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Phosphonate acyclic derivatives of guanines, pyrazolo[3,4-d]pyrimidines, and triazolo[4,5-d]-
pyrimidines (8-azaguanines) are inhibitors of the enzyme purine nucleoside phosphorylase
(PNPase) with Ki′ values ranging from 0.05 to 1.6 µM. These compounds are enzymatically
stable congeners of the potent PNPase inhibitor acyclovir diphosphate (53).

Introduction

Purine nucleoside phosphorylase (PNPase) is an
important enzyme in the purine salvage pathway. It
catalyzes the phosphorolysis of guanosine, inosine, and
the corresponding 2′-deoxyribose analogs to their purine
bases in a reversible reaction.
Studies on children born with a PNP immunodefi-

ciency have suggested utility of PNPase inhibitors for
the treatment of a range of diseases. These include
T-cell leukemia, organ transplant rejections, and auto-
immune dysfunctions such as rheumatoid arthritis and
psoriasis.1,2 As a result of the interest in clinical
applications of PNPase inhibitors, over the years a
considerable number of structure-activity relationship
investigations have identified several potent inhibitors.3-7

Nanomolar potency is necessary for a clinically useful
inhibitor because of the abundance of the enzyme in
human organisms.
One such inhibitor, acyclovir diphosphate (53, ACVDP,

Table 1), has been extensively studied and found to have
Ki′ values ranging from 4 to 10 nM.8-10 X-ray studies
of PNPase have established three discrete binding sites
in the active site of the enzyme: a guanine binding
region, a hydrophobic pocket, and a phosphate binding
site.11 The potency of inhibition by acyclovir diphos-
phate (53) is the result of binding to all three of these
regions. However, because phosphate groups are sus-
ceptible to degradation in vivo, ACVDP is not a drug
candidate.
Attempts to overcome the instability of the phosphate

terminus have focused on evaluation of phosphonate
derivatives of nucleosides, since in these phosphate
mimics the phosphorus-carbon bond is not enzymati-
cally vulnerable to cleavage by phosphatases.
As part of a program on acyclic nucleosides in these

laboratories, we have explored the SAR of a series of
phosphonate derivatives as PNPase inhibitors. We were
interested in the effect that variations of the nitrogen
in the imidazole ring of the guanine molecule would
cause on Ki′ and, implicitly, binding to the guanine site.
In this paper we report the results of the synthesis

and biological testing of a group of guanines, pyrazolo-

[3,4-d]pyrimidines, and triazolo[4,5-d]pyrimidines (8-
azaguanines) for comparative purposes.
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Table 1. Inhibition of Human Erythrocyte Purine Nucleoside
Phosphorylase

no. X ma Ki′ ( SE (N),b (µM)

Guanine Phosphonates (Structure A)
18 (CH2)6CF2 7 0.057 ( 0.002 (2)
24a (CH2)7 7 0.53 ( 0.01 (3)
24b (CH2)8 8 0.39 ( 0.01 (2)
28 (CH2)10 10 1.6 ( 0.03 (2)
32a CH2O(CH2)4 6 0.056 ( 0.005 (3)
32b CH2O(CH2)5 7 0.16 ( 0.01 (2)
32c CH2O(CH2)6 8 0.22 ( 0.01 (2)

Pyrazolo[3,4-d]pyrimidine Phosphonates (Structure B)
21 (CH2)6CF2 7 0.049 ( 0.003 (2)
26a (CH2)7 7 0.58 ( 0.01 (2)
26b (CH2)8 8 1.1 ( 0.01 (2)
36a CH2O(CH2)5 7 0.23 ( 0.01 (3)
36b CH2O(CH2)6 8 0.63 ( 0.0076 (2)

Triazolo[4,5-d]pyrimidine Phosphonates
(8-Azaguanine Phosphonates) (Structure C)

42a (CH2)4 4 7.3 ( 0.1 (2)
42b (CH2)5 5 0.065 ( 0.006 (3)
42c (CH2)6 6 0.36 ( 0.03 (3)
47a CH2O(CH2)4 6 0.048 ( 0.002 (3)
51 CH2O(CH2)5c 7 0.55 ( 0.01 (2)
47b CH2O(CH2)5 7 0.096 ( 0.006 (3)
47c CH2O(CH2)6 8 0.19 ( 0.01 (3)

Guanine Phosphates (Structure D)
52 CH2OCH2CH2CH2CH2 7 0.051 ( 0.002 (4)
53 (ACVDP) CH2OCH2CH2OPO(OH) 7 0.010 ( 0.003 (20)

a m indicates the units of spacer length. b Number of determina-
tions. c 87% 2-isomer, 13% 3-isomer, prepared from alkylation of
silylated 8-azapurine.
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Chemistry
Previous PNPase studies with acyclic purine nucle-

otides had demonstrated the optimal length of the
acyclic chain to be seven or eight methylene or oxygen
atom units between the terminal phosphorous atom and
N-9 nitrogen of the purine.12 Therefore, we chose in
each group to additionally synthesize shorter and longer
members in each acyclic chain to further probe the
binding requirements. A few R,R-difluoro phosphonate
derivatives were also prepared for use in investigating
reports of more potent inhibition of similar analogues
in comparison to their nonfluorinated congeners.13
Syntheses of the acyclic chains are shown in Schemes
1-3.
TheN-alkyl phosphonates derivatives of guanine and

6-amino-4-hydroxypyrazolo[3,4-d]pyrimidine (Schemes
4 and 5) were prepared by direct alkylation of the
appropriate heterocyclic base (15, 19, or 22) in the
presence of a base (NaH or Cs2CO3) with the corre-
sponding alkyl phosphonates having a good leaving

group such as mesylate (4d, 4e, and 14 in Scheme 5) or
iodo (16 in Scheme 4). Although 1H-NMR of the original
reaction mixtures showed what could possibly be minor
amounts of the undesired isomers, only the proper ones
were isolated after column chromatography. Hydrolysis
of the phosphonate esters was achieved using either
TMSBr at room temperature or heating with HCl.
The glycosidic acyclic derivatives of guanine and

6-amino-4-hydroxypyrazolo[3,4-d]pyrimidine (Scheme 6)
were prepared from the diacetylated base (29 or 33) and
the corresponding [(acetoxymethoxy)alkyl]phosphonate
chain (10a, 10b, or 10c) in the presence of p-TsOH as a
catalyst at high temperatures. Removal of the acetyl
group with ammonia and hydrolysis of the phosphonate
esters with TMSBr afforded the final products in
reasonable yields.
Syntheses of the 5-amino-7-hydroxytriazolo[4,5-d]-

pyrimidine (8-azaguanine) acyclic derivatives were ini-
tially attempted by alkylation of silylated 8-azaguanine
with the appropriate acyclic chain reagents. These
reactions produced mixtures of the three isomeric
products which were difficult to separate in a pure state.

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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Interestingly, the predominant isomer often was the N-2
positional analogue. To obtain the desired N-3 isomers
exclusively, the alternative route shown in Schemes 7
and 8 was used. This route is a modification of one
described in the literature for the synthesis of 9-sub-
stituted guanines14 and was previously explored in our
laboratories with simple alkyl chains.15 This is the first
reported synthesis of 3-substituted triazolo[4,5-d]pyrim-
idines (9-substituted 8-azaguanines) in a highly regio-

specific and efficient way. The N-2 isomer (51) was
obtained (contaminated with 13% of the N-3 isomer) by
direct alkylation of the diacetylated base 48 and the
phosphonate chain 10b (Scheme 9) in a similar manner
as described for the pyrazolo[3,4-d]pyrimidines and the
guanine acyclic derivatives (Scheme 6).

Results and Discussion
Enzyme assays and Ki′ determinations were per-

formed as described in the Experimental Section. The
results obtained on the three heterocyclic series are
listed in Table 1 along with reference ACVDP (53) and
the acyclic nucleotide 52.12

In the guanine series (structures A) the phosphonate
derivatives which contained nonfluorinated acyclic chains
with seven or eight atoms units, 24a, 24b, 32b, and 32c,
had similar inhibitory activity. A decrease in the chain
length from seven to six atom units (32a) increased the
inhibitory potency, whereas an increase to 10 atom units
(32c) decreased the inhibitory potency. The glycosidic
compounds were slightly better inhibitors than their
alkyl counterparts with equal chain lengths. This may
result from the enhanced potential for hydrogen bonding
and rotational freedom that the insertion of the oxygen
atom produces. The insertion of the fluoro atoms on the
phosphonate R carbon unit of the seven-carbon alkyl-

Scheme 5

Scheme 6

Scheme 7
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guanine 24a to produce 18 increased the inhibitory
potency approximately 10-fold. The lowerKi′ may result
from enhanced binding at the phosphonate binding site.
This could result from an increase in the acidity of the
phosphonate group (pKa2), due to the electronegative
fluorine atoms, coupled with altered steric effects.
The pyrazolo[3,4-d]pyrimidine phosphonates (struc-

ture B) were also inhibitors, with similar Ki′ values as
their purine counterparts. The glycosidic compounds

were slightly better inhibitors than their alkyl counter-
parts with equal chain lengths as was the case for the
guanine series described above. The increase in inhibi-
tory potency resulting from the R-fluoro substitutions
was also similar to that observed in the guanine series.
These results are an indication of compatibility of the
pyrazole moiety of the bicyclic ring with the guanine
binding region.
In the 8-azaguanine series (structure C) the phospho-

nate analogues which contained a glycosidic chain (47a,
47b, and 47c) had Ki′ values similar to those of their
guanine counterparts. Compound 42b which had an
alkyl chain length of five atom units had a Ki′ value
lower than that of its four and six atom units analogues
(42a and 42c, respectively). An optimum acyclic chain
length of five atom units is shorter than the optimum
length of seven or eight atom units found previously for
acyclovir monophosphate analogues.12 The reasons for
this difference is unclear.
In summary, the introduction or rearrangement of the

nitrogen atoms in the five-membered ring of guanine
does not appear to significantly alter the PNPase
inhibition of its purine congeners. There are, however,
some differences in the optimal length of the acyclic
chain in each series. The availability of X-ray coordi-
nates of the enzyme would be an instructive tool for
determining conformational and binding properties of
these analogues. Pyrrolo[2,3-d]pyrimidines have also
been shown to exhibit comparable inhibitory potency as
purine analogues,16 indicating a considerable range of
tolerance in this guanine binding region unrelated to
differences in the pK of the various heteocyclic rings.

Experimental Section

General Procedures. Melting points were determined in
open glass capillaries with a Thomas-Hoover apparatus, and
are uncorrected. 1H-NMR spectra were recorded at 300 MHz
and 31P-NMR at 121.4 MHz on a Varian XL-300 spectrometer.
CIMS were recorded on a platform mass spectrometer (Fison
Instrument) operated in a APcI (atmospheric pressure chemi-
cal ionization) mode. Ultraviolet spectra were recorded on a
Hewlett-Packard 8452A spectrometer. Evaporations were
performed under diminished pressure in a Buchi rotatory
evaporator at 40 °C unless otherwise indicated. Solutions were
dried over anhydrous Na2SO4. TLCs were run on precoated
glass plates (0.25 mm) with silica gel 60F254 (E. Merck,
Darmstad). Flash column chromatography was performed
with silica gel 60 (230-400 mesh, E. Merck, Darmstad).
Elemental analyses were done by Atlantic Microlabs (Atlanta,
GA). For ion exchange column chromatography, 300 mg of
material were dissolved in 150 mL of deionized water in a
typical example. Any solids were removed by filtration. The
clean solution was applied to a lobar column (2 × 30 cm)
packed with DEAE Sephadex A-25 (HCO3

- form). The column
was successively eluted with H2O (200 mL), 0.025 MNH4HCO3

(500 mL), 0.050 M NH4HCO3 (500 mL), and finally a linear
gradient (0-0.5 M NH4HCO3). For a series of similar com-
pounds only the 1H-NMR data for the first member of the
series is given.
Diethyl 3-Butenylphosphonate (2a) and 2b-e. A mix-

ture of 1 (a-e) (122 mmol) and P(OEt)3 (81 g, 84 mL, 486
mmol) was refluxed for 16 h. Excess P(OEt)3 was removed at
60 °C under reduced pressure to afford pure 2 (a-e) as a syrup.
2a: 76%; 1H-NMR (CDCl3) δ 1.30 (t, J ) 7.0, 6H, OCH2CH3),

1.80 (m, 2H, CH2), 2.18 (m, 2H, CH2), 4.08 (m, 4H, OCH2CH3),
5.00 (m, 2H, vinyl CH2), 5.80 (m, 1H, vinyl CH).
2b: 60%. 2c: 72%. 2d: 71%. 2e: 92%.
Diethyl (4-Hydroxybutyl)phosphonate (3a) and 3b-

e. BH3 (1.0 M) in THF (85 mL, 85 mmol) was slowly added to
a well-stirred solution of 2 (a-e) (80 mmol) in dry THF (120

Scheme 8

Scheme 9
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mL) at 0 °C. The solution was stirred for an additional 0.5 h
at 0 °C and then for 2 h at room temperature. After cooling
to 0-5 °C, H2O (100 mL) was first added, followed by solid
NaBO3‚4H2O (36 g, 230 mmol). The mixture was stirred for
additional 2 h at room temperature and then extracted with
CH2Cl2. The organic solution was dried, filtered, and evapo-
rated to afford pure 3 (a-e) as a syrup.
3a: 30%; 1H-NMR (CDCl3) δ 1.30 (t, J ) 7.0, 6H, OCH2CH3),

1.58-1.82 (m, 6H, (CH2)3), 3.62 (m, 2H, CH2OH), 4.04 (m, 4H,
OCH2CH3).
3b: 83%. 3c: 89%. 3d: 94%. 3e: 91%.
Diethyl [4-(Mesyloxy)butyl]phosphonate (4a) and 4b-

e. To a well-stirred solution of 3 (a-e) (50 mmol) and Et3N
(10.1 g, 13.9 mL, 100 mmol) in dry CH2Cl2 (250 mL) at 0-5
°C was slowly added MeSO2Cl (6.85 g, 4.62 mL, 60 mmol)
under nitrogen. The solution was stirred at 0 °C for 2 h and
then slowly warmed up to room temperature over a period of
1 h. The solution was washed with H2O (3 × 200 mL), dried,
filtered, and evaporated to afford pure 4 (a-e) as a syrup.
4a: 76%; 1H-NMR (CDCl3) δ 1.30 (t, J ) 7.0, 6H, OCH2CH3),

1.60-1.85 (m, 6H, (CH2)3), 2.98 (s, 3H, CH3SO2), 4.04 (m, 4H,
OCH2CH3), 4.20 (t, J ) 6.1, 2H, CH2OMs).
4b: 99%. 4c: 90%. 4d: 95%. 4e: 95%.
Diethyl (4-Azidobutyl)phosphonate (5a) and 5b,c. A

suspension of 4 (a-c) (40 mmol) and NaN3 (7.82 g, 120 mmol)
in dry DMF (80 mL) was stirred at 100 °C for 5 h and then
allowed to cool to room temperature. It was diluted with CH2-
Cl2 (400 mL), washed with H2O (4 × 400 mL), dried, filtered,
and evaporated to afford pure 4 (a-c) as a syrup.
5a: 64%; 1H-NMR (CDCl3) δ 1.31 (t, J ) 6.9, 6H, OCH2CH3),

1.60-1.85 (m, 6H, (CH2)3), 3.25 (t, J ) 6.7, 2H, CH2N3), 4.04
(m, 4H, OCH2CH3).
5b: 78%. 5c: 92%.
Diethyl [4-(Chloromethoxy)butyl]phosphonate (7a)

and 7b,c. To a cold (0 °C) stirred solution of 3 (a-c) (65 mmol)
and paraformaldehyde (2.0 g, 66 mmol) in dry CH2Cl2 (130
mL) was slowly added a solution of 4 N HCl in dioxane (48.5
mL, 193 mmol). The reaction mixture was left with stirring
for 24 h at room temperature. The solution was evaporated
to dryness to afford a syrup that proved to be a 1:1 mixture of
7 (a-c) and the dimer 6 (a-c) by 1H-NMR. The syrup was
treated as before three more times until 1H-NMR spectra
indicated the total disappearance of the dimer. Pure 7 (a-c)
was isolated as a syrup.
7a: 84%; 1H-NMR (CDCl3) δ 1.30 (t, J ) 7.0, 6H, OCH2CH3),

1.60-1.80 (m, 6H, (CH2)3), 3.64 (m, 2H, CH2OCH2Cl), 4.04 (m,
4H, OCH2CH3), 5.45 (s, 2H, OCH2Cl).
7b: 80%. 7c, 66%.
Diethyl [4-(Azidomethoxy)butyl]phosphonate (8a) and

8b,c. A suspension of 7 (a-c) (57.3 mmol) and NaN3 (18.6 g,
286 mmol) in dry MeCN (130 mL) was refluxed for 4 h. After
cooling to room temperature, the solids were filtered, washed
with MeCN, and evaporated to a syrup that was purified by
flash column chromatography (1:1 hexane-acetone). Pure 8
(a-c) was isolated as a syrup.
8a: 30%; 1H-NMR (CDCl3) δ 1.31 (t, J ) 7.0, 6H, OCH2CH3),

1.60-1.80 (m, 6H, (CH2)3), 3.60 (t, J ) 6.3, 2H, CH2OCH2N3),
4.06 (m, 4H, OCH2CH3), 4.61 (s, 2H, OCH2Cl).
8b: 37%. 8c: 25%.
Diethyl [4-(Methoxymethoxy)butyl]phosphonate (9a)

and 9b,c. To a solution of compound 3 (a-c) (28.6 mmol) and
dimethoxymethane (51 mL, 571 mmol) in dry CHCl3 (150 mL)
was added P2O5 (16 g, 28.6 mmol) portionwise, with vigorous
stirring. After stirring at room temperature for 18 h, the
reaction mixture was decanted and the solids washed with
CHCl3. The combined organic layers were washed with
NaHCO3(c) (2 × 200 mL) and H2O (200 mL), dried, filtered,
and evaporated in vacuo to afford 9 (a-c) as a yellow oil.
9a: 51%; 1H-NMR (CDCl3) δ 1.31 (t, J ) 7.1, 6H, OCH2CH3),

1.60-1.78 (m, 6H, (CH2)3), 3.36 (s, 3H, CH2OCH2OCH3), 3.51
(t, J ) 6.3, 2H, CH2OCH2OCH3), 4.06 (m, 4H, OCH2CH3), 4.60
(s, 2H, CH2OCH2OCH3).
9b: 31%. 9c: 56%.
Diethyl [4-(Acetoxymethoxy)butyl]phosphonate (10a)

and 10b,c. To a cold solution (0 °C) of 9 (a-c) (14 mmol) in
Ac2O (11 mL, 120 mmol) was added a solution of H2SO4(c) (0.31

mL, 6 mmol) in Ac2O (1 mL). The mixture was kept in the
cold for 18 h and was then poured into an ice-water bath
containing NaHCO3(c) (100 mL). Stirring continued at room
temperature for 18 h. The mixture was extracted with CHCl3
(2 × 60 mL), washed with NaHCO3(c) (6 × 200 mL) and H2O
(200 mL), dried, filtered, and evaporated in vacuo to afford 10
(a-c) as a yellow oil.
10a: 75%; 1H-NMR (CDCl3) δ 1.31 (t, J ) 7.1, 6H, OCH2CH3),

1.60-1.73 (m, 6H, (CH2)3), 2.08 (s, 3H, OCOCH3), 3.62 (t, J )
6.3, 2H, CH2OCH2OCOCH3), 4.06 (m, 4H, OCH2CH3), 5.24 (s,
2H, CH2OCH2OCOCH3).
10b: 80%. 10c: 94%.
Diethyl [10-(Tetrahydropyranyloxy)decyl]phosphonate

(12). A mixture of 1-bromo-10-(tetrahydropyranyloxy)decane
(11, 18 g, 56 mmol) and P(OEt)3 (19.2 mL, 111.9 mmol) was
treated as described for 2 (a-e). Compound 12 was isolated
as a clear oil (20.18 g, 95%): 1H-NMR (CDCl3) δ 1.29 (t, J )
7.1, 6H, OCH2CH3), 1.51-1.84 (m, 22H, (CH2)9 and CH2CH2

(tetrahydrofuranyl)), 3.31-3.74 (m, 5H, CH2OCHOCH2), 4.11
(m, 2H, OCH2CH3).
Diethyl (10-Hydroxydecyl)phosphonate (13). A solu-

tion of 12 (20.17 g, 53.3 mmol) in EtOH (250 mL) was treated
with AG50W-X8 (H+) ion-exchange resin (2.5 g, prewashed
with methanol), and stirring was continued at room temper-
ature for 3 days. The resin was filtered off and washed with
EtOH. The solvent was evaporated in vacuo, and the residue
was distilled, affording 13 as a clear oil (7.4 g, 47%): 1H-NMR
(CDCl3) δ 1.32 (t, J ) 7.0, 6H, OCH2CH3), 1.58-1.82 (m, 18H,
(CH2)9), 3.37 (t, J ) 6.5 Hz, 1H, OH), 3.99 (m, 2H, CH2OH),
4.09 (m, 2H, OCH2CH3).
Diethyl [10-[(Methylsulfonyl)oxy]decyl]phosphonate

(14). To a cold solution (0 °C) of 13 (1 g, 3.4 mmol) and Et3N
(0.47 mL, 3.4mmol) in dry CH2Cl2 (20 mL) was added a
solution of MeSO2Cl (0.26 mL, 3.4 mmol) dropwise, under
nitrogen. The mixture was stirred at 0 °C for 2 h and then
poured into a beaker containing CH2Cl2-ice water (1:1, 100
mL). The aqueous layer was separated and extracted with
CH2Cl2 (2 × 60 mL). The combined organic extracts were
dried, filtered, and evaporated in vacuo to afford 14 as a clear
oil (1.05 g, 83%): 1H-NMR (CDCl3) δ 1.29 (t, J ) 7.1, 6H,
OCH2CH3), 1.38-1.71 (m, 18H, (CH2)9), 2.99 (s, 3H, CH3SO2),
4.11 (m, 2H, OCH2CH3), 4.21 (t, J ) 6.6, 2H, CH2OMs).
Diethyl [7-(2-Amino-1,6-dihydro-6-chloro-9H-purin-9-

yl)-1,1-difluoroheptyl]phosphonate (17). Compound 17
was prepared in 30% yield from 15 and 16 as described in the
literature.13
[7-(2-Amino-1,6-dihydro-6-chloro-9H-purin-9-yl)-1,1-di-

fluoroheptyl]phosphonic Acid (18). Compound 18 was
prepared in 44% yield from 17 as described in the literature.13
Diethyl [7-(6-Amino-4,5-dihydro-4-methoxy-1H-pyra-

zolo[3,4-d]pyrimidin-1-yl)-1,1-difluoroheptyl]phospho-
nate (20). To a cold solution (0 °C) of 6-amino-4-methoxy-
1H-pyrazolo[3,4-d]pyrimidine (19,17 0.7 g, 4.3 mmol) in dry
DMF (50 mL) was added NaH (60% in mineral oil, 0.187 g,
7.8 mmol), under nitrogen. After the mixture was stirred at
room temperature for 30 min a solution of 7-iodo-1,1-difluoro-
1-(diethylphosphono)heptane13 (16; 1.48 g, 3.9 mmol) in dry
DMF (10 mL) was added. The reaction mixture was stirred
and heated at 90 °C for 18 h under nitrogen and evaporated
under reduced pressure. The residue was purified by flash
column chromatography (1:1 EtOAc-EtOH). Compound 20
was isolated as a yellow oil (0.85 g, 50%): 1H-NMR (DMSO-
d6) δ 1.12-1.91 (m, 16H, OCH2CH3, (CH2)5), 3.78 (m, 4H,
OCH2CH3), 3.96 (s, 3H, OCH3), 4.12 (t, J ) 5.1, 2H, CH2N),
6.79 (br s, 2H, NH2), 7.79 (s, 1H, H-3).
[7-(6-Amino-4,5-dihydro-4-oxo-1H-pyrazolo[3,4-d]py-

rimidin-1-yl)-1,1-difluoroheptyl]phosphonic Acid (21).
TMSBr (1 mL, 7.81 mmol) was added slowly to a solution of
20 (0.82 g, 1.95 mmol) in dry CH2Cl2 (11 mL) at 0 °C under
nitrogen. The reaction mixture was stirred at room temper-
ature for 2 days and evaporated in vacuo to dryness. The
residue was dissolved in dry MeCN and then treated with H2O
(0.3 mL). The milkish solution was diluted with MeOH (5 mL),
and the solids that precipitated were collected by filtration,
suspended in 1 N HCl (7 mL), and heated at 95 °C for 18 h.
The solvent was evaporated in vacuo, and the resulting residue
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was purified by ion exchange column chromatography to afford
compound 21 as a white solid (0.35 g, 44%): 1H-NMR (D2O) δ
1.15-1.89 (m, 10H, (CH2)5), 3.99 (t, J ) 5.1, 2H, CH2N), 7.69
(s, 1H, H-3). Anal. (C12H18N5O4PF2‚0.1 NH4OH‚1.0NH4HCO3)
C, H, N.
Diethyl [7-(2-Amino-1,6-dihydro-6-(2-methoxyethoxy)-

9H-purin-9-yl)heptyl]phosphonate (23a) and 23b. Anhy-
drous cesium carbonate (2.8 g, 8.6 mmol) was added to a
stirred suspension of 2-amino-6-(2-methoxyethoxy)-9H-purine
(22,18 1.0 g, 4.78 mmol) and 4 (d,e) (5.26 mmol) in dry DMF
(40 mL) at room temperature under nitrogen. The reaction
mixture was stirred and heated at 80 °C for 18 h. The solvent
was evaporated under reduced pressure, and the residue was
purified by flash column chromatography (5:2 Et2O-EtOH),
affording 23 (a,b) as a yellow oil.
23a: 50%; 1H-NMR (DMSO-d6) δ 1.15-2.06 (m, 18H, (CH2)6

and OCH2CH3), 3.33 (s, 3H, OCH3), 3.71 (t, J ) 4.6, 2H, OCH2-
CH2O), 3.93-4.04 (m, 4H, OCH2CH3), 4.38 (t, J ) 5.1, 2H,
CH2N), 4.53 (t, J ) 4.5, 2H, OCH2CH2O), 6.41 (br s, 2H, NH2),
7.88 (s, 1H, H-8).
23b: 47%.
[7-(2-Amino-1,6-dihydro-6-oxo-9H-purin-9-yl)heptyl]-

phosphonic Acid (24a) and 24b. A solution of 23 (a,b) (2.6
mmol) in HCl(c) (25 mL) was stirred and heated at 80 °C for
18 h. The solvent was evaporated in vacuo, and the resulting
residue was purified by ion exchange column chromatography
to afford compound 24 (a,b) as a white solid.
24a: 44%; 1H-NMR (DMSO-d6) δ 1.11-1.85 (m, 12H,

(CH2)6), 3.92 (t, J ) 7, 2H, CH2N), 6.47 (br s, 2H, NH2), 7.69
(s, 1H, H-8), 10.55 (br s, 1H, NH); UV λmax nm (ε × 103) pH 1
) 253 (10.88), 278 (7.3), pH 7 ) 253 (11.2), 270 (8.6), pH 13 )
255 (9.2), 268 (9.9). Anal. (C12H20N5O4P‚0.3H2O‚0.5NH3) C,
H, N.
24b: 58%. Anal. (C13H22N5O4P‚0.7H2O) C, H, N.
Diethyl [7-(6-Amino-4-methoxy-1H-pyrazolo[3,4-d]py-

rimidin-1-yl)heptyl]phosphonate (25a) and 25b. To a cold
solution (0 °C) of 6-amino-4-methoxy-1H-pyrazolo[3,4-d]pyrim-
idine (19,17 0.8 g, 4.88 mmol) in dry DMF (50 mL), was added
NaH (80% in mineral oil, 0.14 g, 5.8 mmol) at room temper-
ature, under nitrogen. After stirring the mixture for 30 min,
a solution of 4 (d or e) (5.36 mmol) in dry DMF (10 mL) was
added. The reaction mixture was heated at 80 °C for 18 h,
under nitrogen. The solvent was evaporated under reduced
pressure and the residue purified by flash column chromatog-
raphy (2:1 EtOAc-EtOH) to afford 25 (a or b) as a yellow oil.
25a: 50%; 1H-NMR (DMSO-d6) δ 1.15-1.98 (m, 18H, (CH2)6,

and OCH2CH3), 3.93-4.04 (m, 9H, OCH2CH3, CH2N, OCH3),
6.76 (br s, 2H, NH2), 7.81 (s, 1H, H-3).
25b: 60%.
[7-(6-Amino-4,5-dihydro-4-oxo-1H-pyrazolo[3,4-d]py-

rimidin-1-yl)heptyl]phosphonic Acid (26a) and 26b. A
solution of 25 (a,b) (1.42 mmol) in dry DMF (25 mL) was
treated with TMSBr (1.88 mL, 14.2 mmol) as described for
21. Purification by ion exchange column chromatography
afforded compound 26 (a,b) as a white solid.
26a: 54%; 1H-NMR (D2O) δ 1.11-1.85 (m, 12H, (CH2)6), 4.09

(t, J ) 7, 2H, CH2N), 7.88 (s, 1H, H-3); 31P-NMR (D2O) δ 28.09;
UV λmax nm (ε × 103) pH 1 ) 252 (12.5), pH 7 ) 254 (12.9), pH
13 ) 256 (10.8). Anal. (C12H20N5O4P‚0.7H2O‚0.2NH3‚0.2NH4-
HCO3) C, H, N.
26b: 52%. Anal. (C13H22N5O4P‚0.5H2O‚0.5NH3) C, H, N.
Diethyl [10-(2-Amino-1,6-dihydro-6-chloro-9H-purin-

9-yl)decyl]phosphonate (27). To a cold solution (0 °C) of
15 (1.75 g, 10.5 mmol) in dry DMF (12 mL) was added NaH
(60% in mineral oil, 0.31 g, 7.6 mmol) at room temperature,
under nitrogen. After stirring for 30 min, a solution of 14 (2.0
g, 5.2 mmol) in dry DMF (8 mL) was added. The reaction
mixture was stirred at room temperature for additional 18 h,
under nitrogen. The solvent was evaporated under reduced
pressure and the residue purified by flash column chromatog-
raphy (95:5 EtOAc-EtOH) to afford 27 as a yellow oil (1.2 g,
52%): 1H-NMR (CDCl3) δ 1.30 (t, J ) 7.0, 6H, OCH2CH3),
1.41-1.91 (m, 18H, (CH2)9), 3.98-4.15 (m, 6H, CH2N and
OCH2CH3), 7.74 (s, 1H, H-8).
[10-(2-Amino-1,6-dihydro-6-oxo-9H-purin-9-yl)decyl]-

phosphonic Acid (28). Compound 27 (6.33 g, 14.2 mmol)

was treated with TMSBr (18.8 mL, 142 mmoL) in dry DMF
(250 mL) as described for 21. Evaporation of the solvent gave
a brown oil (1.2 g), which was used in the next step without
any further purification. A solution of this material in 1 N
HCl (40 mL) was refluxed for 18 h. The solvent was evapo-
rated in vacuo, and the resulting residue was purified by ion
exchange column chromatography to afford compound 28 as
a white solid (0.60 g, 13%): 1H-NMR (D2O) δ 1.02-1.63 (m,
18H, (CH2)9), 3.88 (s, 2H, CH2N), 7.55 (s 1H, H-8); UV λmax
nm (ε × 103) pH 1 ) 253 (11.7), pH 7 ) 252 (11.9), pH 13 )
254 (9.6). Anal. (C15H36N5O4P‚0.5H2O) C, H, N.
Diethyl [4-((2-Acetamido-1,6-dihydro-6-oxo-9H-purin-

9-yl)methoxy)butyl]phosphonate (30a) and 30b,c. A sus-
pension of p-TsOH‚H2O (0.257 g, 10 mmol), diacetylguanine
(29,19 1.6 g, 6.76 mmol), and 10 (a-c) (10 mmol) in anhydrous
MeCN (65 mL) was refluxed for 4 days, under nitrogen. The
mixture was cooled to room temperature and concentrated in
vacuo and the residue purified by flash column chromatogra-
phy (95:5 CHCl3-MeOH) to afford compound 30 (a,b) as a
beige solid or 30c as a clear oil.
30a: 12%; 1H-NMR (DMSO-d6) δ 1.18 (t, J ) 7.0, 6H,

OCH2CH3), 1.21-1.71 (m, 6H, (CH2)3), 2.18 (s, 3H, CH3CO),
3.42 (t, J ) 4.6, 2H, NCH2OCH2), 3.98 (m, 4H, OCH2CH3), 5.43
(s, 2H, NCH2O), 8.12 (s, 1H, H-8), 11.91 (br s, 1H, NH).
30b: 31%. 30c: 14%.
Diethyl [4-((2-Amino-1,6-dihydro-6-oxo-9H-purin-9-yl)-

methoxy)butyl]phosphonate (31a) and 31b,c. A mixture
of 30 (a-c) (0.72 mmol) in methanolic ammonia (20 mL) was
stoppered and allowed to stand at room temperature for 3 days.
The solvent was evaporated in vacuo, and the white residue
was purified by flash column chromatography (8:2 CHCl3-
MeOH) to afford 31 (a-c) as a white solid.
31a: 100%; 1H-NMR (DMSO-d6) δ 1.18 (t, J ) 7.0, 6H,

OCH2CH3), 1.21-1.71 (m, 6H, (CH2)3), 3.42 (t, J ) 4.6, 2H,
NCH2OCH2), 3.93 (m, 4H, OCH2CH3), 5.33 (s, 2H, NCH2O),
6.52 (br s, 2H, NH2), 7.85 (s, 1H, H-8), 10.61 (br s, 1H, NH).
31b: 90%. 31c: 81%.
[4-((2-Amino-1,6-dihydro-6-oxo-9H-purin-9-yl)methoxy)-

butyl]phosphonic Acid (32a) and 32b,c. A solution of 31
(a-c) (0.91 mmol) in a 1:1 mixture of CH2Cl2-HMDS (20 mL)
was treated with TMSBr (1.2 mL, 9.11 mmol) at room
temperature. The resulting mixture was stirred at room
temperature for 5 h. The solvent was evaporated in vacuo,
and the resulting residue was purified by ion exchange column
chromatography to afford compound 32 (a-c) as a white solid.
32a: 55%; 1H-NMR (D2O) δ 0.93-1.06 (m, 6H, (CH2)3), 3.08

(m, 2H, NCH2OCH2), 4.97 (s, 2H, NCH2O), 7.37 (s, 1H, H-8);
UV λmax nm (ε × 103) pH 1 ) 255 (17.8), sh 278 (11.7), pH 7 )
252 (20.2), sh 273 (14.1), pH 13 ) 261 (16.9). Anal. (C10H16-
N5O5P‚0.2H2O‚0.3NH3‚4.5NH4HCO3) C, H, N.
32b: 62%. Anal. (C11H18N5O5P‚0.4H2O‚0.5NH3‚3.0NH4-

HCO3) C, H, N.
32c: 60%. Anal. (C12H20N5O5P‚0.1H2O‚2.6NH4HCO3) C, H,

N.
Diethyl [5-((6-Acetamido-4,5-dihydro-4-oxo-1H-pyrazo-

lo[3,4-d]pyrimidin-1-yl)methoxy)pentyl]phosphonate
(34a) and 34b. A suspension of p-TsOH‚H2O (257 mg, 10
mmol), 3320 (3.33 mmol), and 10 (b,c) (10 mmol) in dry MeCN
(65 mL) was treated as described for 30 (a-c). After flash
column chromatography (97:3 CHCl3-MeOH) compound 34a
was isolated as a clear oil and compound 34b as a white
solid.
34a: 62%; 1H-NMR (DMSO-d6) δ 1.18 (t, J ) 7.0, 6H,

OCH2CH3), 1.21-1.71 (m, 8H, (CH2)4), 2.21 (s, 3H, CH3CO),
3.42 (t, J ) 4.6, 2H, NCH2OCH2), 3.99 (m, 4H, OCH2CH3), 5.52
(s, 1H, NCH2O), 8.1 (s, 1H, H-3), 11.81 (br s, 1H, NH).
34b: 65%.
Diethyl [5-((6-Amino-4,5-dihydro-4-oxo-1H-pyrazolo-

[3,4-d]pyrimidin-1-yl)methoxy)pentyl]phosphonate (35a)
and 35b. A mixture of 34 (a,b) (0.72 mmol) in methanolic
ammonia (20 mL) was treated as described for 31 (a-c)
affording, after flash column chromatography (8:2 CHCl3-
MeOH), compound 35a as a clear oil and 35b as a white solid.
35a: 86%; 1H-NMR (DMSO-d6) δ 1.18 (t, J ) 7.0, 6H,

OCH2CH3), 1.21-1.71 (m, 8H, (CH2)4), 3.42 (t, J ) 4.6, 2H,
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NCH2OCH2), 3.89 (m, 4H, OCH2CH3), 5.37 (s, 1H, NCH2O),
6.71 (br s, 2H, NH2), 7.8 (s, 1H, H-3), 10.58 (br s, 1H, NH).
35b: 100%.
[5-((6-Amino-4,5-dihydro-4-oxo-1H-pyrazolo[3,4-d]py-

rimidin-1-yl)methoxy)pentyl]phosphonic Acid (36a) and
36b. A solution of 35 (a,b) (0.91 mmol) in a 1:1 mixture of
CH2Cl2-HMDS (20 mL) was treated with TMSBr (1.2 mL, 9.11
mmol) at room temperature as described for 32 (a-c). After
ion-exchange chromatography, compounds 36 (a,b) were iso-
lated as white solids.
36a: 91%; 1H-NMR (D2O) δ 1.0-1.41 (m, 8H, (CH2)4), 3.39

(t, J ) 4.6, 2H, NCH2OCH2), 5.35 (s, 2H, NCH2O), 7.72 (s, 1H,
H-3); UV λmax nm (ε × 103) pH 1 ) 252 (19.4), pH 7 ) 252
(19.8), pH 13 ) 264 (15.1). Anal. (C11H18N5O5P‚0.1H2O‚
0.2NH3‚2.2NH4HCO3) C, H, N.
36b: 88%. Anal. (C12H20N5O5P‚1.0H2O‚0.9NH4HCO3) C,

H, N.
Diethyl [4-(5-Amino-4-carbamoyl-1-H-1,2,3-triazol-1-

yl)butyl]phosphonate (38a) and 38b,c. A solution of DMF
(180 mL), KOH (5.04 g, 90 mmol) and water (45 mL) was
stirred at 0 °C for 10 min. Cyanoacetamide (37, 7.56 g, 90
mmol) was added, and the mixture was stirred at 0 °C. After
all the solid materials had dissolved (5 min) a solution of the
side chain 5 (a-c) (45 mmol) in dry DMF (45 mL) was added
in one portion and the reaction mixture stirred for 3 days at
0-5 °C. The resulting red solution was neutralized with 1 N
HCl (90 mL) and evaporated at 60-65 °C in vacuo. The red
syrup was partially dissolved in CH2Cl2 (300 mL). The solids
that separated from the solution were filtered and washed with
more CH2Cl2. The organic solution was evaporated to a red
syrup and was purified by flash chromatography (9:1 CHCl3-
MeOH) to afford 38 (a-c) as a yellow solid. This material
was used in the next step without any further purification.
An analytical sample was prepared by crystallization from
hexane-EtOAc to afford pure 38 (a-c) as a white solid.
38a: 55%; mp 100-102 °C; 1H-NMR (DMSO-d6) δ 1.19 (t,

J ) 7.0, 6H, OCH2CH3), 1.38-1.82 (m, 6H, (CH2)3), 3.93 (m,
4H, OCH2CH3), 4.11 (t, J ) 6.8, 2H, NCH2), 6.27 (s, 2H, NH2),
7.03 (br s, 1H, CONH2), 7.39 (br s, 1H, CONH2); CIMS m/z
320 (M + 1)+. Anal. (C11H22N5O4P) C, H, N.
38b: 69%; mp 127-129 °C; CIMSm/z 334 (M + 1)+. Anal.

(C12H24N5O4P) C, H, N.
38c: 52%; mp 101-103 °C; CIMSm/z 348 (M + 1)+. Anal.

(C13H26N5O4P) C, H, N.
Diethyl [4-((5-Amino-4-carbamoyl-1-H-1,2,3-triazol-1-

yl)methoxy)butyl]phosphonate (43a) and 43b,c. Com-
pounds 43 (a-c) were prepared from 8 (a-c) following the
same procedure for the synthesis of 38 (a-c).
43a: 53%; mp 98-100 °C; 1H-NMR (DMSO-d6) δ 1.19 (t, J

) 7.1, 6H, OCH2CH3), 1.40-1.70 (m, 6H, (CH2)3), 3.45 (t, J )
5.7, 2H, NCH2OCH2), 3.92 (m, 4H, OCH2CH3), 5.51 (s, 2H,
NCH2O), 6.45 (s, 2H, NH2), 7.07 (br s, 1H, CONH2), 7.42 (br
s, 1H, CONH2); CIMSm/z 372 (M + 23)+. Anal. (C12H24N5O5P)
C, H, N.
43b: 60%; mp 88-90 °C; CIMS m/z 364 (M + 1)+. Anal.

(C13H26N5O5P) C, H, N.
43c: 50%; mp 101-103 °C; CIMSm/z 378 (M + 1)+. Anal.

(C14H28N5O5P) C, H, N.
Diethyl [4-(5-((N′-Benzoylthiocarbamoyl)amino)-4-car-

bamoyl-1-H-1,2,3-triazol-1-yl)butyl]phosphonate (39a) and
39b,c. To a stirred suspension of 38 (a-c) (20 mmol) in dry
acetone (40 mL) was slowly added benzoyl isothiocyanate (3.92
g, 3.20 mL, 24 mmol), and the reaction mixture was refluxed
for 16 h. The bright orange solution was evaporated under
vacuum to afford a yellow syrup. Purification by flash column
chromatography (9:1 CHCl3-MeOH) yielded compounds 39
(a-c) as analytically pure yellow foams.
39a: 92%; 1H-NMR (DMSO-d6) δ 1.21 (t, J ) 7.0, 6H,

OCH2CH3), 1.40-2.00 (m, 6H, (CH2)3), 3.96 (m, 4H, OCH2CH3),
4.26 (t, J ) 6.8, 2H, NCH2), 7.46 (br s, 1H, CONH2), 7.84 (br
s, 1H, CONH2), 7.55-8.06 (m, 5H, ArH), 12.08 (br s, 2H,
PhCONHCSNH); CIMSm/z 483 (M + 1)+. Anal. (C19H27N6O5-
PS) C, H, N, S.
39b: 90%; CIMS m/z 497 (M + 1)+. Anal. (C20H29N6O5-

PS) C, H, N, S.

39c: 99%; CIMS m/z 511 (M + 1)+. Anal. (C21H31N6O5-
PS) C, H, N, S.
Diethyl [4-((5-((N′-Benzoylthiocarbamoyl)amino)-4-

carbamoyl-1-H-1,2,3-triazol-1-yl)methoxy)butyl]phospho-
nate (44a) and 44b,c. Compounds 44 (a-c) were prepared
from 43 (a-c) following the same procedure for the synthesis
of 39 (a-c).
44a: 97%; 1H-NMR (DMSO-d6) δ 1.20 (t, J ) 7.1, 6H,

OCH2CH3), 1.40-1.80 (m, 6H, (CH2)3), 3.54 (t, J ) 5.5, NCH2-
OCH2), 3.95 (m, 4H, OCH2CH3), 5.67 (s, 2H, NCH2O), 7.54 (br
s, 1H, CONH2), 7.91 (br s, 1H, CONH2), 7.58-8.06 (m, 5H,
ArH), 12.20 (br s, 2H, PhCONHCSNH); CIMS m/z 535 (M +
23)+. Anal. (C20H29N6O6PS) C, H, N, S.
44b: 89%; CIMS m/z 549 (M + 23)+. Anal. (C21H31N6O6-

PS) C, H, N, S.
44c: 96%; CIMS m/z 535 (M + 23)+. Anal. (C22H33N6O6-

PS) C, H, N, S.
Diethyl [4-(5-((N′-benzoyl-S-methylisothiocarbamoyl)-

amino)-4-carbamoyl-1H-1,2,3-triazol-1-yl)butyl]phospho-
nate (40a) and 40b,c. To a well stirred solution of 39 (a-c)
(8 mmol) in MeOH (40 mL) containing 0.1 N NaOH (100 mL,
10 mmol) was added MeI (18.2 g, 8 mL, 128 mmol). The
reaction mixture was stirred at room temperature for 2 h and
then neutralized with AcOH (a turbidity appeared). The
residue was partitioned between H2O (200 mL) and CH2Cl2
(3 × 100 mL). The combined organic layers were dried,
filtered, evaporated to a syrup, and purified by flash column
chromatography (95:5 CHCl3-MeOH). Compounds 40 (a-c)
were obtained as white foams and were analytically pure.
40a: 87%; 1H-NMR (DMSO-d6) δ 1.16 (t, J ) 6.8, 6H,

OCH2CH3), 1.40-1.90 (m, 6H, (CH2)3), 2.45 (s, 3H, SCH3), 3.92
(m, 4H, OCH2CH3), 4.17 (t, J ) 6.9, 2H, NCH2), 7.42 (br s,
1H, CONH2), 7.79 (br s, 1H, CONH2), 7.40-7.70 (m, 5H, ArH),
11.29 (br s, 1H, PhCON)C(SCH3)NH); CIMS m/z 497 (M +
1)+. Anal. (C20H29N6O5PS) C, H, N, S.
40b: 91%; CIMS m/z 511 (M + 1)+. Anal. (C21H31N6O5-

PS) C, H, N, S.
40c: 78%; CIMS m/z 525 (M + 1)+. Anal. (C22H33N6O5-

PS) C, H, N, S.
Diethyl [4-((5-((N′-benzoyl-S-methylisothiocarbam-

oyl)amino)-4-carbamoyl-1H-1,2,3-triazol-1-yl)methoxy)-
butyl]phosphonate (45a) and 45b,c. Compounds 45 (a-
c) were prepared from 44 (a-c) following the same procedure
for the synthesis of 40 (a-c).
45a: 80%; 1H-NMR (DMSO-d6) δ 1.17 (t, J ) 7.1, 6H,

OCH2CH3), 1.40-1.70 (m, 6H, (CH2)3), 2.46 (s, 3H, SCH3), 3.54
(t, J ) 5.80, 2H, NCH2OCH2), 3.93 (m, 4H, OCH2CH3), 5.51
(s, 2H, NCH2O), 7.42 (br s, 1H, CONH2), 7.85 (br s, 1H,
CONH2), 7.40-7.70 (m, 5H, ArH), 11.29 (br s, 1H, PhCONdC-
(SCH3)NH); CIMS m/z 527 (M + 1)+. Anal. (C21H31N6O6PS)
C, H, N, S.
45b: 88%; CIMS m/z 541 (M + 1)+. Anal. (C22H33N6O6-

PS) C, H, N, S.
45c: 87%; CIMS m/z 555 (M + 1)+. Anal. (C23H35N6O6-

PS) C, H, N, S.
Ethyl [4-(5-Amino-6,7-dihydro-7-oxo-3H-1,2,3-triazolo-

[4,5-d]pyrimidin-3-yl)butyl]phosphonate (41a) and 41b,c.
A suspension of 40 (a-c) (4.3 mmol) in MeOH (4.3 mL) and
2.5 N NaOH (43 mL) was refluxed for 2 h. After cooling to
room temperature it was neutralized with Dowex 50W (H+).
The resin was filtered, washed with water, and extracted with
CH2Cl2 (5 × 100 mL). The organic phase was discarded, and
the aqueous solution containing the final product was evapo-
rated in vacuo at 65 °C. Compounds 41 (a-c) were obtained
as a white solids. This material was used in the next step
without any further purification.
41a: 53%; 1H-NMR (DMSO-d6) δ 1.07 (t, J ) 7.1, 3H,

OCH2CH3), 1.30-1.80 (m, 6H, (CH2)3), 3.70 (m, 2H, OCH2CH3),
4.20 (t, J ) 7.1, NCH2), 7.27 (br s, 2H, NH2), 11.80 (br s, 1H,
NH); CIMS m/z 317 (M + 1)+.
41b: 77%; CIMS m/z 331 (M + 1)+.
41c: 88%; CIMS m/z 345 (M + 1)+.
Ethyl [4-((5-Amino-6,7-dihydro-7-oxo-3H-1,2,3-triazolo-

[4,5-d]pyrimidin-3-yl)methoxy)butyl]phosphonate (46a)
and 46b,c. Compounds 46 (a-c) were prepared from 45 (a-
c) following the same procedure for the synthesis of 41 (a-c).
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46a: 99%; 1H-NMR (DMSO-d6) δ 1.07 (t, J ) 7.1, 3H,
OCH2CH3), 1.20-1.60 (m, 6H, (CH2)3), 3.44 (t, J ) 6.1, 2H,
NCH2OCH2), 3.66 (m, 2H, OCH2CH3), 5.47 (s, 2H, NCH2O),
7.80 (br s, 2H, NH2), 12.95 (br s, 1H, NH); CIMS m/z 369 (M
+ 23)+.
46b: 83%; CIMS m/z 361 (M + 1)+.
46c: 79%; CIMS m/z 375 (M + 1)+.
[4-(5-Amino-6,7-dihydro-7-oxo-3H-1,2,3-triazolo[4,5-d]-

pyrimidin-3-yl)butyl]phosphonic Acid Ammonium Salt
(42a) and 42b,c. To a suspension of 41 (a-c) (1.5 mmol) and
HMDS (15 mL) in dry CH2Cl2 (15 mL) was added TMSBr (2.29
g, 1.98 mL, 15 mmol). The mixture was stirred overnight at
room temperature. After cooling to 0-5 °C, MeOH was slowly
added. The solvent was evaporated in vacuo, and the resulting
residue was purified by ion exchange column chromatography
to afford compounds 42 (a-c) as analytically pure white solids.
42a: 81%; 1H-NMR (D2O) δ 1.30-1.50 (m, 4H, (CH2)2), 1.83

(m, 2H, PCH2), 4.21 (t, J ) 7.1, 2H, NCH2); 31P-NMR (D2O) δ
25.67; UV λmax nm (ε × 103) (pH 1) 252 (10.5), (pH 7) 252 (9.9),
(pH 13) 277 (9.4); CIMS m/z 289 (M - NH3 + 1). Anal.
(C8H16N7O4P) C, H, N.
42b: 60%; CIMS m/z 303 (M - NH3 + 1)+. Anal.

(C9H18N7O4P) C, H, N.
42c: 66%; CIMS m/z 317 (M - NH3 + 1)+. Anal.

(C10H20N7O4P) C, H, N.
[4-((5-Amino-6,7-dihydro-7-oxo-3H-1,2,3-triazolo[4,5-d]-

pyrimidin-3-yl)methoxy)butyl]phosphonic Acid Ammo-
nium Salt (47a) and 47b,c. Compounds 47 (a-c) were
prepared from 46 (a-c) following the same procedure for the
synthesis of 42 (a-c).
47a: 73%; 1H-NMR (D2O) δ 1.20-1.50 (m, 6H, (CH2)3), 3.36

(t, J ) 6.2, 2H, NCH2OCH2), 5.49 (s, 2H, NCH2O); 31P-NMR
(D2O) δ 27.21; UV λmax nm (ε × 103) (pH 1) 254 (7.5), (pH 7)
254 (7.5), (pH 13) 278 (6.6); CIMS m/z 321 (M - NH3 + 1).
Anal. (C9H18N7O5P) C, H, N.
47b: 57%; CIMS m/z 333 (M - NH3 + 1)+. Anal.

(C10H20N7O5P) C, H, N.
47c: 36%; CIMS m/z 347 (M - NH3 + 1)+. Anal.

(C11H19N6O5P‚0.6NH3) C, H, N.
Diethyl [5-(5-Acetamido-6,7-dihydro-7-oxo-2H-1,2,3-

triazolo[4,5-d]pyrimidin-2-yl)pentyl]phosphonate (49). A
mixture of 48 (0.422 g, 1.79 mmol), p-TsOH‚H2O (0.034 g, 0.18
mmol), and 10b (2.12 g, 7.16 mmol) was heated at 140 °C
under vacuum for 20 min. The oil was taken in methanol and
purified by flash column chromatography (95:5 CHCl3-MeOH)
to give 49 as a clear oil (0.350 g, 45%): 1H-NMR (DMSO-d6) δ
1.21 (t, J ) 7.0, OCH2CH3), 2.22 (s, 3H, CH3CO), 1.24-1.90
(m, 8H, (CH2)4), 3.53 (m, 2H, NCH2OCH2), 3.95 (m, 4H, OCH2-
CH3), 5.77 (s, 2H, NCH2O).
[5-(5-Amino-6,7-dihydro-7-oxo-2H-1,2,3-triazolo[4,5-d]-

pyrimidin-2-yl)pentyl]phosphonic Acid (51). Compound
49 (0.300 g, 0.69 mmol) was deacetylated as described for 31
(a-c) and purified by flash column chromatography (95:5
CHCl3-MeOH) to give 50 as a white residue, which was
immediately treated with TMSBr (0.442 mL, 3.3 mmol) in a
1:1 mixture of CH2Cl2-HMDS (16 mL). The mixture was
stirred at room temperature for 5 h, worked up as described
for 32 (a-c), and purified by ion exchange chromatography
to give 51 as a white solid (0.08 g, 72%): 1H-NMR (D2O) δ
0.91-1.46 (m, 4H, (CH2)2), 3.33 (m, 2H, NCH2OCH2), 5.51 (s,
2H, NCH2O); 31P-NMR (DMSO-d6) δ 23.68; UV λmax nm (ε ×
103) pH 1 ) 271 (9.5), pH 7 ) 239 (8.4), 294 (6.6), pH 13 )
256 (6.4), 299 (8.5). Anal. (C10H17N6O5P‚0.3H2O‚0.6NH3‚
0.5NH4HCO3) C, H, N.
Enzyme Assays. PNPase was purified from human eryth-

rocytes and assayed using a xanthine oxidase-coupled spec-
trophotometric assay as described previously.8,12 In addition
to enzyme the assay mixtures contained inhibitor, 0.1 mM
inosine, 1.0 mM potassium phosphate buffer, 100 mM Tris-
hydrochloride buffer, 0.1 mM ethylenediaminetetraacetic acid
disodium salt, and 0.2 IU/mL of xanthine oxidase at pH 7.4.
The apparent inhibition constant (Ki′) of a compound was
determined from its ability to inhibit the phosphorolysis of
inosine at 1 mM phosphate and was calculated from fractional
inhibition as described previously.21
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