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6-Chloropurine derivatives of γ-(Z)-ethylidene-2,3-dimethoxybutenolide 3a, γ-(Z)-ethylidene-
2-methoxy-3-(4-nitro)benzyloxybutenolide 3b, γ-(Z)-ethylidene-2-(4-nitro)benzyloxy-3-meth-
oxybutenolide 3c, γ-(Z)-ethylidene-2,3-di(4-nitro)benzyloxybutenolide 3d, and dimethylphosphono-
γ-(Z)-ethylidene-2,3-dimethoxybutenolide 11 as well as the adenine derivative of γ-(Z)-
ethylidene-2,3-dimethoxybutenolide 6 were synthesized. The key steps in the high-yield
synthesis of 6 involved hydration/dehydration of the C4dC5 in the precursor 3a. In the presence
of NH4OH at elevated temperature, 3a underwent a reverse Michael-type addition with water
to produce hydrate 5. At 37 °C, 6 was also hydrated in the presence of S-adenosyl-L-homocysteine
hydrolase to afford 5. Butenolide 6 exhibited an inhibitory property toward the enzyme. Such
type II (enzyme-mediated addition of water across C4dC5) mechanism is the first example of
“enzyme-substrate intermediate” inactivation of S-adenosyl-L-homocysteine hydrolase. In
contrast with type I mechanism-based inactivation, reduction of enzyme-bound NADP+ to
NADPH was not observed. Upon treatment with HCl, stereoselective dehydration of 5 occurred
to give the target molecule 6. At ambident temperature, 3a was hydrated in the presence of
NH4OH or pig liver esterase to produce 6-chloropurine derivative 4. An unambiguous proof of
the structures of 3-5 was obtained by X-ray crystallographic analysis. For the synthesis of
phosphonate derivative 11, the key step involved chlorination of phosphonate 9 by use of
CF3SO2Cl and 1,8-diazabicyclo[5.4.0]undec-7-ene in CH2Cl2. 6-Chloropurine-containing buteno-
lide 3d, 6-chloropurine derivative of 4-hydroxybutenolide 4, and adenine-containing 4-hydroxy-
butenolide 5 did not show anticancer and antiviral activities. 6-Chloropurine-containing
ethylidene-2,3-dialkoxybutenolides 3a-c and phosphonate 11, however, exhibited inhibitory
activity against murine leukemias (L1210 and P388), breast carcinoma (MCF7), and human
T-lymphoblasts (Molt4/C8 and CEM/0) cell lines. They were also notably active toward
thymidine kinase-deficient varicella-zoster virus (TK-VZV). Adenine-containing ethylidene-
2,3-dimethoxybutenolide 6 exhibited marked selectivity in cytostatic activity against the murine
leukemia (P388) cell line.

Introduction

The biological importance of unsaturated lactones is
well known.1-7 In particular, the γ-alkylidenebutenolide
skeleton8,9 is a useful entity that is present in natural
products such as fibrolides,10 dihydroxerulin,11 and pro-
toanemonin.12 Protoanemonin, its analogues, and its
derivatives possess antiviral, antibiotic, and anticancer
activities.12,13 Thus, unsaturated analogues of nucleo-
sides are a focus of much attention as antiviral and
antitumor agents.13-18

Mechanism-based inhibition of enzymes that are
crucial to metabolic pathways involved in cell division
is an attractive concept for the design of rational che-
motherapeutic agents.19,20 Such an enzyme in the
nucleic acid manifold is S-adenosyl-L-homocysteine hy-
drolase (AdoHcy hydrolase) (EC 3.3.1.1).21 AdoHcy

hydrolase catalyzes the hydrolysis of AdoHcy to Hcy and
adenosine.22,23 This regulatory enzyme modulates the
continuous biosynthesis of nucleic acids by cleavage of
AdoHcy.23 Thus, it has attracted considerable attention
as a target for the design of antiviral and/or anticancer
drugs.24-27

Herein we report the synthesis of a new series of
purine derivatives of unsaturated lactones 3a-d, 4-6,
and 11, their inhibitory effects on AdoHcy hydrolase,
and their antiviral as well as anticancer activities.

Chemistry

Synthesis of Purine-Substituted Butenolides
3a-d and 6 (Scheme 1). We treated ditosylates 1a-
d8,28 with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and
n-Bu4NCl in CH3CN at reflux to produce the corre-
sponding chloro-γ-(Z)-ethylidene-2,3-dialkoxybuteno-
lides 2a-d in about 80% yield.8 The structures of 2c
and 2d were confirmed by X-ray crystallography (data
not shown). The stereochemistry of the C4dC5 in 2a and
2b was deduced from 1H NMR characteristics of the
olefin proton.8,29 Chloro compounds 2a-d were con-
densed, individually, with 6-chloropurine by use of Et3N

* To whom correspondence should be addressed. Phone: 886-2-
27898597. Fax: 886-2-27831237. E-mail: hosein@chem.sinica.edu.tw.

† Academia Sinica.
‡ National Tsing Hua University.
§ Tehran University.
| Shiraz University of Medical Sciences.
⊥ Present address: Department of Cell Biology, Faculty of Medicine,

University of Alberta, Edmonton, Alberta T6G 2H7.

1749J. Med. Chem. 2001, 44, 1749-1757

10.1021/jm0004446 CCC: $20.00 © 2001 American Chemical Society
Published on Web 04/27/2001



in DMF to afford the corresponding N9-alkylated prod-
ucts 3a-d (70-80% yields). Stereostructure of 3a was
determined by its X-ray crystallographic analysis (Fig-
ure 1).

Treatment of 3a with NH3 gas in CH3CN at 80 °C
resulted in destruction of 3a, and the target molecule 6
was obtained in 16% yield only. We believe that the
reactivity of C4dC5 in 3a was responsible for the low-
yield preparation of adenine-containing γ-(Z)-ethylidene-
2,3-dimethoxybutenolide 6. We took advantage of this
reactivity and proposed to protect the C4dC5 in 3a
through a reverse Michael-type addition of H2O. To
evaluate this hypothesis, we calculated bond charge (δq)
for C4dC5 in 3a (C4dC5 δq ) C5q - C4q ) -0.97e); the
δqs for the carbonyl of â-lactam nucleus in a serious of
carbapenems were recently found to be about -1.50e.30

These results indicate the susceptibility of C-4 in 3a
toward nucleophilic attack by H2O. Thus, treatment of
3a with NH4OH in CH3CN at 25 °C afforded the racemic
hydrated 6-chloropurine derivative 4 in 84% yield.
Compound 3a was also enantioselectively hydrated by
use of pig liver esterase (PLE) at pH 6.8 to give 4, [R]25

D
-15.40, in 95% yield. Furthermore, reaction of 3a with
NH4OH in CH3CN at 60 °C produced the racemic
hydrated adenine derivative 5 in 80% yield. The ste-
reostructures of 4 and 5 were determined by spectro-
scopic methods as well as X-ray crystallographic analy-
ses (see Figures 2 and 3). A plausible mechanism for
the hydration of 3a is proposed in Scheme 2.

On the basis of microscopic reversibility, we hypoth-
esized that dehydration of 4 or 5 via the corresponding
intermediates 7 and 8 may produce high yields of the
respective 6-chloropurine-containing γ-(Z)-ethylidene-
2,3-dimethoxybutenolide 3a and adenine-containing
γ-(Z)-ethylidene-2,3-dimethoxybutenolide 6 (see Scheme
2). Thus, compounds 4 and 5 were separately treated
with HCl gas in CH3CN or EtOAc at reflux to afford 3a
(∼80% yield) and 6 (∼85% yield), respectively, in a
stereoselective manner. As shown in Scheme 2, we
believe that the oxygen of the methoxy group at the C-3
position of the intermediate 7 or 8 is responsible for the
observed selectivity through a cis elimination process.
Furthermore, we found by computer modeling that the

Scheme 1. Synthesis of Purine-Containing Butenolides
3-6a

a Reagents: (a) DBU, CH3CN, n-Bu4NCl, reflux, 16 h (80% for
2a, 79% for 2b, 83% for 2c, 81% for 2d); (b) 6-chloropurine, DMF,
Et3N, 25 °C, 16 h, (80% for 3a, 80% for 3b, 70% for 3c, 76% for
3d); (c) NH3 (gas), CH3CN, pressure bottle, 80 °C, 30.0 h, 16%; (d)
For 4: NH4OH, CH3CN, 25 °C, 1.0 h, 84%; (e) For 5: NH4OH,
CH3CN, 60 °C, 3.0 h, 80%; (f) HCl (gas), EtOAc or CH3CN, reflux,
2.0 h, 80-85%.

Figure 1. ORTEP view of the crystal structure of 6-chloro-
purin-9-yl-γ-(Z)-ethylidene-2,3-dimethoxybutenolide 3a.

Figure 2. ORTEP view of the crystal structure of 6-chloro-
purin-9-yl-ethyl-4-hydroxy-2,3-dimethoxybutenolide 4.

Figure 3. ORTEP view of the crystal structure of adenin-9-
yl-ethyl-4-hydroxy-2,3-dimethoxybutenolide 5.
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Z-isomer 6 is thermodynamically more stable than the
respective E-isomer by 2.18 kcal mol-1.

Synthesis of 6-Chloropurine-Substituted Phos-
phonobutenolide 11 (Scheme 3). For the synthesis
of racemic 6-chloropurine-containing dimethylphosphono-
γ-(Z)-ethylidene-2,3-dimethoxybutenolide 11, we reacted
6-chlorobutenolide 2a with P(OMe)3 at reflux. After 3.0
h, phosphonate 9 was obtained in 82% yield. Chlorina-
tion of 9 with CF3SO2Cl31,32 and DBU in CH2Cl2
produced the intermediate 10. This reactive compound
without purification was subsequently treated with
6-chloropurine and Et3N in DMF to afford 11 in 48%
overall yield.

Biological Results and Discussion

Inhibition of AdoHcy Hydrolase. Using methodol-
ogy previously described by Borchardt et al.,22b,33,34

compounds 3a-d, 4-6, and 11 were evaluated for
inhibitory property against purified bovine liver AdoHcy
hydrolase. Neplanocin A, as potent inhibitor of AdoHcy
hydrolase,35 was used as a reference compound. The
maximal inactivation at the highest concentration used
(100 µM) was approximately 63% of the original enzyme
activity with 3a-c and 40% with 11 (Table 1). In
contrast, adenine derivative 6 caused significant inac-
tivation of AdoHcy hydrolase (90%) at a concentration

of 100 µM. Compounds 3d-5 were practically inactive.
6-Chloropurine derivatives 3a-c appear to have similar
inhibitory property. Adenine derivative 6, however, inac-
tivated the enzyme more effectively than 3a-c and 11.

Compound 6 was also shown to be a time-dependent
inactivator of AdoHcy hydrolase (Figure 4). Kinetic
analysis of its inactivation process by the Kitz and
Wilson method22c gave the inactivation rate constant (k2
) 0.052 min-1), dissociation constant (Ki ) 5.68 µM),
and derived second-order rate constant (k2/Ki ) 9.15 ×
103 M-1 min-1).

In contrast with type I mechanism-based inhibition,
“cofactor depletion” in which enzyme-bound NADP+ is
reduced to NADPH, inactivation of AdoHcy hydrolase
with 6 did not result in a change in the initial NADP+/
NADPH ratio.22b On the other hand, if activity of 6

Scheme 2. Mechanism of the Hydration/Dehydration
Reactions

Scheme 3. Synthesis of 6-Chloropurine-Containing
Phosphonobutenolide 11a

a Reagents: (a) P(OMe)3, reflux, 3.0 h, 82%; (b) CF3SO2Cl, DBU,
CH2Cl2, 0-25 °C, 1.5 h; (c) 6-chloropurine, DMF, Et3N, 25 °C, 10
h, 48% overall yields.

Table 1. Inhibition of AdoHcy Hydrolase with 3a-d, 4-6, 11,
and Neplanocin A

enzyme activity remaininga,b(%)

compd 0.1 µM 1.0 µM 10.0 µM 100 µM

neplanocin A 21.83 ( 1.72 7.91 ( 0.12 2.61 ( 0.04 <0.05
3a >99 86.90 ( 2.46 68.20 ( 1.95 34.97 ( 3.24
3b >99 91.03 ( 4.12 71.23 ( 2.87 37.61 ( 2.50
3c >99 87.97 ( 3.26 69.47 ( 2.61 36.18 ( 1.96
3d >99 >99 95.18 ( 3.08 87.45 ( 2.76
(-)-4 >99 >99 >99 >99
(()-4 >99 >99 >99 >99
5 >99 >99 >99 >99
6 87.98 ( 1.53 78.25 ( 2.06 53.26 ( 1.18 9.63 ( 1.03
11 >99 92.78 ( 3.18 84.77 ( 2.09 61.25 ( 2.17

a AdoHcy hydrolase (25.0 nM)33,34 was incubated with varying
concentrations of neplanocin A, 3a-d, 4-6, and 11 at 37 °C for
20 min, and the remaining enzyme activity was determined by
measuring rates of formation of AdoHcy from Ado and Hcy as
described.22b b Data are the average of duplicate determinations.

Figure 4. Time-dependent inactivation of AdoHcy hydrolase
(25.0 nM) with 6 (0, 2.50 µM; ×, 5.00 µM; O, 10.0 µM; ∆, 20.0
µM) in buffer solution (pH 7.20) at 37 °C. At the indicated time
points, residual enzyme activity was determined.22b Inset: Plot
of 1/kapp versus 1/[I] from which Ki and k2 values were
calculated.22c Data are the average of duplicate measurements.
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against AdoHcy hydrolase involves nucleophilic cataly-
sis, it is conceivable that a covalent bond might be
formed linking the enzyme and the inhibitor. As such,
attack by amino acid functionalities (e.g., an amino
group on Lys-426 or Arg-196) might cause type II
(covalent binding) inhibition of the enzyme.22b In fact,
compound 6 was enantioselectively hydrated to 5, [R]25

D
-20.32, in the presence of AdoHcy hydrolase in phos-
phate buffer, pH 7.20, at 37 °C after 4 h, indicating that
this compound is a substrate for hydrating activity of
the enzyme. Such “enzyme-substrate intermediate” type
inactivation of AdoHcy hydrolase would be unique.

Kinetic Studies of Competitive Inhibition of
ADA. By following an established procedure,36 we
determined the rates of deamination of 5, 6, and
adenosine in the presence of calf mucosal ADA (EC
3.5.4.4) in buffer solutions. Inhibition studies were
carried out on the basis of the Kaplan method.37 The
results are shown in Table 2.

We found that compound 6 was an ADA substrate.
The Vmax of 6 was, however, 10-5 times less than that
of adenosine. Compound 6 showed competitive inhibi-
tion of ADA when adenosine was used as a substrate.
Compound 5 was neither a substrate nor an inhibitor
of ADA.

Anticancer Activity. The anticancer screening ex-
periments for compounds 3a-d, 4-6, 11, as well as the

reference compound 9-(â-D-arabinofuranosyl)cytosine
(ara-C) were carried out in vitro against murine leuke-
mias (L1210 and P388), breast carcinoma (MCF7), and
human T-lymphocytes (Molt4/C8 and CEM/0). The
activity is expressed as the concentration (µM) required
to inhibit tumor cell proliferation by 50% (IC50).13a,13b

Results are listed in Table 3.
6-Chloropurine derivatives 3a-c displayed more pro-

nounced inhibition on the majority of examined cell
lines. These compounds, however, are at least 10 times
less active than ara-C (Table 3). On the other hand,
toxicity (IC50) of 3a-c against uninfected cells is about
20 µM (see Table 4); yet ara-C possesses an IC50 value
of 2.05 × 10-4 µM toward HeLa cells.13c Adenine-
containing butenolide 6 exhibited marked selectivity in
cytostatic activity against P388 leukemia. Phosphonate
derivative 11 showed slight inhibitory activity against
malignant murines and the human Molt4/C8. 6-Chlo-
ropurine-containing butenolide 3d as well as the hy-
drated derivatives 4 and 5 were totally inactive against
malignant tumor cell lines.

Antiviral Activity. We tested the synthesized com-
pounds for their inhibition of cytopathogenicity of herpes
simplex type 1 virus (HSV-1), herpes simplex type 2
virus (HSV-2), thymidine kinase-positive (TK+), and
thymidine kinase-deficient (TK-) strains of varicella-
zoster virus (VZV) in HeLa cell culture.38,39 These
compounds include 3a-d, 4-6, and 11. Acyclovir was
used as the reference compound. Toxicity of these
compounds was evaluated by their ability to cause
morphological changes in cells at different concentra-
tions. The minimum inhibitory concentrations (IC50),
measured by use of the linear regression method,39,40

are summarized in Table 4.
Compounds 3a-c, 6, and 11 were found to be more

active than acyclovir against TK-VZV. 6-Chloropurine

Table 3. Inhibitory Effects of Butenolides 3a-d, 4-6, 11, and ara-C on the Growth of Malignant Tumor Cell Lines

IC50
a (µM)

compd L1210 P388 MCF7 Molt4/C8 CEM/0

ara-C 0.17 ( 0.03 0.14 ( 0.01 1.03 ( 0.34 0.65 ( 0.02 0.78 ( 0.01
3a 4.52 ( 0.78 8.12 ( 1.03 16.87 ( 1.79 5.97 ( 0.92 4.71 ( 0.97
3b 5.81 ( 0.71 6.49 ( 0.96 15.43 ( 2.04 7.35 ( 1.01 3.98 ( 0.49
3c 6.03 ( 0.97 7.42 ( 1.01 14.21 ( 1.85 6.16 ( 0.74 5.04 ( 0.66
3d >120 >120 >120 >120 >120
(()-4 >120 >120 >120 >120 >120
5 >120 >120 >120 >120 >120
6 93.35 ( 3.25 2.67 ( 0.58 >120 78.46 ( 2.71 84.51 ( 3.12
11 16.25 ( 2.16 14.31 ( 1.08 90.11 ( 3.78 12.47 ( 0.96 96.05 ( 4.01

a The IC50 values were estimated from dose-response curves compiled from at least two independent experiments and represent the
compound concentration (µM) required to inhibit tumor cell proliferation by 50%.

Table 4. Anti-Herpes and Anticellular Activities of 3a-d, 4-6, 11, and Acyclovir in Tissue Culture

IC50
a (µM)

compd HSV-1 (KOS) HSV-2 (G) TK+VZV (YS) TK-VZV (YS/R) HeLa cellb

acyclovir 0.11 ( 0.01 0.19 ( 0.02 8.71 ( 0.13 26.43 ( 1.02 253.64 ( 2.12
3a 10.91 ( 0.10 13.33 ( 0.12 5.92 ( 0.07 1.62 ( 0.11 23.37 ( 1.14
3b 9.83 ( 0.24 14.82 ( 0.23 4.40 ( 0.14 1.03 ( 0.02 19.32 ( 1.13
3c 7.24 ( 0.53 12.61 ( 0.53 6.32 ( 0.03 0.89 ( 0.31 20.18 ( 2.02
3d 28.45 ( 1.21 40.47 ( 0.87 37.49 ( 0.43 34.74 ( 0.38 16.97 ( 2.06
(()-4 >128 >128 >128 >128 148.93 ( 2.35
(-)-4 >128 >128 >128 >128 132.43 ( 1.68
5 >128 >128 >128 >128 156.73 ( 3.16
6 14.54 ( 0.94 13.54 ( 0.94 12.82 ( 0.12 6.07 ( 0.29 42.35 ( 2.09
11 13.15 ( 1.02 16.17 ( 2.10 10.21 ( 0.16 5.03 ( 0.08 28.14 ( 1.14

a Inhibitory concentrations (IC50) represent the mean of duplicate determinations.38-40 b Concentration of the compound required to
cause microscopically visible change or disruption in about 50% of the cell sheet.

Table 2. Substrate Activities and Inhibitory Properties against
Adenosine Deaminasea

substrate Km (µM) rel Vmax Ki (µM)

adenosine 43.24 1.00
5 >800 >800
6 265.63 1.97 × 10-5 315.68
a Kinetic parameters of adenine derivatives as substrates or

inhibitors of ADA (EC 3.5.4.4) were determined as described by
Ogilvie et al.36 and Moosavi-Movahedi et al.37
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derivatives 3a-c, however, showed the most significant
antiviral activity against TK-VZV. The antiviral activity
of adenine derivative 6 and phosphonate 11 was also
more against TK-VZV than other viruses. 6-Chloropu-
rine derivative 3d exhibited very weak antiviral activity.
On the other hand, the hydrated derivatives 4 and 5
did not inhibit cytopathogenicity of the herpes viruses.

Summary and Conclusions

A series of new purines-containing alkylidenebuteno-
lides were synthesized. These compounds include 6-chlo-
ropurine derivatives of γ-(Z)-ethylidene-2,3-dimethoxy-
butenolide 3a, γ-(Z)-ethylidene-2-methoxy-3-(4-nitro)-
benzyloxybutenolide 3b, γ-(Z)-ethylidene-2-(4-nitro)ben-
zyloxy-3-methoxybutenolide 3c, γ-(Z)-ethylidene-2,3-
di(4-nitro)benzyloxybutenolide 3d, and dimethylphos-
phono-γ-(Z)-ethylidene-2,3-dimethoxybutenolide 11 as
well as adenine derivative of γ-(Z)-ethylidene-2,3-
dimethoxybutenolide 6. Compounds 3a-c are weak
inhibitors of AdoHcy hydrolase. Nevertheless, they
showed notable antiviral and anticancer activities. On
the other hand, 3d possessing 2,3-di(4-nitro)benzyloxy
groups is not an effective inhibitor of AdoHcy hydrolase.
It was a weak antiviral agent and did not inhibit the
growth of tumor cell lines. An ethylidene unit appears
to be essential for biological activity. The C4dC5 in 11
is sterically hindered by an adjacent phosphonate
functionality at C-6 position. As such, phosphonate 11
is an extremely weak inhibitor for AdoHcy hydrolase.
Its antiviral and anticancer properties were also weak.
Adenine derivative 6 inhibited AdoHcy hydrolase through
an “enzyme-substrate intermediate” mechanism. This
is the first example of type II nucleophilic catalysis
inhibitor that catalyzed hydration of inhibitor 6 to 5.
In contrast with type I mechanism-based inactivation,
reduction of enzyme-bound NADP+ to NADPH was not
observed in the presence of 6. This compound inhibited
specifically P388 leukemia cells but not the other ones.
Compound 6 exhibited weak activity against herpes
viruses. The lack of significant biological activity of 6
may be due to its deamination by ADA in the cellular
system. Results from biological tests indicate that the
hydrated derivatives 4 and 5 were totally inactive.
Consequently, the biological properties of 3a-c, 6, and
11 may have its origin in the C4dC5.

Experimental Section
General. For anhydrous reactions, glassware was dried

overnight in an oven at 120 °C and cooled in a desiccator over
anhydrous CaSO4 or silica gel. Reagents were purchased from
Sigma or Fluka Chemical Co. Solvents, including dry ether
and tetrahydrofuran (THF), were obtained by distillation from
the sodium ketyl of benzophenone under nitrogen. Other
solvents, including chloroform, dichloromethane, ethyl acetate,
and hexanes were distilled over CaH2 under nitrogen. Absolute
methanol and ethanol were purchased from Merck and used
as received.

Melting points were obtained with a Büchi 510 melting point
apparatus. Infrared (IR) spectra were recorded on a Beckman
IR-8 spectrophotometer. The wavenumbers reported are ref-
erenced to the 1601 cm-1 absorption of polystyrene. Proton
NMR spectra were obtained on a Varian XL-300 (300 MHz)
spectrometer. Chloroform-d and dimethyl sulfoxide-d6 were
used as solvent; Me4Si (δ 0.00 ppm) was used as an internal
standard. All NMR chemical shifts are reported as δ values
in parts per million (ppm), and coupling constants (J) are given
in hertz (Hz). The splitting pattern abbreviations are as

follows: s, singlet; d, doublet; t, triplet; q, quartet; br, broad;
m, unresolved multiplet due to the field strength of the
instrument; and dd, doublet of doublets. For 31P NMR, acetone-
d6 was used as solvent; PO(Me)3 (δ 1.59 ppm) was used as an
internal standard. UV-vis spectroscopy was carried out using
an HP8452A diode array spectrophotometer. Mass spectra
were carried out on a VG 70-250 S mass spectrometer.
Microanalyses were performed on a Perkin-Elmer 240-B
microanalyzer.

Purification on silica gel refers to gravity column chroma-
tography on Merck silica gel 60 (particle size 230-400 mesh).
Analytical TLC was performed on precoated plates purchased
from Merck (silica gel 60 F254). Compounds were visualized
by use of UV light, I2 vapor, or 2.5% phosphomolybdic acid in
ethanol with heating.

Natural Bond Orbital (NBO) Partial Atomic Charges.
Ab initio calculations were carried out by using the Gaussian
98 program.41 Full geometry optimization of 3a was performed
at the HF/3-21G* level. Single-point HF/6-31G* calculations
were carried out to evaluate the natural bond orbital (NBO)
partial atomic charges.42 The results were analyzed in terms
of a bond charge (δq), which is defined as the difference
between the atomic charges of the terminal and initial atoms
of a given bond, δq ) qt - qi. The bond charge can be regarded
as a measure of the chemical bond polarity.

Crystallographic Analysis. Crystals of 3a for X-ray
structure analysis were prepared by growth under slow
evaporation at room temperature of the dilute solution of
EtOAc. For 4 and 5, crystallization was performed in a dilute
solution of MeOH. Specimens of suitable quality were mounted
in a thin walled glass capillary and used for measurement of
precise cell constants and intensity data collection. Diffraction
measurements were made on an Enraf-Nonius CAD-4 diffrac-
tometer by use of graphite-monochromatized Mo KR radiation
(λ ) 0.71069 Å). Unit cell parameters were obtained by a least-
squares fit to the automatically centered settings for 25
reflections. Intensity data collected by use of ω/2θ scan mode.
All intensity data were collected for Lorentz polarization and
absorption (empirical ψ corrections). The structures of 3a, 4,
and 5 were solved by direct methods (Solver).43 All non-
hydrogen atoms were located from the difference Fourier maps,
and were refined by full-matrix least squares procedures as
well as with anisotropic displacement factors. Calculations and
full matrix least-squares refinements were performed by
utilization of the NRCVAX program package.43,44

Crystal data for 3a: Mr ) 322.05, space group P21/C, a )
7.0560 (4) Å, b ) 28.0260 (4) Å, c ) 7.1563 (8) Å, â ) 95.190
(3)°, V ) 1409.3 (8) Å3, Z ) 4, F(000) ) 668, dR ) 1.526 g cm-3,
µ(Mo KR) ) 0.290 mm-1, S ) 0.9808, Rf/Rw ) 0.044/0.057 for
200 parameters and 1765 reflections, and Rf/Rw ) 0.069/0.058
for all 2490 independent reflections measured in the range
2.50-2Θ-50.00°.

Crystal data for 4: Mr ) 340.06, space group Pm-1, a )
7.7690 (8) Å, b ) 9.8250 (3) Å, c ) 10.1511 (12) Å, R ) 79.172
(17)°, â ) 78.350 (9)°, γ ) 82.412 (18)°, V ) 741.8 (3) Å3, Z )
2, F(000) ) 352, dR ) 1.526 g cm-3, µ (Mo KR) ) 0.290 mm-1,
S ) 0.9860, Rf/Rw ) 0.050/0.061 for 217 parameters and 2077
reflections, and Rf/Rw ) 0.064/0.062 for all 2603 independent
reflections measured in the range 2.50-2Θ-50.00°.

Crystal data for 5: Mr ) 321.11, space group Pm-1, a )
8.1060 (4) Å, b ) 9.6871 (21) Å, c ) 13.0600 (4) Å, R ) 98.636
(21)°, â ) 90.490 (3)°, γ ) 109.080 (3)°, V ) 956.3 (6) Å3, Z )
2, F(000) ) 400, dR ) 1.324 g cm-3, µ (Mo KR) ) 0.100 mm-1,
S ) 0.8005, Rf/Rw ) 0.076/0.089 for 244 parameters and 2190
reflections, and Rf/Rw ) 0.112/0.090 for all 3375 independent
reflections measured in the range 2.50-2Θ-50.00°.

Purification of AdoHcy Hydrolase and Evaluation of
the Effectiveness of Potential Inhibitors. AdoHcy hydro-
lase was purified from bovin liver as described by Borchardt
et al.33,34 Incubation of AdoHcy hydrolase (25.0 nM) with
varying concentrations of neplanocin A, 3a-d, 4-6, and 11

For 3a: C4dC5 δq ) C5q - C4q ) -0.97e
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in potassium phosphate buffer (500 µL; 50.0 mM, pH 7.20)
containing EDTA (1.00 mM) at 37 °C for 20.0 min gave the
data shown in Table 1. The remaining enzyme activity was
determined by the method of Robins et al.22b This method
involves measuring rates of formation of AdoHcy from Ado and
Hcy in phosphate buffer containing EDTA at 37 °C for 15.0
min.

Determination of AdoHcy Hydrolase Inhibition Con-
stants. Incubation of AdoHcy hydrolase (25.0 nM) with various
concentrations of 6 (2.50-20.0 µM) for different times (0-20
min) gave the data shown in Figure 4.22b Time-dependent
inactivation data were used to calculate the pseudo-first-order
rate constants (kapp) by plotting the logarithm of the remaining
enzyme activity versus time. The kinetic constants k2 and Ki

were obtained from a plot of 1/kapp versus 1/[inhibitor] using
the equation 1/kapp ) 1/k2 + (Ki/k2)/[I].22c

Analysis of E-NADP+ and E-NADPH. To AdoHcy hydro-
lase (50 µM) in 1.0 mL of 50.0 mM phosphate buffer (pH 7.20)
containing 1.0 mM EDTA was added 6 (15.0 mM), with mixing
for 20 s. The UV spectrum (280-500 nm) was recorded
periodically at 25 °C. The reference cell contained the same
enzyme solution to which had been added 100 µL of water.22b

No increase in the absorbance at 320-340 nm was observed
within 20 min. Thus, the conversion of E-NADP+ to E-NADPH
did not occur.

Adenosine Deaminase Studies. The reported procedures
were used for ADA.36,37 Results are summarized in Table 2.

Anticancer Test Procedure in Vitro. Murine leukemias
(L1210 and P388), breast carcinoma (MCF7), and human
T-lymphoblasts (Molt4/C8 and CEM/0) cell lines were cultured
in DMEM supplemented with 10% FBS, 2.0 mM glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin in a humidi-
fied atmosphere with 5% CO2 at 37 °C.13 Under this condition,
the generation time for L1210, P388, MCF7, Molt4/C8, and
CEM/0 cells was about 13, 12, 17, 18, and 21 h, respectively.
Compounds 3a-d, 4-6, 11, and ara-C, at various concentra-
tions, were added to L1210, P388, MCF7, Molt4/C8, and
CEM/0 cells (200 cells/mL) in their exponential phase of
growth. The cell numbers of the control cultures, as well as
that of the cultures supplemented with the test compounds,
were determined after 24, 48, and 72 h of growth. The IC50

values were estimated from dose-response curves compiled
from two independent experiments and represent the com-
pound concentration (µM) required to inhibit proliferation of
the respective malignant tumor cell lines by 50% after 72 h
incubation (Table 3).

Antiviral and Anticellular Evaluations. The methods
for measuring viruses-induced cytopathogenicity as well as the
toxicity of 3a-d, 4-6, and 11 toward HeLa cell have been
described previously.38-40 Results are summarized in Table 4.

(Z)-4-(2-Chloroethylidene)-2,3-dimethoxy-∆r,â-buteno-
lide (2a). To a solution of ditosylate 1a (5.12 g, 9.99 mmol) in
CH3CN (100 mL) and DBU (1.53 g, 10.0 mmol) was added
n-Bu4NCl (2.78 g, 10.0 mmol). The reaction mixture was
stirred at reflux for 16 h. The solution was concentrated under
reduced pressure, and EtOAc (160 mL) was added. The EtOAc
solution was washed with water (3 × 100 mL). Then, it was
dried over MgSO4(s) and filtered. Evaporation under reduced
pressure and purification of the residue by use of column
chromatography (hexanes/EtOAc ) 8.5:1.5) afforded 2a (1.63
g, 7.99 mmol) as an oil in 80% yield: Rf (hexanes/EtOAc )
1:1) 0.68; IR (CH2Cl2) ν 2920 (C5H), 1782 (CdO), 1668 (CdC)
cm-1; UV (EtOH) λmax 210 (log ε 5.10); 1H NMR (CDCl3) δ 3.88
(s, 3 H, C2OCH3), 4.08 (s, 3 H, C3OCH3), 4.30 (d, J ) 7.50 Hz,
2 H, CH2), 5.38 (t, J ) 7.50 Hz, 1 H, dCH); 13C NMR (CDCl3)
δ 36.32 (C6), 59.21 (2-OCH3), 60.10 (3-OCH3), 103.41 (C5),
125.20 (C4), 143.52 (C2), 148.01 (C3), 164.51 (CdO); MS m/z
204 (M+, Cl-cluster). Αnal. (C8H9O4Cl) C, H, Cl.

(Z)-4-(2-Chloroethylidene)-2-methoxy-3-(4-nitro)ben-
zyloxy-∆r,â-butenolide (2b). Compound 2b (2.56 g, 7.86
mmol) was prepared in 79% yield from 1b (6.30 g, 9.95 mmol),
DBU (1.53 g, 10.0 mmol), and n-Bu4NCl (2.78 g, 10.0 mmol)
in CH3CN (100 mL) by the method used for the synthesis of
2a from 1a: mp 134-136 °C; Rf (hexanes/EtOAc ) 1:1) 0.48;

IR (CH2Cl2) ν 2947 (C5H), 1780 (CdO), 1659 (CdC),1527, 1344,
850 (NO2) cm-1; UV (EtOH) λmax 206 (log ε 4.10), λmax 275 (log
ε 5.03); 1H NMR (CDCl3) δ 3.85 (s, 3 H, C2OCH3), 4.27 (d, J )
8.40 Hz, 2 H, CH2), 5.53 (t, J ) 8.40 Hz, 1 H, dCH),5.52 (s, 2
H, CH2), 7.51 (AB q, J ) 8.10 Hz, 2 H, Ph), 8.24 (AB q, J )
8.10 Hz, 2 H, Ph); 13C NMR (CDCl3) δ 36.30 (C6), 59.81 (2-
OCH3), 71.70 (3-OCH2), 103.93 (C5), 123.92 (C4), 143.31 (C2),
147.96 (C3), 162.83 (CdO), 125.60-145.68 (Ph); MS m/z 325
(M+, Cl-cluster). Αnal. (C14H12 NO6Cl) C, H, N, Cl.

(Z)-4-(2-Chloroethylidene)-2-(4-nitro)benzyloxy-3-meth-
oxy-∆r,â-butenolide (2c). Compound 2c (2.69 g, 8.26 mmol)
was prepared in 83% yield from 1c (6.30 g, 9.95 mmol), DBU
(1.53 g, 10.0 mmol), and n-Bu4NF (2.78 g, 10.0 mmol) in
CH3CN (100 mL) by the method used for the synthesis of 2a
from 1a: mp 126-128 °C; Rf (hexanes/EtOAc ) 1:1) 0.51; IR
(CH2Cl2) ν 2949 (C5H), 1777 (CdO), 1655 (CdC), 1523, 1347,
853 (NO2) cm-1; UV (EtOH) λmax 205 (log ε 4.14), λmax 276 (log
ε 5.11); 1H NMR (CDCl3) δ 3.97 (s, 3 H, C3OCH3), 4.19 (d, J )
8.19 Hz, 2 H, CH2), 5.42 (t, J ) 8.19 Hz, 1 H, dCH),5.26 (s, 2
H, CH2), 7.49 (AB q, J ) 8.60 Hz, 2 H, Ph), 8.17 (AB q, J )
8.60 Hz, 2 H, Ph); 13C NMR (CDCl3) δ 36.23 (C6), 59.50 (3-
OCH3), 72.38 (2-OCH2), 104.36 (C5), 123.77 (C4), 142.83 (C2),
147.80 (C3), 163.46 (CdO), 123.18-148.64 (Ph); MS m/z 325
(M+, Cl-cluster). Αnal. (C14H12 NO6Cl) C, H, N, Cl.

(Z)-4-(2-Chloroethylidene)-2,3-di(4-nitro)benzyloxy-
∆r,â-butenolide (2d). Compound 2d (3.60 g, 8.06 mmol) was
prepared in 81% yield from 1d (7.50 g, 9.95 mmol), DBU (1.53
g, 10.0 mmol), and n-Bu4NF (2.78 g, 10.0 mmol) in CH3CN
(100 mL) by the method used for the synthesis of 2a from 1a:
mp 149-151 °C; Rf (hexanes/EtOAc ) 1:1) 0.38; IR (CH2Cl2) ν
2950 (C5H), 1777 (CdO), 1655 (CdC),1528, 1347, 844 (NO2)
cm-1; UV (EtOH) λmax 204 (log ε 4.26), λmax 275 (log ε 6.95); 1H
NMR (CDCl3) δ 4.27 (d, J ) 8.27 Hz, 2 H, CH2), 5.28 (s, 2H,
C2-OCH2), 5.47 (s, 2 H, C3-OCH2), 5.56 (t, J ) 8.27 Hz, 1 H,
dCH), 7.45, 7.46 (2AB q, J ) 8.54 Hz, 4 H, Ph), 8.18, 8.22
(2AB q, J ) 8.54 Hz, 4 H, Ph); 13C NMR (CDCl3) δ 36.15 (C6),
71.89 (2-OCH2) 72.05 (3-OCH2), 104.79 (C5), 123.83 (C4), 142.60
(C2), 147.93 (C3), 162.84 (CdO), 123.76-146.55 (Ph); MS m/z
446 (M+, Cl-cluster). Αnal. (C20H15N2O8Cl) C, H, N, Cl.

(Z)-4-[2-(6-Chloropurin-9-yl)ethylidene]-2,3-dimethoxy-
∆r,â-butenolide (3a). To a solution of 6-chloropurine (1.55 g,
10.0 mmol) and Et3N (5.16 g, 51.0 mmol) in DMF (50 mL) was
added 2a (2.05 g, 10.0 mmol). The reaction mixture was stirred
at 25 °C for 16 h. It was then diluted with EtOAc (150 mL)
and H2O (100 mL). The organic layer was separated and then
washed with H2O (4 × 100 mL). It was then dried over MgSO4-
(s) and concentrated under reduced pressure to yield an oil.
Purification was carried out by use of column chromatography
(hexanes/EtOAc ) 1:1) to afford compound 3a (2.58 g, 8.01
mmol) in 80% yield: mp 105-107 °C; Rf (EtOAc) 0.34; IR (CH2-
Cl2) ν 3115 (C8′H), 3050 (C2′H), 2920 (C5H), 1778 (CdO), 1690
(CdC) cm-1; UV (EtOH) λmax 204 (log ε 4.60), λmax 264 (log ε

4.30); 1H NMR (CDCl3) δ 3.90 (s, 3 H, C2OCH3), 4.09 (s, 3 H,
C3OCH3), 5.11 (d, J ) 7.66 Hz, 2 H, CH2), 5.54 (t, J ) 7.66
Hz, 1 H, dCH), 8.14, 8.74 (2 s, 2 H, C2′H + C8′H); 13C NMR
(CDCl3) δ 38.40 (C6), 59.41 (2-OCH3), 60.20 (3-OCH3), 99.71
(C5), 125.21 (C4), 131.40 (C5′), 144.80 (C2), 144.91 (C2′), 147.70
(C4′), 151.01 (C3), 151.52 (C6′), 152.01 (C8′), 163.22 (CdO); MS
m/z 322 (M+, Cl-cluster). Αnal. (C13H11N4O4Cl) C, H, N, Cl.

(Z)-4-[2-(6-Chloropurin-9-yl)ethylidene]-2-methoxy-3-
(4-nitro)benzyloxy-∆r,â-butenolide (3b). Compound 3b (3.54
g, 7.98 mmol) was prepared in 80% yield from 2b (3.25 g, 9.98
mmol), 6-chloropurine (1.55 g, 10.0 mmol), and Et3N (5.16 g,
51.0 mmol) in DMF (50 mL) by the method used for the
synthesis of 3a from 2a: mp 139-141 °C; Rf (EtOAc) 0.23; IR
(CH2Cl2) ν 3115 (C8′H), 3050 (C2′H), 2920 (C5H), 1780 (CdO),
1659 (CdC) 1523, 1344, 844 (NO2) cm-1; UV (EtOH) λmax 204
(log ε 4.60), λmax 264 (log ε 4.30), 273 sh; 1H NMR (CDCl3) δ
3.86 (s, 3 H, C2OCH3), 5.12 (d, J ) 7.60 Hz, 2 H, CH2), 5.49 (s,
2H, C3OCH2), 5.59 (t, J ) 7.60 Hz, 1 H, dCH), 7.46 (AB q, J
) 8.57 Hz, 2 H, Ph), 8.17 (AB q, J ) 8.57 Hz, 2 H, Ph) 8.18,
8.70 (2 s, 2 H, C2′H + C8′H); 13C NMR (CDCl3) δ 38.51 (C6),
59.83 (2-OCH3), 71.80 (3-OCH2), 100.07 (C5), 123.82 (C4),
127.82 (C5′), 144.68 (C2), 144.92 (C2′), 145.38 (C4′), 147.93 (C3),
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151.43 (C6′), 151.63 (C8′), 162.56 (CdO), 123.87-144.68 (Ph);
MS m/z 443 (M+, Cl-cluster). Αnal. (C19H14N5O6Cl) C, H, N,
Cl.

(Z)-4-[2-(6-Chloropurin-9-yl)ethylidene]-2-(4-nitro)ben-
zyloxy-3-methoxy-∆r,â-butenolide (3c). Compound 3c (1.55
g, 3.49 mmol) was prepared in 70% yield from 2c (1.63 g, 4.99
mmol), 6-chloropurine (0.78 g, 5.0 mmol), and Et3N (25.8 g,
25.5 mmol) in DMF (26 mL) by the method used for the
synthesis of 3a from 2a: mp 145-147 °C; Rf (EtOAc) 0.28; IR
(CH2Cl2) ν 3105 (C8′H), 2954 (C2′H), 2922 (C5H), 1774 (CdO),
1658 (CdC) 1523, 1344, 894 (NO2) cm-1; UV (EtOH) λmax 206
(log ε 4.66), λmax 265 (log ε 4.28), 272 sh; 1H NMR (CDCl3) δ
4.06 (s, 3 H, C3OCH3), 5.11 (d, J ) 7.70 Hz, 2 H, CH2), 5.34 (s,
2H, C2OCH2), 5.57 (t, J ) 7.70 Hz, 1 H, dCH), 7.54 (AB q, J
) 8.82 Hz, 2 H, Ph), 8.17 (AB q, J ) 8.82 Hz, 2 H, Ph) 8.25,
8.74 (2 s, 2 H, C2′H + C8′H); 13C NMR (CDCl3) δ 38.52 (C6),
59.62 (3-OCH3), 72.48 (2-OCH2), 100.59 (C5), 123.37 (C4),
128.68 (C5′), 144.66 (C2), 144.81 (C2′), 147.82 (C4′), 148.03 (C3),
151.47 (C6′), 152.19 (C8′), 163.25 (CdO), 123.93-143.60 (Ph);
MS m/z 443 (M+, Cl-cluster). Αnal. (C19H14N5O6Cl) C, H, N,
Cl.

(Z)-4-[2-(6-Chloropurin-9-yl)ethylidene]-2,3-di(4-nitro)-
benzyloxy-∆r,â-butenolide (3d). Compound 3d (4.29 g, 7.60
mmol) was prepared in 76% yield from 2d (4.46 g, 10.0 mmol),
6-chloropurine (1.55 g, 10.0 mmol), and Et3N (51.6 g, 51.0
mmol) in DMF (50 mL) by the method used for the synthesis
of 3a from 2a: mp 164-166 °C; Rf (EtOAc) 0.16; IR (CH2Cl2)
ν 3025 (C8′H), 2965 (C2′H), 2928 (C5H), 1782 (CdO), 1660 (Cd
C) 1528, 1349, 898 (NO2) cm-1; UV (EtOH) λmax 205 (log ε 4.57),
λmax 266 (log ε 4.28), 277 sh; 1H NMR (CDCl3) δ 5.14 (d, J )
7.50 Hz, 2 H, CH2), 5.31 (s, 2H, C2OCH2), 5.46 (s, 2H, C3OCH2),
5.63 (t, J ) 7.50 Hz, 1 H, dCH), 7.38, 7.48 (2AB q, J ) 8.50
Hz, 4 H, Ph), 8.19, 8.23 (2AB q, J ) 8.50 Hz, 4 H, Ph); 8.24,
8.76 (2 s, 2 H, C2′H + C8′H); 13C NMR (CDCl3) δ 38.56 (C6),
72.04 (2-OCH2), 72.30 (3-OCH2), 101.04 (C5), 123.97 (C4),
127.76 (C5′), 144.37 (C2), 144.85 (C2′), 146.27 (C4′), 148.04 (C3),
151.97 (C6′), 152.27 (C8′), 162.64 (CdO), 128.64-142.42 (Ph);
MS m/z 564 (M+, Cl-cluster). Αnal. (C25H17N6O8Cl) C, H, N,
Cl.

(()-4-Hydroxy-4-[2-(6-Chloropurin-9-yl)ethyl]-2,3-
dimethoxy-∆r,â-butenolide (4). To a solution of 3a (1.67 g,
5.17 mmol) in CH3CN (50 mL) was added 25% of aqueous NH4-
OH solution (40 mL). The mixture was stirred at 25 °C for 1.0
h. The solution was concentrated under reduced pressure to
afford a solid. Purification by use of column chromatography
(EtOAc/MeOH ) 9:1) gave compound (()-4 (1.48 g, 4.35 mmol)
in 84% yield: mp 112-114 °C; Rf (EtOAc) 0.21; IR (KBr) ν
3219 (OH), 3100 (C8′H), 3070 (C2′H), 1775 (CdO), 1670 (CdC)
cm-1; UV (EtOH) λmax 263 (log ε 4.21); 1H NMR (CDCl3) δ 2.41-
2.55 (m, 2 H, C5H2), 3.73 (s, 3 H, C2OCH3), 3.99 (s, 3 H,
C3OCH3), 4.48 (m, 2 H, C6H2), 6.98 (s, 1 H, OH), 8.41, 8.70 (2
s, 2 H, C2′H + C8′H); 13C NMR (CDCl3) δ 35.70 (C5), 39.81 (C6),
59.24 (2-OCH3), 60.85 (3-OCH3), 82.74 (C4), 124.45 (C2), 131.36
(C5′), 146.12 (C4′), 150.73 (C3), 151.71 (C2′), 151.80 (C6′), 155.13
(C8′), 170.50 (CdO); MS m/z 322 (M+-H2O, Cl-cluster). Αnal.
(C13H13N4O5Cl) C, H, N, Cl.

(-)-4-Hydroxy-4-[2-(6-Chloropurin-9-yl)ethyl]-2,3-
dimethoxy-∆r,â-butenolide (4). To a solution of 3a (0.837 g,
2.59 mmol) in acetone (14.0 mL) was added 0.10 M phosphate
buffer solution (pH 6.80, 13.0 mL) containing PLE (EC 3.1.1.1,
150 mg). After the mixture was stirred for 48 h at 25 °C, the
acetone was evaporated, and the aqueous solution was kept
at 10 °C to afford (-)-4 (0.840 g, 2.46 mmol) as white crystals
in 95% yield: mp 112-114 °C; [R]25

D -15.40 (c 1.02, MeOH).
(()-4-Hydroxy-4-[2-(adenin-9-yl)ethyl]-2,3-dimethoxy-

∆r,â-butenolide (5). To a solution of 3a (0.193 g, 0.599 mmol)
in CH3CN (5.0 mL) was added 25% of aqueous NH4OH solution
(6.0 mL) in a pressure bottle. The mixture was stirred at 60
°C for 3.0 h. The solution was concentrated under reduced
pressure, and the residue was purified by use of column
chromatography (EtOAc/MeOH ) 7:3) to afford (()-5 (0.154
g, 0.479 mmol) in 80% yield: mp 144-146 °C; Rf (EtOAc) 0.08;
IR (KBr) ν 3245-3100 (OH, NH2), 3110 (C8′H), 3050 (C2′H),
1774 (CdO), 1669 (CdC) cm-1; UV (EtOH) λmax 259 (log ε 4.31);

1H NMR (CD3OD) δ 2.29-2.49 (m, 2 H, C5H2), 3.69 (s, 3 H,
C2OCH3), 3.88 (s, 3 H, C3OCH3), 4.28 (m, 2 H, C6H2), 8.07,
8.19 (2 s, 2 H, C2′H + C8′H); 13C NMR (CD3OD) δ 36.80 (C5),
40.38 (C6), 59.56 (2-OCH3), 61.41 (3-OCH3), 83.35 (C4), 119.91
(C2), 126.12 (C5′), 142.84 (C4′), 150.64 (C3), 153.63 (C2′), 155.91
(C6′), 157.19 (C8′), 171.41 (CdO); MS m/z 303 (M+ - H2O).
Αnal. (C13H15N5O5) C, H, N.

(-)-4-Hydroxy-4-[2-(adenin-9-yl)ethyl]-2,3-dimethoxy-
∆r,â-butenolide (5). To a solution of 6 (0.012 g, 0.040 mmol)
in 50 mM phosphate buffer solution (pH 7.20, 5.0 mL)
containing 5.0 mM EDTA was added AdoHcy hydrolase (EC
3.3.1.1, 250 nM). After being stirred for 4 h at 37 °C, the
reaction mixture was applied to a Sephadex G-25 spin column
to remove (-)-5 (0.011 g, 0.034 mmol) as white crystals in 85%
yield: mp 145-147 °C; [R]25

D -20.32 (c 1.02, MeOH).
(Z)-4-[2-(Adenin-9-yl)ethylidene]-2,3-dimethoxy-∆r,â-

butenolide (6). Method 1. To a solution of 3a (0.167 g, 0.517
mmol) in CH3CN (10 mL) was added a saturated solution of
CH3CN/NH3 (gas) (70 mL). The mixture was heated in a
pressure bottle at 80 °C for 30 h. The solution was concentrated
under reduced pressure to afford a solid. Purification by use
of column chromatography (EtOAc/MeOH ) 8:2) gave 6 (0.024
g, 0.080 mmol) in 16% yield: mp 138-140 °C; Rf (EtOAc) 0.14;
IR (KBr) ν 3210-3150 (NH2), 3115 (C8′H), 3045 (C2′H), 2930
(C5H), 1775 (CdO), 1668 (CdC) cm-1; UV (EtOH) λmax 209 (log
ε 4.51), λmax 260 (log ε 4.20); 1H NMR (DMSO-d6) δ 3.83 (s, 3
H, C2OCH3), 3.99 (s, 3 H, C3OCH3), 4.91 (d, J ) 7.80 Hz, 2 H,
CH2), 5.32 (t, J ) 7.80 Hz, 1 H, dCH), 7.20 (br, 2 H, NH2),
8.07, 8.14 (2 s, 2 H, C2′H + C8′H); 13C NMR (DMSO-d6) δ 30.67
(C6), 59.23 (2-OCH3), 60.48 (3-OCH3), 101.36 (C5), 128.24 (C4),
133.31 (C5′), 140.52 (C2), 144.40 (C2′), 149.46 (C4′), 152.75 (C3),
156.09 (C6′), 156.14 (C8′), 166.54 (CdO); MS m/z 303 (M+). Anal.
(C13H13N5O4) C, H, N.

Method 2. To a solution of 5 (0.120 g, 0.373 mmol) in EtOAc
(10 mL) was added a saturated solution of EtOAc/HCl (gas)
(50 mL). The suspension was heated at reflux for 2.0 h.
Evaporation and purification of the residue by use of column
chromatography (EtOAc/MeOH ) 8:2) afforded 6 (96.3 mg,
0.317 mmol) in 85% yield.

Method 3. To a solution of 5 (0.360 g, 1.12 mmol) in
CH3CN (20 mL) was added a saturated solution of EtOAc/HCl
(gas) (60 mL). The solution was heated at reflux for 2.0 h.
Evaporation and purification of the residue by use of column
chromatography (EtOAc/MeOH ) 8:2) afforded 6 (0.272 g,
0.896 mmol) in 82% yield.

(Z)-4-(2-Dimethylphosphonoethylidene)-2,3-dimethoxy-
∆r,â-butenolide (9). A solution of 2a (2.20 g, 10.8 mmol) in
P(OMe)3 (13 mL) was heated at reflux for 3.0 h. Then, it was
evaporated, and the residue was dissolved in EtOAc (80 mL).
The EtOAc solution was washed with H2O (2 × 50 mL), dried
over MgSO4 (s), filtered, and concentrated under reduced
pressure. Purification of the residue by use of column chro-
matography (EtOAc) gave the product 9 (2.45 g, 8.82 mmol)
as an oil in 82% yield: Rf (EtOAc) 0.38; IR (CH2Cl2) ν 3003
(C5H), 1770 (CdO), 1650 (CdC), 1255 (PdO) cm-1; UV (EtOH)
λmax 217 (log ε 5.81); 1H NMR (CDCl3) δ 2.79 (dd, J ) 9.10,
21.01 Hz, 2 H, CH2), 3.69 (d, J ) 12.10 Hz, 6 H, P(OCH3)2),
3.85 (s, 3 H, C2OCH3), 4.07 (s, 3 H, C3OCH3), 5.25 (dt, J )
7.21, 12.56 Hz, 1 H, dCH); 13C NMR (CDCl3) δ 30.88 (C6), 36.33
(P(OMe)2), 59.83 (2-OCH3), 68.01 (3-OCH3), 103.98 (C5), 125.67
(C4), 143.34 (C2), 148.04 (C3), 163.51 (CdO); MS m/z 278 (M+,
phosphorus cluster). Αnal. (C10H15O7P) C, H, P.

(()-(Z)-4-[2-Dimethylphosphono-2-(6-chloropurin-9-yl)-
ethylidene]-2,3-dimethoxy-∆r,â-butenolide (11). To a stirred
solution of 9 (2.78 g, 9.99 mmol) in CH2Cl2 (100 mL) and DBU
(1.52 g, 9.98 mmol) under argon was added dropwise CF3SO2-
Cl (1.68 g, 9.99 mmol) at 0 °C. The reaction mixture was
allowed to warm to 25 °C within 1.5 h. The solvent was
evaporated under reduced pressure to afford the crude inter-
mediate 10. Then, a solution of 6-chloropurine (1.54 g, 9.96
mmol) in DMF (50 mL) and Et3N (3.03 g, 29.9 mmol) was
added to the intermediate 10 and stirred at 25 °C for 10 h.
The solution was partitioned between EtOAc (150 mL) and
water (120 mL). The organic layer was separated and washed

Synthesis of Purine-Containing Butenolides Journal of Medicinal Chemistry, 2001, Vol. 44, No. 11 1755



with H2O (4 × 100 mL). After it was dried over MgSO4 (s),
the solution was concentrated, and the residue was purified
by use of column chromatography (EtOAc as eluant) to afford
(()-11 (2.06 g, 4.80 mmol) as a foam in 48% overall yields: Rf

(EtOAc) 0.24; IR (CH2Cl2) ν 3020 (C8′H), 3004 (C2′H), 2954
(C5H), 1789 (CdO), 1697 (CdC), 1224 (PdO) cm-1; UV (EtOH)
λmax 214 (log ε 5.62), λmax 264 (log ε 4.31); 1H NMR (CDCl3) δ
3.77 (d, J ) 12.02 Hz, 3 H, P(OCH3)), 3.80 (d, J ) 12.02 Hz, 3
H, P(OCH3)), 3.81 (s, 3 H, C2OCH3), 4.17 (s, 3 H, C3OCH3),
6.54 (dd, J ) 16.51, 32.98 Hz, 1 H, PCH), 7.15 (dd, J )
16.80, 21.25 Hz, 1 H, dCH), 8.08, 8.70 (2 s, 2 H, C2′H +
C8′H); 13C NMR (CDCl3) δ 52.92 (POCH3), 53.03 (POCH3),
60.14 (2-OCH3), 60.26 (3-OCH3), 85.47 (C6), 85.79 (C5), 122.42
(C4), 125.43 (C5′), 132.12 (C2), 140.26 (C3), 140.38 (C4′), 143.04
(C2′), 152.36 (C6′), 153.04 (C8′), 164.40 (CdO); 31P NMR
(acetone-d6) δ 15.08; MS m/z 430 (M+, phosphorus cluster).
Αnal. (C15H16N4O7ClP) C, H, N, Cl, P.

Acknowledgment. For financial support, we thank
the National Science Council of Republic of China,
Academia Sinica, and Tehran University.

Supporting Information Available: Elemental analysis.
This material is available free of charge via the Internet at
http://pubs.acs.org.

References
(1) Doerr, I. L.; Willette, R. E. Synthesis of 5-(9-Adenyl)-4-Ethyl-

3-Methyl-5(H)-Furanone. Tetrahedron Lett. 1970, 667-668.
(2) Pettus, J. A., Jr.; Wing, R. M.; Sims, J. J. Marine Natural

Products XII. Isolation of a Family of Multihalogenated Gama-
Methylene Lactones from the Red Seaweed Delisea fimbriata.
Tetrahedron Lett. 1977, 41-44.

(3) (a) Kupchan, S. M.; Eakin, M. A.; Thomas, A. M. Tumor
Inhibitors. 69. Structure-Cytotoxicity Relationships among the
Sesquiterpene Lactones. J. Med. Chem. 1971, 14, 1147-1152.
(b) Kupchan, S. M.; Fessler, D. C.; Eakin, M. A.; Giacobbe, T. J.
Reactions of Alpha Methylene Lactone Tumor Inhibitors with
Model Biological Nucleophiles. Science 1970, 168, 376-378.

(4) Kraus, G. A.; Sugimoto, H. General Route to γ-Alkylidene
Butenolides. J. Chem. Soc., Chem. Commun. 1978, 30.

(5) Lu, X.; Huang, X.; Ma, S. A Convenient Synthesis of γ-(Z)-
Alkylidene Butenolides. Tetrahedron Lett. 1993, 34, 5963-5966.

(6) Bigorra, J.; Font, J.; de Echagüen, C. O.; Ãrtuño, R. M. Synthetic
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A.; Nagl, A.; Balzarini, J.; DeClercq, E.; Mintas, M. Synthesis
and Antitumor Activities of Novel Pyrimidine Derivatives of 2,3-
O,O-Dibenzyl-6-deoxy-L-ascorbic Acid and 4,5-Didehydro-5,6-
dideoxy-L-ascorbic Acid. J. Med. Chem. 2000, 43, 4806-4811.
(c) Hamamura, E. K.; Prystasz, M.; Verheyden, J. P. H.; Moffatt,
J. G.; Yamaguchi, K.; Uchida, N.; Sato, K.; Nomura, A.; Shiratori,
O.; Takasa, S.; Katagiri, K. Reactions of 2-Acyloxyisobutyryl
Halides with Nucleosides. 8. Synthesis and Biological Evalua-
tions of Some 3′-Acyl and 3′,5′-Diacyl Derivatives of 1-â-D-
Arabinofuranosylcytosine. J. Med. Chem. 1976, 19, 667-674.

(14) Megati, S.; Phadtare, S.; Zemlicka, J. Unsaturated Phosphonates
as Acyclic Nucleotide Analogues. Anomalous Michaelis-Arbuzov
and Michaelis-Becker Reactions with Multiple Bond Systems.
J. Org. Chem. 1992, 57, 2320-2327.

(15) Ashley, G. W.; Stubbe, J. Progress on the Chemical Mechanism
of the Ribonucleotide Reductases. In Inhibitors of Ribonucleoside
Diphosphate Reductase Activity; International Encyclopedia of
Pharmacology and Therapeutics, Section 128; Cory, J. G., Cory,
A. H., Eds.; Pergamon Press: New York, 1989; pp 55-87 and
references therein.

(16) Mitsuya, H.; Yarchoan, R.; Broder, S. Molecular Targets for AIDS
Therapy. Science 1990, 249, 1533-1544.

(17) Haines, D. R.; Tseng, C. K. H.; Marquez, V. E. Synthesis and
Biological Activity of Unsaturated Carboacyclic Purine Nucleo-
side Analogues. J. Med. Chem. 1987, 30, 943-947.

(18) Larsson, A.; Stenberg, K.; Ericson, A.-C.; Haglund, U.; Yisak,
W.-A.; Johansson, N. G.; Oberg, B.; Datema, R. Mode of Action,
Toxicity, Pharmacokinetics, and Efficacy of Some New Antiher-
pesvirus Guanosine Analogs Related to Buciclovir. Antimicrob.
Agents Chemother. 1986, 30, 598-605.

(19) Silverman, R. B. Mechanism-Based Enzyme Inactivation: Chem-
istry and Enzymology; CRC Press: Boca Raton, FL, 1988; pp
3-30.

(20) Wolfe, M. S.; Borchardt, R. T. S-Adenosyl-L-homocysteine Hy-
drolase as a Target for Antiviral Chemotherapy. J. Med. Chem.
1991, 34, 1521-1530.

(21) de la Habe, G.; Cantoni, G. L. The enzymatic Synthesis of
S-Adenosyl-L-homocysteine from Adenosine and Homocysteine.
J. Biol. Chem. 1959, 234, 603-608.

(22) (a) Robins, M. J.; Samano, V.; Zhanq, W.; Balzarini, J.; DeClercq,
E.; Borchardt, R. T.; Lee, Y.; Yuan, C.-S. Nucleic Acid Related
Compounds. 74. Synthesis and Biological Activity of 2′ (and 3′)-
Deoxy-2′ (and 3′)-methylenenucleoside Analogues That Function
as Mechanism-Based Inhibitors of S-Adenosyl-L-homocysteine
Hydrolase and/or Ribonucleotide Reductase. J. Med. Chem. 1992,
35, 2283-2293. (b) Robins, M. J.; Wnuk, S. F.; Yang, X.; Yuan,
C.-S.; Borchardt, R. T.; Balzarini, J.; DeClercq, E. Inactivation
of S-Adenosyl-L-homocysteine Hydrolase and Antiviral Activity
with 5′,5′,6′,6′-Tetradehydro-6′-deoxy-6′-halohomoadenosine Ana-
logues (4′-Haloacetylene Analogues Derived from Adenosine). J.
Med. Chem. 1998, 41, 3857-3864 and references therein. (c)
Kitz, R.; Wilson, I. B. Esters of Methanesulfonic acid as Irrevers-
ible Inhibitors of Acetylcholinesterase. J. Biol. Chem. 1962, 237,
3245-3249.

(23) Houston, D. M.; Matuszewska, B.; Borchardt, R. T. Potential
Inhibitors of S-Adenosylmethionine-Dependent Methyltrans-
ferases. 10. Base- and Amino Acid Modified Analogues of
S-Aristeromycinyl-L-homocysteine. J. Med. Chem. 1985, 28,
478-482.

(24) Ueland, P. M. Pharmacological and Biochemical Aspects of
S-Adenosylhomocysteine and S-Adenosyl-L-homocysteine Hy-
drolase. Pharmacol. Rev. 1982, 34, 223-253.

(25) Borchardt, R. T. S-Adenosyl-L-methionine-Dependent Macro-
molecule Methyltransferases: Potential Targets for the Design
of Chemotherapeutic Agents. J. Med. Chem. 1980, 23, 347-357.

(26) The Biochemistry of S-Adenosylmethionine and Related Com-
pounds; Usdin, E.; Borchardt, R. T.; Creveling, C. R., Eds.;
Macmillan Press: London, 1982.

(27) Richard, H. H.; Chiang, P. K.; Cantoni, G. L. Adenosylhomocys-
teine Hydrolase. Crystallization of the Purified Enzyme and its
Properties. J. Biol. Chem. 1978, 253, 4476-4480.

(28) Mei, N.-W. Ph.D. Thesis, Department of Chemistry, National
Tsing Hua University, Hsinchu, Taiwan, 2000.

(29) Arcadi, A.; Burini, A.; Cacchi, S.; Delmastro, M.; Marinelli, F.;
Pietroni, B. R. Palladium-Catalyzed Reaction of Vinyl Triflates
and Vinyl/Aryl Halides with 4-Alkynoic Acids: Regio- and
Stereoselective Synthesis of (E)-δ-Vinyl/aryl-γ-methylene-γ-bu-
tyrolactones. J. Org. Chem. 1992, 57, 976-982.

(30) Hakimelahi, G. H.; Moosavi-Movahedi, A. A.; Tsay, S.-C.; Tsai,
F.-Y.; Wright, J. D.; Dudev, T., Hakimelahi, S,; Lim, C. Design,
Synthesis, and SAR of Novel Carbapenem Antibiotics with High
Stability to Xanthomonas maltophilia Oxyiminocephalospori-
nase Type II. J. Med. Chem. 2000, 43, 3632-3640.

(31) Hakimelahi, G. H.; Just, G. Trifluoromethanesulfonyl Chloride,
A Mild Chlorinating Agent. Tetrahedron Lett. 1979, 3643-3644.

(32) Hwu, J. R.; Hakimelahi, S.; Moosavi-Movahedi, A. A.; Tsay, S.-
C. Concept of Counterattack Reagents: Intramolecular Coun-
terattack Strategy in the Synthesis of Biologically Active Isope-
nams. Chem. Eur. J. 1999, 5, 2705-2711.

(33) Narayanan, S. R.; Keller, B. T.; Borcherding, D. R.; Scholtz, S.
A.; Borchardt, R. T. 9-(trans-2′-,trans-3′-Dihydroxycyclopent-4′-
enyl) Derivatives of Adenine and 3-Deazaadenine: Potent
Inhibitors of Bovine Liver S-Adenosylhomocysteine Hydrolase.
J. Med. Chem. 1988, 31, 500-503.

1756 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 11 Hakimelahi et al.



(34) Ramesh, K.; Wolfe, M. S.; Lee, Y.; Velde, D. V.; Borchardt, R. T.
Synthesis of Hydroxylated Cyclohexenyl- and Cyclohexanylad-
enines as Potential Inhibitors of S-Adenosylhomocysteine Hy-
drolase. J. Org. Chem. 1992, 57, 5861-5868 and ref 19 cited
therein.

(35) Siddiqi, S. M.; Chen, X.; Schneller, S. W. Antiviral Enantiomeric
Preference for 5′-Noraristeromycin. J. Med. Chem. 1994, 37,
551-554.

(36) Ogilvie, K. K.; Nguyen-Ba, N.; Gillen, M. F.; Radatus, B. K.;
Cheriyan, U. O.; Hanna, H. R.; Smith, K. O.; Galloway, K. S.
Synthesis of a Purine Acyclonucleoside Series Having Pro-
nounced Antiviral Activity. The Glyceropurines. Can. J. Chem.
1984, 62, 241-252.

(37) Moosavi-Movahedi, A. A.; Rahmani, Y.; Hakimelahi, G. H.
Thermodynamic and Kinetic Studies of Competitive Inhibition
of Adenosine Deaminase by Ring Open Analogues of Adenine
Nucleoside. Int. J. Biol. Macromol. 1993, 15, 125-129.

(38) De Clercq, E.; Descamps, J.; Verheist, G.; Walker, R. T.; Jones,
A. S.; Torrence, P. f.; Shugar, D. Comparative Efficacy of
Different Antiherpes Drugs Against Different Strains of Herpes
Simplex Virus. J. Infect. Dis. 1980, 141, 563-574.

(39) Davari, H. Doctoral Thesis, School of Veterinary Medicine,
Shiraz University, Shiraz, Iran, 1989.

(40) Armitage, P. Statistical Methods in Medical Research; Blackwell
Scientific Publications: Oxford, U.K., 1983.

(41) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery,
Jr., J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,

J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.;
Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G.
A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, B.; Cioslowski, J.; Ortiz, J.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, I.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres,
J. L.; Head-Gordon, M.; Reploge, E. S.; Pople, J. A. Gaussian
98, Revision A.5; Gaussian Inc.: Pittsburgh, PA, 1998.

(42) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Intermolecular Interac-
tions from a Natural Bond Orbital, Donor-Acceptor Viewpoint.
Chem. Rev. 1988, 88, 899-926.

(43) (a) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White,
P. S. NRCVAX - An Interactive Program System for Structure
Analysis. Appl. Crystallogr. 1989, 22, 384-387. (b) Johnson, C.
K. ORTEPII. Report ORNL-5138; Oak Ridge National Labora-
tory: Tennessee, 1976.

(44) Gabe, E. J.; Lee, F. L.; Le Page, Y. In Crystallographic Comput-
ing 3; Data Collection, Structure Determination, Proteins and
Databases; Sheldrick, G. M., Krüger, C., Goddard, R., Eds.;
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