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Acyclic Nucleotide Analogs Derived from 8-Azapurines: Synthesis and Antiviral

Activity
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Reaction of phosphoroorganic synthons with 8-azaadenine, 8-aza-2,6-diaminopurine, and
8-azaguanine using cesium carbonate yielded regioisomeric 8-azapurine N7-, N8-, and N°-(2-
(phosphonomethoxy)alkyl) derivatives. This reaction followed by deprotection afforded isomeric
2-(phosphonomethoxy)ethyl (PME), (S)-(3-hydroxy-2-(phosphonomethoxy)propyl) [(S)-HPMP],
(S)-(3-fluoro-2-(phosphonomethoxy)propyl) [(S)-FPMP], (S)-(2-(phosphonomethoxy)propyl) [(S)-
PMP], and (R)-(2-(phosphonomethoxy)propyl) [(R)-PMP] derivatives. **C NMR spectra were
used for structural assignment of the regioisomers. None of the 8-isomers exhibited any
antiviral activity against herpesviruses, Moloney murine sarcoma virus (MSV), and/or HIV.
9-(S)-HPMP-8-azaadenine (23) and PME-8-azaguanine (65) were active against HSV-1, HSV-
2, and CMV at 0.2—7 ug/mL, VZV at 0.04—0.4 ug/mL, and MSV (at 0.3—0.6 ug/mL). PME-8-
azaguanine (65) and (R)-PMP-8-azaguanine (71a) protected MT-4 and CEM cells against HIV-
1- and HIV-2-induced cytopathicity at a concentration of ~2 ug/mL.

Introduction

In the series of acyclic nucleotide analogues that
contain a phosphonomethyl ether function replacing the
phosphoric acid ester group four structural types of
these analogues possessing high activity against DNA
viruses and retroviruses have emerged: N-(2-(phospho-
nomethoxy)ethyl) (PME) derivatives and their 2-sub-
stituted analogues, HPMP [N-(3-hydroxy-2-(phospho-
nomethoxy)propyl)] derivatives, FPMP [N-(3-fluoro-2-
(phosphonomethoxy)propyl)] derivatives, and PMP [N-(2-
(phosphonomethoxy)propyl)] derivatives. The antiviral
activity is mostly connected with the presence of certain
purine heterocyclic bases: in the above cases, the
activity was always encountered in adenine, 2,6-diami-
nopurine and guanine derivatives.!

Adenine and 2,6-diaminopurine derivatives of the (S)-
HPMP series, (S)-HPMPA (1) and (S)-HPMPDAP (2),
exert a marked antiviral effect against DNA viruses.2
The guanine derivatives (S)-HPMPG (9) and its race-
mate are also active;® however, they exhibit higher
cytotoxicity to the host cells. PME derivatives PMEA
(3) and PMEDAP (4) show potent in vitro and in vivo
antiviral activity against DNA viruses and retroviruses.*
The latter effect was verified in animal models for
retroviral infection (i.e., FIV, MLV, Visna virus).>
PMEA (Adefovir, 3)¢ and its oral diester prodrug [bis-
(POM)-PMEA]’ are pursued in clinical trials against
AIDS and hepatitis B.2 The guanine derivative PMEG
(8) is also toxic to most cell lines in vitro; however, it
has a remarkable activity against papillomaviruses.®
The anticancer activity of purine PME derivatives was
reported in the literature.’? Similar activity against
animal retroviruses in vivo and HIV in vitro was found
for the fluoromethyl derivative of PMEA (FPMPA, 7).11
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Retroviruses are the exclusive target for compounds of
the PMP group,’? and the (R)-enantiomers of adenine
(PMPA, 5) and 2,6-diaminopurine (PMPDAP, 6) display
the highest known antiretroviral effect among nucle-
otide analogues.’® (R)-PMPA is the first compound
reported to completely protect macaques against SIV
infection.
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Detailed studies have further shown that the biologi-
cal effect has an enantiospecific character in all adenine
derivatives, while no absolute distinction between the
enantiomers was observed in the 2,6-diaminopurine and
guanine series.1® This effect can be interpreted by the
involvement of different nucleotide kinases in the
activation of these compounds.’® Guanine derivatives
are always the most active and simultaneously the most
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toxic of the triad, the toxicity of the adenine derivatives
being the weakest. The inhibition of purine nucleoside
phosphorylase by the guanine phosphonates and their
metabolites (mono- and diphosphates) that perturbs the
general purine nucleotide pools in the cell could explain
the cellular toxicity in these cases.16

In numerous structure—activity studies we have
demonstrated that no activity in any of the usual targets
ever occurs with the phosphonate derivatives derived
from bases that are devoid of amino groups (hypoxan-
thine, xanthine) and that an additional substitution of
the purine ring at the position 2, 6, and/or 8 typically
suppresses the biological activity.! However, in some
cases the nitrogen atom of the pyrimidine ring in purine
moiety can be replaced by the —CH= grouping without
substantial loss of antiviral activity. In particular, the
3-deazaadenine analogue of 9-(S)-(3-hydroxy-2-(phospho-
nomethoxy)propyl)adenine (1)17 showed not only a po-
tent antiviral effect!® but also a notable activity against
Plasmodium sp. surpassing that of the parent adenine
derivative 1.1° 8-Azapurine (v-triazolo[4,5-d]pyrimi-
dine) derivatives are subject of continuous interest in
medicinal chemistry. Thus, 9-isomers of diverse 8-azaad-
enine and 8-azahypoxanthine nucleosides exhibit anti-
viral or cytostatic activity.?® An antileishmanial or
antitrypanosomal activity was also reported for 8-aza-
inosine.?!

As a continuation of our studies on base modification
in the series of acyclic nucleotide analogues, we have
already investigated the effects of the replacement of
—N= for —CH= grouping at position 2 of the purine
ring.??2 In this communication, we report the synthesis
of several types of nucleotide analogues derived from
8-azapurines. Our results were published in prelimi-
nary form.2® Several (phosphonylmethoxy)alkyl deriva-
tives of 8-azapurines were also reported by other
authors.?*

Chemistry

Although the formation of 9-isomers predominates in
the glycosylation reactions of 8-azapurines whether by
acid fusion, by reaction of halogenoses with chloromer-
curi or silyl derivative of the bases,?> or by the phase
transfer glycosylation,?8 other regioisomers are regularly
formed during such reactions. In order to avoid the low
regiospecificity of 8-azapurine alkylation, the acyclic
analogues of nucleosides derived from 8-azapurines
[9-(2,3-dihydroxypropyl) derivatives of 8-azahypoxan-
thine and 8-azaadenine] were prepared by ring closure
reactions from 4-(azidomethyl)oxirane derivatives.2427.28

We have been interested in evaluating the biological
activity of all regioisomers in the 8-azapurine series.
Therefore, in our synthetic approach, we have employed
alkylations of alkali metal salts of the commercially
available 8-azapurine bases. As alkylating agents, we
have mostly used synthons and procedures described
earlier for the preparation of other nucleotide analogues.
As the base, cesium carbonate?® was frequently found
to be useful for such alkylations. The individual major
regioisomers were in most cases isolated as phosphonate
diesters and characterized by NMR and UV spectra
before bromotrimethylsilane deprotection to the free
phosphonic acids.

8-Azaadenine Derivatives. In order to make un-
equivocal assignment of individual regioisomers in the
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8-azaadenine series, we have examined the alkylation
of 8-azaadenine (11) by (R)-2,2-dimethyl-4-[[(p-tolylsul-
fonyl)oxy]methyl]-1,3-dioxolane (14) (Scheme 1) in the
presence of cesium carbonate. The protected 1,3-diox-
olane derivatives 15—17 were separated by silica gel
chromatography, and their structure was unequivocally
assigned by 3C NMR and IR spectra. Contrary to the
N°® (15) and N8 (16) isomers that are in IR spectra
characterized by the frequencies of free and associated
6-amino function [v(NH2)free, 3523, 3410 cm™1; vaseoc,
3474, 3327 cm~1] the amino group in the N7-isomer 17
participates in the hydrogen bond formation with the
adjacent oxygen atom of the 1,3-dioxolane ring that is
reflected by the presence of v(NH2)intramol.bridges 3467,
3347 cm™1. The ratio of regioisomers (estimated by
HPLC) was in this case N°%N&N7 = 47:46:7. This
structural assignment was used for other cases. 9-(S)-
(2,3-Dihydroxypropyl)-8-azaadenine (18) and its N&-
isomer 19 were prepared from these intermediates by
acid treatment. These compounds are 8-aza analogues
of 9-(S)-(2,3-dihydroxypropyl)adenine—an established
methylation inhibitor and antiviral agent3®*—and were
synthesized in the optically active form for the first time.

11R=H 13
12R = NH,

The synthesis of the 8-aza analogue of the antiviral
HPMPA (23) (Scheme 2) made use of the cesium
carbonate-mediated alkylation of 8-azaadenine (11) with
2(R)-[(diisopropylphosphono)methoxy]-3-(trimethyl-
acetoxy)propyl p-toluenesulfonate (20).3! This reaction



Acyclic Nucleotide Analogs Derived from 8-Azapurines

Scheme 2
NH, OTs
NN ‘
N N/N . Y\OCOC(-CH3)3
NN O_P(O)OP1);
" 20
Cs,C04, DMF
NH, NH,
NJ\/I[N.\N " /N\N OH
KN N/ KN \N/ _>_/
OH 0
21 \—p)0iPy,
O\/F’(O)(OiF’r)2 22
l BrSiMe; lerSiMea
NH2 NH2
NZNAN NN\ =N
N N OH
KN N KN =N _>_/
OH 0
- 24 \—P(O)XOH)
O.__P(O)(OH),

afforded, after methanolysis, an equimolar mixture of
the protected isomeric intermediates 21 and 22. Their
treatment with bromotrimethylsilane followed by hy-
drolysis gave ultimately (S)-9-(3-hydroxy-2-(phospho-
nomethoxy)propyl)-8-azaadenine (23) and its 8-isomer
(24). The formation of 7-isomer was not detected in this
case.

A similar procedure consisting of the alkylation of
8-azaadenine (11) by a synthon bearing structural
features of the required side chain was applied to the
synthesis of 9-(2-(phosphonomethoxy)ethyl)-8-azaad-
enine (8-aza analogue of PMEA) (28) and its regioiso-
mers. 8-Azaadenine (11) afforded on treatment with
bis(2-propyl) [(2-chloroethoxy)methyl]phosphonate (25)32
protected intermediate diesters: the 9-isomer 26 slightly
prevailed over the 8-isomer 27 (ratio, 1.5:1). Additional
regioisomers were not detected. Free 8-aza analogues
of PMEA (28) and its 8-isomer 29 were obtained by
transsilylation reaction of individual diesters and sub-
sequent hydrolysis (Scheme 3).

An approximately equimolar ratio in the formation
of the N° and NB8-isomers was observed also in the
cesium carbonate-promoted alkylation of 8-azaadenine
with synthon 30.3% The intermediary diesters 31 and
32 were separated by silica gel chromatography, and
their structures were proven by 13C NMR. Treatment
with bromotrimethylsilane afforded the isomers of
N-(S)-(3-fluoro-2-(phosphonomethoxy)propyl)-8-azaad-
enine (33, 34) related to the antiretroviral compound
FPMPA [9-(S)-(3-fluoro-2-(phosphonomethoxy)propyl)-
adenine (7) (Scheme 4).

The synthon 35 was applied for the preparation of (R)-
PMP derivatives.!! Alkylation of 8-azaadenine in a
cesium carbonate-promoted reaction afforded the usual
mixture of regioisomeric diesters 36 and 37 with the
8-isomer 37 prevailing. This observation is in agree-
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ment with recently published?! results of other authors
who made use of our previously described procedure.3*

The 9- and 8-isomeric PMP-derivatives 38 and 39
were obtained from the protected intermediates (sepa-
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rated by silica gel chromatography) by standard depro-
tection method (vide supra). No significant formation
of any additional regioisomer was observed under the
reaction conditions (Scheme 5).

8-Aza-2,6-diaminopurine Derivatives. The syn-
thesis of (S)-9-(3-hydroxy-2-(phosphonomethoxy)propyl)-
8-aza-2,6-diaminopurine (47) makes use of a general
procedure for stepwise synthesis of HPMP compounds:
85 8-Aza-2,6-diaminopurine (12) was treated with [(tri-
tyloxy)methyl]-(R)-oxirane (40), and the resulting tri-
tylated intermediates 41 and 42 that were formed in
an approximately equimolar ratio were separated by
silica gel chromatography. The trityl derivative 41 was
transformed to the N2,N6-bis((dimethylamino)methyl-
ene) derivative 44 by the reaction with dimethylforma-
mide dimethyl acetal.3® Condensation with bis(2-propyl)
[[(p-tolylsulfonyl)oxy]methyl]phosphonate (46)3! in the
presence of excess sodium hydride followed by acid
hydrolysis gave the diester 45 that was cleaved to the
ultimate (S)-HPMP derivative 47 by transsilylation
reaction. The structure of the 9-isomer was also proven
by detritylation of compound 41 to 9-(S)-(2,3-dihydroxy-
propyl)-8-aza-2,6-diaminopurine (43) (Scheme 6).

Cesium carbonate mediated reaction of 8-aza-2,6-
diaminopurine (12) with bis(2-propyl) [(2-chloroethoxy)-
methyl]phosphonate (25) gave 9-, 7-, and 8-isomeric
diesters 48—50 in the ratio 10:1:8. We have not suc-
ceeded in the complete separation of the 7- (50) and
8-isomer (49); however, the IH-NMR signals of com-
pound 50 in the 1:10 mixture with compound 49 were
unequivocally separated and assigned. The diesters 48
and 49 were transformed into the free phosphonates 51
and 52 (Scheme 3).
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The synthesis of 9-(S)-(3-fluoro-2-(phosphonomethoxy)-
propyl)-8-aza-2,6-diaminopurine (55) followed the route
described for the 8-azaadenine analogue 31, i.e., treat-
ment of the base 12 with the synthon 30. The isomeric
diester intermediates 53 and 54 were separated on silica
gel and deprotected to afford the 9-isomer 55 and its
8-congener 56 (Scheme 4).

Contrary to the reaction with compound 25, 8-aza-
2,6-diaminopurine (12) gave on treatment with the
tosylate 35a in the presence of cesium carbonate the
(R)-9- (57) and (R)-8-isomer (58) only, in an approxi-
mately equimolar (1.25:1) ratio. The deprotection of the
phosphonate diester grouping gave the regioisomers of
the 8-aza analogues of (R)-PMP-series 59 and 60.
(Scheme 5).

8-Azaguanine Derivatives. Extremely low solubil-
ity of 8-azaguanine in the reaction medium unfavorably
influences the process of its alkylation. To circumvent
the problem of low solubility, 8-azaguanine (13) was
transformed by treatment with dimethylformamide
dineopentylacetal to its N2-[(dimethylamino)methylene]
derivative 61 which is well soluble in dimethylforma-
mide (the use of dimethylformamide dimethyl acetal led
to undesirable formation of N-methyl derivatives as side
products). Compound 61 gave on treatment with syn-
thon 25 and following methanolysis a mixture of 9- (62),
8- (63), and 7-isomers (64) in the ratio of 2:2:1. Their
chromatographic separation on silica gel is difficult.
However, the 9-isomer 62 could successfully be sepa-
rated from the other isomers by ion exchange chroma-
tography on Dowex 50 x 8 in the acid form. Elution
with water afforded chromatographically pure 9-isomer
62 while the mixture of the remaining 7- and 8-isomers
was eluted subsequently with diluted ammonia in
aqueous methanol. The diesters were deprotected by
transsilylation: compound 62 gave the pure 9-isomer
65 while the mixture of isomers 66 and 67 obtained by
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the deprotection of their diesters was separated by
chromatography on Sephadex A-25 in triethylammo-
nium hydrogen carbonate (Scheme 7).

A similar procedure was applied in the synthesis of
the enantiomeric PMP derivatives of 8-azaguanine:
reaction of N2-[(dimethylamino)methylene] derivative
61 with the synthons 35a or 35b followed by am-
monolysis gave the mixture of 9-, 7-, and 8-isomer in
the 9:1:8 ratio. This mixture was deprotected by trans-
silylation, and the resulting free phosphonates were
separated on Dowex 50 column (vide supra) to afford
pure 9-isomers 71a and 71b by elution with water. The
mixtures of the corresponding 8- (72a, 72b) and 7-iso-
mers (73a,73b), obtained by elution of the column with
agueous ammonia, were separated on Sephadex A-25
in triethylammonium hydrogen carbonate (Scheme 7).

NMR Spectra. The structure of acyclic nucleosides
and nucleotides has been determined from their NMR
spectra. The acyclic moieties were unequivocally char-
acterized by 'H NMR (see Experimental Section) and
13C NMR spectra (Tables 1—3). The presence of a
phosphonate group is manifested in 'H and 13C NMR
spectra by additional splitting of signals of the corre-
sponding hydrogen and carbon atoms in the vicinity of
phosphorus due to J(H,P) and J(C,P), respectively.

Determination of the position of the acyclic substitu-
ent at the heterocyclic base is more complicated. In the
8-azapurine series, solely 8-azaadenine contains hydro-
gen atom at C-2 while both 8-azaguanine and 8-aza-
2,6-diaminopurine possess exchangeable amine or amide
protons only. Therefore, their TH NMR spectra are
useless for the purpose and the required structural
evidence has to be deduced mainly from the 13C NMR
spectra. Correct structural assignment of carbon sig-
nals is thus essential for precise determination of the
position of the acyclic side chain. Structural modifica-
tions of the substituent have little influence on the
chemical shifts of the carbon atoms of the heteroaro-
matic base. Hence, similar substitution effects of the
regioisomers (N7, N8, or N9) can be expected in all three

classes of 8-azapurine derivatives under study. Al-
though the 13C NMR data of some 8-azapurine nucleo-
sides were described by Seela?®> and of 8-azapurine
acyclic phosphonates by Franchetti et al.,2” there is some
doubt left on the assignment of signals.?52737 Therefore,
we have examined this assignment and determined
experimentally the effects of substitution at the position
N7, N8, or N°.

Detailed NMR study was performed with three iso-
meric nucleosides derived from 8-azaadenine (15, 16,
and 17). Proton-decoupled “attached proton test” 13C
NMR spectra of 8-azaadenine derivatives allow a signal
of the methine carbon C-2 to be distinguished from
signals of the quaternary carbon atoms C-4, C-5, and
C-6. Proton-coupled 3C NMR spectra confirm the
assignment of C-2 (1J(C,H) ~ 200 Hz) and distinguish
the signals of carbons C-4 and C-6 (with large trans-
coupling constants 3J(C4,H2) respectively 3J(C6,H2) ~
12 Hz) from those of carbon C-5 which is not coupled to
proton H-2. The tentative assignment of signals be-
longing to C-4 and C-6 has been verified as follows: (a)
In a proton-coupled 13C NMR spectrum of compound 17
the signal at 6 151.91 (with J(C,H) = 11.7 Hz) shows
additional splitting to triplet of doublets by interaction
with the NH; protons (this splitting disappears after
addition of D,0O) and therefore belongs to carbon C-6.
(b) Another evidence is based on the deuterium isotopic
effects on carbon chemical shifts: The presence of small
amount of D,O in a DMSO solution results in a partial
exchange of labile NH, protons with deuterium that is
indicated by known isotopic upfield shifts of carbon
signals in the vicinity of the deuterated amino group.
Slow exchange between molecules containing ND, and
NH, in DMSO solution results in “doubling” of the
corresponding signals of two isotopomers. The observed
isotopic shifts in 17 (N7-isomer) (—0.066 ppm for signal
at 0 151.91, —0.031 ppm for signal at 6 114.23, and ~ 0
ppm for signals at 6 160.35 and 154.57) together with
the expected decrease of the isotopic shifts in the 3, y,
and 6 position led to the assignment of carbon signals
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Table 1. Carbon-13 NMR Spectral Data of 8-Azaadenine Derivatives

Holy et al.

comp  solvent C-2 C-4 C-5 C-6 C-1' (J(C,F)) C-2'(J(C,P); J(C,F)) C-3 (J(C,F)) OCH2P (I(P,CHy))
11 DMSO 156.20 151.35 123.28 156.23
N-9 Isomers
152 DMSO 156.97 149.44  123.83 156.41 49.01 73.53 66.48
(=)
18 DMSO 156.97 149.87 12437 156.72 50.49 70.64 64.09
(=)
23 D.0O 157.84 14750 125,50 158.10 47.89 81.30 61.74 69.20
(10.3) (150.2)
28 D,O 156.77 148.29 124.41  156.57 47.01 69.85 69.19
(10.0) (150.5)
31b DMSO 156.89 149.47 123.86 156.39 45.64 77.45 81.90 63.55
(8.8) (12.5; 19.0) (169.2) (164.1)
36¢ DMSO 156.84 149.50 123.84 156.43 50.25 75.16 17.22 62.60
(13.7) (164.8)
N-8 Isomers
164 DMSO 157.01 158.01 125.73 156.77 59.17 73.98 66.37
(=)
19 DMSO 156.87 158.14 125.73 156.83 60.57 71.11 63.75
(=)
24 D,O 15753 156.30 126.69 157.78 57.86 81.43 61.57 67.30
(12.4) (156.8)
29 D.0O 156.82 157.18 125.87 156.69 56.85 70.23 69.21
(10.0) (150.2)
328 DMSO 157.00 158.07 125.77 156.78 56.21 78.03 81.80 63.75
(8.1) (13.2; 19.1) (169.9) (164.8)
37f DMSO 156.86 158.01 125.63 156.80 60.70 75.71 16.91 62.67
(12.2) (164.8)
39 D.O 15752 157.66 126.47 157.42 61.60 77.01 17.54 66.52
(12.2) (155.7)
N-7 Isomer
179 DMSO 15457 160.35 114.43 151.91 52.35 74.25 65.92

)

Other carbons are as follows: Di-O-isopropylidene: 2109.30, 26.76, 25.73; 9109.49, 26.84, 25.40; 9109.36, 26.13, 25.08. P(OCH(CHys)2)2:
b70.42 d and 70.03 d (J(C,P) = 6.6), 23.84 d and 23.79 d (J(C,P) = 3.7), 23.63 d and 23.57 d (J(C,P) = 4.4); 70.34 d and 70.21 d (J(C,P)
= 6.1), 23.88 d and 23.86 d (J(C,P) = 3.1), 23.69 d and 23.65 d (J(C,P) = 4.6); ¢70.48 d and 70.37 d (J(C,P) = 5.9), 24.23 d and 23.82 d
(J(C,P) =3.7),23.66 d and 23.58 d (J(C,P) = 3.6); f70.38 d and 70.26 d (J(C,P) = 6.1), 23.87 d and 23.85 d (J(C,P) = 3.1), 23.68 d and 23.64

d (J(C,P) = 4.6).

in the order of C-6, C-5 and C-2, C-4 which agrees with
the assignment derived above. Similarly, the isotopic
shifts for compound 16 (N8-isomer) are —0.074 ppm for
signal at 6 156.77 and —0.037 ppm at 6 125.73, and for
compound 15 (N°-isomer) —0.070 ppm at 6 156.41 and
—0.039 ppm at ¢ 123.83 always for carbon atoms C-6
and C-5, respectively. Analogous isotopic effects, in-
duced by deuteration of hydroxyl protons, were de-
scribed in 13C NMR spectra of saccharides.3® The above
results are in contrast with the earlier described as-
signment of C-4 and C-6 signals in the N’- isomer of
8-aza-2'-deoxyadenosine®® and in the NB&-isomers of
8-aza-2'-deoxyguanosine? and 2-amino-8-aza-2'-deoxy-
adenosine,?%® respectively.

On the basis of the structural assignment of the
carbon signals, the experimental NMR evidence for the
assignment of different regiocisomers was made possible
by the analysis of vicinal J(C,H) couplings between the
o-hydrogens of the N-substituent and the corresponding
carbon atom of the base in proton-coupled 13C NMR
spectra. In our previous paper3® we have used this
method for providing evidence for the N°% and N2-
isomers in 2-azaadenine derivatives. Different vicinal
couplings J(C,H) for the N°%, N8-, and N’-isomers of
8-aza-2'-deoxyadenosine were described in the litera-
ture.36 This method is applicable for distinguishing the
N°-, N8- and N7-isomers in compounds 15, 16, and 17.
We have found that in proton-coupled 3C NMR spectra
of the N°- and/or N7-isomer a characteristic splitting or
at least significant line broadening of the C-4 and/or C-5

signal by vicinal coupling with hydrogens H-1' of the
substituent can be observed which is absent in the N&-
isomer.

To determine the effect of substitution in individual
positions of 8-azapurines we have recorded also 3C
NMR spectra of the free bases in DMSO (Tables 1—-3).
Average values of the substituent effects of 8-azaad-
enine, 8-azaguanine, and 8-aza-2,6-diaminopurine and
their N°, N8-, and N7-substituted derivatives are pre-
sented in Table 4. It is evident that the substituent
effects for regioisomeric derivatives of all three 8-azapu-
rine bases are similar and can be used to distinguish
between N°, N8-, and N7-isomers. In fact, each isomer
should be referred to the appropriate tautomeric form
of the unsubstituted base. Unfortunately, neither the
13C chemical shifts of individual tautomers nor their
population in solution have been published. Signifi-
cantly larger substituent effects on carbon atoms C-4
and C-5 which were observed in the N8-isomers, and
particularly the N7-isomers compared to the N°®-isomers
(Table 4) may be due to a lower population of the
corresponding N8- and N7-tautomers of the free bases
in solution. Due to the limited solubility of the free
phosphonates in DMSO, their NMR spectra were mea-
sured in D;O. The data in Tables 1—3 show that the
13C chemical shifts of the bases in water are rather
similar to those in DMSO. However, a different situ-
ation is encountered in an alkaline aqueous solution.
The 8-azaguanine derivatives 72a (N-8) and 73a (N-7)
measured in D,O + NaOD show significant downfield
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Table 2. Carbon-13 NMR Spectral Data of 8-Azaguanine Derivatives

compd solvent C-2 C-4 C-5 C-6 c-1 C-2' (I(P,2Y)) Cc-3 OCH3P (J(P,CHy))
13 DMSO 155.45 153.45 123.76 155.88
N-9 Isomers
62b DMSO 155.63 151.77 124.34 155.98 45.43 69.94 64.81
(12.2) (164.8)
65 D,O 157.15 152.17 125.26 159.54 47.30 70.68 69.75
(10.7) (151.1)
68a? DMSO 155.64 151.91 124.22 156.00 49.86 75.30 17.25 62.79
(12.7) (165.0)
N-8 Isomers
63d DMSO 154.01 159.83 126.66 156.71 55.52 70.18 64.74
(12.2) (163.3)
66 D,O 155.54 159.51 126.84 156.51 56.95 71.13 68.75
(10.7) (154.1)
69a° DMSO 154.34 159.77 126.71 156.75 59.74 75.59 17.02 62.70
(12.7) (165.0)
72a NaOD 165.35 161.08 128.74 169.73 60.82 77.02 17.16 68.25
(10.7) (151.2)
N-7 Isomers
644 DMSO 153.82 161.14 113.78 154.28 49.62 70.51 64.82
(12.2) (164.8)
67 D,O 155.35 160.82 114.81 155.54 51.43 71.26 68.86
(10.7) (152.6)
70a¢ DMSO 153.96 160.99 113.91 154.16 53.87 75.75 17.00 62.70
(12.7) (165.0)
73a NaOD 165.71 162.63 116.74 164.54 55.25 77.32 17.63 68.48
(11.4) (151.1)

Other carbons are as follows. P(OCH(CH3s),)2: 270.44 d and 70.32 d (J(C,P) = 5.9), 23.92 d and 23.90d (J(C,P) = 2.9), 23.76 d and 23.71
d (J(C,P) = 4.9); 70.46 d (J(C,P) = 6.1), 23.93 d (J(C,P) = 3.1), 23.74 d (J(C,P) = 4.6); ¢70.42 d and 70.32 d (J(C,P) = 5.9), 23.92 d (J(C,P)
= 2.9), 23.76 d (J(C,P) = 4.9); 970.49 d and 70.47 d (J(C,P) = 6.1), 23.95 d and 23.92 d (J(C,P) = 3.1), 23.75 d and 23.74 d (J(C,P) = 4.6);
€70.42 d and 70.26 d (J(C,P) = 5.9), 23.92 d (J(C,P) = 2.9), 23.73 d (J(C,P) = 4.9).

shifts of carbons C-2 and C-6 (10—13 ppm) and much
smaller downfield shifts of carbons C-4 and C-5 (1—3
ppm). Similar effects in the alkaline aqueous solutions
were described by Seela?®® and explained by the oc-
curence of 8-aza-2'-deoxyguanosine monoanion.

Biological Activity. Several 8-azapurine deriva-
tives within the PME, (S)-HPMP, (S)- and (R)-PMP, and
(S)-FPMP series were evaluated for their inhibitory
effect on the DNA viruses herpes simplex virus type 1
(HSV-1), HSV-2, cytomegalovirus (CMV), varicella-
zoster virus (VZV), and vaccinia virus, and against the
retroviruses Moloney murine sarcoma virus (MSV) and
human immunodeficiency virus type 1 (HIV-1) and HIV-
2. Among the PME derivatives, only PME-8-azagua-
nine (65) was inhibitory to HSV-1, the thymidine Ki-
nase (TK~) deficient HSV-1 strains B2006 and
VMW1837, HSV-2, CMV, both TK* and TK~ VzZV
strains and vaccinia virus at concentrations varying
between 0.04 and 0.4 ug/mL for VZV to 2 and 7 ug/mL
for HSV-1, HSV-2, and CMV. (S)-HPMP-8-azaadenine
(23) proved markedly inhibitory to all DNA viruses
tested. In particular, 23 was exquisitely inhibitory to
VzZV (MIC: 0.2—2 ug/mL) (Table 5). In fact, compound
23 was endowed with an antiviral potency that was
comparable to that of the prototype compound (S)-
HPMPA (data not shown). (S)-HPMP-8-aza-2,6-diami-
nopurine (47) was approximately 2 orders of magnitude
less potent an inhibitor of these viruses than compound
23. None of the 8-aza-PMP or 8-aza-(S)-FPMP deriva-
tives proved markedly inhibitory to any of the DNA
viruses tested, except for compounds 38 and 39 that
showed a moderate antiviral activity against VZV
(MIC: 5—10 ug/mL).

With respect to the antiretroviral activity of the test
compounds, PME-8-azaguanine (65) and (R)-PMP-aza-
guanine (71a) had a substantial inhibitory effect against

MSV-induced transformation (ICsp: ~2 ug/mL). Inter-
estingly, several other 8-azapurine derivatives proved
markedly more active against MSV than HIV. For
example, compounds 51, 47, 39, and 59 were almost 2
orders of magnitude less inhibitory to HIV than to MSV
(Table 6). The reason for this phenomenon is unclear
so far, but could be related to a differential uptake and/
or metabolism in the murine versus human cells.
Alternatively, MSV reverse transcriptase (RT) might be
more susceptible to the inhibitory effects of these test
compounds (in their diphosphate form) than HIV RT.
Further experiments are needed to resolve these issues.

Experimental Section

Unless otherwise stated, solvents were evaporated at 40 °C/2
kPa and compounds were dried at 2 kPa over P,Os. Melting
points were determined on a Kofler block and are uncorrected.
TLC was performed on Silufol UV254 plates (Kavalier Votice,
Czech Republic) in systems S1, chloroform—ethanol (95:5); S2,
chloroform—ethanol (9:1); S3, chloroform—ethanol (4:1); S4,
ethyl acetate—acetone—ethanol—water (4:1:1:1). HPLC was
performed on Separon SGX RPS columns (200 x 4 mm) in 0.05
M triethylammonium hydrogen carbonate, pH 7.5 containing
1% acetonitrile (S5), 2% acetonitrile (S6), 4% acetonitrile (S7),
16% acetonitrile (S8), and 20% acetonitrile (S9). Preparative
TLC was carried out on 40 x 17 x 0.4 cm loose layer plates of
silica gel containing UV indicator. Paper electrophoresis was
performed on a Whatman No. 3 MM paper at 40 V/cm for 1 h
in 0.05 M triethylammonium hydrogen carbonate (TEAB) at
pH 7.5; the electrophoretical mobilities are referenced to
uridine 3'-phosphate.

Proton NMR spectra were taken on Varian UNITY-200 (at
200 MHz) and/or Varian UNITY-500 (at 500 MHz) instru-
ments in CD3SOCD3, D0, or D,O + NaOD solutions with
tetramethylsilane (TMS) or sodium disilapentanesulfonate
(DSS) as the respective internal standards. Proton chemical
shifts and coupling constants were obtained by the first-order
analysis of the spectra. Carbon-13 NMR spectra were mea-
sured on a Varian UNITY-500 (at 125.7 MHz) instrument and
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Table 3. Carbon-13 NMR Spectral Data of 8-Aza-2,6-diaminopurine Derivatives

compd  solvent C-2 C-4 C-5 C-6 c-1(J(1',F) C-27(3(2',P);J3(2F) C-3@I@B,F) OCHP (I(P,CHY)
12 DMSO 162,58 153.22 119.85 156.31
N-9 Isomers
43 DMSO  162.83 151.95 120.40 156.42 49.22 69.85 63.78
(=)
47 D,0 163.71 15220 121.61 157.74 47.27 80.90 61.82 69.33
(10.0) (150.3)
48¢ DMSO  162.92 15190 120.40 156.36 45.05 69.91 64.74
(11.4) (163.3)
51 D,0O 163.69 151.90 121.84 157.83 47.22 70.87 70.22
(12.2) (150.0)
532 DMSO 163.00 152.13 120.32 156.38 44.75 77.60 82.09 63.68
(8.4) (13.0;18.3) (169.4) (164.0)
57° DMSO  162.99 152.05 120.26 156.37 49.57 75.15 17.31 62.72
(12.7) (165.0)
59 D,O 163.51 151.85 121.49 157.62 51.26 76.29 17.68 68.10
(10.8) (150.4)
N-8 Isomers
414 DMSO 16252 160.54 122.40 156.57 56.23 68.95 65.85
(=)
499 DMSO 16249 16051 122.43 156.56 55.45 70.37 64.86
(11.4) (164.0)
54¢ DMSO 162,55 160.51 122.62 156.58 55.12 78.07 82.01 63.78
(7.6) (13.0;19.1) (169.4) (164.0)
58f DMSO  162.54 160.57 122.44 156.58 59.83 75.75 17.11 62.77
(12.7) (164.1)
60 D,O 163.25 159.70 12358 158.41 60.94 76.77 17.62 68.12
(10.8) (150.4)
N-7 Isomer
50" DMSO  161.43 163.73 109.78 151.79 49.86 71.35 64.98
(10.0) (162.5)

Other carbons are as follows: P(OCH(CHz3)2)2: 370.54 d and 70.40 d (J(C,P) = 6.1), 23.89 d and 23.85 d (J(C,P) = 3.8), 23.69 d and
23.62 d (J(C,P) = 4.6); 70.37 d and 70.23 d (J(C,P) = 5.9), 23.91 d and 23.88 d (J(C,P) = 3.9), 23.73 d and 23.68 d (J(C,P) = 4.9); ¢70.38
d (J(C,P) = 6.9), 23.92 d (J(C,P) = 3.8), 23.72 d (J(C,P) = 4.6); ¢70.59 d and 70.50 d (J(C,P) = 6.1), 23.87 d and 23.84 d (J(C,P) = 3.8),
23.67 d and 23.62 d (J(C,P) = 4.6); 770.36 d and 70.26 d (J(C,P) = 5.9), 23.92 d and 23.89 d (J(C,P) = 3.9), 23.73 d and 23.70 d (J(C,P) =
3.9); 970.39 d (J(C,P) = 6.1), 23.91 d (J(C,P) = 3.8), 23.71 d (J(C,P) = 4.6); "70.39 d (J(C,P) = 6.1), 23.88 d (J(C,P) = 3.8), 23.71 d (J(C,P)
= 4.6). OC(CgHs)s: 986.20, 143.84 (3 x C), 128.45 (6 x C), 128.05 (6 x C), 127.19 (3 x C).

Table 4. Substituent Effects on Carbon-13 Chemical Shifts in
8-Azaadenine, 8-Azaguanine and 8-Aza-2,6-diaminopurine
Derivatives

substituent effect (ppm)

compounds
base C-2 C-4 C-5 C-6 examined
N-9 Isomer
8-azaadenine 0.72 —1.78 0.70 0.26 4
8-azaguanine 0.21 —-1.50 0.62 0.15 4
8-aza-2,6-diaminopurine  0.36 —1.21 0.50 0.07 1
N-8 Isomer
8-azaadenine 0.74 6.71 244 0.55 4
8-azaguanine -1.21 6.37 3.02 0.82 3
8-aza-2,6-diaminopurine —0.06 7.31 2.62 0.26 2
N-7 Isomer
8-azaadenine —-1.63 9.00 -8.85 —4.32 4
8-azaguanine —-156 7.62 —9.92 -1.66 4
8-aza-2,6-diaminopurine —1.24 10.42 -10.06 —4.50 2

referenced either internally with the solvent signal (6 (CDs-
SOCD3) = 39.7 ppm) or externally (using chemical shift of
dioxane in D,0: ¢ (dioxane) = 66.86 ppm). Carbon chemical
shifts and *C—3'P coupling constants were obtained from
“normal” proton-decoupled spectra or “attached proton test”
spectra.“® Proton-coupled 3C NMR spectra with NOE
enhancement were used to obtain J(C,H) coupling constants
in some compounds. Deuterium isotopic shifts of 3C signals
were extracted from partially exchanged proton-decoupled $3C
NMR spectra in CD3sSOCD3 solution with a small amount (ca.
3 drops) of D,O added.

Mass spectra were measured on a ZAB-EQ (VG Analytical)
spectrometer using FAB (ionization by Xe, accelerating voltage
8 kV, glycerol matrix). UV absorption spectra were measured
on a Beckman DU-65 spectrometer in aqueous solutions.

Materials. Bromotrimethylsilane and cesium carbonate
were purchased from Fluka (Switzerland); 8-azaadenine,

8-aza-2,6-diaminopurine hemisulfate, and 8-azaguanine were
obtained from Sigma (Germany). Dimethylformamide di-
methyl acetal was purchased from BASF (Germany), di-
methylformamide dineopentyl acetal was prepared according
to ref 41. Dimethylformamide was distilled from P,Os and
stored over molecular sieves (4 A). Acetonitrile was refluxed
with CaH; and distilled over molecular sieves (4 A).

9-(S)-[(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl]-8-azaad-
enine(15), 8-(S)-[(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl]-
8-azaadenine (16), and 7-(S)-[(2,2-Dimethyl-1,3-dioxolan-
4-yl)methyl]-8-azaadenine (17). A mixture of 8-azaadenine
(11) (3.0 g, 22 mmol), cesium carbonate (3.6 g, 11 mmol), and
(R)-2,2-dimethyl-4-[(tosyloxy)methyl]-1,3-dioxolane*? (14) (6.9
g, 24 mmol) in dimethylformamide (100 mL) was heated at
100 °C under a calcium chloride protecting tube for 20 h until
the starting base disappeared (monitored by TLC in S2).
According to HPLC analysis (S8) the mixture contains three
regioisomers in the ratio of 47:46:7, k; = 5.73, k. = 4.66, k3 =
3.97. The mixture was taken down in vacuo, and codistilled
twice with toluene (50 mL portions), and the residue was
extracted with boiling chloroform (total, 250 mL). The extract
was evaporated to dryness and the residue adsorbed from
methanol on silica gel (30 g). This material was applied onto
a column of silica gel (120 g) and chromatographed with
chloroform—ethanol mixture (98:2) to afford, after crystalliza-
tion from methanol, 1.1 g (20%) of the N°-isomer (15). Mp:
192—-193 °C. Ri= 0.4 (52) k=5.73 (88) Anal. (C10H14N502)
C, H, N. 'H NMR ((CD3),S0): 6 8.30 s, 1H (H-2 arom); 8.40
and 8.09 2 x br, 2H (NHy); 4.62 br s, 3H (H-1' and H-2'); 4.08
dd, 1H (H-3', J(3',2") = 6.3, J(gem) = 8.8); 3.93 dd, 1H (H-3",
J(@3",2") = 4.4, J(gem) = 8.8); 1.22 s, 6H (2 x CHj3). UV
Spectrum (Amax (€max)): (PH 2) 265.0 nm (11 600); (pH 7) 278.0
nm (12 200); (pH 12) 278.0 nm (11 700). IR spectrum (chlo-
roform, cm™1): v(NH,) free, 3523 w, 3410 m; assoc, 3474 w,
3327 w; sciss(NH_) free,1638 vs; assoc,1655 m, sh; (ring) 1585
m; s(CH3;) 1384 w, 1374 w; (CH3) 2992 m, 2890 w; (C—0) 1083
w, sh, 1064 w.
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Table 5. Anti-DNA-viral Activity (ICsp)? of Acyclic 8-Azapurine Nucleotide Analogues

HSV-1 HSV-1 TK~ HSV-2 CMV VZV TK* VZV TK~ Vaccinia

compd KOS B2006 VMW1837 G 196 Lyons AD169 Davis OKA YS 07/1 YS/R virus
PME Derivatives

28 >200 >200 >200 >200 >200 >200 >100 >100 >100 >100 >100 >100 >400

29 >400 >400 >400 >400 >400 >400 >100 >100 >100 >100 >100 >100 >400

51 70 150 150 20 150 150 >40 >40 >40 >40 >40 >40 400

65 2 7 2 2 7 2 23 2.3 0.4 0.04 0.1 0.4 0.700

66 >400 >400 300 >400 >400 >300 >100 >40 40 40 >40 40 150

(S)-HPMP Derivatives

23 0.4 0.9 2 40 0.2 2 2 35 0.06 0.04 0.02 0.01 0.7-2

24 >400 150 >400 >400 >400 >400 >200 >200 >100 >100 >100 >100 >400

47 20 20 40 20 20 40 >100 >100 9 6 6 7 20
PMP Derivatives

22 >400 >400 >400 >400 >400 >400 >50 >50 >50 >50 >50 >400

38 70 70 100 200 70 100 >40 >40 8 8 5 8 >400

39 150 150 100 >400 150 100 >40 >40 10 5 5 5 >400

59 300 300 300 >400 300 300 >50 >50 >50 >50 >50 >50 >400

60 >100 200 >200 100 200 >200 >50 >50 >50 >50 >50 >50 >100

71a 20 >100 20 70 >100 20 35 50 40 28 20 26 >100

71b 300 >400 300 >400 400 300 >40 >40 10 4 >40 >40 300

72a  >100 >400 >400 >400 >400 >400 >50 >50 >20 >20 >20 >400

(S)-FPMP Derivatives

33 >400 >400 >400 >400 >40 >40 >40 >40 >40 >40 >400

34 >40 >40 >40 >400 >400 >10 >10 >10 >10 >40

55 >400 >400 >400 >400 >50 >50 >50 >50 >50 >50 >400

56 >400 >400 >400 >400 >50 >50 >50 >50 >50 >50 >400
Other Compounds

18 >200 >200 >100 >40 >40 >40 37

19 >200 >200 >100 >40

43 >100 >100 >50 >50 >50 >50 >50

ACVP 0.015 0.02 13 0.18 0.35 11 22

a50% inhibitory concentration (¢g/mL), or concentration required to reduce virus plaque formation by 50% under experimental conditions
(see Methods). P ACV = acyclovir.

Table 6. Antiretroviral Activity (ICso)? of Acyclic 8-Azapurine Nucleotide Analogues

HIV-1 HIV-2
compd MSV MT-4 CEM MT-4 CEM
PME Derivatives
28 121+ 1.72 >100 >100
29 >100 >100 >100
51 0.750 45.8 68
65 0.32+01 2 2 2 2
66° >40 >100 >100 >100 >100
(S)-HPMP Derivatives
23 0.57 £ 0.03 >0.8 >0.8
24 >100 >100 >100
47 1.0+0.22 >100 >100 >100 >100
PMP Derivatives
38 0.85 +0.14 5.200 7 6.700 10
39 2.90 + 1.68 >100 >100 >100 >100
59 1.58 +£0.73 44.4 £+ 10 30+ 14 45+5 40
60 28.4+0.81 >100 >100 >100 >100
71la 0.43+0.24 242 +0.91 2 1.75+0.2 2
72a >40 20 20 20 20
73a >40 >100 >100 >100 >100
71b 27 +£0.7 52.7 +£43.4 40 £+ 28 62 + 34 85+ 21
72b >40 >100 >100 >100 >100
(S)-FPMP Derivatives
33 >200 >100 >100
34 13.1+7.5 15 16
55 149+59 50 50
56 >200 50 55
Other Compounds
18 >100 >100 >100
19 >100 >100 >100
43 >40 >100 >100
AZTC 0.020 0.005 0.008

a |Csp is the minimum concentration («g/mL) of the test compound which protects 50% of the cells against virus-induced transformation.
b Contains 9% of compound 67. ¢ AZT = azidothymidine.

The following fraction contained a mixture of two com- methanol gradient, 1%/min, up to 50% methanol). The first
pounds that were separated by preparative HPLC (water— fraction afforded by crystallization from methanol 1.2 g (22%)
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of the N&-isomer 16. Mp: 122—-124°C. Ry=0.3(S2). k= 4.66
(S8). Anal. (C10H14NgO) C, H, N. *H NMR ((CD3),S0): 6 8.28
s, 1H (H-2 arom); 8.25 and 8.07 2 x br, 2H (NH,); 4.66—4.88
m, 3H (H-1' and H-2'); 4.15 dd, 1H (H-3', 3(3',2') = 5.8, J(gem)
=8.8);3.93dd, 1H (H-3", J(3",2") = 4.6, J(gem) = 8.8); 1.29 s
and 1.24 s, 6H (2 x CHg). UV spectrum (Amax (€max): (PH 2)
284.0 nm (12 300); (pH 7) 293.0 nm (11 000), 262.0 nm (4800);
(pH 12) 292.0 nm (10 800), 263.0 nm (4800). IR spectrum
(chloroform): v(NHy) free, 3523 w, 3409 m; assoc, 3472 w, 3338
m, br; vsiss(NH3) free, 1635 vs; assoc., 1650 s, sh; (ring) 1596
m, 1563 s; s(CH3) 1385 mw, 1374 sw; (CH3) 2992 s, 2891 w;
(C—-0) 1073 m, 1054 m, sh.

The next (minor) fraction from the HPLC gave (after
crystallization from methanol 0.22 g (4%) N7-isomer 17. Mp:
182 —183°C. Ry=0.3(S2). k=3.97(S8). Anal. (Ci0H14N40,)
C, H, N. 'H NMR ((CDj3),S0): 6 8.30 s, 1H (H-2 arom); 7.70
brs, 2H (NH); 5.09 dd, 1H (H-1', J(1',2") = 3.4, J(gem) = 14.7);
4.92 dd, 1H (H-1", J(1",2") = 6.3, J(gem) = 14.7); 4.47 qd, 1H
(H-2', ¥J = 22.5); 4.12 dd, 1H (H-3', J(3',2") = 6.8, J(gem) =
8.8); 3.78 dd, 1H (H-3", J(3",2") = 5.9, J(gem) = 8.8); 1.19 s
and 1.08 s, 6H (2 x CH3). UV spectrum (Amax (€max): (PH 2)
288.0 nm (9000); (pH 7) 290.0 nm (8000); (pH 12) 289.5 nm
(7500). IR spectrum (chloroform): v(NH.)intramol.bridge 3467 M,
3347 m; sciss(NH) 1635 vs; (ring) 1592 m, 1566 s; s(CH3) 1385
m, 1376 m; (CH3) 2994 m, 2899 w; (C—0) 1057 m, 1042 m, sh.

9-(S)-(2,3-Dihydroxypropyl)-8-azaadenine (18) and 8-
(S)-(2,3-dihydroxypropyl)-8-azaadenine (19). The solution
of compound 15 or 16 (4 mmol) in 0.25 M sulfuric acid (50
mL) was left to stand overnight at the ambient temperature.
The mixtures were diluted with water (50 mL) and neutralized
with saturated barium hydroxide solution. The resulting
suspensions were heated to boil and filtered through Celite,
and the filter was washed with boiling water (500 mL). The
filtrates were taken down in vacuo, and the residues were
codistilled with ethanol (100 mL) and crystallized from 80%
aqueous ethanol (ether added to turbidity). Yield: 0.76 g (84%)
N°-isomer 18. Mp: 228-230 °C. k = 4.02 (S7). Anal.
(C7H10NgO2°H,0) C, H, N. *H NMR ((CD3),S0): ¢ 8.28 s, 1H
(H-2 arom); 8.35 and 8.05 2 x br, 2H (NH); 5.02 d, 1H (OH-
2',J = 5.6); 484 t, 1H (OH-3', J = 5.6); 4.59 dd, 1H (H-1',
J(1',2") = 4.1, IJ(gem) = 13.9); 4.43 dd, 1H (H-1', J(1",2") =
8.1, J(gem) = 13.9); 4.07 m, 1H (H-2', ¥J = 29.0); 3.44 m, 2H
(H-3"). UV spectrum (Amax (€max): (PH 2) 265.0 nm (11 700);
(pH 7) 278.0 nm (12 000); (pH 12) 278.0 nm (11 700). Né&-
isomer 19, yield 0.72 g (86%). Mp: 225—-227 °C. k = 3.37
(S7). Anal. (C7H10N6O2) C, H, N. *H NMR ((CD3),SO): § 8.27
s, 1H (H-2 arom); 8.19 and 8.02 2 x br, 2H (NHy); 5.13 d, 1H
(OH-2', J = 5.6); 489 t, 1H (OH-3', J = 5.6); 4.79 dd, 1H (H-
1, J(1',2") = 3.4, J(gem) = 13.4); 4.50 dd, 1H (H-1', I(1",2") =
8.6, J(gem) = 13.4); 4.14 m, 1H (H-2', ¥J = 29.0); 4.46 2 x dt,
2H (H-3'). UV spectrum (Amax (€max)): (pH 2) 284.0 nm (12 400);
(pH 7) 293.0 nm (11 500), 262.0 nm (4900); (pH 12) 292.0 nm
(10 800), 263.0 nm (4700).

9-(S)-(2-(Phosphonomethoxy)-3-hydroxypropyl)-8-
azaadenine (23) and 8-(S)-(2-(Phosphonomethoxy)-3-
hydroxypropyl)-8-azaadenine (24). The mixture of 8-azaad-
enine (11) (0.95 g, 7.0 mmol) (2R)-2-[bis(2-propyl)phos-
phonylmethoxy]-3-(trimethylacetoxy)propyl p-toluenesulfonate
(20) (4.1 g, 8.0 mmol) and cesium carbonate (1.1 g, 3.5 mmol)
in 45 mL of dimethylformamide was heated at 100 °C for 8 h
until the starting compound disappeared (TLC S3). The
mixture was evaporated in vacuo and the residue codistilled
with toluene (3 x 50 mL). The residue was extracted by
boiling chloroform (250 mL) and filtered, the filtrate was
evaporated, and the residue was left to stand overnight at
ambient temperature with 0.1 M sodium methoxide in metha-
nol (100 mL). The resulting mixture was neutralized by
addition of Dowex 50 x 8 (H*-form), the suspension was
alkalized with triethylamine and filtered, the resin was
washed with methanol (200 mL), and the filtrate was evapo-
rated. The residue was separated by chromatography on the
column of silica gel (100 g) in chloroform; the N°-isomer 21
was eluted by system S2. There was obtained 0.8 g (2.1 mmol)
of 9-(S)-(2-((diisopropylphosphono)methoxy)-3-hydroxypropyl)-
8-azaadenine (21) or 0.76 g (0.19 mmol) respectively of the N&-
isomer (22) (that was eluted by the system S3) as thick oils.
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These compounds were treated with bromotrimethylsilane (2.5
mL) in acetonitrile (25 mL) at room temperature overnight
and evaporated in vacuo and the residues dissolved in water
(50 mL). The solutions were alkalized by ammonia and after
20 min evaporated in vacuo. The residues were deionized on
columns (100 mL) of Dowex 50 x 8 (H*-form) and the crude
residues purified by chromatography on Dowex 1 x 2 column
in acetate form. The products were eluted by linear gradient
of acetic acid (0—0.5 M, 1 L each). The UV-absorbing fraction
of the product was pooled and evaporated in vacuo, and the
residue was codistilled with water (3 x 20 mL) and finally
crystallized from 80% aqueous ethanol (ether added to turbid-
ity). Yield, 0.21 g (34%) of compound 23. Mp: 125—-128 °C. k
= 2.5(S5). Eup =0.85. Anal. (CsH13NsOsP-H20) C, H, N, P.
!H NMR (DO + NaOD): ¢ 8.31 s, 1H (H-2 arom); 4.49 d, 2H
(H-1', J(1',2") = 5.6); 4.13 m, 1H (H-2', 3J = 20.0); 3.84 dd,
1H (H-3', J(3',2") = 3.4, J(gem) = 12.45); 3.57 dd, 1H (H-3",
J(3",2") = 5.4, J(gem) = 12.4); 3.95 dd, 1H (PCH,, J(P—CH) =
8.5, J(gem) = 12.2); 3.49 dd, 1H (PCH,, J(P—CH) = 10.0,
J(gem) = 12.2). UV spectrum (Amax (€max)): (PH 2) 265 nm
(11 700); (pH 7) 279 nm (12 000); (pH 13) 279 nm (11 700).

8-(S)-(3-Hydroxy-2-(phosphonomethoxy)propyl)-8-
azaadenine (24) was obtained in a similar manner from the
bis(2-propyl) ester 22 (0.76 g, 0.19 mmol) in the yield of
0.16 g (27%). Mp: >250 °C. k = 2.4 (S5). Ey, = 0.85. Anal.
(CgH13NeOsP-H,0) C, H, N, P. 'H NMR (D,0 + NaOD): ¢ 8.24
s, 1H (H-2 arom); 4.98 dd, 1H (H-1', J(1',2") = 4.6, J(gem) =
14.2); 4.91 dd, 1H (H-1", 3(1",2") = 6.6, J(gem) = 14.2); 4.19
m, 1H (H-2', ¥J = 20.5); 3.88 dd, 1H (H-3', J(3',2") = 3.9,
J(gem) = 12.45); 3.68 dd, 1H (H-3", J(3",2') = 5.4, J(gem) =
12.45); 3.70 dd, 1H (PCH,, J(P—CH) = 9.8, J(gem) = 12.9);
3.65 dd, 1H (PCH;, J(P—CH) = 9.5, J(gem) = 12.9). UV
spectrum (Amax (€max)): (PH 2) 284 nm (12 000); (pH 7) 292 nm
(11 100), 256 nm (5100); (pH 13) 294 nm (10 500), 264 nm
(5200).

9-(2-((Diisopropylphosphono)methoxy)ethyl)-8-azaad-
enine (26) and 8-(2-((Diisopropylphosphono)methoxy)-
ethyl)-8-azaadenine (27). A mixture of 8-azaadenine (11)
(0.95 g,7.0 mmol), dimethylformamide (40 mL), cesium carbon-
ate (1.3 g, 4.0 mmol), and bis(2-propyl) [(2-chloroethoxy)-
methyl]phosphonate (25) (2.1 g, 8.0 mmol) was heated at 100
°C under stirring and exclusion of moisture for 4 h until the
starting compound disappeared (TLC in S3). After evaporation
of the solvent in vacuo and codistillation with toluene (3 x 50
mL), the residue was extracted with boiling chloroform and
the residue of the extract chromatographed on the column (50
g) of silica gel in chloroform. The N°%isomer was eluted by
the system S1,; yield 0.65 g (1.8 mmol, 26%) of an amorphous
compound 26.

Further elution by system S2 gave 0.96 g (2.7 mmol) (38%)
of the N&-isomer 27 (amorphous foam). The products were
directly used for the deprotection.

9-(2-(Phosphonomethoxy)ethyl)-8-azaadenine (28) and
8-(2-(Phosphonomethoxy)ethyl)-8-azaadenine (29). Bro-
motrimethylsilane (1.8 or 2.7 mL, respectively) was added to
the above residue of the bis(2-propyl) ester 26 (1.8 mmol) in
acetonitrile (20 or 25 mL, respectively), and the mixtures were
stirred in stoppered flasks for 24 h at room temperature. The
mixtures were evaporated in vacuo, water (20 mL) was added,
and after 30 min of standing at room temperature, the mixture
was alkalized by aqueous ammonia and evaporated. The
residue in water (20 mL) was applied onto a column (100 mL)
of Dowex 50 x 8 (H*-form). The column was washed with
water to the drop of UV absorption, and the column was then
eluted with diluted (1:10) ammonia. The UV-absorbing frac-
tions were chromatographed on the column (100 mL) of Dowex
1 x 2 (acetate form). The product was eluted with a linear
gradient of acetic acid (0.05—1 M, 1 L each). After crystalli-
sation from water—ethanol mixture (1:4) (ether added to
turbidity), there was obtained 0.31 g (63%) of the N°-isomer
28. Mp: =250 °C. k = 2.3 (S5). Eup = 0.89. Anal.
(C7H11N504P) C, H, N, P. IH NMR (Dzo + NaOD): 0 8.22 S,
1H (H-2 arom); 4.79 t, 2H (H-1', J(1',2") = 5.4); 4.10 t, 2H (H-
2', J(1',2") = 5.4); 3.50 d, 2H (PCH,, J(P—CH) = 8.5). UV
spectrum (Amax (emax)): (PH 2) 264.0 nm (8700); (pH 13) 277.5
nm (8700).
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The N&-isomer 29 was obtained in a similar manner from
compound 27 (2.7 mmol) in the yield of 70%. Mp: >250 °C. k
= 1.9 (S5). Eyp =0.89. Anal. (for C;H1:NsO4P) C, H, N, P.
IH NMR (D20 + NaOD): ¢ 8.20 s, 1H (H-2 arom); 4.95 t, 2H
(H-1', J(1',2") = 5.2); 4.20 t, 2H (H-2', J(1',2") = 5.1); 3.50 d,
2H (PCH_, J(P—CH) = 8.3). UV spectrum (Amax (€max)): (pH
2) 288.0 nm (10 500); (pH 13) 290.5 nm (10 900).

(S)-9-[2-((Diisopropylphosphono)methoxy)-3-fluoro-
propyl]-8-azaadenine (31) and (S)-8-[2-((diisopropyl-
phosphono)methoxy)-3-fluoropropyl]-8-azaadenine (32).
A mixture of 8-azaadenine (11) (531 mg, 3.9 mmol), cesium
carbonate (611 mg, 1.9 mmol), and compound 30 (1.3 g, 3.7
mmol) in dimethylformamide (15 mL) was stirred for 24 h at
100 °C under exclusion of moisture and taken to dryness. The
residue was extracted with boiling chloroform and filtered and
the filtrate evaporated. The residue was chromatographed on
a column of silica gel (100 mL) in chloroform—methanol
mixture, 20:1. Compound 31 (320 mg, 22%) and 32 (510 mg,
35%) were obtained as thick oils.

Compound 31. Anal. (C14H24FNGO4P) C,H,N,F, P. 1H-
NMR ((CD3),S0O): 6 1.04d +1.08d +1.10d +1.14d,4 x 3H
(CHs); 3.75 dd, 1 H (PCH, J(H,P) = 9.5, J(gem) = 13.7); 3.89
dd, 1 H (PCH, J(H,P) = 9.5, J(gem) = 13.7); 4.41 m, 2 H (OCH);
4.33dm, 1 H (H-2', 3(2',F) = 23); 4.54 ddd, 1 H (H-3', 3(3',2")
= 4.2, J(gem) = 10.5, J(3',F) = 46.2); 4.78 ddd, 1 H (H-3",
J@",2") = 3.2, J(gem) = 10.5, J(3",F) = 47.6); 468 dd, 1 H
(H-1',3(1',2") = 7.1, I(gem) = 14.6); 4.78 dd, 1 H (H-1", 3(1",2")
= 5.1, J(gem) = 14.6); 8.30 s, 1 H (H-2); 8.10 + 8.43, 2 x bs,
2 H (NH,).

Compound 32. Anal. (C14H24FNGO4P) C,H,N,F, P. 1H-
NMR((CD3);S0): 6 1.04d +1.08d +1.10d +1.14d,4 x 3H
(CHg3); 3.75dd, 1 H (PCH, J(H,P) = 9.5, J(gem) = 13.7); 3.89
dd, 1 H (PCH, J(H,P) = 9.5, J(gem) = 13.7); 4.42 ddd, 1 H
(H-3', 3(3',2") = 4.2, I(gem) = 10.5, I(3',F) = 46.2); 4.78 ddd,
1H (H-3", 3(3",2') = 3.2, IJ(gem) = 10.5, J(3",F) = 47.6); 4.81
dd, 1 H (H-1', J(1',2") = 7.6, J(gem) = 14.2); 4.99 dd, 1 H (H-
1", J(1",2") = 4.4, IJ(gem) = 14.6); 8.29 s, 1 H (H-2); 8.05 +
8.25, 2 x bs, 2 H (NHy).

(S)-9-(3-Fluoro-2-(phosphonomethoxy)propyl)-8-azaad-
enine (33). Bromotrimethylsilane (437 uL, 3.31 mmol) was
added to a solution of compound 21 (323 mg, 0.83 mmol) in
acetonitrile (1.6 mL), and the reaction mixture was stirred at
ambient temperature for 24 h. The solution was concentrated
in vacuo and codistilled with toluene. Aqueous ammonia
(2,5%, 5 mL) was added and the solution taken to dryness.
The residue in water (5 mL) was applied onto a Dowex 50 x
8 column (20 mL, H*-form) and the column washed with water.
Subsequent elution of the column with diluted (2.5%) aqueous
ammonia afforded a UV-absorbing eluate that was evaporated
in vacuo, the residue in water (5 mL) was applied on a column
(20 mL) of Dowex 1 x 2 (acetate), and the column was washed
with water and then with 1 M acetic acid. The product was
then obtained by elution with 4 M acetic acid. The eluate was
taken to dryness and the residue codistilled with water to
afford compound 33 (200 mg, 79%). Anal. (CgHi1.FNgO4P) C,
H, N, F, P. UV spectrum (Amax (€max): (pH 2) 264.0 nm (10 700);
(pH 7) 278.0 nm (10 000); (pH 13) 278.0 nm (11 600).

(S)-8-(3-Fluoro-2-(phosphonomethoxy)propyl)-8-azaad-
enine (34). A solution of compound 32 (390 mg, 1.0 mmol) in
acetonitrile (2.0 mL) was treated with bromotrimethylsilane
(515 uL, 3.9 mmol), and the reaction mixture was stirred for
24 h at ambient temperature. The further workup was
performed as described for compound 33. The ultimate
purification was performed by chromatography on Dowex 1 x
2 column and the product eluted with 2 M acetic acid. Yield:
230 mg (75%) of compound 34. Anal. (For CgH12FNgO4P) C,
H, N, F, P. UV spectrum (Amax (€max)): (PH 2) 284.0 nm (10 100);
(pH 7) 278.0 nm (11 600), 256.0 nm (4200); (pH 13) 293 nm
(9000), 255 nm (4100). MS (FAB): 307 (M + H), 171, 157.

9-(R)-(2-(Phosphonomethoxy)propyl)-8-azaadenine (38)
and 8-(R)-(2-(Phosphonomethoxy)propyl)-8-azaadenine
(39). A mixture of 8-azaadenine (11) (1.45 g, 10.8 mmol),
cesium carbonate (1.75 g, 5.4 mmol), and dimethylformamide
(25 mL) was preheated to 100 °C, and a solution of (R)-2-[(bis-
(2-propyl)phosphono)methoxy]propyl p-toluenesulfonate (35a)
(3.67 g, 9 mmol) in dimethylformamide (10 mL) was added in
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one portion. The mixture was then heated for 6 h at 110 °C
under exclusion of moisture and taken to dryness. The residue
was extracted with boiling chloroform (total 300 mL), filtered
and the filtrate evaporated. The residue was chromatographed
on a column of silica gel (300 mL). Elution with system S1
afforded 9-(R)-(2-((diisopropylphosphono)methoxy)propyl)-8-
azaadenine (36) as a thick oil. Yield: 0.90 g (37%). UV
spectrum (pH 2): Amax 265.5 (emax 14 000). R = 0.50 (S2).
Further elution with the same solvent afforded 8-(R)-(2-
((diisopropylphosphono)methoxy)propyl)-8-azaadenine (37) as
semisolid material in the yield of 0.75 g (22%). UV spectrum
(PH 2): Amax 284 nm. R 0.40 (S2).

Each fraction was separately treated with acetonitrile (25
mL) and bromotrimethylsilane (2.5 mL) overnight, and the
mixtures were worked up as described for the compound 26.
Chromatography on Dowex 1 x 2 column (50 mL) afforded
9-(R)-(2-(phosphonomethoxy)propyl)-8-azaadenine (38) on elu-
tion with 2 M acetic acid. Yield (after crystallization from
water—ethanol): 79%. UV spectrum (Amax (€max)): (PH 2): 265
nm (14 000). Anal. (CsH14NgO4P) C, H, N, P.

8-(R)-(2-(Phosphonomethoxy)propyl)-8-azaadenine (39) was
obtained similarly (final elution with 1 M acetic acid). Yield:
72%. UV spectrum (pH 2): Amax 284 nm. Anal. (CsH14NsO4P)
C,H, N, P.

8-Aza-2,6-diaminopurine (12) was obtained by stirring a
suspension of its hemisulfate (25 mmol) in water (100 mL)
under addition of Dowex 50 x 8 (H*-form) until dissolution,
the suspension was poured onto a column of the same cation
exchanger (100 mL), and the column was washed with water
until neutral. The resin was then treated in agqueous suspen-
sion under stirring with concentrated aqueous ammonia until
alkaline and filtered, and the resin was washed with boiling
water (total, 1 L). The filtrate and washings were evaporated
to dryness, the residue was codistilled with ethanol (2 x 50
mL), and the product was filtered from ether, washed with
the same solvent, and dried over phosphorus pentoxide in
vacuo.

9-(S)-(2-Hydroxy-3-(triphenylmethoxy)propyl)-8-aza-
2,6-diaminopurine (41) and 8-(S)-(2-Hydroxy-3-(tri-
phenylmethoxy)propyl)-8-aza-2,6-diaminopurine (42). A
mixture of 8-aza-2,6-diaminopurine (12) (3 g, 20 mmol), (R)-
tritylglycidol (40) (7.6 g, 24 mmol), and cesium carbonate (0.2
g, 0.6 mmol) in dimethylformamide (100 mL) was heated for
20 h at 120 °C under stirring with exclusion of air moisture
until the starting compound disappeared (TLC in S3). The
solvent was taken to dryness in vacuo and the residue
codistilled with toluene (three 100-mL portions). The chro-
matography of the residue on silica gel column (300 g) in
chloroform followed by elution with S1 mixture gave (on
crystallization from ether, petroleum ether added to turbidity)
3.2 g (15%) of the 9-isomer 41. Mp: 225 °C. R; = 0.80 (S3).
Anal. (C26H25N702) C, H, N. *H NMR ((CD3)ZSO) o 7.70 br
(1H, NH), 6.35 br s (2H, NH); 7.20—7.45 m (16 H arom +
NH); 5.42 ¢ (OH), J =5.6; 4.35dd (H-1'), J(1',2") = 5.1, J(gem)
=13.2; 4.29 dd, (H-1"), J(1",2") = 7.1, J(gem) = 13.2; 4.25 m,
(H-2), ¥J = 27.9; 3.03 dd (H-3'), J(3',2") = 5.1, J(gem) = 9.5;
2.95 dd, (H-3"), J(3",2') = 5.1, J(gem) = 9.5. MS (M + H):
468.2.

Further elution afforded 1.3 g (14%, ethanol—ether) of the
8-isomer 42. Mp: 139 °C. R{=0.76 (S3). Anal. (CH2sN-Oy)
C, H, N. 'H NMR ((CD3);S0): 6 7.50 br (1H, NHy), 6.08 br s
(2H, NHy); 7.20—7.40 m (15 H arom + NH); 5.36 6 (OH), J =
6.1; 4.61 dd (H-1), J(1',2') = 4.6, J(gem) = 13.4; 4.41 dd, (H-
1), J(1",2') = 8.1, J(gem) = 13.4; 4.31 m, (H-2'), ¥J = 29.1;
3.04 dd (H-3'), J(3',2") = 4.9, J(gem) = 9.5; 3.00 dd, (H-3"),
J(3",2") = 5.4, J(gem) = 9.5.

9-(S)-(2,3-Dihydroxypropyl)-8-aza-2,6-diaminopurine
(43). A solution of the trityl derivative 41 (0.75 g, 1.6 mmol)
in the mixture of 0.25 M sulfuric acid and dioxane (1:1, 50
mL) was set aside overnight at ambient temperature. The
mixture was alkalized with aqueous ammonia to pH 7—8 and
taken to dryness. The residue was treated with water and
the mixture extracted with ether (three 100-mL portions). The
aqueous phase afforded by evaporation a crude product that
gave upon recrystallization from water—ethanol mixture (1:
1) compound 43 in 0.35 g (97%) yield. Mp: >250 °C. R =
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0.64 (S4). k=1.66(S7). Anal. (C;H11N;O,) C, H, N. 'H NMR
((CDg3)2S0): 6 7.70 and 7.40 2 x br, 2H (NH_); 6.40 br s, 2H
(NH,); 5.05d, 1H (OH-2"), 3 =4.9; 4.82 t, 1H (OH-3"), J = 5.6;
4.35dd, 1H (H-1'), 3(1',2") = 4.4, J(gem) = 13.9; 4.32 dd, 1H
(H-1"), J(1",2") = 8.0, J(gem) = 13.9; 4.00 m, 1H (H-2'), 3J =
28.2; 3.41 pent and 3.35 pent, 2H (H-3).
9-(S)-(2-(Phosphonomethoxy)-3-hydroxypropyl)-8-aza-
2,6-diaminopurine (47). A solution of trityl derivative 41
(2.3 g, 5.0 mmol) and N,N-dimethylformamide dimethyl acetal
(5 mL, 38 mmol) in dimethylformamide (25 mL) was left to
stand overnight at room temperature in a closed flask. The
reaction mixture was then evaporated at 40 °C/13 Pa and the
residue codistilled with dimethylformamide (three 50-mL
portions). The residue was then treated with water—pyridine
mixture (1:1) in the presence of solid carbon dioxide. The
mixture was stirred to reach the room temperature (ca. 30 min)
and evaporated in vacuo under the above conditions. The
residue of compound 44 was then dried by repeated codistil-
lation with pyridine (3 x 50 mL) and dimethylformamide (3
x 50 mL). Bis(2-propyl) [[(p-tolylsulfonyl)oxy]methyl]phos-
phonate (46) (2.1 g, 6 mmol) was added to the residue followed
by dimethylformamide (25 mL), the solution was cooled down
to —20 °C and 60% sodium hydride dispersion in paraffin (0.6
g, 15 mmol) was added under stirring. The mixture was
stirred at ambient temperature under exclusion of moisture
for 24 h. Methanol—concentrated aqueous ammonia mixture
(100 mL, 1:1) was added and the mixture set aside overnight.
The reaction mixture was taken to dryness in vacuo and the
residue refluxed for 2 h with 80% acetic acid (100 mL). The
resulting solution was evaporated, the residue codistilled with
water (3 x 50 mL) and the residue was deionized on a column
of Dowex 50 x 8 (H*-form, 100 mL); the ammonia eluate
containing crude compound 45 was dried over phosphorus
pentoxide in vacuo. Acetonitrile (30 mL) was added to the
residue followed by bromotrimethylsilane (3 mL) and the
mixture stirred in a closed flask overnight. The residue was
evaporated in vacuo and codistilled with acetonitrile (3 x 50
mL), and the residue was dissolved in water (50 mL). Tri-
ethylamine was added to pH 8, and after 1 h of standing, the
mixture was evaporated in vacuo. The residue was deionized
on a column (100 mL) of Dowex 50 x 8 (H*-form, 100 mL),
the ammonia eluate was evaporated in vacuo, and the crude
product was purified by chromatography on a column of Dowex
1 x 2 (acetate form, 100 mL). The column was eluted with
linear gradient of acetic acid (0—0.5M, 1 L each) to afford, after
evaporation of the relevant fractions, codistillation with water,
and crystallization from ethanol (ether added to turbidity) 0.83
g (50%) of compound 47. Mp: 160 °C. k = 3.5 (S6). Eup =
0.75. Anal. (CgHusN;OsP) C, H, N, P. 'H NMR (DO +
NaOD): 6 4.57 dd, 1H (H-1'), J(1',2') = 6.4, J(gem) = 14.6; 4.53
dd, 1H (H-1"), 3(1",2") = 5.6, J(gem) = 14.6; 3.97 qd, 1H (H-
2", ¥J=20.8;3.78dd, 1H (H-3'), J(3',2") = 3.4, J(gem) = 12.4;
3.54 dd, 1H (H-3"), 3(3",2") = 5.4, J(gem) = 12.4; 3.58 dd, 1H
(P—CHy), J(P—CH) = 9.5, J(gem) = 12.4; 3.47 dd, 1H (P—CH,
J(P—CH) = 9.5, J(gem) = 12.4).
9-(2-((Diisopropylphosphono)methoxy)ethyl)-8-aza-
2,6-diaminopurine (48), 8-(2-((Diisopropylphospho-
no)methoxy)ethyl)-8-aza-2,6-diaminopurine (49), and 7-(2-
((Diisopropylphosphono)methoxy)ethyl)-8-aza-2,6-
diaminopurine (50). 8-Aza-2,6-diaminopurine (12) (2.26 g,
15.0 mmol), cesium carbonate (2.4 g,7.5 mmol), and bis(2-
propyl) [(2-chloroethoxy)methyl]phosphonate (25) (4.5 g, 17.4
mmol) in dimethylformamide (75 mL) were heated for 20 h at
100 °C under stirring and exclusion of moisture until the
starting base disappeared (TLC in S3). After evaporation of
the solvent in vacuo and codistillation of the residue with
toluene (3 x 50 mL) the residue was adsorbed from methanol
on silica gel (50 mL) and the material transferred to a column
of the same sorbent (150 g) in chloroform. The N°-isomer 48
was eluted with the system S1, and the pertinent fractions
were pooled and evaporated in vacuo. Yield: 0.85 g (15%)
(methanol—ether) of the 9-isomer 48. Mp: 185-187 °C. R¢
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= 0.64 (S3). k=2.7 (S9). Anal. (Ci3H24N;04P) C, H, N, P.
H NMR ((CD3)2S0): 6 7.55 br and 6.40 br s, 2H (2 x NHy);
4.46 dsept (POCH), J(CH—CHg3) = 6.1 and 6.3, J(P—OCH) =
7.6; 4.45 t (NCH,), J(CH,—CH,;) = 5.2; 3.98 t, 2H (OCHy,),
J(CH,—CHy) = 5.2; 3.74 d (PCHy), J(P—CH) = 8.5; 1.15 and
1.092 x d, (2 x CH3). UV spectrum (Amax (€max)): (pH 2) 253.0
nm (11 600); (pH 7, 13) 259.5 nm (5700), 287.0 nm (9500).

Continued elution of the column with a chloroform—ethanol
mixture (96:5) gave 1.0 g (18%) of the N&- (49) and N7-isomer
(50) in the ratio 10:1, respectively; Ry = 0.52 and 0.43,
respectively (S3). k = 2.2 and 1.6 (S9). N8-isomer (49). 'H
NMR ((CD3),S0O): ¢ 7.90 br, 2H and 6.35 br s, 2H (2 x NHy);
4.67 t (NCH,), J(CH,—CH,) = 5.1; 4.46 dsept (POCH), J(CH—
CH3) = 6.1 and 6.3, J(P—OCH) = 7.9; 4.06 t (OCH,), J(CH,—
CHy) =5.1;3.74 d (PCHy,), J(P—CH) = 8.2; 1.15 and 1.08 2 x
d, (2 x CHg). N’-isomer (50). *H NMR ((CDs).SO): d 7.20
br and 6.05 br s (2 x NH,); 4.89 t (NCH,), J(CH,—CH;) = 4.9;
4.46 dsept (POCH), J(CH—CHj3) = 6.1 and 6.3, J(P—OCH) =
4.9; 3.91 t (OCHy), J(CH,—CH;) = 4.9; 3.72 d (PCH)),
J(P—CH) = 7.9; 1.15 and 1.08 2 x d, (2 x CHy3).

9-(2-(Phosphonomethoxy)ethyl)-8-aza-2,6-diaminopu-
rine (51). Bromotrimethylsilane (3 mL) was added to a
suspension of the bis(2-propyl) ester 48 (0.8 g, 2.1 mmol) in
acetonitrile (30 mL), and the mixture was stirred in a stop-
pered flask at ambient temperature overnight. The mixture
was further worked up as described above for compound 28
and deionized on a column (100 mL) of Dowex 50 x 8 (H*-
form). The crude product was purified by chromatography on
the column (100 mL) of Dowex 1 x 2 (acetate). The product
was eluted with a linear gradient of acetic acid (0.5—1 M, 1L
each). The crystallization of the residue from 80% aqueous
ethanol (ether added to turbidity) gave 0.2 g (31%) of compound
51. Mp: >250 °C. k = 1.45 (S6). Ey, = 0.70. Anal.
(C7H12N704P-H,0) C, H, N, P. *H NMR (D,0O + NaOD): ¢ 4.59
t (NCHz,J(CHz_CHz) = 51), 4.03 t, 2H (OCHz, J(CHz-CHg) =
5.4); 3.48 d J(P—CH) = 8.3 (PCH,).

(S)-2,6-Diamino-8-aza-9-[2-((diisopropylphosphono)-
methoxy)-3-fluoropropyl]purine (53) and (S)-2,6-Diamino-
8-aza-8-[2-((diisopropylphosphono)methoxy)-3-fluoro-
propyl]purine (54). A mixture of 2,6-diamino-8-azapurine
(12) (581 mg, 3.85 mmol), cesium carbonate (576 mg, 1.8
mmol), and compound 30 (1.225 g, 3.5 mmol) in dimethylfor-
mamide (18 mL) was stirred at 120 °C for 6 h under exclusion
of moisture and taken to dryness. The residue was extracted
with boiling chloroform and filtered and the filtrate evapo-
rated. The residue was chromatographed on a column of silica
gel (100 mL) in chloroform—methanol mixtures, 30:1 and 20:
1, respectively. Compound 53 (350 mg, 24%) and 54 (100 mg,
7%) were obtained as thick oils.

Compound 53. Anal. (Ci4H2sFN;O4P) C, H, N, F, P. H-
NMR ((CD3);S0): 6 1.04d + 1.08d + 1.10d + 1.14d,4 x 3 H
(CHj3); 3.75dd, 1 H (PCH, J(P,CH) = 9.5, J(gem) = 13.7); 3.89
dd, 1 H (PCH, J(P,CH) = 9.5, J(gem) = 13.7); 441 m, 2 H
(OCH); 4.33dm, 1 H (H-2', J(2',F) = 23); 4.54 ddd, 1 H (H-3',
J(3,2") = 4.2, I(gem) = 10.5, J(3',F) = 46.2); 4.78 ddd, 1 H
(H-3", 3(3",2") = 3.2, I(gem) = 10.5, J(3",F) = 47.6); 4.68 dd,
1H (H-1, J(1',2) = 7.1, I(gem) = 14.6); 4.78 dd, 1 H (H-1",
J(1",2") = 5.1, J(gem) = 14.6); 8.30 s, 1 H (H-2); 8.10 + 8.43,
2 x bs, 2 H (NH;). Compound 54. Anal. (CisH2sFN7;O4P)
C,H, N, F, P. 'H-NMR (D;O + NaOD): § 1.04 d + 1.08 d +
1.10d+ 1.14 d, 4 x 3 H (CHs); 3.75 dd, 1 H (PCH, J(P,CH) =
9.5, J(gem) = 13.7); 3.89 dd, 1H (PCH, J(H,P) = 9.5, J(gem)
=13.7);4.42m, 1 H (H-3', J(3,2") = 4.2, J(gem) = 10.5, J(3',F)
= 46.2); 4.78 ddd, 1 H (H-3", J(3",2") = 3.2, J(gem) = 10.5,
J(3",F) = 47.6); 481 dd, 1 H (H-1', J(1',2") = 7.6, J(gem) =
14.2); 499 dd, 1 H (H-1", J(1",2") = 4.4, J(gem) = 14.6); 8.29
s, 1 H (H-2); 8.05 + 8.25, 2 x bs, 2 H (NH>).

9-(S)-(3-Fluoro-2-(phosphonomethoxy)propyl)-8-aza-
2,6-diaminopurine (55) and 8-(S)-(3-Fluoro-2-(phospho-
nomethoxy)propyl)-8-aza-2,6-diaminopurine (56). A sus-
pension of compound 53 (80 mg) in acetonitrile (1 mL) was
treated with bromotrimethylsilane (26 uL) overnight and
worked up as described for compound 51. Yield: 21 mg (33%)
of compound 55, not melting below 260 °C. UV spectrum (Amax
(emax)): (PH 2) 253.0 nm (8700), 275.0 nm (6700); (pH 7,13)
259.0 nm (4400), 287.0 nm (8000). For CgH13FN7;04P (321.2):
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mass spectrum (CAD) 322 [(M + H)]*, 298 (MH — 2N), 276
(MH — 2N — H;0).

Compound 54 (80 mg) was treated with bromotrimethylsi-
lane in a similar manner to afford compound 56 (36 mg, 57%)
not melting below 260 °C. UV spectrum (Amax (emax)): (PH 2)
259.0 nm (10 200), 286.0 nm (9500); (pH 7) 259.0 nm (7900),
289.0 nm (6700); (pH 13) 258.0 nm (4400), 310 nm (6200). For
CgH13FN;O4P (321.2): mass spectrum (CAD) 322 [(M + H)]™,
304 (MH — H0).

9-(R)-(2-((Diisopropylphosphono)methoxy)propyl)-8-
aza-2,6-diaminopurine (57) and 8-(R)-(2-((Diisopropyl-
phosphono)methoxy)propyl)-8-aza-2,6-diaminopurine
(58). A suspension of 8-aza-2,6-diaminopurine (12) (3.02 g,
20 mmol) and cesium carbonate (3.3 g, 10 mmol) in dimeth-
ylformamide (60 mL) was heated at 100 °C for 1 h, and a
solution of compound 35a (8.6 g, 21 mmol) in dimethylforma-
mide (30 mL) was added over 15 min under stirring. The
heating and stirring was then continued for an additional 16
h, the mixture stripped of the solvent in vacuo, and the resi-
due extracted with boiling chloroform (total, 300 mL). The
extract was chromatographed on a column (250 mL) of silica
gel in chloroform and the column eluted with system S1 to
afford 1.75 g (22.5%) of crystalline compound 57 (R; 0.70, S3).
Mp: 120—-122 °C (ethyl acetate—petroleum ether). [o]p =
—4.7° (c = 0.5, 0.1 M HCI). Anal. (C14HzN-;04P) C, H, N, P.
H-NMR spectrum (D,O + NaOD): § 7.35 + 7.70, 2 x br, 2 x
1H (NHy); 6.37 br s, 2H (NHy); 4.34 dd, 1H, J(1'5,2") = 7.1,
J(gem) = 14.4 (H-1',); 4.28 2 x dd, 1H, J(1',,2") = 4.90, J(gem)
=14.4 (H-1'y); 4.47 dq, 1H, J = 6.1, J(P,OCH",) = (P—OCH"J);
4.43, dq, 1H, J = 6.3, J(P,OCH"},) = 7.8 (POCH"},); 4.11 pent
d, 1H, 3 = 29.5 (H-2'); 3.74 dd, 1H, J(P,CH,) = 9.5, J(gem) =
12.7 (P—CHy,); 3.65 dd, 1H, J(P,CH,) = 9.0, J(gem) = 12.7
(PCHp); 1.10 +1.12 + 114+ 1.16 + 1.17,5 x d (5 x 3H), I =
6.1 (CHs).

Further elution of the column gave 1.40 g (18%) of 8-(R)-
(2-((Diisopropylphosphono)methoxy)propyl)-8-aza-2,6-diami-
nopurine (58) (R¢ 0.50, S3). Mp: 148—150 °C (ethyl acetate—
petroleum ether). [o]o = —43.7° (c = 0.5, 0.1 M HCI). Anal.
(C14H26N704P) C, H, N, P. *H-NMR spectrum (DO + NaOD):
0 7.50 br, 2H + 6.08 br, 2H (NH,); 4.53 dd, 1H J(1'5,2') = 5.4,
J(gem) = 13.9 (H-1',); 4.47 dq, 1H and 4.43 dq, 1H, J(P,OCH)
=7.6, J(CH,CH;3) = 6.1 (POCH); 4.50 dd, 1H, J(1'y,2") = 6.60,
J(gem) = 13.9 (H-1'y); 4.17 pent d, J = 31.0 (H-2'); 3.75 dd,
1H, J(P,CH,) = 9.5, J(gem) = 12.7 (P,CHb); 3.63 dd, 1H, J(P.-
CHb) = 9.0, J(gem) = 12.7 (PCHp); 1.10 + 1.11 + 1.14 + 1.16
+1.18,5 x d (5 x 3H), J = 6.1 (CHa).

9-(R)-(2-(Phosphonomethoxy)propyl)-8-aza-2,6-diami-
nopurine (59) and 8-(R)-(2-(Phosphonomethoxy)propyl)-
8-aza-2,6-diaminopurine (60). Compound 57 (1.75 g, 4.5
mmol) was treated with acetonitrile (25 mL) and bromotri-
methylsilane (2.5 mL) overnight at room temperature and the
solution evaporated in vacuo. Water (50 mL) was added, the
mixture was alkalized by addition of concentrated aqueous
ammonia, and the solution was evaporated. Further workup
and purification was performed essentially as described for
compound 28. Yield: 0.90 g (65.5%) of 9-(R)-(2-(phospho-
nomethoxy)propyl)-2,6-diamino-8-azaadenine (59). Mp: 238—
242 °C. [a]p = +5.6° (c=0.5,0.1 M HCI). Anal. (CsH14sN;O.P)
C, H, N, P. H-NMR spectrum (DO + NaOD): 6 4.49 dd, 1H,
J(1'a,2') = 5.6, J(gem) = 14.9 (H-1'a); 4.45 dd, 1H, J(1'b,2") =
5.4, J(gem) = 14.9 (H-1'b); 4.08 m, 1H, J = 30.0 (H-2"); 3.59
dd, 1H, J(P,CHa) = 9.3, J(gem) = 12.2 (PCHa); 3.50 dd, 1H,
J(P,CHb) = 9.1, J(gem) = 12.2 (PCHb); 1.17 d, 3H, J(3',2") =
6.3 (H-3'). Eup (pH 7.5) = 0.85.

The reaction of compound 58 (1.40 g, 3.6 mmol) with
bromotrimethylsilane was performed essentially as de-
scribed for compound 59. Yield: 0.80 g (72.5%) of 8-(R)-(2-
(phosphonomethoxy)propyl)-8-aza-2,6-diaminopurine  (60).
Mp: 238-240 °C. [a]p = —23.5° (c = 0.5, 0.1 M HCI). Anal.
(CsH14N7O4P) C, H, N, P. 'H-NMR spectrum (D,O + NaOD):
0 4.70d, 2H, J(1',2") = 5.2; (H-1); 4.17 m, 3J = 29.3 (H-2');
3.58 dd, 1H, J(P,CHa) = 9.4, J(gem) = 12.2 (PCHa); 3.50 dd,
1H, J(P,CHb) = 9.2, J(gem) = 12.2 (PCHb); 1.21 d, 3H, J(3',2")
= 6.3 (CH3). Eyp (pH 7.5) = 0.85.

N2-[(Dimethylamino)methylene]-8-azaguanine (61). A
mixture of 8-azaguanine (13) (3.0 g, 20 mmol), dimethylfor-

Journal of Medicinal Chemistry, 1996, Vol. 39, No. 20 4085

mamide (30 mL), and dimethylformamide dineopentyl acetal
(15 mL) was stirred under exclusion of moisture overnight at
ambient temperature. The mixture was taken to dryness at
40 °C/13 Pa, and the residue was codistilled with dimethyl-
formamide (30 mL) under the same conditions and stirred with
70% aqueous ethanol (70 mL) under simultaneous additions
of dry ice to neutralize alkaline reaction. Acetone (70 mL) was
added, and the precipitate was filtered, washed with acetone
and ether, and dried to afford 2.0 g of the HPLC-homogeneous
product; k = 3.9 (S7). The mother liquor gave on evaporation
and trituration with acetone an additional 2.0 g (yield, total
4.0 g, 98%) of compound 61, slightly contaminated with
8-azaguanine; k = 0.8 (4% acetonitrile in 0.05 M TEAB). Anal.
(C7HoN;0) C, H, N.

9-(2-((Diisopropylphosphono)methoxy)ethyl)-8-aza-
guanine (62), 8-(2-((Diisopropylphosphono)methoxy)-
ethyl)-8-azaguanine (63), and 7-(2-((Diisopropylphospho-
no)methoxy)ethyl)-8-azaguanine (64). A mixture of N2-
[(dimethylamino)methylene]-8-azaguanine (61) (4.2 g, 20 mmol),
compound 25 (6.5 g, 25 mmol), and cesium carbonate (3.5 g,
10 mmol) in dimethylformamide (60 mL) was stirred at 100
°C for 8 h under exclusion of moisture. The mixture was taken
to dryness at 40 °C/13 Pa and the residue codistilled with
toluene (30 mL) under the same conditions. The residue was
dissolved in methanol (70 mL), concentrated aqueous ammonia
(70 mL) was added, and the mixture was left to stand
overnight at room temperature. The solution was evaporated
in vacuo, and the residue was dissolved in water (100 mL) by
addition of Dowex 50 x 8 (H*-form, ca. 60 mL). This
suspension was applied onto a column (200 mL) of the same
ion exchanger and the column eluted with water. The elution
afforded first the salts followed by an UV-absorbing eluate.
This material was taken to dryness in vacuo to afford 1.42 g
(19%) of the compound 62. Rf=0.30 (S2). Anal. (Ci3H23NsOsP)
C,H, N, P. IH NMR ((CD3).SO): ¢ 10.93 br, 1H (NH); 6.89 br
s, 2H (NHy); 4.46 m, 2H (POCH), J(P—OCH) = 7.8, J(CH—
CH3) = 6.1; 445 t, 2H (NCH,), 3 = 5.2; 3.97 t, 1H (OCHy,), J
=5.2;3.73d, 2H (PCH,, J(P—CH) = 8.6); 1.15and 1.10 2 x d
(2 x CH3), J =6.1.

Further elution of the Dowex 50 column with 2.5% aqueous
ammonia gave a UV-absorbing eluate that afforded after
evaporation and chromatography of the residue on a silica gel
column (200 mL) with methanol—chloroform mixture (5:95)
5.77 g (15.4 mmol, 77%) of an unseparable mixture of the 7-
(64) and 8-isomer (63). Rf = 0.30 (S2), in the ratio 1:10,
respectively (as estimated from the relative area of H-1
signals). 'H-NMR (DO + NaOD) (63): 6 10.93 br, 1H (NH);
6.51 br s, 2H (NH,); 4.64 t, 2H (1'-CH,), J = 5.0; 4.46 sept, 1H
(POCH), J(P—OCH) = 7.6, J(CH,CH3) = 6.1; 4.04 t, 2H (2'-
CHy), J = 5.0; 3.73 d, 2H (PCHy), J(P,CH) = 8.3; 1.10 and
1.105,2 x d, 2 x 3H (2 x CH3), J = 6.1. (64): 6 11.25 br, 1H
(NH); 6.46 br s, 2H (NH); 4.75 t, 2H (1'-CH), J = 5.1; 4.46
sept, 1H (POCH), J(P—OCH) = 7.6, J(CH,CH3) = 6.1; 4.01 t,
2H (2'-CH,), J = 5.1; 3.75 d, 2H (PCH,), J(P,CH) = 8.3; 1.15
and 1.145, 2 x d, 2 x 3H (2 x CH3), J = 6.1.

9-(2-(Phosphonomethoxy)ethyl)-8-azaguanine (65).
Compound 62 (1.42 g, 3.8 mmol) in acetonitrile (25 mL) was
treated with bromotrimethylsilane (2.5 mL) overnight, and the
volatiles were taken to dryness in vacuo. The residue in water
(50 mL) was alkalized by ammonia and evaporated. The
residue was applied on a column (100 mL) of Dowex 50 x 8
(H*-form) and eluted with water. UV-absorbing fraction was
alkalized by ammonia and evaporated in vacuo. The residue
was applied on a column (150 mL) of Dowex 1 x 2 (acetate)
and washed with water till the drop of the absorption. The
resin was then stirred batchwise with 1 M formic acid (400
mL) for 30 min, filtered by suction and washed with boiling
water (1 L). The filtrates were evaporated, and the residue
was codistilled with water (5 x 50 mL) and dissolved in boiling
water. Ethanol (2 volumes) was added to the solution and the
mixture left to crystallize at 0 °C. Yield: 0.70 g (63%) of
compound 65, not melting below 250 °C. Anal. (C;H11N¢OsP)
C, H, N, P. 'H-NMR spectrum (D,O + NaOD): ¢ 4.57 t, 2H,
(H-1) J(1',2") = 5.1; 4.09 t, 2H, (H-2") J = 5.1; 3.60 d, 2H,
(PCH,) J(P,CH) = 8.8. Eyp(pH 7.5) = 0.87.
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8-(2-(Phosphonomethoxy)ethyl)-8-azaguanine (66) and
7-(2-(Phosphonomethoxy)ethyl)-8-azaguanine (67). Sus-
pension of crude mixture of compounds 63 and 64 (5.77 g, 15.4
mmol) in acetonitrile (40 mL) was treated overnight with
bromotrimethylsilane (4 mL), and the volatiles were evapo-
rated in vacuo. The residue in water (50 mL) was alkalized
with ammonia and reevaporated and the residue applied on a
column of Dowex 50 x 8 (150 mL). The product which is
sparingly soluble in water eluted with water with a consider-
able retention. The residue was filtered from ethanol, washed
with ether, and dried. Yield: 3.2 g (71.4%) of the mixture of
66 and 67. Anal. (C;H1NgOsP) C, H, N, P. Eup(pH 7.5) =
0.87 (fluorescent).

9-(S)-(2-(Phosphonomethoxy)propyl)-8-azaguanine
(71b), 8-(S)-(2-(Phosphonomethoxy)propyl)-8-azagua-
nine (72b), and 7-(S)-(2-(Phosphonomethoxy)propyl)-8-
azaguanine (73b). A mixture of NZ2[(dimethylamino)-
methylene]-8-azaguanine (61) (2.15 g, 10 mmol), cesium
carbonate (1.75 g, 5.4 mmol), and dimethylformamide (40 mL)
was treated under stirring with 2(S)-[(bis(2-propyl)phospho-
nyl)methoxy]propyl p-toluenesulfonate (35b) (5 g, 12.2 mmol)
in dimethylformamide (10 mL) and heated at 100 °C for 4 h.
The mixture was filtered while hot, filtrate was evaporated to
dryness in vacuo, and the residue was left to stand overnight
at ambient temperature in a mixture of methanol and con-
centrated aqueous ammonia (1:1, 200 mL). The mixture was
evaporated to dryness and the residue adsorbed from metha-
nolic solution on silica gel (50 g). The sorbent was applied
onto the column (200 mL) of silica gel in chloroform and the
column eluted with chloroform followed by mixture S1. The
minor fractions were discarded, and the main fraction (1.82
g, 47%) of the mixture of isomeric (S)-(2-((diisopropylphospho-
no)methoxy)propyl)-8-azaguanines was dried overnight in
vacuo. Acetonitrile (25 mL) and bromotrimethylsilane (2.5
mL) were added, and the solution was left to stand overnight
at room temperature. The mixture was then evaporated to
dryness in vacuo, dissolved in water (20 mL), and alkalized
with concentrated aqueous ammonia. After 15 min the
solution was again evaporated and the residue applied in water
to Dowex 50 x 8 (H*-form) (100 mL). The elution of the
column with water afforded (after removal of salts) with
retention the UV-absorbing fraction that gave on evaporation
and trituration of the residue with ethanol 0.50 g of the
9-isomer 71b. Anal. (C;H11Ne¢OsP) C, H, N, P.

Further elution of the column with 2.5% aqueous ammonia
gave in the same manner 0.45 g of a mixture of the 7- (73b)
and 8-isomer (72b) in the ratio of 1:4 (estimated by *C NMR
spectra).

9-(R)-(2-(Phosphonomethoxy)propyl)-8-azaguanine
(71a),8-(R)-(2-(Phosphonomethoxy)propyl)-8-azaguanine
(72a), and 7-(R)-(2-(Phosphonomethoxy)propyl)-8-aza-
guanine (73a). The reaction was performed essentially as
described for the (S)-enantiomers. After the workup of the
condensation mixture with agueous methanolic ammonia the
crude mixture of bis(2-propyl) esters was applied onto a column
of Dowex 50 x 8 (H*-form) (150 mL) and the column eluted
with 20% aqueous methanol. The UV-absorbing fraction was
taken to dryness in vacuo and dried, affording the 9-isomer
as an amorphous foam. The residue was treated with aceto-
nitrile (30 mL) and bromotrimethylsilane (3 mL) overnight
and evaporated in vacuo, and the residue was dissolved in
2.5% ammonia and reevaporated in vacuo. This residue
was applied onto a column (100 mL) of Dowex 1 x 2 (acetate
form) and washed with water (1 L) and with 1 M acetic acid
(500 mL). The eluates were discarded, and the resin was
extracted on filter with boiling water (500 mL). This eluate
was evaporated in vacuo and the residue crystallized from
water (poorly soluble) to afford the 9-(R)-isomer 71a (0.50 g).
Anal. (C7H11N505P) C, H, N, P.

Futher elution of Dowex 50 column with 2.5% aqueous
ammonia gave a UV-absorbing fraction that was evaporated
in vacuo, dried, and treated with acetonitrile (20 mL) and
bromotrimethylsilane (2 mL). The reaction mixture formed a
thick gel that was dissolved by the addition of 5% aqueous
ammonia (100 mL), and the mixture was evaporated and
deionized on a column (100 mL) of Dowex 50 x 8 (H*-form).

Holy et al.

The ammonia eluate afforded a gel-forming mixture that was
dissolved in water by addition of ammonia and applied onto a
column of Sephadex A-25 (150 mL) in 0.02 M triethylammo-
nium hydrogen carbonate. The column was eluted with a
linear gradient of the same buffer (0.02—0.20 M, 1 L each) to
give the main fraction consisting of the mixture of the 7- and
8-isomer (Eup = 0.92, fluorescent spot). The residue after
codistillation with methanol was applied onto a column (20
mL) of Dowex 1 x 2 (acetate), the column was washed with
water (100 mL), and the product was eluted with 1 M acetic
acid. After evaporation in vacuo, codistillation with water, and
trituration with ethanol, the product was filtered, washed with
ethanol and ether, and dried to afford 0.50 g of the mixture of
7-isomer (73a) and 8-isomer (72a) in the ratio 1:4 (by 3C
NMR). Anal. (C;H11NeOsP) C, H, N, P. 'H-NMR (D;O +
NaOD): (8-isomer, 72a): 6 4.65 2 x dd, 2H, J(1',2") = 5.4,
J(1",2") = 5.1, IJ(gem) = 14.0 (1'-CHy); 4.17 br sext, 1H, 3J =
29.5 (2'-CH); 3.52 dd, 1H, J(P—CH) = 9.7, J(gem) = 12.2 +
3.47 dd, 1H, J(P—CH) = 9.0, J(gem) = 12.2 (PCH,); 1.18 d,
3H (J(3',2") = 6.3 (CHg); (7-isomer, 73a): 6 4.76 2 x dd, 2H,
J(1',2") = J3(1",2") = 5.2, I(gem) = 14.0 (1'-CHy,); 4.13 br sext,
1H, ¥J = 29.5 (2'-CH); 3.50 m, 2H (PCHy); 1.16 d, 3H, J(3',2)
= 6.3 (CHs3).

Antiviral Assays. The antiviral assays, other than HIV-
1, were based on inhibition of virus-induced cytopathicity in
either E¢SM (HSV-1, HSV-2, VV) or HEL (VZV, CMV) cell
cultures, following previously established procedure.?a-¢43:44
Briefly, confluent cell cultures in microtiter trays were inocu-
lated with 100 CCIDsg of virus, 1 CCIDsg being the virus dose
required to infect 50% of the cell cultures. After a 1-h virus
adsorption period, residual virus was removed, and the cell
cultures were incubated in the presence of varying concentra-
tions (400, 200, 100, ... ug/mL) of the test compounds. Viral
cytopathicity was recorded as soon as it reached completion
in the control virus-infected cell cultures that were not treated
with the test compounds.

Inhibition of HIV-1-Induced Cytopathicity in MT-4
Cells. The methodology of the anti-HIV assays has been
described previously.?® Briefly, human MT-4 (~4 x 105cells-
mL™1) or CEM (~3 x 10° cellssmL™) cells were infected with
100 CCIDsg HIV-1(lllg) uL™* and seeded in 200 uL wells
of a microtiter plate, containing appropriate dilutions of the
test compounds. After 5 days (MT-4) or 4 days (CEM) of
incubation at 37 °C, the number of viable (MT-4) cells was
determined in a blood cell counting chamber by trypan blue
dye exclusion or CEM giant cell formation was examined
microscopically.

Inhibition of MSV-Induced Transformation of Murine
C3H/3T3 Embryo Fibroblasts. The anti-MSV assay was
performed as described previously.*%® Murine C3H/3T3
embryo fibroblast cells were seeded at 5 x 10° cellssmL~! into
1-cm? wells of a 48-well microplate. Twenty-four hours later,
the cell cultures were infected with 80 focus-forming units of
MSYV (prepared from tumours induced following intramuscular
inoculation of 3-day-old NMRI mice with MSV) for 90—120 min
at 37 °C. The medium was then replaced by 1 mL of fresh
medium containing various concentrations of the test com-
pounds. After 6 days, transformation of the cell culture was
examined microscopically.

Acknowledgment. This work was supported by
grants of the Czech State Grant Agency No. 203/93/
0118, Grant Agency of the Academy of Sciences No.
455407, PECO project no. ERBCIPDCT930194, Gilead
Sciences (Foster City, CA), the Biomedical Research
Programme of the European Commission, the Belgian
Fonds voor Geneeskundig Wetenschappelijk Onderzoek
No. 3.0180.95, the Belgian Genconcerteerde Onder-
zoeksacties No. 95/5, and the Belgian Nationaal Fonds
voor Wetenschappelijk Onderzoek No. 3.3010.91. The
excellent technical assistance of Mrs. Béla Novakova,
Lizette van Berckelaer, Anita Van Lierde, Frieda De
Meyer, Ann Absillis, and Anita Camps is gratefully
acknowledged.



Acyclic Nucleotide Analogs Derived from 8-Azapurines

References
(1) (a) Holy, A.; Votruba, I.; Merta, A, Cerny, J.; Vesely, J.; Vlach,

2

3

(4

G

6

(7

)

)

)

-

=

~

J.; Sediva, K.; Rosenberg, I.; Otmar, M.; Hrebabecky, H.;
Travnicek, M.; Vonka, V.; Snoeck, R.; De Clercq, E. Acyclic
Nucleotide Analogs: Synthesis, Antiviral Activity and Inhibition
Effects on Some Cellular and Virus Encoded Enzymes in vitro.
Antiviral Res. 1990, 13, 295—312. (b) De Clercq, E. Broad-
spectrum Anti-DNA Virus and Anti-retrovirus Activity of Phos-
phonylmethoxyalkyl Purines and Pyrimidines. Biochem. Phar-
macol. 1991, 42, 963—972. (c) Holy, A. Isopolar Phosphorus-
Modified Nucleotide Analogues. In Advances in Antiviral Drug
Design, 1st ed.; De Clercq, E., Ed.; JAI Press, Inc.: Greenwich,
CT, 1994; pp 179—232.

(a) De Clercq, E.; Holy, A.; Rosenberg, I.; Sakuma, T.; Balzarini,
J.; Maudgal, P. c. A Novel Selective Broad-Spectrum Anti-DNA
Virus Agent. Nature 1986, 23, 464—467. (b) De Clercq, E.;
Sakuma, T.; Baba, M.; Pauwels, R.; Balzarini, J.; Rosenberg, I.;
Holy, A. Antiviral Activity of Phosphonylmethoxyalkyl Deriva-
tives of Purines and Pyrimidines. Antiviral Res. 1987, 8, 261—
272. (c) Baba, M.; Konno, K.; Shigeta, S.; De Clercq, E. In vitro
Activity of (S)-9-(3-Hydroxy-2-phosphonylmethoxypropyl)ade-
nine Against Newly Isolated Clinical Varicella-Zoster Virus
Strains. Eur. J. Clin. Microbiol. Infect. Dis. 1987, 6, 158—160.
Terry, B. J.; Mazina, K. E.; Tuomari, A. V.; Haffey, M. L.; Hagen,
M.; Feldman, A.; Slusarchyk, W. A,; Young, M. G.; Zahler, R;;
Field, A. K. Broad-spectrum antiviral activity of the acyclic
guanosine phosphonate (R,S)-HPMPG. Antiviral Res. 1988, 10,
235—251.

(a) Balzarini, J.; Naesens, L.; Herdewijn, P.; Rosenberg, 1.; Holy,
A.; Pauwels, R.; Baba, M.; Johns, D. G.; De Clercq, E. Marked
in vivo Antiretrovirus Activity of 9-(2-Phosphonylmethoxyethyl)-
adenine, A Selective Antihuman Immunodeficiency Virus Agent.
Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 332—336. (b) Gangemi,
J. D.; Cozens, R. M.; De Clercq, E.; Balzarini, J.; Hochkeppel,
H. K. 9-(2-Phosphonylmethoxyethyl)adenine in the Treatment
of Murine Acquired Immunodeficiency Disease and Opportu-
nistic Herpes Simplex Virus Infections. Antimicrob. Agents
Chemother. 1989, 33, 1864—1868. (c) Balzarini, J.; Hao, Z;
Herdewijn, P.; Johns, D. G.; De Clercq, E. Intracellular Metabo-
lism and Mechanism of Antiretrovirus Action of 9-(2-Phospho-
nylmethoxy-ethyl)adenine, A Potent Antihuman Immunodefi-
ciency Virus Compound. Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
1499-1503. (d) Balzarini, J.; Perno, C. F.; Schols, D.; De Clercq,
E. Activity of Acyclic Nucleoside Phosphonate Analogues Against
Human Immunodeficiency Virus in Monocyte/ Macrophages and
Peripheral Blood Lymphocytes. Biochem. Biophys. Res. Com-
mun. 1991, 178, 329—335. (e) Naesens, L.; Neyts, J.; Balzarini,
J.; Holy, A.; Rosenberg, I.; De Clercq, E. Efficacy of Oral 9-(2-
Phosphonylmethoxyethyl)-2,6-diaminopurine (PMEDAP) in the
Treatment of Retrovirus and Cytomegalovirus Infections in Mice.
J. Med. Virol. 1993, 39, 167—172. (f) Naesens, L.; Balzarini, J.;
De Clercq, E. Therapeutic Potential of PMEA as an Antiviral
Drug. Rev. Med. Virol. 1994, 4, 147—159.

(a) Naesens, L.; Balzarini, J.; Rosenberg, I.; Holy, A.; De Clercq,
E. 9-(2-Phosphonylmethoxyethyl)-2,6-diaminopurine (PMEDAP):
A Novel Agent with Antihuman Immunodeficiency Virus Activ-
ity in vitro and Potent Anti-Moloney Murine Sarcoma Virus
Activity in vivo. Eur. J. Clin. Microbiol. Infect. Dis. 1989, 8,
1043—1047. (b) Balzarini, J.; Naesens, L.; Slachmuylders, J.;
Niphuis, H.; Rosenberg, I.; Holy, A.; Schellekens, H.; De Clercq,
E. 9-(2-Phosphonylmethoxyethyl)adenine (PMEA) Effectively
Inhibits Simian Immunodeficiency Virus (SIV) Infection in
Rhesus Monkeys. AIDS 1991, 5, 21-28. (c¢) Thormar, H;
Balzarini, J.; Holy, A.; Jindfich, J.; Rosenberg, I.; Debyser, Z.;
Desmyter, J.; De Clercq, E. Inhibition of Visna Virus Replication
by 2',3'-Dideoxynucleosides and Acyclic Nucleoside Phosphonate
Analogs. Antimicrob. Agents Chemother. 1993, 37, 2540—2544.
(d) Hoover, E. A.; Ebner, J. P.; Zeidner, N. S.; Mullins, J. I. Early
Therapy of Feline Leukemia Virus Infection (FeLV,FAIDS) with
9-(2-Phosphonylmethoxyethyl)adenine (PMEA). Antiviral Res.
1991, 16, 77—92. (e) Egberink, H.; Borst, M.; Niphuis, H.;
Balzarini, J.; Neu, H.; Schellekens, H.; De Clercq, E.; Horzinek,
M.; Koolen, M. Suppression of Feline Immunodeficiency Virus
Infection in vivo by 9-(2-Phosphonomethoxyethyl)adenine. Proc.
Natl. Acad. Sci. U.S.A. 1990, 87, 3087—3091.

(a) Gong, Y. F.; Marshall, D. R.; Srinivas, R. V.; Fridland, A.
Susceptibilities of Zidovudine-Resistant Variants of Human
Immunodeficiency Virus Type 1 to Inhibition by Acyclic Nucleo-
side Phosphonates. Antimicrob. Agents Chemother. 1994, 38,
1683—1687. (b) Cundy, K. C.; Barditch-Crovo, P. A.; Walker, R.
E.; Collier, A. C.; Ebeling, D.; Toole, J.; Jaffe, H. S. Clinical
Pharmacokinetics of Adefovir in Human Immunodeficiency
Virus Type 1 Infected Patients. Antimicrob. Agents Chemother.
1995, 39, 2401—2405.

Starrett, J. E.; Tortolani, D. R.; Russell, J.; Hitchcock, M. J. M.;
Whiterock, V.; Martin, J. C.; Mansuri, M. M. Synthesis, Oral
Bioavailability Determination, and in vitro Evaluation of Pro-
drugs of the Antiviral Agent 9-[2-(Phosphonomethoxy)ethyl]-
adenine (PMEA). J. Med. Chem. 1994, 37, 1857—1864. (b)

Journal of Medicinal Chemistry, 1996, Vol. 39, No. 20 4087

@

~

°

=

(10

(11)

(12)

(13)

(14)

(15)

Naesens, L.; Neyts, J.; Balzarini, J.; Bischofberger, N.; De Clercq,
E. In vivo Antiretroviral Efficacy of Oral Bis(POM)-PMEA, the
Bis(pivaloyloxymethyl) Prodrug of 9-(2-Phosphonylmethoxyeth-
yl)adenine (PMEA). Nucleosides Nucleotides 1995, 14, 767—770.
(a) Heijtink, R. A.; De Wilde, G. A.; Kruining, J.; Berk, L.;
Balzarini, J.; De Clercq, E.; Holy, A.; Schalm, S. W. Inhibitory
Effect of 9-(2-Phosphonylmethoxyethyl)adenine (PMEA) on Hu-
man and Duck Hepatitis B Virus Infection. Antivir. Res. 1993,
21, 141-153. (b) Heijtink, R. A.; Kruining, J.; De Wilde, G. A;;
Balzarini, J.; De Clercq, E.; Schalm, S. W. Inhibitory Effects of
Acyclic Nucleoside Phosphonates on Human Hepatitis B Virus
and Duck Hepatitis B Virus Infections in Tissue Culture.
Antimicrob. Agents Chemother. 1994, 38, 2180—2182. (c) Balzari-
ni, J.; Kruining, J.; Heijtink, R.; De Clercq, E. Comparative
Antiretrovirus and Antihepadnavirus Activity of Three Different
Classes of Nucleoside Phosphonate Derivatives. Antivir. Chem.
Chemother. 1994, 5, 360—365. (d) Tsai, C. C.; Follis, K. E.; Sabo,
A.; Grant, R.; Bischofberger, N. Efficacy of 9-(2-Phosphonyl-
methoxyethyl)adenine Treatment against Chronic Simian Im-
munodeficiency Virus Infection in Macaques. J. Infect. Dis. 1995,
171, 1338—1343.

Kreider, J. W.; Balogh, K.; Olson, R. O.; Martin, J. C. Treatment
of Latent Rabbit and Human Papillomavirus Infections with
9-(2-Phosphonylmethoxyethyl)guanine (PMEG). Antiviral Res.
1990, 14, 51-58.

(a) Rose, W. C.; Crosswell, A. R.; Bronson, J. J.; Martin, J. C. In
vivo Antitumor Activity of 9-[(2-Phosphonylmethoxy)ethyl]gua-
nine and Related Phosphonate Nucleotide Analogues. J. Natl.
Cancer Inst. 1990, 82, 510—512. (b) Otov4, B.; Sladka, M;
Blazek, K.; Schramlova, J.; Votruba, I.; Holy, A. Cytostatic Effect
of 9-(2-Phosphonomethoxyethyl)adenine (PMEA). 2. Lympho-
blastic Leukemia in Sprague Dawley Rats. Folia Biol. Prague.
1993, 39, 142. (c) Otova, B.; Kfenova, D.; Zidek, Z.; Holy, A.;
Votruba, I.; Kfen, V. Cytostatic Effect of 9-(2-Phosphonometh-
oxyethyl)adenine (PMEA). 3. Rat and Mouse Carcinomas and
Sarcomas. Folia Biol. Prague. 1993, 39, 311—-314.

Balzarini, J.; Holy, A.; Jindfich, J.; Dvorakova, H.; Hao, Z,;
Snoeck, R.; Herdewijn, P.; Johns, D. G.; De Clercq, E. 9-[(2RS)-
3-Fluoro-2-phosphonylmethoxypropyl] Derivatives of Purines: a
New Class of Highly Selective Antiretroviral Agents in vitro and
in vivo. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 4961—4965.
(a) Holy, A.; Masojidkova, M. Synthesis of Enantiomeric N-(2-
Phosphonomethoxypropyl) Derivatives of Purine and Pyrimidine
bases. 1. The Stepwise Approach. Collect. Czech. Chem. Com-
mun. 1995, 60, 1196—1212. (b) Holy, A.; Dvorakova, H.; Ma-
sojidkovéa, M. Synthesis of Enantiomeric N-(2-Phosphonometh-
oxypropyl) Derivatives of Heterocyclic Bases. 2. Synthon Ap-
proach. Collect. Czech. Chem. Commun. 1995, 60, 1390—14009.
(a) Balzarini, J.; Holy, A.; JindFich, J.; Naesens, L.; Snoeck, R.;
Schols, D.; De Clercq, E. Differential Antiretrovirus Effects of
the (S) and (R)-Enantiomers of Acyclic Nucleoside Phosphonates.
Potent and Selective in vitro and in vivo Antiretrovirus Activity
of the (R)-9-(2-Phosphonomethoxypropyl) Derivatives of Hetero-
cyclic Bases. Antimicrob. Agents Chemother. 1993, 37, 332—338.
(b) Vahlenkamp, T. W.; Deronde, A.; Balzarini, J.; Naesens, L.;
De Clercq, E.; Vaneijk, M. J. T.; Horzinek, M. C.; Egberink, H.
F. (R)-9-(2-phosphonylmethoxypropyl)-2,6-diaminopurine is a
potent inhibitor of feline immunodeficiency virus infection.
Antimicrob. Agents Chemother. 1995, 39, 746—749. (c) Balzarini,
J; Aquaro S, Perno CF, Witvrouw, M; Holy, A; De Clercq, E.:
Anti-human Immunodeficiency Virus Activity of the (R)-Enan-
tiomer of 9-(2-Phosphonylmethoxypropyl)adenine [(R)-PMPA]
and 9-(2-Phosphonylmethoxypropyl)-2,6-diaminopurine [(R)-
PMPDAP] in Different Human Cell Systems. Biochem. Biophys.
Res. Commun. 1996, 219, 337—341.

Tsai, C. C.; Follis, K. E.; Sabo, A.; Beck, T. W.; Grant, R. F.;
Bischofberger, N.; Benveniste, R. E.; Black, R. Prevention of SIV
Infection in Macaques by (R)-9-(2-Phosphonylmethoxypropyl)-
adenine. Science 1995, 270, 1197—1199.

(a) Votruba, I.; Bernaerts, R.; Sakuma, T.; De Clercq, E.; Merta,
A.; Rosenberg, I.; Holy, A. Intracellular Phosphorylation of
Broad-Spectrum anti-DNA Virus Agent (S)-9-(3-Hydroxy-2-
phosphonylmethoxypropyl)adenine and Inhibition of Viral DNA
Synthesis. Mol. Pharmacol. 1987, 32, 524—529. (b) Merta, A.;
Vesely, J.; Votruba, 1.; Rosenberg, I.; Holy, A. Phosphorylation
of Acyclic Nucleotide Analogues HPMPA and PMEA in L1210
Mouse Leukemic Cell Extracts. Neoplasma 1990, 37, 111—120.
(c) Balzarini, J.; De Clercq, E. 5-Phosphoribosyl-1-pyrophosphate
Synthetase Converts the Acyclic Nucleoside Phosphonates 9-(3-
Hydroxy-2-phosphonylmethoxypropyl)adenine and 9-(2-Phos-
phonylmethoxyethyl)adenine Directly to Their Antivirally Active
Diphosphate Derivatives. J. Biol. Chem. 1991, 266, 8686—8689.
(d) Merta, A.; Votruba, 1.; Jindfich, J.; Holy, A.; Cihlar, T.;
Rosenberg, I.; Otmar, M.; Hervé, T. Y. Phosphorylation of 9-(2-
Phosphonomethoxyethyl)adenine and 9-(S)-(3-Hydroxy-2-phospho-
nomethoxypropyl)adenine by AMP(dAMP) Kinase from L1210
Cells. Biochem. Pharmacol. 1992, 44, 2067—2077. (e) Aduma,
P.; Connelly, M. C.; Srinivas, R. V.; Fridland, A. Metabolic
Diversity and Antiviral Activities of Acyclic Nucleoside Phos-
phonates. Mol. Pharmacol. 1995, 47, 816—822.



4088 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 20

(16)

a7

(18)

(19)

(20)

(21)

(22)

(23)

24

@5

=

(26)

@7

(28

-

(29)

Sediva, K.; Ananiev, A. V.; Votruba, 1.; Holy, A.; Rosenberg, 1.
Inhibition of Purine Nucleoside Phosphorylase by Phosphonyl-
methyl Analogues of Nucleotides. Int. J. Purine Pyrim. Res.
1991, 2, 35—-40.

Dvorakova, H.; Holy, A.; Alexander, P. Synthesis and Biological
Effects of 9-(3-Hydroxy-2- phosphonomethoxypropyl) Derivatives
of Deazapurine Bases. Collect. Czech. Chem. Commun. 1993, 58,
1403—-1418.

Dvorakova, H.; Holy, A.; Snoeck, R.; Balzarini, J.; De Clercq, E.
Acyclic nucleoside and nucleotide analogues derived from 1-
deaza- and 3-deazaadenine. Collect. Czech. Chem. Commun.
Special Issue No. 1 1990, 55, 113—116.

De Vries, E.; Stam, J. G.; Franssen, F. F.; Nieuwenhuijs, H.;
Chavalitshewinkoon, P.; De Clercq, E.; Overdulve, J. P.; Van
der Vliet, P. C. Inhibition of the Growth of Plasmodium falci-
parum and Plasmodium berghei by the DNA Polymerase Inhibi-
tor HPMPA. Mol. Biochem. Parasitol. 1991, 47, 43—50.

(a) Robins, R. K. J. Med.Chem. 1964, 7, 186. (b) Allan, P. W.;
Bennett, L. L. Proc. Am. Assoc. Cancer Res. 1970, 11, 2. (c)
Bennett, L. L.; Vail, M. H.; Allan, P. H.; Laster, W. R. Cancer
Res. 1973, 33, 465. (d) Montgomery, J. A. Nucleosides, Nucleo-
tides and their Biological Applications; Academic Press: New
York, 1983; pp 19—-46. (¢) Montgomery, J. A.; Elliott, R. D,;
Thomas, H. J. The Synthesis and Evaluation of Azapurine
Nucleosides As Cytotoxic Agents. Ann. N.Y. Acad. Sci. 1975, 255,
292—305. (f) Smith, C. W.; Sidwell, R. W.; Robins, R. K.; Tolman,
R. L. J. Med. Chem. 1972, 15, 883. (g) Bennett, L. L.; Shannon,
W. M.; Allan, P. W.; Arnett G. Ann. N.Y. Acad. Sci. 1975, 255,
342. (h) Bennett, L. L.; Jr., Allan, P. W. Metabolism and
Metabolic Effects of 8-Azainosine and 8-Azaadenosine. Cancer
Res. 1976, 36, 3917—3923. (i) Montgomery, J. A.; Elliott, R. D.;
Thomas, H. J. The Synthesis and Evaluation of Azapurine
Nucleosides As Cytotoxic Agents. Ann. N.Y. Acad. Sci. 1975, 255,
292-305.

Marr, J. J.; Berens, R. L.; Cohn, N. K.; Nelson, D. J.; Nichol, C.
A. Biological Action of Inosine Analogs in Leishmania and
Trypanosoma spp. Antimicrob. Agents Chemother. 1984, 25,
292—-295.

Hockova, D.; Masojidkova, M.; Budésinsky, M.; Holy, A. Acyclic
Nucleoside and Nucleotide Analogs Derived from 2-Azaadenine.
Collect. Czech. Chem. Commun. 1995, 60, 224—236.
(a)Dvorakova H.; Holy, A.; Masojidkova, M.; Votruba, 1.; Balzari-
ni, J.; Snoeck, R.; De Clercq, E. Synthesis and Antiviral Activity
of Acyclic Nucleoside and Nucleotide Derivatives of 8-Azaad-
enine. Collect. Czech. Chem. Commun. Special Issue No. 1 1993,
58, 253—255. (b) Holy, A.; Dvorakova, H.; Hockova, D.; Balzarini,
J.; Snoeck, R.; De Clercq, E. Antiviral Activity of Acyclic
Nucleoside Phosphonate Analogues Derived From Azapurine
Bases. Antiviral Res. 1994, 24, Suppl. I, 365. (c) Holy, A;
Dvorakova, H. Acyclic Nucleotide Analogues and Related Com-
pounds. Nucleosides Nucleotides 1995, 14, 695—702.
Franchetti, P.; Abu-Sheikha, G.; Cappellacci, L.; Messina, L.;
Grifantini, M.; Loi, A. G.; Demontis, A.; Spiga, M. G.; La Colla,
P. 8-Aza Analogues of PMEA and PMEG: Synthesis and in vitro
Anti-HIV Activity. Nucleosides Nucleotides 1994, 13, 1707—1719.
Revankar, G. R.; Robins, R. K. The Synthesis and Chemistry of
Heterocyclic Analogues of Purine Nucleosides and Nucleotides.
In Chemistry of Nucleosides and Nucleotides; Townsend, L. B.,
Ed.; Plenum Press: New York 1991; Part 2, pp 297—306.

(a) Seela, F.; Mersmann, K. 8-Azaguanine 2',3'-Didexyribonu-
cleosides: Glycosylation of the 5-amino-7-methoxy-3h-1,2,3-
triazolo[4,5d]pyrimidinyl Anion with 2,3-dideoxy-D- Glycero-
pentofuranosyl Chloride. Helv. Chim. Acta. 1993, 76, 2184—2193.
(b) Seela, F.; Lampe, S. 8-Aza-2'-deoxyguanosine and Related
1,2,3-Triazolo[4,5d]pyrimidine 2'-Deoxyribofuranosides. Helv.
Chim. Acta 1993, 76, 2388—2397.

Barili, P. L.; Biagi, G.; Giorgi, I.; Livi, O.; Scartoni, V. A Method
for the Synthesis of Racemic and Optically Active 2-substituted
9-(2',3'-Dihydroxypropyl)-8-azahypoxanthines and 8-Azaad-
enines. J. Heterocycl. Chem. 1991, 28, 1351—1355.

Franchetti, P.; Abu-Sheikha, G.; Cappellacci, L.; Grifantini, M.;
Demontis, A.; Piras, G.; Loi, A. G.; La Colla, P. Synthesis and
Antiviral Activity of 8-Aza Analogues of Chiral [2-(Phosphono-
methoxy)propyl]guanines. J. Med. Chem. 1995, 38, 4007—4013.
Dvorakova, H.; Holy, A.; Votruba, I.; Masojidkova, M. Synthesis
and Biological Effects of Acyclic Analogs of Deazapurine Nucleo-
sides. Collect. Czech. Chem. Commun. 1993, 58, 629—648.

(30)

(31

(32)

(33)

34

(35)

(36)

(37

(38)

(39)

(40)

(41)

(42)

(43)

(44)

Holy et al.

(a) De Clercq, E.; Holy, A. Antiviral Activity of Aliphatic
Nucleoside Analogues: Structure—Function Relationship. J.
Med. Chem. 1979, 22, 510—513. (b) Holy, A. Biologically stable
Nucleoside and Nucleotide Analogs: Present State and Perspec-
tives. Chem. Scr. 1986, 26, 83—89.

Alexander, P.; Holy, A. General Method for the Preparation of
N-(3-Hydroxy-2-phosphonomethoxypropyl) Derivatives of Het-
erocyclic Bases. Collect. Czech. Chem. Commun. 1993, 58, 1151-
1163.

Holy, A.; Rosenberg, I.; Dvorakova, H. Synthesis of N-(2-
Phosphonylmethoxyethyl) Derivatives of Heterocyclic Bases.
Collect. Czech. Chem. Commun. 1989, 54, 2190—2210.
Jindrich, J.; Holy, A; Dvorakova, H. Synthesis of N-(3-Fluoro-
2-phosphonomethoxypropyl) (FPMP) Derivatives of Heterocyclic
Bases. Collect. Czech. Chem. Commun. 1993, 58, 1645—1667.
Holy, A.; Dvorakova, H.; JindFich, J. Antiviral Acyclic Nucleotide
Analogues. In Antibiotics and Antiviral Compounds, 1st ed.;
Krohn, K.; Kirst, H. A.; Maag, H.; Eds.; Verlag Chemie: Wein-
heim/New York, 1993.

Holy, A. Syntheses of Enantiomeric N-(3-Hydroxy-2-phospho-
nomethoxypropyl) Derivatives of Purine and Pyrimidine Bases.
@ollect. Czech. Chem. Commun. 1993, 58, 649—674.

Zemlicka, J.; Chladek, S.; Holy, A.; Smrt, J. Synthesis of Some
Diribonucleoside Phosphates using the N-Dimethylaminometh-
ylene Derivatives of 2',3'-Ethoxymethylene Ribonucleosides.
Collect. Czech. Chem. Commun. 1966, 31, 3198—3212.
Kazimierczuk, Z.; Binding, U.; Seela, F. Synthesis of 8-Aza-2'-
deoxyadenosine and Related 7-Amino-3H-1,2,3-triazolo[4,5-d]-
pyrimidine 2'-Deoxyribofuranosides: Stereoselective Glycosyla-
tion via the Nucleobase Anion. Helv. Chim. Acta 1989, 72, 1527—
1536.

(a) Gorin, P. A. J. Deuterium Isotope Effect on Shifts of 13C
Magnetic Resonance Signal of Sugars: Signal Assignment
Studies. Can. J. Chem. 1974, 52, 458—463. (b) Christofifes, J.
C.; Davies, B. D. Secondary Isotope Multiplet Nuclear Magnetic
Resonance Spectroscopy of Partially Labeled Entities
(SIMPLE): 13C Spectra of Stachyose and its Subunits. J. Chem.
Soc., Perkin Trans. 2 1984, 481—488. (c) Christofifes, J. C;
Davies, B. D. Secondary Isotope Multiplet NMR Spectroscopy
of Partially Labeled Entities. Carbon-13 SIMPLE NMR Spectra
of Carbohydrates. J. Am. Chem. Soc. 1983, 105, 5099—5105. (d)
Reuben J. Isotopic Multiplets in the 13C NMR of Polyols with
Partially Deuterated Hydroxyls. 2. Effects of Cis-Trans Isomer-
ism in Cyclic Vicinal Diol Systems. J. Am. Chem. Soc. 1984, 106,
2461—-2462. (e) Reuben, J. Isotopic Multiplets in the Proton-
Decoupled Carbon-13 NMR Spectra of Carbohydrates with
Partially Deuterated Hydrogens. 3. Am. Chem. Soc. 1983, 105,
3711-3713. (f) Pfeffer, P. E; Valentine, K. M.; Parrish, F. W.
Deuterium-Induced Differential Isotope Shift 13C NMR. 1.Reso-
nance Reassignment of Mono- and Disaccharides. 3. Am. Chem.
Soc. 1979, 101, 1265—-1274.

Hockova, D.; Masojidkova, M; Budésinsky, M.; Holy, A. Acyclic
Nucleoside and Nucleotide Analogues Derived from 2-Azaad-
enine. Collect. Czech. Chem. Commun. 1995, 60, 224—236.
Patt, S. L.; Shoolery, J. N. Attached Proton Test for Carbon-13
NMR. J. Magn. Reson. 1982, 46, 535—539.

Brechbuhler, H.; Buchi, H.; Schreiber, J.; Eschenmoser, A. Die
Reaktion von Carbonsauren mit Acetalen des N,N-Dimeth-
ylformamids: eine Veresterungsmethode. Helv. Chim. Acta
1965, 48, 1746—1771.

Holy, A.; Ivanova, G. S. Aliphatic Analogues of Nucleotides:
Synthesis and Affinity towards Nucleases. Nucleic Acids Res.
1974, 1, 19-34.

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

De Clercq, E.; Merigan, T. C. Moloney Sarcoma Virus Induced
Tumors in Mice: Inhibition or Stimulation by (poly rl):poly(rC).
Proc. Soc. Exp. Biol. Med. 1971, 137, 590—594.

JM960314Q



