2O and
extracted with EtOAc. The extract was washed with
brine, dried (MgSO4), and concentrated.

To a solution of the residue in CH3CN (10 mL) was
added a solution of 5% aqueous HF in CH3CN
(10 mL) at rt. After stirring for 3 h, the mixture was
quenched by the addition of a saturated aqueous solu-
tion of NaHCO3 and extracted with EtOAc. The ex-
tract was washed with brine, dried (MgSO4), and
concentrated. The residue was purified by silica gel
chromatography (1:5, EtOAc/hexane) to yield 14
(14.8 mg). 1H NMR (400 MHz, CDCl3) d: 4.59 (1H,
q, J = 6.7 Hz, H-4), 3.79 (1H, s, H-5), 2.09 (1H, m,
H-1 0), 1.84 (1H, m, H-1 0), 1.38 (3H, d, J = 6.8 Hz,
4-CH3), 1.38–1.22 (16H, m, H-2 0–H-11 0), 0.88 (3H, t,
J = 7.0 Hz, H-12 0). No further characterization was
attempted on this compound, which was used directly
in the next step.

5.1.2. (1R,5R)-1-Dodecyl-4-hydroxy-4-methyl-6-oxa-3-
azabicyclo-[3.1.0]hexan-2-one (15). A solution of 14
(14.6 mg, 0.052 mmol) and NH3 (0.1 mL, a 28% solution
in H2O) in MeOH (2 mL) was stirred at rt for 30 min.
The solvent was removed under reduced pressure.

To a solution of DMSO (25 lL, 0.35 mmol) in CH2Cl2
(0.5 mL) was added TFAA (25 lL, 0.18 mmol) at
�78 �C. After 10 min at �78 �C, a solution of the resi-
due in CH2Cl2 (2 mL)–DMSO (20 lL) was added to
the mixture and the mixture was stirred at �78 �C for
45 min. Then Et3N (70 lL, 0.50 mmol) was added and
the mixture was stirred at rt for 10 min. The mixture
was quenched by the addition of H2O and extracted
with CH2Cl2. The extract was washed with brine, dried
(MgSO4), and concentrated.
A solution of the residue and LiOH (2.5 mg, 0.10 mmol)
in THF-H2O (4:1, 2.5 mL) was stirred at 0 �C for
10 min. The mixture was quenched by the addition of
H2O and extracted with EtOAc. The extract was washed
with brine, dried (MgSO4), and concentrated. The resi-
due was purified by silica gel chromatography (1:2
EtOAc/hexane) to afford 15 (10.8 mg, 67% in 2 steps)
as a ca. 17:1 tautomeric mixture, as a white solid.
Mp = 35 �C; ½a�23D �12.6 (c 0.10, MeOH); 1H NMR
(600 MHz, CDCl3) d: 6.40 (1H, br s, NH), 3.67 (1H, s,
H-5), 1.96 (1H, m, H-1 0), 1.87 (1H, m, H-1 0), 1.73
(1H, br s, OH), 1.54 (3H, s, 4-CH3), 1.42 (1H, m, H-
2 0), 1.36 (1H, m, H-2 0), 1.33–1.25 (18H, m, H-3 0–H-
11 0), 0.88 (3H, t, J = 6.9 Hz); 13C NMR (150 MHz,
CDCl3) d: 173.2, 83.5, 62.8, 61.7, 31.9, 29.7, 29.7, 29.6,
29.6, 29.5, 29.4, 29.3, 24.7, 24.1, 22.7, 21.9, 14.9; IR
(KBr) cm�1: 3425, 3224, 2918, 2852, 1705, 1469, 1432,
1372, 1161, 951, 779, 717, 626; HRMS, calcd for
C17H31NO3Na (M+Na)+ 320.2201. Found 320.2200.

5.1.3. (±)-2,3-Epoxy-1-butyl p-nitrobenzenesulfonate
(18). To a solution of crotyl alcohol (3.4 g, 47.2 mmol,
E:Z = 15:1) and Ti(Oi-Pr)4 (1.4 mL, 4.72 mmol) in
CH2Cl2 (50 mL) was added TBHP (14 mL of a 3.7 M
solution in CH2Cl2, 51.9 mmol) at �20 �C in portions
for 30 min. After stirring at �20 �C for 2 h, P(OCH3)3
(8.9 mL, 75.4 mmol) was added to the mixture. The mix-
ture was warmed to �10 �C. Then Et3N (9.7 mL,
69.8 mmol), DMAP (0.69 g, 5.7 mmol), followed by a
solution of p-nitrobenzensulfonyl chloride (10.5 g,
47.2 mmol) in CH2Cl2 (70 mL), were added to the mix-
ture. The mixture was filtered through Celite, and the fil-
trate was washed with a 10% solution of tartaric acid in
H2O, satd NaHCO3 aq, brine, dried (Na2SO4), and con-
centrated. The residue was purified by silica gel chroma-
tography (1:5 ! 1:1 EtOAc/hexane) to afford 18 (9.6 g,
75%) as a 15:1 mixture of E and Z isomers, as a yellow
solid. Mp = 83–86 �C; 1H NMR (500 MHz, CDCl3) d:
8.41 (2H, d, J = 8.5 Hz, Ar), 8.13 (2H, d, J = 8.5 Hz,
Ar), 4.41 (1H, dd, J = 11.4 Hz, 3.20 Hz, H-1), 4.05
(1H, dd, J = 11.4 Hz, 6.3 Hz, H-1), 2.96–2.94 (1H, m,
H-2), 2.90 (1H, qd, J = 5.2 Hz, 1.8 Hz, H-3), 1.32 (3H,
d, J = 5.2 Hz, 3-CH3); IR (CHCl3) cm�1: 3106, 3028,
3001, 1608, 1536, 1380, 1351, 1312, 1291, 1210, 1187,
1096, 1016, 961, 857; HRMS, calcd for C10H12O6NS
(M+H)+ 274.0385. Found 274.0386.

5.1.4. (1SR,4RS,5RS)-Methyl 2-oxo-3-oxa-bicyclo[3.1.0]-
hexane-1-carboxylate (19). To a solution of Cs2CO3

(6.2 g, 19.0 mmol) and 18-crown-6 (167.1 mg, 0.63 mmol)
in THF (59 mL) was added dimethyl malonate (0.87 mL,
7.6 mmol) at rt. After stirring for 15 min, a solution of
18 (1.7 g, 6.3 mmol) in THF (20 mL) was added to the
mixture in portions for 30 min. The mixture was stirred
for 30 h. Then the mixture was quenched by the
addition of H2O and extracted with EtOAc (3·). The
combined extract was washed with brine, dried (Na2SO4),
and concentrated. The residue was purified by silica
gel chromatography (1:5! 1:1 EtOAc/hexane) to afford
19 (690 mg, 64%), 20 (trace), and 21 (433 mg, 34%). 19:
1H NMR (CDCl3, 500 MHz) d: 3.57 (1H, qd, J =
6.3 Hz, 4.6 Hz, H-4), 3.82 (3H, s, COOCH3), 2.73 (1H,
ddd, J = 9.5 Hz, 4.8 Hz, 4.6 Hz, H-5), 1.96 (1H, dd,
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J = 9.5 Hz, 4.6 Hz, H-6), 1.46 (1H, dd, J = 4.8 Hz,
4.6 Hz, H-6), 1.37 (3H, d, J = 6.3 Hz, 4-CH3);

13C
NMR (CDCl3, 100 MHz) d: 171.1, 169.2, 73.6, 56.7,
32.6, 30.9, 17.9, 17.5; IR (CHCl3) cm�1: 3026, 2989,
2956, 1780, 1728, 1441, 1387, 1340, 1320, 1110, 1093,
1051, 1024, 943, 760; HRMS, calcd for C8H10O4 (M)+

170.0579. Found 170.0568.

5.1.5. (1RS,4RS,5SR)-Methyl 2-oxo-3-oxa-bicyclo[3.1.0]-
hexane-1-carboxylate (20). 1H NMR (CDCl3, 500 MHz)
d: 4.45 (1H, q, J = 6.3 Hz, H-4), 3.82 (3H, s, CO2CH3),
2.53 (1H, dd, J = 8.2 Hz, 5.2 Hz, H-5), 2.05 (1H, dt,
J = 8.2 Hz, 5.2 Hz, H-6), 1.42 (1H, dd, J = 5.5 Hz,
5.2 Hz, H-6), 1.37 (1H, d, J = 6.3 Hz, 4-CH3).

5.1.6. Dimethyl 3,4-epoxypentane-1,1-dicarboxylate (21).
1H NMR (CDCl3, 500 MHz) d: 3.77 (6H, s, CO2CH3),
3.57 (1H, dd, J = 5.8 Hz, 3.1 Hz, H-1), 2.79 (1H, m,
H-3), 2.73 (1H, m, H-4), 2.27 (1H, m, H-1), 1.98 (1H,
m, H-1), 1.29 (3H, d, J = 6.8 Hz, H-5); 13C NMR
(CDCl3, 125 Hz) d: 169.2, 169.2, 56.7, 52.6, 52.2, 48.4,
31.2, 17.3; IR (CHCl3) cm�1: 3028, 3007, 2955, 1733,
1438, 1344, 1287, 1159, 1022, 838, 701; HRMS, calcd
for C9H14O5 (M)+ 202.0841. Found 202.0849.

5.1.7. (1SR,4RS,5RS)-4-Methyl-2-oxo-3-oxa-bicyclo[3.1.0]-
hexane-1-carboxylic acid (22). To a solution of 19
(144 mg, 0.85 mmol) in methanol (2 mL) was added a
3 M aqueous NaOH solution (1.2 mL, 3.4 mmol) at
0 �C, and the mixture was stirred at 0 �C for 1 h. Then
the solvent was removed, and a 1 M aqueous solution
of HCl was added to the residue. The mixture was
extracted with CHCl3 (10·). The combined organic layer
was dried (Na2SO4) and concentrated. The residue was
purified by silica gel chromatography (1:20 MeOH/
CHCl3) to give 22 (130 mg, 99%) as a white solid.
Mp = 162–164 �C; 1H NMR (CDCl3, 400 MHz) d:
4.92 (1H, qd, J = 6.3 Hz, 4.6 Hz, H-4), 2.99 (1H, ddd,
J = 8.0 Hz, 5.1 Hz, 4.6 Hz, H-5), 1.96 (1H, dd,
J = 8.0 Hz, 4.6 Hz, H-6), 1.63 (1H, dd, J = 5.1 Hz,
4.6 Hz, H-6), 1.45 (1H, d, J = 6.3 Hz, 4-CH3); IR
(CHCl3) cm�1: 3606, 3304, 3027, 2990, 2935, 1772,
1732, 1442, 1400, 1354, 1336, 1130, 1092, 1054, 1019,
944, 907; HRMS, calcd for C7H8O4 (M)+ 156.0423.
Found 156.0424.

5.1.8. (1RS,4RS,5RS)-N-Methoxy-N-methyl-4-methyl-2-
oxo-3-oxa-bicyclo[3.1.0]hexane-1-carboxamide (23). To a
solution of 22 (149 mg, 0.96 mmol), i-Pr2NEt (0.39 mL,
2.3 mmol), and N,O-dimethylhydroxylamine hydrochlo-
ride (186 mg, 1.9 mmol) in CH2Cl2 (5 mL) was added
benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP) (634 mg, 1.4 mmol) at 0 �C.
The mixture was stirred at rt for 1 h. Then the mixture
was quenched by the addition of H2O and extracted
with CH2Cl2 (3·). The combined organic layer was
washed with brine, dried (Na2SO4), and concentrated.
The residue was purified by PTLC (2:1 EtOAc/hexane)
to yield 23 (164 mg, 86%) as a colorless oil. 1H NMR
(CDCl3, 400 MHz) d: 4.85 (1H, qd, J = 6.1 Hz, 4.6 Hz,
H-4), 3.73 (3H, s, OCH3), 3.24 (3H, s, NCH3), 2.41
(1H, m, H-5), 1.84 (1H, m, H-6), 1.37 (3H, d,
J = 6.1 Hz, 4-CH3), 1.23 (1H, br t, J = 5.2 Hz, H-6);
IR (CHCl3) cm
�1: 3030, 3019, 2985, 2948, 2896, 2872,

2825, 1777, 1656, 1528, 1459, 1422, 1391, 1350, 1335,
1290, 1217, 1112, 1092, 1022, 771, 669; HRMS, calcd
for C9H13O4N (M)+ 199.0845. Found 199.0847.

5.1.9. (1RS,2RS,1 0RS)-N-Methoxy-N-methyl-2-(1 0-hy-
droxyethyl)cyclopropane-1,1-dicarboxamide (24). To a
solution of 23 (113 mg, 0.57 mmol) in MeOH (2 mL)
was added NH3 (2 mL, 28% solution in H2O), and the
mixture was stirred overnight. Then the solvent was re-
moved, the residue was purified by silica gel chromatog-
raphy (1:50–1:20 EtOH/EtOAc) to yield 24 (109 mg,
89%) as a colorless oil and recovered 23 (11 mg, 10%).
1H NMR (CDCl3, 500 MHz) d: 5.90 (1H, br, NH),
5.65 (1H, br, NH), 3.83 (1H, m, H-1 0), 3.73 (3H, s,
OCH3), 3.26 (3H, s, NCH3), 1.83 (1H, m, H-2), 1.80
(1H, m, H-3), 1.36 (1H, dd, J = 5.0 Hz, 4.3 Hz, H-3),
1.34 (3H, d, J = 6.4 Hz, H-2 0); 13C NMR (CDCl3,
125 MHz) d: 170.3, 169.6, 65.1, 61.2, 34.6, 33.4, 32.9,
23.2, 15.6; IR (CHCl3) cm�1: 3685, 3599, 3498, 3413,
3010, 2938, 1766, 1671, 1587, 1458, 1421, 1390, 1335,
1112, 1092, 1048, 1022, 1001, 939; HRMS, calcd for
C9H13O4N (M�NH3)

+ 199.0845. Found 199.0836.

5.1.10. (1RS,2RS,1 0RS)-N-Methoxy-N-methyl-2-
{1 0-(tert-butyldimethylsilyloxy)ethyl}cyclopropane-1,1-
dicarboxamide (25). To a solution of 24 (78 mg,
0.36 mmol) and imidazole (73 mg, 1.1 mmol) in DMF
(5 mL) was added TBSCl (81 mg, 0.54 mmol) at 0 �C.
The mixture was stirred at rt for 3 h. Then the mixture
was quenched by the addition of H2O and extracted
with EtOAc (3·). The combined organic layer was
washed with brine, dried (Na2SO4), and concentrated.
The residue was purified by silica gel chromatography
(1:50 EtOAc/hexane) to yield 25 (86 mg, 72%) as a col-
orless oil. 1H NMR (CDCl3, 500 MHz) d: 3.71 (3H, s,
OCH3), 3.52 (1H, dq, J = 9.2 Hz, 6.1 Hz, H-1 0), 3.24
(3H, s, NCH3), 1.92 (1H, td, J = 9.2 Hz, 7.6 Hz, H-2),
1.72 (1H, dd, J = 7.6 Hz, 4.8 Hz, H-3), 1.26 (3H, d,
J = 6.1 Hz, H-2 0), 1.22 (1H, dd, J = 9.2 Hz, 4.8 Hz, H-
3), 0.89 (9H, s, t-Bu), 0.06 (3H, s, SiCH3), 0.05 (3H, s,
SiCH3);

13C NMR (CDCl3, 125 MHz) d: 168.7, 168.7,
67.8, 61.1, 35.1, 33.5, 32.9, 25.8 (3·), 24.0,
18.0,17.7,�4.4, �4.6; IR (CHCl3) cm�1: 3512, 3404,
3012, 2957, 2930, 2856, 1686, 1649, 1592, 1471, 1375,
1256, 1117, 1096, 1016, 780; HRMS, calcd for
C15H29O4N2Si (M�H)+ 320.1897. Found 329.1895.

5.1.11. (1SR,2RS,1 0RS)-2-{100-(tert-butyldimethylsilyl-
oxy)ethyl}-1-pentanoylcyclopropane-1-carboxamide (26).
To a solution of 25 (50 mg, 0.15 mmol) in THF (2 mL)
was added n-BuLi (0.48 mL, 1.6 M solution in hexane,
0.76 mmol) at �78 �C. The mixture was stirred at
�78 �C for 5 h. The mixture was quenched by the addi-
tion of saturated NH4Cl aq and extracted with Et2O.
The organic layer was washed with brine, dried
(Na2SO4), and concentrated. The residue was purified
by silica gel chromatography (1:7–2:1 EtOAc/hexane)
to yield 26 (25 mg, 50%) as a colorless oil and recovered
25 (14 mg, 29%). 1H NMR (CDCl3, 500 MHz) d: 8.24
(1H, br s, NH), 5.63 (1H, br s, NH), 3.83 (1H, dq,
J = 8.3 Hz, 6.1 Hz, H-100), 2.26 (2H, t, J = 7.4 Hz, H-
2 0), 2.08 (1H, dd, J = 8.3 Hz, 4.9 Hz, H-3), 1.76 (1H,
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dt, J = 9.2 Hz, 8.3 Hz, H-2), 1.66 (1H, dd, J = 9.2 Hz,
4.9 Hz, H-3), 1.54 (2H, m, H-3 0), 1.28 (2H, m, H-4 0),
1.16 (3H, d, J = 6.1 Hz, H-200), 0.89 (3H, s, J = 6.8 Hz,
H-5 0), 0.89 (9H, s, t-Bu), 0.09 (3H, s, SiCH3), 0.07
(3H, s, SiCH3);

13C NMR (CDCl3, 125 MHz) d: 202.8,
169.3, 67.3, 40.0, 38.6, 36.9, 26.3, 25.9 (3·), 23.8, 22.2,
19.6, 18.1, 13.9,�4.4, �4.6; IR (CHCl3) cm�1: 3649,
3487, 3154, 3058, 2996, 2958, 2930, 2857, 1682, 1563,
1465, 1379, 1097, 1005, 903, 836; HRMS, calcd for
C17H33O3NSi (M)+ 327.2230. Found 327.2252.

5.1.12. (1SR,2RS,1 0RS)-2-(100-hydroxyethyl)-1-penta-
noylcyclopropane-1-carboxamide (27). To a solution of
26 (24 mg, 73 lmol) in THF (1 mL) was added
3HFÆEt3N (28 mL, 180 lmol). After the mixture was
stirred for 3 days, the solvent was removed. The residue
was purified by silica gel chromatography (1:5 EtOAc/
hexane) to yield 27 (12 mg, 77%) as a colorless oil and
28 (3.3 mg, 23%) as a colorless oil. 27: 1H NMR (CDCl3,
500 MHz) d: 8.19 (1H, br s, NH), 5.78 (1H, br s, NH),
3.92 (1H, quin, J = 6.4 Hz, H-100), 2.29 (2H, m, H-2 0),
2.14 (1H, dd, J = 7.7 Hz, 5.2 Hz, H-3), 1.81 (1H, ddd,
J = 9.5 Hz, 7.7 Hz, 5.2 Hz, H-2), 1.71 (1H, dd,
J = 9.5 Hz, 5.2 Hz, H-3), 1.55 (2H, m, H-3 0), 1.33 (2H,
m, H-2 0), 1.30 (3H, d, 3H, J = 6.4 Hz, H-100), 0.91 (3H,
t, H-5 0); 13C NMR (CDCl3, 125 MHz) d: 205.5, 164.2,
64.8, 38.5, 37.1, 36.5, 26.5, 23.3, 22.2, 18.4, 13.8; IR
(CHCl3) cm�1: 3649, 3005, 2957, 1682, 1559, 1466,
1382, 1271, 1175, 1096, 993, 822; HRMS, calcd for
C11H16O3 (M�NH3)

+ 196.1099. Found 196.1095.

5.1.13. (1SR,4RS,5RS)-4-Methyl-1-pentanoyl-3-oxa-
bicyclo[3.1.0]hexan-2-one (28). 1H NMR (CDCl3,
500 MHz) d: 4.75 (1H, dq, J = 6.1 Hz, 4.9 Hz, H-4),
3.11 (1H, m, H-2 0), 2.86 (1H, m, H-2 0), 2.73 (1H, ddd,
J = 7.7 Hz, 5.2 Hz, 4.6 Hz, H-5) 1.92 (1H, dd,
J = 7.7 Hz, 4.6 Hz, H-6), 1.59 (2H, m, H-3 0), 1.43 (1H,
dd, J = 5.2 Hz, 4.6 Hz, H-6), 1.36 (3H, d, J = 6.1 Hz,
4-CH3), 1.34 (2H, m, H-4 0), 0.92 (3H, t, J = 7.3 Hz, H-
5 0); 13C NMR (CDCl3, 100 MHz) d: 203.0, 162.2, 73.8,
41.4, 34.3, 26.8, 25.5, 22.2, 20.7, 17.6, 13.9; IR (CHCl3)
cm�1: 3660, 3591, 3052, 2298, 2957, 1768, 1696, 1552,
1489, 1459, 1302, 1250, 1188, 1112, 1091, 1039, 996,
940, 918, 893, 863, 839; HRMS, calcd for C11H16O3

(M)+ 196.1099. Found 196.1092.

5.1.14. (1SR,5RS)-4-Hydroxy-4-Methyl-1-pentanoyl-3-
aza-bicyclo[3.10]hexan-2-one (29). To a solution of 27
(20 mg, 0.12 mmol) in CH2Cl2 (5 mL) was added
Dess–Martin periodinane (149 mg, 0.35 mmol), and
the mixture was stirred at rt for 6 h. The mixture was
quenched by the addition of satd Na2SO3 aq and diluted
with EtOAc. The layers were separated, and the organic
layer was washed with satd NaHCO3 aq, H2O, brine,
dried (Na2SO4), and concentrated. The residue was puri-
fied by silica gel chromatography (1:5–2:1 hexane/
EtOAc) to yield 29 (7.9 mg, 32%) as a 1.2:1 tautomeric
mixture, as a colorless oil, and 28 (15.6 mg, 68%). 1H
NMR (CDCl3, 400 MHz) d: 5.61 (1H, br s, NH),
5.42* (1H, br s, NH), 3.08 (2H, m, H-2 0), 2.88* (2H,
m, H-2 0), 2.56 (1H, m, H-5), 2.51* (1H, m H-5), 1.94
(1H, dd, J = 8.0 Hz, 4.4 Hz, H-6), 1.88* (1H, dd,
J = 8.0 Hz, 4.4 Hz, H-6), 1.66* (3H, s, 4-CH3), 1.57
(2H, m, H-3 0), 1.57* (2H, m, H-3 0), 1.53 (1H, m, H-6),
1.50* (1H, m, H-6), 1.52 (3H, s, 4-CH3), 1.32 (2H, m,
H-4 0), 1.32* (2H, m, H-4 0), 0.91 (3H, t, J = 7.3 Hz, H-
5 0), 0.90* (3H, t, J = 7.3 Hz, H-5 0); IR (CHCl3) cm

�1:
3642, 3568, 3425, 3025, 3007, 2957, 2929, 2858, 1699,
1587, 1458, 1388, 12203, 1124,963, 850; HRMS, calcd
for C11H17NO3 (M+Na)+ 234.1106. Found 234.1123.

5.1.15. (1RS,4RS,5RS)-N-Hexadecyl-N-methyl-4-methyl-
2-oxo-3-oxa-bicylco[3.1.0]hexane-1-carboxamide (30). To
a solution of 22 (84 mg, 0.54 mmol), i-Pr2NEt (0.22 mL,
1.29 mmol), and N-methylhexadecylamine (275 mg,
1.08 mmol) in CH2Cl2 (9 mL) was added benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophos-
phate (BOP) (357 mg, 0.81 mmol) at 0 �C. The mixture
was stirred at rt for 2 h. Then the mixture was quenched
by the addition of H2O and extracted with CH2Cl2 (3·).
The combined organic layer was washed with brine, dried
(Na2SO4), and concentrated. The residue was purified by
silica gel chromatography (1:1 hexane/EtOAc) to yield 30
(195 mg, 92%) as a 1.7:1 rotational mixture, as a colorless
oil. 1H NMR (CDCl3, 400 MHz) d: 4.88 (1H, m, H-4),
4.88* (1H, m, H-4), 3.39 (2H, m H-30), 3.39* (2H, m, H-
30), 3.17 (3H, s, NCH3), 2.94 (3H, s, NCH3), 2.63 (1H, m,
H-5), 2.63* (1H, m, H-5), 1.56 (2H, m, H-40), 1.56 (1H,
m, H-6), 1.56* (2H, m, H-40), 1.56* (1H, m, H-6), 1.37
(3H, d, 4-CH3), 1.37* (3H, d, 4-CH3), 1.33 (1H, m, H-6),
1.33* (1H, m, H-6), 1.26 (26H, H-50–H-170), 1.26* (26H,
m, H-50–H-170), 0.88 (3H, t, J = 7.1 Hz, H-180), 0.88*
(3H, t, J = 7.1 Hz, H-180); IR (CHCl3) cm

�1: 3028, 2958,
2928, 2854, 1771, 1764, 1718, 1638, 1625, 1494, 1457,
1409, 1385, 1352, 1210, 1110, 1048, 1018, 938; HRMS,
calcd for C24H43NO3 (M)+ 393.3243. Found 393.3242.

5.1.16. (1RS,2RS)-N-Hexadecyl-N-methyl-2-(10-hydroxy-
ethyl)clopropane-1,1-dicarboxamide (31). A solution of 30
(136 mg, 0.35 mmol) and NH3 (8 mL, 28% solution in
H2O) was stirred at rt overnight. The solvent was
removed, and the residue was purified by silica gel chro-
matography (2:3 EtOAc/hexane and 1:20 EtOH/EtOAc)
to yield 31 (91 mg, 64%) as a 1.7:1 rotational mixture,
as a colorless oil, and recovered 30 (44 mg, 32%). 1H
NMR (CDCl3, 300 MHz) d: 6.19 (1H, br s, NH), 6.19*
(1H, br s, NH), 5.59 (1H, br s, NH), 5.59* (1H, br s,
NH), 3.80 (1H, m, H-10), 3.80* (1H, m, H-10), 3.38
(2H, m, H-300), 3.38* (2H, m, H-300), 3.18 (3H, s,
NCH3), 2.94* (3H, s, NCH3), 1.83* (1H, m, H-3), 1.75
(1H, m, H-3), 1.56 (2H, m, H-400), 1.56 (1H, m, H-3),
1.56* (2H, m, H-400), 1.56* (1H, m, H-3), 1.35 (3H, d,
J = 6.3 Hz, H-20), 1.35* (3H, d, J = 6.3 Hz, H-20), 1.25
(26H, m, H-500-H-1200), 1.25* (26H, m, H-500-H-1200),
0.88 (3H, t, J = 7.2 Hz, H-1800), 0.88* (3H, t, J = 7.2 Hz,
H-1800). No further characterization was attempted
on this compound, which was used directly in the next
step.

5.1.17. (1RS,2RS)-N-Hexadecyl-N-methyl-2-acetylcyclo-
propane-1,1-dicarboxamide (32). To a solution of 31
(88 mg, 0.21 mmol) in CH2Cl2 (3 mL) was added Dess–
Martin periodinane (271 mg, 0.64 mmol). The mixture
was stirred for 1 h. Then the mixture was quenched by
the addition of satd Na2SO3 aq and diluted with EtOAc.
The layers were separated, and the organic layer was
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washed with satd NaHCO3 aq, H2O, brine, dried
(Na2SO4), and concentrated. The residue was purified
by silica gel chromatography (1:8–1:1 hexane/EtOAc) to
yield 32 (83 mg, 96%) as a 1.1:1 rotational mixture, as a
colorless oil. 1H NMR (CDCl3, 400 MHz) d: 6.25 (1H,
br d, NH), 6.25* (1H, br d, NH), 5.90 (1H, br d, NH),
5.90* (1H, br d, NH), 3.51* (1H, m, H-3), 3.37 (2H, m,
H-300), 3.31* (2H, m, H-300), 3.12 (3H, s, NCH3), 2.91*
(3H, s, NCH3), 2.74 (1H, m, H-2), 2.74* (1H, m, H-2),
2.35 (3H, s, COCH3), 2.35* (3H, s, COCH3), 2.14 (1H,
m, H-3), 1.51 (2H, m, H-400), 1.51* (2H, m, H-400), 1.50*
(1H, m, H-3), 1.41 (1H, dd, J = 8.3 Hz, 4.9 Hz, H-3),
1.25 (26H, m, H-500-H-1700), 1.25* (26H, m, H-500-H-
1700), 0.87 (3H, t, J = 6.8 Hz, H-1800); 13C NMR
(100 MHz, CDCl3) d: 201.9, 201.8, 165.8, 165.7, 48.1,
46.7, 40.2, 39.8, 33.7, 32.8, 32.5, 31.6, 30.2, 29.4, 28.0,
28.0, 27.9, 27.7, 26.2, 25.0, 25.0, 21.0, 16.5, 16.3, 12.4.,
12.4 (rotational mixture); IR (CHCl3) cm

�1: 3007, 2927,
2855, 1712, 1692, 1633, 1590, 1489, 1466, 1407, 1386,
1309, 1239, 1176, 1090, 991, 908; HRMS, calcd for
C24H44N2O3 (M)+ 408.3352. Found 408.3350.
5.2. Detection of cell death by MTT assay

BALL-1 cells were plated onto a 96-well plate (Sumito-
mo Bakelite Co., Tokyo, Japan) at a concentration of
2.0 · 104 cells/well and preincubated at 37 �C for 1 h.
The cells were then treated with epolactaene or its deriv-
atives. After incubation at 37 �C for 24 h, cell viability
was determined by the MTT assay, a method for deter-
mining cell viability by measuring the mitochondrial
dehydrogenase action. In this assay, 11 lL MTT stock
solution (5 mg/mL in phosphate-buffered saline (PBS))
was added to the cells, and the plate was incubated
37 �C for 1 h. After centrifugation for 5 min at
1500 rpm, the supernatant was discarded, and 100 lL
DMSO was added to dissolve MTT formazan. Absor-
bance at 570 nm was measured with a microplate reader
(Bio-Rad Model 550, Bio-Rad, Tokyo, Japan), and the
percentage of cell viability was taken as the percentage
absorbance at 570 nm of epolactaene-treated cells and
control.
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