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Scheme 1. One-pot epoxidation and cyclization

O

OH
(EtO)2P

p-Cl-Ph
O

(EtO)2P

p-Cl-Ph

O O

N

N

N

N

Cl

a or b,c

d - g

O

OH
(BnO)2P

p-Cl-Ph

O

O

B
(HO)2P

p-Cl-Ph

O
b, h, i

3d

N

N

O

NH2

N

N

N

N

NH2

B

i ii iii

4a: B = i
4b: B = ii
4c: B = iii

6a: B = i
6b: B = ii
6c: B = iii

5

Reagents and conditions: (a) purines, PPh3, DEAD/THF, 75% for 4a, 64% for 4b, 
(b) MsCl, Et3N/CH2Cl2, ‒10 oC, 86%, (c) cytosine, Cs2CO3/DMF, 70 oC, 87% (d) 
BzCl, Et3N, DMAP/CH2Cl2, 88% (e) TMSBr/CH2Cl2; MeOH (f) BnOH, DCC/PhH 
(g) K2CO3/MeOH, 41% for three steps (i) nucleic base, K2CO3, 18-C-6/DMF (j) 
10% Pd-C/MeOH, 10% for 6a, 48% for 6b, 31% for 6c, for three steps

Scheme 2. Synthesis of nucleotide analogs

Phosphonate esters play an important role in studying the 
biological system as a hydrolytically stable replacement of phos-
phate groups1a and as prodrugs of phosphonates.1b In continu-
ation of our study on the chemistry of 1-alkenylphosphonates,4 
we were interested in designing and developing versatile syn-
thetic routes to conformationally constrained structures of al-
kenylphosphonate nucleotide analogs.1-3 After reporting a novel 
synthesis of spatially equivalent analogs of 1-alkenylphospho-
nates by introducing cyclopropane ring instead of olefin,5 we 
became interested in dihydrofuranyl phosphonate that would 
provide different constraint to the linker between phosphonate 
and the base. The dihydrofuran ring will serve as a rigid linker 
between purine/pyrimidine bases and phosphonyl groups of 
nucleotide inhibitors. A similar concept was introduced in a re-
cent reports of dihydrofuryl nucleoside analogs that were shown 
to be anti-HCMV with resistance to enzymatic degradation,6 

and tetrahydrofuryl phosphonate analogs of dideoxynucleo-
sides.7 Though there have been many reports of synthesis of 
functionalized dihydrofurans,8 only few examples have been 
reported on the synthesis of phosphonyl derivatives9 with limited 
applicability to the preparation of various derivatives. While 
we were working on the synthesis of cyclopropyl phospho-
nates5 we encountered an unexpected formation of the phos-
phonyl dihydrofuran ring and this observation led us to develop 
a facile synthesis of functionalized dihydrofuranyl phospho-
nates. When 1-acyl-3-butenylphosphonate (1) was treated with 
m-CPBA with an anticipation of obtaining γ,δ-epoxyphospho-
nate (2), 5-hydroxymethyl-3-phosphonyl-4,5-dihydrofuran (3), 
was obtained after basic work-up of the epoxidation reaction 
(Scheme 1). It appeared that the enolate was generated from 
the ketone under the basic condition and subsequent opening 
of the epoxide with the oxygen of the enolate produced the 
dihydrofuran ring during work-up.

With the compound 3 in hand, nucleotide analogs were syn-
thesized. The replacement of hydroxy group could be achieved 
either by direct coupling with a base unit, or by transformation 
to a leaving group with subsequent substitution reaction.10 In our 
system, direct Mitsunobu coupling reaction of hydroxy group 
was proven to be efficient with purine bases. The coupling re-
actions of 3 with 6-chloropurine and adenine under Mitsunobu 
reaction conditions afforded 4a and 4b in yields of 75% and 
64%, respectively (Scheme 2). While coupling reaction of 3 with 
6-chloropurine underwent smoothly at 0 oC, the synthesis of 
4b required lower reaction temperature of ‒10 oC to avoid the 
competing coupling of primary amine group. In case of pyri-
midine, however, an indirect route was more fruitful, where 
the hydroxy group was activated as the mesylate, and then was 
replaced by cytosine (Scheme 2). Among the two nitrogen 
atoms in cytosine, the amino nitrogen did not react in this con-
dition, and there occurred only the desired attack of aromatic 
NH group to give 4c in 87% yield. Unfortunately, direct hydro-
lysis7 of ethyl phosphonates 4a-c did not yield the desired 
phosphonate 6a-c. For the synthesis of 6a-c, ethyl phosphonate 
was replaced by benzyl phosphonate in four step sequence be-
fore the introduction of purine/pyrimidine, and hydrogenolysis 
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Table 1. Cytotoxicity and antiviral activityb

Hela299 Cell

Cytotox.
CC50

a
HCMV AD-169

IC50
a

HCMV Davis
IC50

a

4a 76 56 56
4b 12 > 12 > 12
4c 155 129 139
6a > 33.3 12.7 13.5
6b > 3.7 > 3.7 3.0
6c > 11.1 4.8 6.1

GCV > 10 5.8 0.7
PFA > 300 90 112.8

aµM, bstandard CPE inhibition assay13 was used for antiviral test.

of the benzylphosphonate at the last step produced the desired 
phosphonates.

These compounds were tested for antiviral activity and the 
result was summarized in the Table 1. For the evaluation of 
antiviral activity, CoxB3 strains Nancy, EMCV strains EMC, 
VSV strains Indiana, HSV-1 strains F, HSV-2 strains MS, 
HIV-1 strains IIIB, HIV-2 strains ROD, HCMV AD-169 and 
HCMV Davis were used. HeLa299 cell was used for cytotoxi-
city assay. While cytotoxicity was observed from all the com-
pounds tested, antiviral activity was observed only with HCMV 
strains at the concentration below the cytotoxic level. As antici-
pated, phosphonates 6a and 6c showed the antiviral activity at 
the concentration that was much lower than the cytotoxic con-
centration, and 6b showed antiviral activity near the cytotoxic 
level. This result was quite promising since the previous report 
on slightly different design of nucleoside phosphonates from 
Nair’s group did not show antiviral activity.7 The activity might 
be related to the distance between phosphonate groups and 
purine/pyrimidine bases. When ethyl phosphonates were tested, 
those compounds also showed cytotoxicity and antiviral activity 
close to the cytotoxic level (4a, 4c) or no antiviral activity below 
the cytotoxic level (4b). The fact that the antiviral activities of 
ethyl phosphonates (4a-c) were lower than that of phosphonates 
(6a-c) suggested that the ethyl phosphonates might be prodrugs 
of phosphonates that could be hydrolyzed under the test condi-
tion, or more likely, they showed weak antiviral activity through 
different mechanisms from the nucleotide antiviral compounds.12

In summary, we have designed and synthesized functionaliz-
ed dihydrofurylphosphonates that are constrained analogs of 
1-alkenyl-phosphonate derivatives of purine/pyrimidine nucleo-
tides as they bear phosphonyl groups at the 3-position and 
bases at the methyl group of the 5-position of the furan ring. 
This newly designed dihydrofurylphosphonate analogs of nu-
cleotide showed antiviral activity. Through the current synthetic 
strategy, structural diversification can be easily attainable for 
structure activity relationship study and for the better antiviral 
compounds.
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