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1. Introduction

Although the synthesis of modified nucleosides has
been of interest for over four decades, the finding that
3'-azido-3'-deoxythymidine or AZT 1.001 is a thera-
peutic agent® for the treatment of acquired immuno-
deficiency syndrome (AIDS) has triggered explosive

T Phone: (03222)-83342/82251. Fax: (03222)-82252. E-mail:
tpathak@chem.iitkgp.ernet.in.

© 2002 American Chemical Society

Published on Web 05/08/2002



1624 Chemical Reviews, 2002, Vol. 102, No. 5

new developments in the synthetic chemistry of
nucleosides. The area of nucleoside modification has
been reviewed extensively.?~1° Specialized reviews on
the synthesis of sugar-modified nucleosides, such as
ketonucleosides,* 3'-branched nucleoside analogues,*?
AIDS-driven nucleoside chemistry,'® bicyclic hetero-
cyclic nucleosides,'* imidazole and benzimidazole
nucleosides,*® thio- and selenosugar-modified nucleo-
sides, 1718 nucleoside analogues with axial chirality,®
C-nucleosides,'%2°-24 jsoxazolinyl- and isoxazolidinyl-
nucleoside analogues,?® acyclonucleosides,?673° C-
branched nucleoside analogues,® p- and L-enanti-
omers of the oxathiolane and dioxolane nucleosides,3?
carbocyclic nucleosides,®~%¢ nucleosides with a six-
membered carbohydrate moiety,*”~2° nucleoside an-
tibiotics,*%4! azanucleosides,** boron-containing nu-
cleosides,**** L-nucleosides,*>*¢ 2',3'-dideoxynucleo-
sides,*”48 4’ 5'-unsaturated nucleosides,*® C-alken-
ylation of pyrimidine nucleosides,*® anomeric spiro-
nucleosides,*® isonucleosides,*® nucleosides fluori-
nated in the sugar moiety,> %6 and dialdehyde de-
rivatives of nucleosides,®” have also appeared.

(o} e} NH, NH,

NH NH Y Ny
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Surprisingly, a review on nitrogen-containing sugar-
modified nucleosides has not appeared so far despite
the important role that 1.001 has played? in prolif-
erating research in the area of nucleoside modifica-
tion. Moreover, it was reported that 1.001 was
converted to 3'-amino-3'-deoxythymidine or AMT
1.002 in some cells and the triphosphate of 1.002 also

5
HO—@ HO o T
4 T
3 2
N, NH,
1.001 1.002

caused DNA chain termination.®® This observation
led us to initiate research in the specialized area of
the synthesis of aminonucleosides.>*%* Since all
azidonucleosides are potential starting materials for
the corresponding aminonucleosides, it was impera-
tive for us to compile information on the synthesis
and chemistry of azidonucleosides. This exercise has
resulted in this review. Syntheses of azidonucleosides
in the early years to the mid-1970s have been
reviewed to a great extent by Moffatt.® The develop-
ments that have taken place over the last 2.5 decades
in this area will be discussed in this review. We will
concentrate mainly on the modification of the carbo-
hydrate moiety of nucleosides. However, nucleobase
modification of azidonucleosides will be mentioned
to highlight the compatibility of nucleoside azides to
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various reaction conditions. As for the biological
properties of azidonucleosides, most of these com-
pounds have been found to be inactive. In section 8
we will focus on azidonucleosides only with positive
activities.

Todd and co-workers reported®® that 5'-O-acetyl-
2'-O-tosyluridine 1.003 on treatment with NaN; in
acetonitrile produced 2,2'-O-anhydro-1-(5'-O-acetyl-
pB-D-arabinosyl)uracil 1.004. The nonformation of any

(o]
e
A0 o U NaN,  ACO-XGN

—_—
CH,CN

HO OTs OH
1.003 1.004

azide derivative was ascribed to the low solubility of
NaNj3 in acetonitrile.®® Four years later, Horwitz and
co-workers successfully synthesized 5'-azido-5'-deoxy-
2',3'-O-isopropylideneuridine 1.006 from 5'-O-tosyl-
2',3'-O-isopropylideneuridine 1.005 by treating the
latter with LiN3 in dry DMF at 100 °C.% The main
purpose of this synthesis was to access aminonucleo-
side 1.007.5¢ Since then numerous azidonucleosides

TsO o U LiN, R o U
—_—
DMF

1.005 1006 R= N,
1.007 R =NH,

have been synthesized for accessing various amino-
nucleosides until the anti-HIV of 1.001 was reported,*
arousing great interest in the synthesis of an array
of azidonucleosides and their synthetic as well as
biological properties.

2. 2'-Azido-2'-deoxynucleosides

2.1. Synthesis

2.1.1. Nucleophilic Displacement by Azide

A straightforward synthesis of 2'-azido-2'-deoxy-
adenosine 2.004 could be achieved through direct
nucleophilic displacement reactions at the 2'-position
of a suitably protected 2'-sulfonate of arabino-fura-
nosyladenines 2.001—2.003. The mesylate 2.001 and

0SOR
THPO— o[A LN, HMPA, tt HO— 4 A

i) deprotection

OTHP HO N,
2,001 R = CH, 2.004
2,002 R = C4H,NO, (p)

2.003R=CF,

nosylate 2.002 exhibited only a poor tendency to
undergo nucleophilic displacement with azide ion.
The triflate 2.003 has proven to be more effective and
with LiN3 produced 2.004 in high yield without any
side reaction.5”-%% To synthesize 2'-(S)-azido-2'-deoxy-
neplanocin A derivative 2.006, 3',6'-protected 2'-O-
triflyl-arabino-neplanocin A 2.005 has been treated
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with LiNs.7° In both these cases configurations at C-2'
were inverted because of the backside attack by azide
nucleophile. However, when partially protected (alkyl-
amino)tetrazole nucleoside 2.007 was treated with
PhsP, DEAD, and HNgs, the corresponding 2'-azido-
2'-deoxy-ribo-nucleoside 2.008 was obtained with
retention of configuration.”
N-N
o} NN»\NHR Ph,P, DEAD, HN
] 0 3 3
TIPDS ‘w

O OH
2.007

N-N
\
N PNHR

IPDS
\

ON3

R = CH(CH,),

2.008

Mesylated derivatives 2.009 and 2.010, however,
underwent smooth azidolysis to furnish 2'-azido-2',3'-
dideoxyuridine 2.011 and 2'-azido-2',3'-dideoxy-
adenosine 2.012.72 A general route to 2'-azido-2'-

OMs

MMTrOW NaN, MMTrO—kS;,
———

Ny

2,008 B=U 2.011
2.010 B = NS-monomethoxytrityl 2.012
adeninyl

deoxy-ribo-nucleosides 2.015—2.019 has been devised
via key intermediates 2.014. The deoxy derivative
2.014 was obtained by deoxygenative [1,2]-hydride
shift and g-elimination reactions of sulfonylated ribo-
derivatives 2.013. Treatment of substrates 2.014 with

OH
RO 5B NaBH, RO— g4lB
—_— -
MsO OCOtBu
2.013 2014

i) MsCl HO— 4B

ii) NaN,

iii) ACOH N,
2.015B=U
2016B=C
2017B=A
2018B=G

R =MMTr or DMTr 2.019 B = Hy

MsCl, followed by conventional Sy2 substitution and
deprotection, produced 2.015—2.018. Guanosine de-
rivative 2.018, on treatment with agueous NaNO,
and HCO;H, produced xanthine analogue 2.019.7% A
facile conversion of adenosine into 2'-azido-2'-deoxy-
arabino-furanosyladenine 2.022 has been reported.
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The starting material of this conversion, triflate
2.021, was however prepared through a multistep
sequence starting from tosylate 2.020. The reactivity
of 2.021 toward LiN3; was comparable to that of
arabino-derivative 2.003.7* It was shown later that
the tosylate derivatives 2.020 and 2.023 on reaction

N3
HO— o B NaN,, HMPA HO—LO 8
130-140°C
HO OTs OH
2.020 B=A 2.022
2.023 B=G 2.024

with NaN3 in HMPA at high temperature produced
2.022 and 2.024, respectively, in poor yields.” Simi-
larly, partially protected neplanocin A derivative
2.025 was converted to 2'-azido-2'-deoxyneplanocin
A 2.027 via triflate 2.026.7° In a similar fashion, 3',5'-

A A
T R
[

TIPDS TIPDS
0 OH o0 ot
2.025 2.026
W
i) LiN;, HMPA Q A
i) deprotection
OH
2.027

bisprotected adenosine 2.028 was readily converted
to the 2'-O-triflate 2.029, which was reacted with
LiNs; the product after desilylation produced 2.022.7°

TIPDSIO k ° jA —_— /O—w
TIPDS
AN AN

O OH O OTf
2.028 2.029
i) LiNg
2.022
ii) deprotection

3',5'-Disilyl-protected triflate derivatives of the (alkyl-
amino)tetrazole nucleosides, 2.030, were readily trans-
formed to 2'-azido-2'-deoxy arabino-derivatives 2.031.7

It has been generally recognized that the intramo-
lecular nucleophilic attack of the C-2 carbonyl group
of the uracil base on the 2'-position having a leaving
group is predominant rather than the intermolecular
nucleophilic substitution. If the nucleophilicity of the
C-2 carbonyl oxygen could be reduced, the direct Sy2
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reaction at the 2'-position of uridine would be real-
ized. Thus, 3',5'-bisprotected uridine 2.032 was ben-
zoylated to afford 2.033. Compound 2.033 on reaction

0 u
TIPDS/ 0 — /O oJ
; 7 TIPDS
AN U
O OH O OH
2.032 2.033
N3
Ph,P
3 /O o B
DEAD, HN, TlF’DS\
0
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i) NH,, MeOH
ii) POCI,, E,N, N,
1,2,4-triazole HO o C
—— -
iii} aq. NH,
iv) TBAF OH
2.035
0
B< fLNH(CO)Ph
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with PhsP, DEAD, and DPPA produced the arabino-
derivative 2.034. This was then deprotected and
converted to arabino-derivative 2.035.7% A similar
approach has been employed for the synthesis of 2'-
azido-2'-deoxy-arabino-thymidine 2.037 from par-
tially protected ribo-furanosylthymine derivative
2.036.77

(o}

\f\ lH(CO)Ph N%

0— N
I Lo ° HOT o
TIPDS _—

AN i) Ph,P, DEAD,

O OH HN, OH
2.036 i) NH3 MeOH 2.037
iii) deprotection

The anomeric mixture of 1-(2-bromo-2,3-dideoxy-
5-0-(4-methylbenzoyl)-p-erythro-pentofuranosyl)-
thymine 2.039, which was synthesized from sugar
derivative 2.038, was treated with NaNs;. The prod-
ucts were deprotected to furnish a- and S-isomers
of 2-azido-2,3-dideoxy-threo-pentofuranosylthymine,
2.040 and 2.041, respectively.” A different route has
been devised for the synthesis of 2.004. The azido
group was introduced at the C-2' position by reacting
8,2'-O-cycloadenosine 2.042 with NaNj3 to produce the
8-0x0-2'-azide 2.043. Stepwise conversion of 2.043 to
8-oxoinosine 2.044 followed by thiation led to the
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formation of 6,8-disulfanyl derivative 2.045. Oxida-
tion of 2.045 furnished inosine derivative 2.046.

NH,
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Amination of 2.046 produced 2'-azido-2'-deoxy-ribo-
adenosine 2.004.7 Alternatively, 2.044 was converted
to 6,8-bis(methylsulfanyl) derivative 2.048 via dichlo-
ride 2.047. Dimethylamination followed by reduction
of 2.048 furnished N-6-dimethyladenosine product
2.049.7° 8,2'-0O-Anhydroguanosine 2.050, on the other

cl
N \N

o= 1 J

POCI, Aco—w N
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AcO N,
2,047
SMe
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NaSMe o} N
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iiy Ni HO— 4 N N/)
e e e
HO N
2,049
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hand, was converted to arabino-derivative 2.051,
which was converted into the azido derivative 2.052.
Compound 2.052 acted as a starting material for the

(0]

N
NH
% ﬁ A
A O =
CO—@ N "NH,
—
—_—

OAc
2.050

(o}

«NﬁNH
THPO a N N//I\ Ho_k_;

NHTHP i) NaN, 0
MS —
ii) ACOH
OTHP HO N,
2.051 2.052

aminonucleoside antibiotic puromycin (2'-amino-2'-
deoxyguanosine).8® Azidonucleoside 2.004 acted as a
versatile intermediate for the synthesis of several
new purine-based 2'-azido-2'-deoxy derivatives. Thus,
the syntheses of 6-monomethylamino (2.053), 6-di-
methylamino (2.049), 6-sulfanyl (2.055), and 6-
methylsulfanyl (2.056) purine nucleosides and inosine

HO o B
2.004 ——
HO N,
2.049B = 2.053B =
N(CH,), NHCH,
N X N
N ~
<J@ <J@
| N | N
2.054 B = Hy
2.055B = 2.056 B =
SH SCH,
N X
N N X
< J ¢ N
N N N N/)

2.054 have been reported.®? Displacement of sul-
fonate esters was used further for the conversion of
2,6-diaminopurine nucleoside 2.057 to 2'-azido ara-
bino-derivative 2.058.82 It has been reported that
2-(p-n-butylanilino)-2'-deoxyadenosine-5'-triphos-
phate (BUAdATP) was a selective and potent inhibi-

N3
07 5B LN, 07 olB
TIPDS\ —_ TIPDS\
0 OTf o
2.057 2.058
NH,
N ~
N
B= ¢ ]
N N)\NHZ

tor of eukaryotic pol a but did not inhibit pols 6 and
€. Therefore, BUAJATP has been widely used for
discrimination and identification of enzymes in the
pol o family. To synthesize 9-(2-azido-2-deoxy-S-b-
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arabinofuranosyl)-2-(p-n-butylamino)adenine 2.061,
2-iodoadenosine derivative 2.059 was converted to
the protected and trifluorosulfonylated BUAdA de-
rivative 2.060, which was converted to the desired
azido derivative 2.061.83

NH,
/N | N
AcO— o N N/)\| 0 B
— _ TIPDS
AcO OAc O OTf
2.059 2.060
Ny
i) LiN, HO— . |B
—_—
i) TBAF
OH
2.061
NH,
N ~
= N
B= ¢
N /)\

V7N NHCHnBu

A facile synthesis of 2.065 has been reported from
an easily accessible starting material, 2.062. 2',3'-O-
Methoxyethyleneuridine 2.062 on treatment with
excess NaNj in the presence of Me3SiCl and TMAC
at elevated temperature produced 2.066 after acety-
lation. With regard to the mechanism of this conver-
sion, intermediacy of MesSiN; has been ruled out
because 2.062 on treatment of this reagent did not
produce 2.065. It was therefore concluded that Mes-
SiCl converted 2.062 to the oxocarbonium ion inter-
mediate 2.063, which very easily formed the 2,2'-O-
anhydro derivative 2.064. Azide ion attacked the C-2'
position of 2.064 to furnish 2.065.848%

i) Me,SiCl, NaN,,

HO— o ¥ TmaAC RO oY
_IMAC
ii) acetylation
00 Ac=O N,
2.065R =H
H,C OMe 2.066 R = Ac
2.062
o}
i N
A |
HO— o U HO—L N
—_—
00+ OAc
2,064
2.063

2,2'-O-Anhydronucleosides have been used directly
in the synthesis of various new azidonucleosides.
Thus, 2,2'-O-anhydro-5'-O-benzoyluridine 2.069 was
prepared from 5'-O-benzoyluridine 2.067 and con-
verted to the 3'-deoxy analogue 2.071 by imida-
zolylthiocarbonylation followed by BusSnH reduction.
Treatment of 2.071 with LiN; followed by saponifica-
tion afforded 2'-azido-2',3'-dideoxyuridine 2.073. In
a similar fashion, thymidine analogue 2.074 has been
synthesized via intermediates 2.070 and 2.072 start-
ing from 2.068. The halogeno analogues 2.075 and
2.076 were synthesized from uridine derivatives.®® An
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o)
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0
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HO OH OH
2.067B=U 2.069R=H
2,068B=T 2.070R =CH,

N*j
i) PROC(S)CI  BzO —@
——————
i) Bu,SnH
207MR=H
2.072R=CH,

l) LiN, fk
||) NH,, MeOH —k—?

2.073R=H
2074R=CH,
2075R=Br
2076 R =1

alternative route has been devised for the synthesis
of 2.074. Lyxo-epoxide 2.077 was opened selectively
at the C-3' position to furnish 2.078, which on

OH
Trow LIEL,BH T’O“ olT
0 —_— -
2.077 2,078
i) MsCl
ii) azide
iif) H*

2.074

mesylation followed by azidolysis and deprotection
produced 2.074.87 2,2'-O-Anhydro-3',5'-di-O-benzyl-
lyxo-furanosyluracil, obtained from the corresponding
2'-deoxy-2'-iodo-xylo-furanosyluracil, on reaction with
NaNj; afforded the 2'-azido-2'-deoxy-3',5'-di-O-benzyl-
xylo-furanosyluracil .88

2.1.2. Opening of Nucleoside Epoxides by Azide

In addition to sulfonate esters and 2,2'-O-anhydro
derivatives of nuclosides, epoxides of nucleosides
should also act as efficient starting materials for the
preparation of azidonucleosides. However, this is not
a suitable method for the synthesis of 2'-azido-2'-
deoxynucleosides because the epoxides are cleaved
preferentially at the C-3' site. For example, lyxo-
furanosyladenine 2.079 on treatment with LiNj3
produced a mixture of arabino-2.080 and xylo-2.081

OH OH

o7 — +
2.079 Ny Ny
2.080 2.081

in 79% and 8% isolated yields, respectively.?® Reac-
tions of 5'-O-benzoyl-2',3'-O-anhydrouridine 2.082
with NH4N; generated a mixture of 2.083 and 2.084,
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but the isomers were not separated.®® The composi-
tion of the reaction products 2.083 and 2.084 was
later studied by a reversed-phase HPLC system,
which separated arabino-2.083 and xylo-2.084 iso-
mers that were formed (section 3.2.3).

B0 o U DNHN,

—_—
i) debenzoylation

2,082
OH OH
+
N, Ny
2.083 2.084

Azide-containing imidazol-1-yl-2',3'-dideoxyuridines
have been synthesized as follows. Oxirane 2.085 was
cleaved with imidazole to produce 2.086 and 2.087.
Compounds 2.086 and 2.087 were sulfonylated, and
the sulfonate esters were treated with NaNj sepa-
rately to generate 2.088 and 2.089, respectively.%

2.086 2.087

i) Tf,0, DMAP
ii) NaN,

Tro—w TFO—W

a1

2.088 2.089

2.1.3. From Azidosugars

Since the ring opening of purine nucleoside ep-
oxides favors attack at the C-3' position over the 2'-
position, it was necessary to develop a new method-
ology for accessing 2'-azido-2'-deoxynucleosides. Thus,
easily accessible 2'-azido-2'-deoxyuridine 2.092 from
uridine 2.090 via 2,2'-O-anhydrouridine 2.091 was
treated with N,H, to obtain 2-azido-2-deoxy-p-ribose
2.093. Conversion of 2.093 to methyl glycoside 2.094
under standard conditions followed by acetylation
furnished 2.095. Diacetate 2.095 on coupling with
partially protected adenine followed by deacetylation
produced an anomeric mixture of 2.004 and 2.096.%?

To synthesize less easily accessible arabino-nucle-
sides, such as 2.034, 2.035, 2.037, etc., a new route
has been designed using azidosugars as the starting
materials. Thus, 6-O-benzoyl-3-azido-3-deoxy-p-glu-
cofuranose 2.097, obtained from diacetone p-glucose,
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HO OH OH
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CHO
HO U NH N,
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HO N, OH
HO AcO o
OMe ——— OAc
HO N, AcO N,
2,094 2,095
HO—
—= 2,004 +
A
HO N,
2.096

was oxidized with NalO, to produce, in one step, the
arabino-derivative 2.098. Acetylation furnished di-

BzO N
Nalo, BzO O 3
OH ——= OH
OH
2.097 2.098
Ac0  Bzo- M TiCl,
—_— OAC ~——=
OAc
2.099
OTMS
0 N
P
™SO N
Bz0— 2101
cl
il) K,CO,, MeOH
OAc
2,100
N, Na
+
U
OH OH
2.102 2.103

acetates 2.099, which on treatment with TiCl, gener-
ated an anomeric mixture of chlorosugars 2.100.
Coupling of 2.100 with silylated uracil 2.101, followed
by deprotection, produced o- and S-anomers 2.102
and 2.103, respectively.®® A detailed study on the
coupling of 6-chloropurine 2.104 with chlorosugar
2.100, however, has shown that four isomeric nucleo-
sides, a- and S-anomers of N-7-substituted purines
2.105 and 2.106, respectively, and a- and s-anomers
of N-9-substituted purines 2.107 and 2.108, respec-
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tively, are formed. Similarly, condensation of 2.100
with 2-acetamidohypoxanthine 2.109 also produced

Bzo—w Bzow
o
quLNH Aco fLNH
N7 N7 NHAC NHAc

2100 2110 2411
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o]
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four isomers, 2.110—2.113.%* Heterocycle-modified
pyrimidines, such as 2.114, can be coupled with
chlorosugar 2.100 to produce, after dehydrobromi-
nation, acetylenic azidonucleoside 2.115 along with
its a-anomers.%

o
) N/%/:CBI.Z \ELNH
' |
TMSO™ N N
2114 HO
2.100
ii) PhLi
OH
2415

Four 2'-azido-2',3'-dideoxy-3'-fluoro-p-ribo-furano-
sides of natural nucleobases have been synthesized.
The starting epoxide 2.116 was protected and fluori-
nated at C-3' to produce fluorosugars 2.117. Tosyla-
tion, debenzylation, and benzoylation followed by
treatment with NaN; converted 2.117 to the azidof-
luoro intermediate 2.118. Condensation of 2.118 with
nucleobases followed by deprotection furnished ribo-
nucleosides 2.119—-2.122 (only -isomers shown).%
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Condensation reactions of nucleobases with sugars
have paved the way for the synthesis of virtually any
synthetic azidonucleoside. For example, unnatural
p-L-enantiomer 2-azido-2,3-dideoxy-f-L-derivative
2.127 has been synthesized. Coupling of adenine
2.123 with 1,2-di-O-acetyl-3-deoxy-5-O-benzoyl-L-
erythro-pentofuranose 2.124 followed by deprotection
produced f-L-nucleoside 2.125. Synthetic manipula-
tion of 2.125 inverted the configuration of 2'-OH to
furnish 2.126, which was converted to 2.127 in the

NH,
~
N
4
D¢l N )
OAc H OH
o) 2.123 o
sy A
BzO ii) deprotection HO A
2.124 2.125
i) PPh,
DEAD
o} HN, oL
——— —_—
Trom ii) acid HO
OH 2427
2126

usual way.*” In an attempt to synthesize 3'-branched
azidonucleoside, 2.128, obtained from the corre-
sponding sugar, was treated with NaN3; in the pres-
ence of Pd(OAc), and PhzP. The palladium-catalyzed
substitution of the allylic acetate of 2.128 by azide
ion followed by deprotection furnished 2.129. This
reaction occurred at the acetoxy-bearing carbon with
retention of configuration via a (z-allyl)palladium
complex, so that the azido group was introduced on
the a-face.%

i) Pd(OAC),
PPh,
MeO@—o o T Nan, HO— o T
——-
ii) CAN
OAc N,
2128 2429

2.1.4. Carbohydrate Ring Modified
2'-Azido-2'-deoxynucleosides

Syntheses of neplanocin A derivatives 2.006 and
2.027 have been discussed in section 2.1.1 in connec-
tion with the effectiveness of various leaving groups
toward azide displacement reactions.

Pathak

To synthesize nucleosides from 5-fluorouracil and
2-amino-2,3-dideoxy-4-thio-pL-glycero-tetrofuranose,
it was necessary to develop a route to the corre-
sponding 2'-azido-2',3'-dideoxytetrose derivative 2.134.
The starting ketone 2.130 was converted, in two
steps, to protected nucleoside 2.131 using Pummerer
rearrangement as one of the key steps. Deprotection
of 2.131 followed by mesylation afforded 2.132, which
was converted to anhydro derivative 2.133 using
DBU. Reaction of 2.133 with NaNj; afforded 2.134
and their enantiomers.%

oy ”7

s S |) 2M HCI
< \Z —_— ii)) MeSO Cl q
0 OAc OMs
2130 2131 2132

o}

gy xy
& =
2133 2134

Benzylideneoxetane 2.135 was converted to the
azidooxetane derivative 2.136 in three steps. Com-
pound 2.136 was converted by the Barton modifica-
tion of the Hunsdiecker reaction to a 1:1 epimeric
mixture of chlorides 2.137, which on treatment with
adenine gave an anomeric mixture of the protected
nucleoside. Deprotection followed by separation af-
forded azidooxetane nucleoside 2.138.1%0

i) ACOH, H,
Pd black
0 8 iy TBDOPSCI  1BDPSO— ¢
Ph ——")
CO,Me i) Tf,0 CO,Me
iv) NaN, Ny
2135 2.136
TBDPSO— o HO
Qu —
3 N;
2137 2138

2.2. Reactions

2.2.1. Addition of Nucleophiles

Although 2,2'-O-anhydrothymidine derivative 2.139,
on treatment with LiNs, furnished the expected 2'-
azido-2'-deoxy derivative 2.140, the 2,2'-O-anhydro-
3'-0O-benzoyl derivative 2.141, under similar condi-
tions, afforded a mixture of 2.140, azidobenzoate
2.142, and the oxazolidinone 2.143, along with de-
benzoylated starting material 2.139. The rather
surprising formation of 2.143 would involve a 2',3'-
benzoxonium transient intermediate, which would
give rise to the masked acyl azide 2.144. The latter
can undergo the Curtis rearrangement, yielding
2.145, which produced 2.143 via an intramolecular
nucleophilic attack. Reaction of 2.140 with DAST
produced three products, namely, vinyl azide 2.146,
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fluoro azido compound 2.147, and the 2,3'-O-anhydro
derivative 2.148. Mesylation of azido alcohol 2.140
followed by treatment with alkali and deprotection,
on the other hand, exclusively furnished 2'-azido-
2',3'-didehydro-2',3'-dideoxythymidine 2.149.101

pasT RO o T TO Flo T
2140 ——— —k_z +
or —
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iiiy acid 2,446 R = Tr 2147
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o
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o]
R TrO Op N
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2.2.2. Reduction

There are several reports on the hydrogenation of
azidonucleosides. Reduction of 2.022 with Raney Ni,
in the presence of N2H,, produced amino derivative
2.150.1%2 Unprotected azidouridine 2.092 has been

NH,
N,H, RaneyNi HO— 4|A

2022 —— ™

OH
2.150

reduced by BusSnH in a mixture of N,N-dimethylac-
etamide and benzene to aminonucleoside 2.151 in
high yield. TBDMS- or TIPDS-protected azidou-
ridines can also be reduced efficiently using the same
reagent in bezene.'*® However, 3'-O-(phenoxythiocar-

BuSrH HO—y 4 U
2092 ——

AIBN
HO NH,

2.151
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bonyl)-2'-azidouridine 2.152 and the corresponding
adenosine derivative 2.153, on treatment with Bus-
SnH or PhsSiH, underwent direct radical-mediated
hydrogenolysis to give protected 2',3'-didehydro-2',3'-
dideoxyuridine 2.154 and the corresponding adenos-
ine derivative 2.155, respectively, via loss of the azido

RO B

fe) Bu,SnH, AIBN

PRO” O N, Ph,SiH, BzO, Bz 2154B=U
2155B=A
2152B=U
2153B=A R = TBDMS

group from an incipient C-3' radical. Reduction of
azides to amines with BusSnH is known,% but the
hydrogenolytic deazidation with PhsSiH in the ab-
sence of amine formation appears to be novel. These
results are in harmony with loss of radical species
during the mechanism-based inactivation of ribo-
nucleotide reductases with several 2'-substituted
nucleoside 5'-phosphates.%*

Since 2',3'-dideoxynucleosides with the nucleobases
at C-3' or C-2' (isonucleosides) have drawn much
attention, pentofuranoses with two nucleobases have
been synthesized. The required starting material
2.156 was prepared from the azido alcohol 2.140. The

i) Me;SiN,
LiF TrO o U
2439 ———
i) SnCli,
PhSH HO NH,
Et;N
2.156
HO u

o]

B p—d
—_— -

2157B=T
HO B 2158B=U

latter was obtained in this case by treating 2.139
with MesSiNjz. Reduction of 2.140 with the SnCl,,
PhSH, and Et3;N system furnished the amino alcohol
2.156. Through standard manipulation 2.156 was
converted to thymidine 2.157 or uridine 2.158. Simi-
larly, reduction of the azido function, followed by the
removal of the N-3 protection of 2.159 by excess
pyrrolidine produced 2.160. The thymine or uracil
ring was constructed at the C-2' position of 2.160 to
furnish 2.161 or 2.162, respectively.1%

o

E‘LNHC CHCO,Me
NH,

NNo

v/ 4]
TIPDS\ TIPDS\

2.159 2.160

U

2161B=T
2162B=U

Suitably protected 2'-azido-2'-deoxyuridine 2.163
was reduced to the corresponding amino derivative,
which was reacted with CS; in the presence of HgO
to yield isothiocyanatouridine 2.164. Similarly, 2'-
azido-2',3'-dideoxyuridine 2.015 was converted to
2.165.1% Interestingly and in contrast to the forma-
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HO o V]
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tion of 2.154 from 2.152,%* azidothiocarbonyl deriva-
tive 2.166, on treatment with BusSnH, produced
exclusively 2.169 and no 2',3'-didehydro derivative.
The most plausible explanation for the formation of
2.169 is that the 2'-azido group was reduced much
more rapidly than the 3'-O-phenoxythiocarbonyl
group. The amino derivative 2.167 thus formed
attacked the thiocarbonyl carbon intramolecularly,
leading to the formation of 2.168, which eliminated
a molecule of phenol to yield 2.169.1%6

TrO U BuSnH,ABN T07 qU

0] - ——
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0 o U T0— o U
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3. 3'-Azido-3'-deoxynucleosides
3.1. 3'-Azido-3'-deoxythymidine (AZT)

3.1.1. Synthesis from Thymidine

To study the “replacement of mesyloxy group by
nucleophiles, such as azide...” Horwitz and co-work-
ers reacted 1-(2-deoxy-3-O-mesyl-5-O-trityl-3-p-lyxo-
syl)thymine 3.002, obtained from 3.001 via mesyla-

Trob MsCl TrO\b i) LiN,
1.001
ii) HCI

3.001 3.002

tion, with LiN3. The crude product on detritylation
afforded 1.001. This was the first reported synthesis
of 1.001.%°7 In an attempt to develop a methodology
for the large-scale synthesis of 1.002 via 3.005, 3'-
O-mesyl-5'-O-tritylthymidine 3.003 was heated under
reflux with NaN3; to afford 3.005 in 41% vyield. The
“down” azido derivative 3.005 was formed via 2,3'-
O-anhydronucleoside 3.004. However, this reaction
produced a more polar side product, 3.008, via the
“up” azidonucleoside 3.006 in almost equal amount.
It has been proposed that a nucleophilic attack by
the root nitrogen of the azido group at C-6, followed
by a series of electron shifts, produced the triazolino
intermediate 3.007. This intermediate afforded 3.008
on loss of a molecule of N.1% The lack of stereocontrol
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in the formation of azidonucleosides from 3.003 has
been highlighted by other groups as well.10°

w

, NH 3.005

o (0]
AN NH
N’ NH | /g
y HN N0
TFOWN 0 Trow
—_—

3.007 3.008

An alternative approach to nucleophilic displace-
ment of sulfonate esters was considered where the
threo isomer 3.001 was treated directly with the
PPh3;-CBr,-LiN3 system. The reaction predominantly
produced 3.005 with some amount of the anhydro
derivative 3.004.110

Interestingly, during the course of preparation of
1.001 from 3.004, formation of an N-3 isomer of
1.001, compound 3.011, in 2—4% yield has been
detected. A plausible mechanism of formation of
3.011 would be through the cleavage of the glycosidic
linkage in 3.004. The intermediate 3.009 would
undergo N-1 to N-3 glycosylation to produce isomeric
2,3'-O-anhydro derivative 3.010. Compound 3.010 on
azidolysis would afford 3.011.11%.112
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2,3'-O-Anhydrothymidines turned out to be the
intermediate of choice for the synthesis of 1.001. 2,3'-
O-Anhydro-5'-O-monomethoxytritylthymidine (MMTr
instead of Tr in 3.004) on treatment with Me3SiNj3;
and BF3;_Et,0 directly furnished 1.001.*'® However,
the acid lability of the glycosidic bond of deoxynucleo-
sides necessitated the use of 5' protecting groups,
removable under milder conditions. Thus 5'-O-thexyl-
dimethyl derivative 3.013, prepared from thymidine
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3.012, was converted to 3.014 on treatment with
DBU. 2,3'-O-Anhydro derivative 3.014 on reaction
with NaNs, followed by deprotection with DOWEX
50 (H"), afforded 1.001.** Similarly TBDMS-protect-
ed derivative 3.016, obtained from 3.015, on reaction
with LiN3z produced the protected azidothymidine

3.017.115
How Ro—w

OH OMs

3.012 3.013 R = THDMS
3.015R = TBDMS

N

|

O‘J\
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3.014 R = THDMS
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3.018 R = C(O)C¢H,(4-OCH;)

Z
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N,

1.001R=H
3.017 R=TBDMS

A very efficient route to 1.001 using a base-labile
5' protecting ester group has been designed. The key
step was a one-pot transformation of thymidine 3.012
into 2,3'-O-anhydro-5'-O-(p-methoxybenzoyl)thymi-
dine 3.018 using the PhsP, DIAD, and p-methoxy-
benzoic acid system. Ring opening of 3.018 with azide
ion and 5'-O-deprotection with NaOMe furnished
1.001 in more than 70% overall yield.116

To avoid the problem of protection—deprotection of
the 5'-hydroxy group, a procedure for the direct
conversion of 3.012 to 2,3'-O-anhydrothymidine 3.021
has been developed. Thus, 3.012 on heating with a
4-fold excess of diphenyl sulfite 3.019 at 156 °C in
N,N-dimethylacetamide solution in the presence of
a catalytic quantity of 1-methylimidazole afforded
3.021 in almost 65% yield. It is reasonable to assume
that the reaction proceeded via a cyclic sulfite inter-
mediate, 3.020. Compound 3.021 on treatment with

g
PhO""~0OPh
3.019 0o
soz———— /&
0°8~0
3.020
o
Cr
HO—C N LiN,
O b — = 1.001

3.021

LiN; produced 1.001 in 71% yield.*'” It should,
however, be noted that, under nucleophilic reaction
conditions, 3.021 is partially converted into isomeric
2,5'-O-anhydro derivative 3.022, which would be
expected readily to undergo nucleophilic attack at
C-5' to produce 3.023. It is, therefore, “usually
advisable” to protect the 5'-hydroxy function of 3.021
before carrying out nucleophilic substitution reac-
tions at C-3'.118

The 5-halogeno-6-alkoxy-5,6-dihydro-3'-azido-3'-
deoxythymidines 3.024—3.026 have been designed as
prodrugs, which would generate 1.001 in biological
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JT T
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3.022 3.023

systems. Regeneration of the 5,6-double bond to give
1.001 upon incubation of 3.024—3.026 with glu-
tathione, mouse blood, or mouse liver homogenate
was dependent on the nature of the 5-halogeno
substituent (I > Br).11°
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3.025R=0Me,R' =
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3.1.2. Synthesis from Carbohydrates

Increasing commercial demand for 1.001 led to the
search for alternative and cheaper methodologies for
its synthesis because thymidine 3.012 was too ex-
pensive a starting material. In almost all cases
D-xylose 3.027 was considered to be the sugar of
choice because of the in-built “up” configuration of
the C-3 hydroxy group. This configuration is essential
for the insertion of the azido group from the a-face
of the furanose ring. Thus, a fully protected starting
material, bisisopropylidenexylose 3.028, synthesized
from 3.027, was selectively deprotected at the 3',5'-
sites, and the product was benzylated to give 3.029.
Compund 3.029 was easily converted to a mixture of
methyl glycosides, which were converted to dithiono-
carbonates 3.030. Deoxygenation of 3.030 with Bus-
SnH followed by debenzylation afforded 3.031. The
diol 3.031 was converted to 3'-azido-2',3'-dideoxy-D-
ribo-furanose derivative 3.032 through a sequence of
standard reactions.'?® A comparable scheme of reac-
tions has generated the 5-O-trityl derivatives 3.033
or the 5-O-TBDMS derivatives 3.034 from 3.027.121.122

HO |) acid
bOH m u) benzylation

3 027 3. ozs
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S OMe
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3.032R = Tol
3.033R=Tr

3.034 R = TBDMS

Using a different approach, 2,3:4,5-di-O-isopropyli-
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dene-p-xylose diethyldithioacetal 3.035, on treatment
with nBulL.i, afforded ketene dithioacetal 3.003. This
was reduced in situ to afford 2-deoxy derivative
3.037. Mesylation of 3.037 followed by treatment
with azide afforded fully protected azidosugar 3.038.
An anomeric mixture of methyl 5-O-acetylazidosug-
ars 3.039 was obtained from 3.038 via standard
manipulation.t?3

EtS._SEt EtS.__SEt
e
0 CH
o . HO“:
o) o)
o>< o><
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EtSYSEt
LAH CH, i) MsCl
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3.037
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CH, AcO o o
ENS . e
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o< N,
3.038 3.039

Carbohydrates other than xylose 3.027 have also
been used as starting materials for the synthesis of
1.001. The b-glyceraldehyde 3.041, which can be
readily prepared from p-mannitol 3.040 in two steps,
was treated with (carbethoxymethylene)triphenyl-
phosphorane. The Z-isomer 3.042 on treatment with
diluted HCI, followed by protection, furnished the key
intermediate, the a,3-unsaturated lactone 3.043. An
azido group was introduced at the 3-position of 3.043
in a stereoselective fashion with LiNs to afford
exclusively the “down” azido derivative 3.044. The
bulky protecting group at the C-5 site inhibited the
formation of any “up” azido derivative by blocking
the p-face of the lactone 3.043. Reduction of 3.044
followed by acetylation produced an anomeric mix-
ture of 3.045.%2* The q,3-unsaturated aldehyde 3.047,

OH
HO CHO

Ph,P=CHCO,Et
HO — o><
OH 0

OH
OH
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’/(:\ COEt  i)dil HCI
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Cro—
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3.042
TBDMSO o i) DIBAL TBDMSO Ie)
0O ——» OAc
ii) Ac,O
N, N,
3.044 3.045

prepared from triacetyl-p-glucal 3.046 also reacted
with the azide ion in a Michael fashion. However, in
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this case, in the absence of any stereocontrol, a
mixture of isomers 3.048 was obtained. Compounds
3.048 after standard manipulations afforded 3.039
and the “up” azido derivatives 3.049.125126
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N AcO
: 0
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Although there was no shortage of ideas'?*~1?6 for
the synthesis of 3-azido-2,3-dideoxy-ribo-furanoses,
the crucial step of glycosylation of these carbohydrate
derivatives 3.032, 3.033, 3.039, and 3.045 with
bistrimethylsilyl-protected thymine 3.050 resulted in
the formation of a mixture of o- and g-anomers 3.051
and 3.052, respectively.*?” The S-anomer 3.052 on

OTMS
B
N/)\OTMS
RO o 3.050
OR’
N3
3.032, 3.033,
3.039, 3.045
RO RO T .
deprotection
°© + © —F—)——> 1.001
i
N3 N3
3.051 3.052

deprotection produced 1.001. However, the overall
low yield of the final product 1.001 made these
methods less useful from a practical point of view.
Several attempts have been made to improve the
efficiency of the coupling step in favor of the g-ano-
mer. For example, a comparative study on the
coupling pattern of two differently protected 1-thio-
pentofuranosides, 3.053 and 3.054, has revealed that
by changing 5-O-protection from TBDMS (in 3.053)
to pivaloyl (in 3.054) the ratio of a- and S-anomers
(such as 3.051 and 3.052) changed from 2:1 to 4:1.
The significant increase in a-selectivity for coupling
of 3.054 with 3.050 may be attributed to the forma-
tion of intermediate 3.056 due to acyl participation
in carboxonium ion 3.055. This result clearly indi-
cated the influence of the 5-O protecting group in the
anomeric selectivity of the coupling reaction.*?8
The problem of nonselective p-glycosylation of
3.050 with 3-azido-2,3-dideoxysugars was circum-
vented by coupling the former with an appropriately
functionalized derivative of xylose 3.027 first and
then carrying out deoxygenation (C-2") and azidolysis
(C-3'). The major advantage of synthesizing the xylo-
nucleoside first is that the process affords a high
degree of stereoselectivity for the g-anomer during
condensation with a nucleobase, due to the participa-
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tion of the 2-O-acyl protecting group.’?® There are
several reports on the use of this strategy.'*°-1%* The
following sequence of reactions can be considered as
a representative example. 1,2-Di-O-acetyl-3-O-mesyl-
5-O-methoxycarbonyl-b-xylo-furanose, obtained from
3.028, was condensed with 3.050 to obtain the j3-p-
xylo-derivative 3.059. The carboxonium ion interme-
diate 3.058 determines the stereoselectivity of the
coupling stage by allowing nucleophile to attack the
C-1 position from the j-face of the furanose system.
Deacetylation of 3.059 with methanolic HCI followed
by mesylation of the 2'-hydroxy group produced 2',3'-
di-O-mesyl derivative 3.060. Treatment of 3.060 with
K,CO;3 generated a 2,2'-O-anhydro derivative, which
on reaction with LiBr afforded bromo derivative
3.061. Debromination of 3.061 with BuszSnH followed
by azidolysis and deprotection produced 1.001.1%
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A methodology has also been developed using
gluco-derivative 3.062, which on deacetylation fol-
lowed by mesylation produced 3.063. 2,2'-O-Anhydro
derivative 3.064 was obtained by treating 3.063 with
DBU. Chlorination at C-2' of 3.064 followed by
reduction furnished 3.065. Debenzoylation of 3.065
followed by isopropylidenation produced 3.066. The
usual chemical manipulation afforded azidonucleo-
side 3.067. Oxidation of 3.067 with Dowex 1 (1047)
resin followed by reduction with Dowex 1 (BH;")
resin produced 1.001.136

More recently, the synthesis of a new, potentially
viable intermediate for the preparation of 1.001 has
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been reported. 3,5-Di-O-benzyl-2-O-tosyl-p-xylo-fura-
nose 3.068, obtained from bp-xylose 3.027 in four
steps, was converted to methyl 3,5-di-O-benzyl-o-D-
lyxo-furanoside 3.070 via epoxide 3.069. Tosylation
of 3.070 followed by acetolysis furnished diacetate
3.071. Selective deacetylation of 3.071 and treatment
of the product with tBuOK afforded epoxide 3.072.
Condensation of 3.072 with 3.050 gave nucleoside
3.073.%%
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30-,1 3.072
AcO OS“T
—_ ———  1.001
OH
3.073

3.1.3. Synthesis from Non-Carbohydrate Precursors

A synthetic protocol that permits the stereoselec-
tive construction of 1.001 from inexpensive, non-
carbohydrate precursors is of immense importance.
A stereospecific total synthesis of 1.001 has been
reported, starting from crotonaldehyde 3.074. 1-(Tri-
methylsilyloxy)-1,3-butadiene 3.075 was condensed
with methyl orthoformate to give the enal acetal
3.076. Reduction of 3.076 afforded the allylic alcohol
3.077. The chirality necessary for the final product
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was introduced by treating 3.077 with p-(—)-diiso-
propyl tartrate, tBuOOH, and Ti(OiPr), to afford the
desired epoxy alcohol 3.078 in >95% ee. The regi-
oselective opening of the epoxide 3.078 was promoted
by Et,AlF with TMSN3. The azido diol 3.079 thus
obtained was cyclized under acidic conditions, and
the anomeric mixture was isolated as 5-O-tert-
butyldiphenylsilyl derivatives 3.080. The azido sugar

OTMS gcé?'v'e)a
OHCL TMSCI e
| _ T e X —_—
o,
nti,
3.074 3.075
Sharpless
OHC e
DIBAL HO OMe epoxidation
OMe OMe
3.076 3.077
OH ELAIF
16} TMSN, HO OHOMe i} dil. HC!
H H @—— OMe —————
ii) TBDPSCI
OMe
N3
OMe 3.079
3.078
OTBDPS
N3
3.080

was converted to 1.001 in the usual way.’®® In
another paper, 3,3-diethoxypropanoate 3.081 was
converted to the dibenzyloxyallyl alcohol 3.082. Un-
der Sharpless asymmetric epoxidation conditions, the
allylic alcohol 3.082 was oxidized to the 2(S),3(R)-
epoxy alcohol in >97% ee. The azido group was
introduced regioselectively to C-3 by treatment of
3.083 with Ti(OiPr), and MesSiN. The azido alcohol
3.084 thus obtained was converted to dibenzoate
3.085. Compound 3.085, on coupling with 3.050,
followed by debenzoylation afforded a diastereomeric
mixture of 3.086. When exposed to concentrated
acidic conditions, 3.086 cyclized to give exclusively
the p-anomer 1.001 in 67% yield, based on the
recovered starting material. The diastereomeric mix-
ture 3.086 underwent cyclization presumably via one
iminium ion intermediate, 3.087. However, f-selec-
tivity of cyclization has been attributed to the “gauche
effect”, which predicts that transition state 3.089
would be favored over 3.090 because in 3.089, the
C—C bond containing the azido group and the par-
tially charged hydroxyl group have a gauche ar-
rangement. Once the rotamer population around this
bond is fixed, then the transition state 3.089 should
dominate over 3.090 since the latter is disfavored due
to a severe 1,3-interaction between the azido and XR
group.t®

Synthesis of 1.001 from xylose has been applied to
the synthesis of deuterium-labeled AZT, which was
useful in the conformational analysis based on proton
NMR. 1-(2-Bromo-3,5-di-O-benzyl-2-deoxy-/5-b-xylo-
furanosyl)thymine 3.091 was dehalogenated pho-
tolytically using NaBD, and a catalytic amount of

Pathak
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OEt O BnO
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2 o9R
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HO . * o'
o) HT O H g
N¢\\FXR HhﬁXR H%H
N H N, H N, XR
3.088 3.089 3.090
R=Bn, T

BusSnCl, resulting in the formation of 2'(R)-2'-deoxy-
2'-deuterio derivative 3.092. The delivery of the
deuterium from the o-face was expected due to the
crowded S-face. (2'R)-Deuterioazidothymidine 3.093

OBn OBn

BnO o T cat. Bu,SnC! BnO e} T
e
NaBD,, MeOH
Br hy D
3.091 3.092
HO o T
—_—
—_—
N, D
3.093

was obtained from 3.092 through the usual reactions.
1-(3-Azido-2,3-dideoxy-3-deuterio-S-p-ribo-furanosyl)-
thymine 3.096 has also been synthesized. In this
case, the 2'-ketothymidine 3.094 was reduced with
NaBD, to produce the threo-derivative 3.095. Com-
pound 3.095 was converted to 3.096 under the usual
reaction conditions.?#%14! There are several reports
on the synthesis of tritium-labeled AZT 1427144

OH

TBDPSO— T  NaBD, TBDPSO— T4 T
=y
o D
3.094 3.095
D
Ho—0 T
—_—
—_—
N3
3.096
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3.2. Synthesis of Other
3'-Azido-3'-deoxynucleosides

3.2.1. 3'-Azido-2',3'-dideoxy-ribo-furanosylnucleosides
Other than AZT

Since it has been shown'® that several analogues
of 1.001 substituted at the N-3 position are active
against HIV and are less toxic than AZT, a study on
the quarternization of the N-3 imino ether nitrogen
of anhydronucleoside 3.014 was taken up. Separate
reactions of 3.014 with O-(mesitylenesulfonyl)-
hydroxylamine or CH;OTf generated pyrimidinium
salts 3.097 and 3.098, which reacted with azide ion
to give the N-3-substituted AZTs 3.099 and 3.100,
respectively. In contrast, alkylation of 3.014 with
pentyl triflate occurred at both N-3 and O-4 positions,
leading, after treatment with NaNg3, to the expected
3.101 and novel 3.102. The extent to which compet-

o]
R\N+
J
THDMSO OO N
3.014 ——» b
i} pentyl triflate _
i) azide 3.097 R =NH,
3.098 R = Me
OPent
N
Loz 0

THDMSO—@ R\N)j/
N THDMSO Oé\N
3.102 b

Ny

3.099 R = NH,
3.100 R =CH,
3.101 R = penty!

ing O-4 alkylation occurred was found to be sensitive
to steric factors, increasing in the order of MeOTf <
EtOTf < pentylOTf < iPrOTf.146.147 Several 3'-azido-
2',3'-dideoxypyrimidine-like analogues have been
synthesized to study their biological properties. Most
of these base-modified analogues such as 3.103,148
3.104—-3.114,'%° 3.115,'%° 3,116 and 3.117,'5! 3.118
and 3.119,%%2 3,120,153 3.121,1541%5 3,122—-3.124,156
3.125 and 3.126,'%" 3.127,'%8 3.128 and 3.129,'%°
3.130,160 3,131—3.134,%1 3.135 and 3.136,%62 3.137—
3.139,16% and 3.140%* have been synthesized using
methodologies which have already been discussed
during the synthesis of 1.001 (section 3.1). In each
case, only the fg-isomer is shown. Some of these
compounds have however been synthesized by react-
ing either 1.001 or 3.106 with special reagents. A
selection of these transformations has been discussed
in section 3.3. To test the concept that HIV RT could
be effectively inhibited by “mixed site inhibitors”, a
series of conjugates such as the (N-3 and C-5) AZT—
HEPT conjugates 3.141—3.143 were synthesized.'6>
Several other heterocycles have also been attached
to azidosugar to synthesize novel azidonucleosides
such as 3.144,%6 3.145 and 3.146,%” 3.147 and
3.148,1%8 3,149-3.151,%69170 and 3.152'"* to study
their biological activities.
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3131 X=H,R=Me
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3133 X=Bn,R=Me
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3.135X=H
3.136 X = Me

3.137 X=H, Y = Me, Et, Pr 3.140
3.138 X =Y =Me
3.139 X =Et, Y =Bn

In the area of purine or purine-type nucleosides
several novel structural modifications have been
reported. 6-Dimethylamino-9-(3-azido-2,3-dideoxy-{-
p-erythro-furanosyl)purine 3.155 has been synthe-
sized from the xylo-derivative 3.153 via nucleoside
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intermediate 3.154. Compound 3.155 has been used
in the preparation of 2'-deoxypuromycin 3.156.172

NMe,
N
o8 (1)
z ; P
BzO 0 PivO o N N
OAc _— M —_—
OAc 3.154
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NMe, NMe,

$T0 o 1
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2-Amino-9-(3-azido-2,3-dideoxy-[-p-erythro-pentofura-
nosyl)-6-methoxy-9H-purine 3.158 and 3'-azido-2',3'-
dideoxyguanosine 3.159 have been synthesized from
a common intermediate, 3.157, obtainable from the
xylo-derivative 3.057. In this case, however, deoxy-
genation of the C-2' site of the m-trifluorobenzoate
ester 3.157 was carried out photolytically. Subse-
guent azidation and deprotection converted 3.157 to
3.158. The other target molecule, 3.159, was obtained
by treating 3.158 with adenosine deaminase.'”®

Pathak

OCONPh,

iii}) NaOMe

MeOOCO NH Ac i) hy
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To synthesize a new C-nucleoside, (1R)-1-C-(6'-
amino-7'H-purin-8'-yl)-1,4-anhydro-3-azido-2,3-di-
deoxy-p-erythro-pentitol 3.166, (+)-(1R,2R,4R)-2-
endo-cyano-7-oxabicyclo[2.2.1]hept-5-en-2-exo-yl ac-
etate or the “naked sugar” 3.160 has been used as a
starting material. The one-pot transformation of
3.160 to the chloroenone 3.161 was achieved via
addition of benzeneselenyl chloride, oxidative elimi-
nation, and saponification. Reduction of 3.161 fol-
lowed by triflylation and azidolysis produced the exo-
azido derivative 3.162. Conversion of 3.162 to ribo-
hexouronic acid 3.163 was achieved in multiple steps,
and the latter was condensed with 4,5,6-triaminopy-
rimidine 3.164 to afford the amide 3.165. Heating
3.165 in the presence of excess CsF, followed by
generation of the 5'-aldehyde function and its reduc-
tion, gave 3.166.174

[e] 0 .
OAC ) phsecl o [)NaBH,
CN o, i TF,0
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iii) NaBH,CN 3

3.165 3.166

3.2.2. 5'-Modified Analogues of 3'-Azidonucleosides

5'-Azido-5'-deoxythymidine 3.167 and the corre-
sponding 2',5'-dideoxyuridine 3.168 were converted
to 2,3'-O-anhydro derivatives 3.169 and 3.170, re-
spectively. These compounds were treated consecu-
tively with LiN3 and TsCI to generate 3'-azido-5'-
isocyano-3',5'-dideoxythymidine 3.171 and 2',3',5'-
trideoxyuridine 3.172.17® 5'-Deoxy-5'-N-morpholino-
2,3'-0O-anhydrothymidine 3.174, which was obtained
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in one step by treating dimesylthymidine 3.173 with
neat morpholine, on treatment with LiN3 produced
3',5'-disubstituted thymidine 3.175.5° A series of 5'-

OMs
3173 3174
L|N3 (o] N o T

3.175

N-methanesulfonyl derivatives of 3'-azido-5'-alkyl-
amino-3',5'-dideoxythymidine has been synthesized.
The first step involved the reaction of 3.176 with an
appropriate amine to produce 3.177, which on me-
sylation followed by treatment with LiN3 produced
3.178. The N,N-dimethylamino derivative 3.179 was

OH

OH T
-
3477 3.176
. i) Me,NH
:i))'\fﬁ\lc' ii) MsCl
s i) LiN,
SO,Me X o
Koy
N3
N, 3.179 X = NMe,
3.178 3.180 X = NH,
R = Me: Et 3.181 X = NHMe
CH,CH=CH,;

Bn

also synthesized in a similar fashion.'”® Thymidine
3.012 was converted to 3.182 in a single-pot reaction.
Compound 3.182 underwent ring opening using LiN3
to give 5'-protected azido derivative, which was
deprotected to generate 3.180. Phosphoramidate
3.183 was synthesized from 3.180.177 Selective pho-
tolysis of 5'-N-tosylamide 3.184 was carried out by
UV radiation (>300 nm) in agueous acetonitrile in
the presence of 1,5-dimethoxynaphthalene as
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an electron donor. The product thus obtained was
converted to 3.181.178
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it} Dowex 50Wx2
3484 iii) NaN,

Emphasis on the search for prodrugs of 1.001 led
to the synthesis of a phosphonate analogue, 3.190,
which is an isostere of 5'-phosphate 3.191. BF;_OEt,-
mediated cleavage of oxetane 3.185 with LIiCH,_PO-
(OMe); led to the formation of 3.186. Mesylation of
3.186 and azide displacement converted 3.186 to
3.188, which on deprotection generated phosphonate
3.190.77° A different approach utilized the 3'-O-

(RO) ('P?
2 OH
E 0.7 LCH,PO(OMe) o
——-
3.185 3.186 R = OMe
3.187 R = OEt
Q
iyMsCt  (RO)LP
if) NaN, o] Megsibr
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3.188 R = OMe
3.189 R = OFt
HO it
-5
HO X o T
3.190 X = CH,
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TBDPS-protected uronic acid derivative 3.192, where
the bulky TBDPS group permits a stereoselective
formation of a carbon—carbon bond using the 4'-
carbon radical. Thus, 3.192 generated 3.193, which
was reductively converted to 3.194. Compound 3.194
was converted to 3.190 via intermediates 3.187 and
3.189.180

Enhanced lipophilicity of homonucleosides com-
pared to their parent analogues generated a few in-
teresting synthetic routes to 1-(3-azido-2,3,5-trideoxy-
pB-p-allofuranosyl)thymine 3.200. In one approach,
allofuranose derivative 3.195 was converted to the
key intermediate, a mixture of diacetates 3.196,
which was coupled with 3.050 to give 3.197. Forma-
tion of the 2,3'-O-anhydro derivative and simulta-
neous deacetylation of C-2' followed by the thiocar-
bonylation afforded 3.198. The radical deoxygenation
of the 2'-O-(4-methylphenyloxy)thiocarbonyl deriva-
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tive 3.198 afforded 3.199, which was converted to
3.200 through known reaction sequences.’®! In an
alternative approach a mixture of 5-deoxy-glucofura-
nose pentaacetates 3.202, synthesized from 3-O-

><O 0Bz
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- OAc
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acetyl-2,3-O-isopropylidene-o-p-glucofuranose 3.201
was utilized. Coupling of 3.202 with 3.050, followed
by the usual synthetic manipulations, afforded the
modified nucleoside 3.203. A higher homologue of
AZT, 3.200, was obtained from 3.203 through reduc-
tion, mesylation, azidolysis, and deprotection.'8?

OAc
OAc [ ——

3. 201 3.202
OMMOT; i) BuSnH
T ii) MsCI
° _)___> 3.200
iii) NaN,
oc(syoph V) TsOH
3.203

To develop a general strategy for the preparation
of the side-chain analogues of 1.001, compound 3.195
was converted to an anomeric mixture of 1,2-di-O-
acetyl-6-O-benzoyl-5-deoxy-3-O-mesyl-b-allofura-
noses 3.204, which produced protected derivatives
3.205. Compounds 3.205 on deprotection afforded
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3.200 and 3.206—3.209.'8 The synthesis of com-
pounds 3.210—3.212, related to 3.067, has also been
reported.8

X
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Treatment of triflate 3.213 with NaN3 and deben-
zoylation afforded 3.215. Azidosugar 3.215 was oxi-
dized, and esterification afforded 3.216. Deprotection
under acidic conditions and acetylation produced a
mixture of diacetates 3.217, which was converted to
3.218. Compound 3.218 was the key intermediate for
the synthesis of a peptidyl nucleoside antibiotic,
Chryscandin.'®®

3.210X=0
3.211X=8
3.212 X=NH

RO yNaN, MO o
————V
i) NaOH o
Oﬁi N, oﬂ»
3213R=8Bz 3.215
3.214R = TBDPS

CO,Me
i) KMno, 0 i) ag. HCO_H
_—
ii) CH,N, 5 ii) Ac,0
Nsoﬁ‘
3.216 NHBz
N
N
<
coérwe HO g N N//l
OAC ——»=
N, OAc N, OAc
3.217 3.218

1.001 was oxidized to the corresponding 5'-car-
boxylic acid 3.219 using K,;S;0Og and a catalytic
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amount of RuCl; under basic conditions. Compound
3.219 was an important precursor for the preparation
of a nucleoside-based amino acid,® which was used
in the synthesis of amide-linked oligonucleosides.®’

i
K;5,04 HO (o] T
1.000 ——
RuCl,

N3
3.219

3.2.3. 3'-Azido-3'-deoxy-ribo-, -arabino-, and
xylo-furanosylnucleosides

Treatment of azido dimesylate 3.220 with NaOBz,
followed by hydrolysis, afforded 3'-azido-3'-deoxyuri-
dine 3.221.188 QOxidation of 2',5'-bis-O-(tert-butyldi-

OMs
MO o8 ) NaoBz "0 0§
ii) hydrolysis
, N, OH
3.220 3221B=U
3.222B=A

methylsilyl)adenosine 3.223, stereoselective reduc-
tion of the keto derivative from the a-face of the
furanose ring, triflylation of the xylo-derivative, azide

i) oxidation
TBDMSO— 4 A it} reduction
3.222
iiiy CF,S0,Cl
HO OTBDMS VLN
iii) fluoride
3.223

displacement, and deprotection gave 3'-azido-3'-
deoxyadensine 3.222.%8 Coupling of the appropriate
heterocycles with 3-azido-3-deoxy-1,2-di-O-acetyl-5-
O-(4-methylbenzoyl)-4-p-ribofuranose 3.224, followed
by deprotection, produced azidonucleoside 3.2258° or

3.226.1%0
N
(10
TolO OAc HO— o N

(o)

———

N, OAc N, OH
3.224 3.225
o]

HO,C N F
X

HO 0 N 'N° CI
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Similarly 3.222 has also been synthesized from the
azidosugar 3.227, which was obtained from 3.213.1°1

H,CO0CO
N, OCOPh
3.227

2' 5'-O-Bistrityluridine 3.228 can be transformed into
the xylo-derivative 3.229 with the PhsP—DEAD—HN;
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combination. This reaction can also be used for the
synthesis of the 3'-azido-2',3'-dideoxy analogue 3.006
or 3.230.192

N
O o U Php HN, TOT 5 Y
—_—

DEAD
HO OTr oTr
3.228 3.229

N3

3.006B=T
3.230B=A

The importance of the 2',3'-O-anhydro (oxirane)
function in the synthesis of 3'-azido-3'-deoxynucleo-
sides such as 2.080 and 2.083 has already been
mentioned (section 2.1.2). An elaborate study has
established that the use of 10 equiv of NH;N3 in
refluxing EtOH minimized the ring opening of 2.082
at C-2' (7%). The regioselectivity of ring opening could
be increased to 21% in favor of 2.084 by using less
reagent (2.082:NH4N3; = 1:1.65). The same percent-
age of 2.084 has been obtained by conducting the
reaction in DMF. It has been suggested that the
epoxide ring opening proceeds through a “borderline-
Sn2” transition state. Therefore, the increase in
regioselectivity in favor of 2.083 with greater amounts
of NH;N3; may be a result of an increase in the ionic
strength of the solution, which is known to accelerate
Sn1 reactions. The greater electron deficiency at C-2'
(due to inductive electron withdrawal by uracil at
C-1") of 2.082 is suppressed when a large excess of
nucleophile is present. The increase in regioselectiv-
ity in favor of 2.084 (or reduction in the selectivity
toward 2.083) observed in DMF may be due to the
higher nucleophilicity of azide ion in this sol-
vent. 89901937196 | gddition, the ribo-epoxide 3.231
was cleaved with NaN3; to produce essentially exclu-
sively the xylo-isomer 3.232. In large-scale experi-

N

HO A LN, HO— |l A
—@ — - O 4 2022

o} OH

3.231 3.232

ments, the 2'-azido-2'-deoxy arabino-diastereomer
2.022 has been isolated in approximately 1% yield.1%
Treatment of the anhydronucleoside 3.233 with
aqueous NaOH gave 1-(5-azido-5-deoxy-2,3-epoxy-£3-
D-lyxo-furanosyl)uracil 3.234. The combined hydro-
genolysis—benzoylation of 3.234 over Pd-black in the
presence of Bz,0 afforded 3.235. Compound 3.235 on
reaction with NaN; produced 3.236 in high yield.1®"
Direct treatment of 5'-O-mesyl-lyxo-uridine 3.237
with NaNj afforded a mixture of 2',5'-anhydro-3'-
azido-3'-deoxynucleoside 3.238 and 3',5'-diazido-3',5'-
dideoxynucleoside 3.239 in 54% and 20% yields,
respectively; the xylo-derivative 3.240 was also present



1642 Chemical Reviews, 2002, Vol. 102, No. 5

OMs 3.234R=N,

3.233 3.235 R =NHBz
3.237 R=0OMs

OH

BZHN‘@J
S
—_—

N3
3.236

in the mixture in a minor amount.*®” Diacetyl ara-
bino-derivative 3.241, synthesized from 8,2'-O-anhy-
droadenosine 2.042 in multiple steps, was mesylated
to afford 3.242. When 3.242 was heated with NaNs,

NaN, U N‘w ‘w
3237—.E E

3. 238 3. 239 3. 240

3.244 was the only product formed. The formation
of 3.244 from 3.242 may be rationalized by invoking
a carboxonium-type intermediate, 3.243, which could
be attacked from the g-face at the C-3' atom. Deacety-
lation of 3.244 produced 3.232.81.198,199

(OMS

OH
AcO oA MsCl  AcO— 1A NaN,
2042 ——=_ - =

OAc (Q?&
3.241 CH,
3.242
N3

AcO o A AcO—7 |3 A
—

N, {00 OAc

* 3.244

3.243

The product of Michael-type addition reaction of
HNj; to the o,f-unsaturated acetal 3.245 was isolated
as the acetyl derivative 3.246. The deoxy arabino-
isomer 3.246, on coupling with 3.050 followed by the

TBDPSO
OTBDPS TBDPSO Na
OTBDPS  i)HN, o}

—_—
= iiy Ac,0 OA
HO OMe 2 ¢
OMe 3.246
3.245
3.247 3.248

deprotection of the product, afforded a- and -ano-
mers 3.247 and 3.248, respectively.??6 1-(3-Azido-3,5-
dideoxy-{3-D-xylo-hexofuranosyl)thymine 3.250 and its
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2'-O-methyl ether 3.251 have been synthesized from
the allohexofuranose derivative 3.249.182

HO OH \,
T
HO—
—_—
—_—
(o
Ac—0 OAF OR
3.249 3.250R=H
3.251 R=Me

3.2.4.3'-Azido-2'-fluoro-2',3'-dideoxynucleosides

2'-Deoxy-2'-fluoro-5'-O-trityluridine 3.254, obtained
from the arabino-derivative 3.252, was used as the
starting material for the synthesis of 3'-azido-2',3'-
dideoxy-2'-fluorouridine 3.256. Cytidine analogue
3.257 has also been prepared.?® Reactions of bispro-
tected thymidine analogue 3.253 with DAST, fol-
lowed by detritylation and monomethoxytritylation,
afforded 3.255 in poor yield. This intermediate, 3.255,
has been used for the preparation of 3.258.2%

OR’

3.252B=U,R=Tr,R'=H
3.253B=T,R=R'= MMTr

RO B HO— U
—_—

HO F N, F
3254B=U,R=Tr 3.256 B=U
3255B=T,R=MMTr  3.257B=C

3258B=T

1-(3-Azido-2,3-dideoxy-2-fluoro-f3-p-arabino-furano-
syl)thymine or F-AZT 3.261 was synthesized from the
fluoronucleoside 3.259 via the 2,3'-O-anhydro deriva-
tive 3.260.292 1-Methyl-2'-deoxy-5'-O-tritylpseudo-

N
F KT
HO= 4T  i)Trc TFO—@‘
—_—
ii) MsCl

on ii)) NaOH 2260
3.250
i) LiN, F
ii) ag. HOAG How
———-
N3
3.261

uridine 3.262 was oxidized with CrQOs, pyridine, and
Ac,0 complex to the keto compound 3.264, which was
reduced to the lyxo-derivative 3.266. Mesylation of
3.266 to 3.267 followed by azidolysis and deprotection
afforded 3.270. In a similar fashion, 1-methyl-5-(2-
deoxy-2-fluoro-g-p-arabino-furanosyl)uracil 3.263 was
converted into the 3'-azido analogue 3.271 via inter-
mediates 3.265, 3.268, and 3.269.2%

When the lyxo-epoxide 3.272 was treated with LiN3
in EtOH, both the 3'- and 2'-azido isomers 3.273 and
3.274 were obtained in about a 3:2 ratio. After
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w w mw
3266 R=X=H
3.262X=H 3.264X=H 3.267R=Ms, X=H
3.263X=F 3.265X=F 3.268R=H,X=F
3.269R=Ms, X=F
X 1
HO B
i) azide o] p= HN 'NMe
" P
ii) acid O//J’\H
N3
3270 X=H
32711 X=F

separation of these isomers, each one was converted
to the corresponding ribo-fluorides 3.275 and 3.276,
respectively, by treatment with DAST, followed by
detritylation.?%

3.272
‘LiNa
OH OH
Tro‘@r TrO o T
+
N, N,
3973 3.274
i) DAST
i) aq. HOAC
HO— o T HO— o T
N, F F N,
3.275 3.276

3.2.5. 3'-Azido-3'-deoxy-1'- or -4'-Modified Nucleosides

To synthesize 1-deoxypsicofuranosylnucleoside, 4-O-
mesylated derivative 3.277 was deoxygenated at the
C-3' site to afford 3.278. The usual chemical manipu-
lations of 3.278 produced 3.279 in poor yield due to
the instability of the glycosidic bond. Mesylate 3.277

BnO— o T i)PhOCS)CH Bnow
CH, ii) BuzSnH CH,

Ms-O OH OMs
3.217 3.278
i) DAST ';)D:’:J
ii) NaOH 3
th, CH,
3.280 3
3.279
i) H,, Pd-C
) HO
ii) NaN
3 HO o T
CH,
N3
3.281
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has also been converted to 3'-azido-3'-deoxy arabino-
derivative 3.281 via epoxide 3.280.2% Glycosidation
of 1,2-diacetyl-5-benzoyl-3-azido-4-C-[(benzoyloxy)-
methyl]-3-deoxy-p-erythro-pentofuranose 3.282 with
nucleobases and deprotection produced nucleosides
3.283—3.285.2%6 1-(2-O-Acetyl-3,5-di-O-benzoyl-4-C-

BzO 0 OAc HO o B
—_—
—_—
BzO HO
N, OAc N, OH
3.282 3.283B=U
3.284B8=C
3.285B=A

benzoyloxymethyl-o-L-threo-furanosyl)thymine 3.287,
synthesized from the 4-C-benzoyloxymethyl g-L-threo-
derivative 3.286, was converted to the 2'-deoxy-
nucleoside analogue 3.288. Tritylation of 3.288 fol-
lowed by mesylation, detritylation, and nucleophilic
substitution with azide furnished 1-(3'-azido-2',3'-
dideoxy-4'-C-hydroxymethyl-a-L-glycero-pentofurano-
syl)thymine 3.290 in poor yield.?°” To synthesize a

OBz OBz

B20— 78 B20— 75 T
—_—
—_—
BzO o BzojL;
oﬁ’ OAc
3.287
3.286
OH
HO T T i) Trcl
" o ii) MsCl
3.288 iii} acid
OMs
HO O N3
HO
3.289
3.290

3'-azido-3'-deoxynucleoside, which has a locked N-
conformation by formation of a methylene bridge
between the 4'-carbon and 2'-oxygen atoms, the
azidosugar 3.291 has been utilized as the starting
material. Deprotection, selective protection, and to-
sylation converted 3.291 to 3.292. Acetolysis of 3.292,
followed by coupling with 3.050, gave 3.293. Deacety-
lation and concomitant intramolecular nucleophilic
displacement, followed by desilylation, transformed
3.293 to the desired locked azidonucleoside 3.294,208

3.2.6. Carbhohydrate Ring Modified
3'-Azido-3'-deoxynucleosides

A conceptually new, hydrolytically stable, optically
active analogue of 1.001, 1,4-anhydro-3-azido-2,3-
dideoxy-25-[3,4-dihydro-2,4-dioxo-5-methyl-1(2H)-py-
rimidinyl]-p-arabinitol 3.299 has been synthesized.
1,4-Anhydro-p-ribitol 3.295 was converted to a suit-
ably protected amino derivative, 3.296, which was
transformed to a thymidine analogue, 3.297. Conver-
sion of 3.297 to the azido derivative 3.299 was
difficult because the 2,3'-O-anhydro intermediate was
unusually stable to azide attack. Synthesis of 3.299
was, therefore, achieved by converting 3.297 to 3.302,
which can also be accessed from 1,4-anhydro-p-xylitol
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Bz0— MeoH RO o
ii) TBDPSC!
TsO Q
Bz0 ° i) TsCI

Naoﬁ» N, O
3.291 3.292
i) Ac,0, H,S0,, HOAC RO 4T
ii) 3.050 TsO
N, OAc
3.203

) K,CO, MeOH HO— o T
—_—
i) fluoride
N, O
R =TBDPS 3.294

3.301. Similarly, the uracil derivative 3.300 has also
been prepared.209.210

HO % ONHZ
—Ki? . Tlpos\k b —_
———
0

HO OH

3205 3.296
B B
i —
i
OH N,
3207B=T 3.299B=T
3.2988=U 3.300B=U

HO B OH
HO% Ho—w
-

e
OH

3.302B=T
3.303B=U 3.301

There has been increasing interest in the synthesis
of nucleosides in which the furanose ring oxygen
atom is replaced by a sulfur or nitrogen atom or a
methylene group. Such a structural modification
results in an increased resistance to phosphorolytic
cleavage. Thus, the 4'-thio-2'-deoxynucleoside 3.305
and its a-anomer 3.306 have been synthesized by
coupling the thiosugar 3.304 with 3.050. The -ano-
mer 3.305 was separated and deprotected to generate
free 4'-thiothymidine 3.307, which was converted to
the azido analogue 3.308. The overall yield of the
conversion is low probably because the presence of
sulfur modified the reactivities of the hydroxyl
groups.?! The poor overall yield of 3.308 led to the
preparation of 3-azido-2,3-dideoxy-4-thiosugar ana-
logue 3.318 from p-xylose 3.027. A multistep conver-
sion of the p-erythro-pentose derivate 3.314 (for a
comparison, see the preparation of 3.038) to 3.315
gave the key intermediate for the introduction of a
sulfur atom in the C-4 position. Thus, 3.315, on
treatment with NaOMe, afforded an epoxide, which
on reaction with thiourea yielded the corresponding
4,5-epithio derivative 3.315. The cyclized product
3.316 can be obtained from 3.315 along with 3.317.
The latter can be converted to the diacetate 3.318.%12
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BnO s 3.050 BnO s T
SBn ——

OBn OBn
3.304 BCI, 3.305
HO T *
s
BnC s
OH T
OBn
3.307
3.306

)
)

i) CHFCICF,NMe,
i) LiN;, NH,CI

o
xm\)kNH
HO N’go 3.308 X = Me
s 3.309X =H
3310X=F
3311X=Cl
N, 3.312X=Br

Both 3.316 and 3.318 can be used in the synthesis
of 3.308 and other base-modified AZT analogues

iBuS SiBu MeOYOMe
Y i) acid
CH, iiy PhCOCI CH,
N " N
3 iii) MsCl O?\/Is
°>< iv) HgO, HgCl,
o MeOH 0Bz
3.313 3.314
MeO.__OMe
i) NaOMe CH,  Ac,0, HOAc, NaOAc
———— N. _—
ii) thiourea 3
S
3.315
MeOYOMe
AcO s CHZ
OMe + N,
SAc
N, OAc
3.316 3.317
AcO
Ac,0, H,50,, HOAC s
A0 RS0, oA bOAC
N3
3.318

3.309—3.312 in better overall yields.?!* Other groups
have also reported the synthesis of 3-azido-4-thio-
sugars for the preparation of 3.308.2%3

To modify the anomeric position with nitrogen
substitution, N-benzylpyrrolidine diol 3.319 was
protected, debenzylated, and nitrosated to produce
N-nitroso derivative 3.320. Reduction of nitroso to
amino, followed by thymine ring construction and
deprotection, furnished nucleoside 3.321. The target
azidonucleoside 3.322 was obtained from 3.321 via
an established sequence of reactions.?'* The corre-
sponding uracil and cytosine derivatives 3.323 and
3.324 have also been reported.?15216

The C-2,3'-O-anhydrothymidine derivative 3.325
on treatment with LiNj;, followed by detritylation,
afforded (+)-1-[(1R,3S,4S)-3-azido-4-(hydroxymeth-
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NBp ——————
ii) cyclohexene

Pd/C

N-NO —/—=,

OH iy isoamylnitrile OTBDMS
3319 3.320
) TBDMSCI o
HO -.
NoT i} MsCl N-T
iii) DBU
v)LIN, N
OH v) TBAF ¢
3.321 3322B=T
3323B=U
3324B=C

ylcyclopentyl]-5-methyl-2,4-(1H,3H)-pyrimidinedi-
one 3.326. The mesylated derivative 3.327, on the

[e]
T
TrO—0O N i) LiN, HO T
—
j / ii) acid
3.325 Ny

3.326

other hand, afforded the expected “up” azidonucleo-
side 3.328.217 All these compounds were, however,
synthesized as racemic mixtures.

0 T LN, Ho—Me T
= O
ii) acid

OMs 3.328
3.327

The synthesis of enantiomerically pure (+)-C-AZT
3.332 started from the mesylate 3.329, which was
converted to azido carboxylic acid derivative 3.330
in three steps. The urea derivative 3.331 was ob-

i) H,
OMs ii) NaN,

BZOWOBn iii) PDC

3.329 N,
3.330

DEPA BzO HN" 0 HO T
N—3> —_—_—
N3

N3
3.331 3.332

BzO COOH

tained in optically pure form by treating 3.330 with
DPPA and gaseous NHg, followed by recrystallization.
A thymine ring was constructed on 3.331 using the
usual chemistry to obtain 3.332.2*® This compound
has also been synthesized starting from the unsatur-
ated bicyclic lactone (+)-3.333 via amino diol 3.334.%1°

HO
—_—
[e) (o]

3.333 3.334

OH NH,

— 3.332

In an attempt to exchange the ring oxygen of 1.001
in the sugar unit for an isosteric fluoromethylene
unit, the amino derivative 3.336, obtained from the
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N ° TBOPSO— ' NH,
&)

3.335 3.336

R
J——

o)

MGOJ/Z(NH

TBDPSO— Br HN— i) NaN
Ly
ii) HCI

3.337 N,
3.338

strained tricyclic ketone 3.335, was converted to the
bromo intermediate 3.337. Displacement of the bro-
mine atom by an azide ion followed by cyclization
under acidic conditions afforded 3.338. The other
isomer, 3.341, was synthesized from fluorolactone
3.339 via fluoronucleoside 3.340.220:221

; ;r RO _‘ H O‘|
3.339 3.340
3. 341

R =TBDPS

A pyrro[2,3-d]pyrimidin-4-one carbocyclic nucleo-
side, 3.346, was synthesized by coupling azidocyclo-
pentylamine 3.342 with pyrimidine 3.343. Treatment
of 3.344 with acid led to the formation of an aldehyde
which cyclized directly to the chloro derivative 3.345.
Hydrolysis of 3.345 with 1N HCI afforded the 7-de-
azaguanine nucleoside 3.346.2%2

CH(OEY),
Gl CH(OEY),
g
HNT SNl HN_J\
HO NH, 3.343 Ho
' ' —
N3
3.342
cl 0
L Ly
e
HO NSV NH,  anwer HO N7 NP NH,
—_— -
reflux
N, N,
3.345 3.346

It has been suggested that the antipodal north
conformation of 1.001 may be required for the strong
interaction of AZT 5'-triphosphate with the target
enzyme for the manifestation of its biological activi-
ties. It has also been proposed that the preference of
1.001 for the extreme 3E (south) conformation is
responsible for its potent anti-HIV activity. To resolve
these issues, two conformationally rigid carbocyclic
analogues of 1.001, which are locked permanently
into opposite ;E (north) and ;E (south) conformations,
have been synthesized. Thus, (N)-methanocarba-AZT
3.349 was prepared from partially protected (N)-
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0
N
i |
BnO T Php DEAD BnO—70 "N
OH 3.348
3.347
jNan, HO T Ho\ﬁT\]/T
e ) =
ii) BCI, N
3
N, (,E North)
3.349

methanocarbathymidine 3.347 via the anhydro de-
rivative 3.348. (S)-Methanocarba-AZT 3.352, on the
other hand, was prepared from 3.351, which was
obtained from (S)-methano-carbathymidine 3.350.223

HO T BzO—OH T
e, ‘

OH 3.351

3.350
JMsCl HO T HOWT
. =
ii) LiN, ¢
iii) K,CO, N, 3

3.352 (oE South)

The (£)-trans-isomer 3.353 was converted to the
O-anhydro derivative 3.354, which after detritylation,
azidation, acetylation, and deprotection afforded the
(&)-trans-azidonucleoside 3.355.2%4

Tl\)‘]/
TrO T DBU TrO:ﬁD'N
k 7——->

Tro— ¥ TrO
OMs 3.354
3.353
i) TFA
ii) LiN, Tro T

_— -
iii) Ac,0
Tro— Y
iv) NaOMe d N
3
3.355

3.2.7. 3'-Azido-3'-deoxy-L-nucleosides

Since two enantiomeric forms of a biologically
active compound often show differences in action and
selectivity, preparation of the L-isomer of 1.001 was
taken up. Michael-type addition of azide to (2E,4R)-
5-(benzoyloxy)-4-hydroxy-2-pentenal 3.356, followed
by acetylation, produced after chromatographic pu-
rification, anomeric mixtures of L-erythro-pentofura-
nose 3.357 and L-threo-pentofuranose 3.358. Cou-
pling of 3.357 and 3.358 with 3.050 followed by
methanolysis of the products generated the pairs
3.359/3.360 (L-AZT) and 3.361/3.362, respectively.126:225
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HO _ ogy i) NaN,, AcOH
—_—
g iiy Ac,0
=0
3.356
i) 3.050 N N,
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N, Ny Ny
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A different route was devised for the synthesis of
3.361 from the nucleoside 3.363, which was converted

OH
T
o oO T
iy T 3.361
HO 0
OH (iPr)ZSiiO,Si(iPr)z
3.363 3.364

to 3.361 via the deoxy derivative 3.364.225 Coupling
of L-enantiomers of 1-thiopentofuranoside 3.365 with
3.050 also produced 3.359 and 3.360.'%® The usual

Ny
(0]
— 3.359+3.360
RG SPh
3.365

reaction sequence converted nucleoside 3.366 to 3'-
azido-2',3'-dideoxy-f-L-adenosine 3.367.%7 Guanine
derivative 3.368 has also been synthesized from

OAc Ny
S Y
——
Bzom HO A
OBz 3367B=A
3.366 3368B=G

3.365 in multiple steps.??” The synthesis of the
enantiomer of 3.222 was realized by using L-azi-
dosugar 3.369, which was converted to 3'-azido-3'-
deoxy-L-adenosine 3.370 in several steps.’®!

N, OBz N, OH
£ W
—_—
—_—
CH,0,C0 OAc HO A
3.369 3.370

3.3. Reactions

3.3.1. Transglycosylation

The transglycosylation of 5'-O-acetylated AZT 3.371
with silylated N-6-octanoyladenine using trimethyl-
silyl trifluoromethanesulfonate as a catalyst followed
by deacylation produced 3.372 and its o-anomer.
Silylated N-2-palmitoylguanine, on the other hand,
produced 3.159 among other isomers.??® Compound
3.376, which is a 2'-deoxy analogue of 3.225, has been



Azidonucleosides
RO 0 B i) transglycosylation HO 0 0
L -
ii) deacylation
N3 N3
337MR=Ac,B=T 3.372

3.373R=Bz,B=T
3.374R=Ac,B=U

synthesized by transglycosylation of the persilylated
derivative of 1.001 with silylated benzimidazole
3.375.189

1.001
SiMe,
i

N
Y5
N
3.375

CH,CI=NSI{CH,),JOSI(CH,),
CF,S0,08i(CH,),

ii) aq. NH,
N
W
N,
3.376

3.3.2. Reduction

Some of the methods for the reduction of azide to
amino groups have already been discussed in section
2.2. The 3'-azidonucleosides such as 3.373 and 3.377
have been reduced to 1.002 and 3.378, respectively,

i) Bu,SnH, AIBN

3.373 1.002
ii) NH,, MeOH
N NH,
HO@ Bu,SnH, AIBN HOW
_ -
OH OH
2377 3.378

using BusSnH.??° Another method made use of hy-
drogenation by a heterogenized homogeneous cata-
lyst, interlamellar montmorillonite diphenylphos-
phinepalladium(ll) complex, to convert 1.001 to
1.002.2%0

catalyst A
1.001 —————— 1.002
H,, EtOH

L

catalyst A= PPh,PdCl,

The reduction of azidonucleosides with PhsP rep-
resents one of the most convenient synthetic methods
although separation of PhzPO, which is formed in the
reaction, remains a problem. To avoid this inconve-
nience, a polymer-supported triarylphosphine, namely,
polystyryldiphenylphosphine resin 3.379, has been
used successfully to convert a series of azidonucleo-
sides represented by general structure 3.380 to amino
derivatives 3.382 via intermediate 3.381. The polymer-
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supported oxide derivative 3.383 can be removed
through filtration.23!

Ph\P,Ph

GeHs
1
Fi H,Jn

RO—@ 3.379 RO—@

N N
i Ph\g,Ph
3.380 )
GeHs
e
H H,-n
3.381
o
RO o B Ph‘,'li‘Ph
NH,, dioxane * CeH,
: +eed
NHj, py NH, HH,
or 3.382 3.383
H,0, dioxane

B=U;B=A;B=AbB=C;B=C®P
R =H; R=DMTr

To synthesize uracil- and thymine-substituted thy-
midines, AZT derivative 3.005 was reduced to ami-
nothymidine 3.384, which was used in the prepara-
tion of 3'-thymin-1-yl and 3'-uracil-1-yl compounds
3.385 and 3.386, respectively (see compounds 2.157

SnCl,
PhSH
Et,N TrO o T HO fo) T
3.005 — = b _—
NH, B
3.384 3.385B=T
3.386B=U

and 2.158). Similarly, an N-3-protected derivative of
5'-O-tritylthymidine 3.387 has been azidolyzed to
3.006, which was converted to nucleosides 3.388 and
3.389 (see 2.161 and 2.162).1%

\ka/\/COZMe
TrO o N/go
3.006
PPhy
H DEAD
(PhO),PON,
3.387
B
—_
3.388B=T
3.389B=U

Reduction of the tosylate 3.390, obtained from
2.080, with intramolecular displacement—cyclization
provided the aziridine nucleoside 3.391. 3'-Azido-3'-

OTs
HO [e] A NH, HO (o] A
2.080 —— -
- Ra Ni
N
N, H

3.390 3.391

deoxy-2'-O-tosyl xylo-analogue 3.392, on the other
hand, on reduction furnished 3.394 as the major
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product with a minute amount of the reduced product

of 3.395. The mesylate 3.393, on treatment with
NaH, produced 2',5'-O-anhydroazidonucleoside

3.395.1%
N3
HO o A N,H, HO o A
3232— > . —w
Ra Ni
OR

X =NH
3.302R=Ts 3.3%4
3.393R = Ms

Nyo

@

3.395

Compound 1.001 can be converted to 3'-deoxy-3'-
isothiocyanatothymidine 3.396 by using several com-
binations of reagents.’% Using a solid-support ap-
proach, 3.396 as well as 3'-deoxy-3'-isocyanato-
thymidine 3.397 have been synthesized as the pre-

1.001

1. 1) SnCl, or, Bu,SnH or, dithiothreitol
i} N,N'-thiocarbonyldiimidazole
or, CS,/HgO

or,
2.i) PPh, ii) CS,

R

3.396 X =NCS
3.397 X=NCO

cursors for attaching fluorescent dyes at the C-3' end
of nucleosides.?®? 1.001 on reaction with triphenyl
phosphite underwent reductive N-phosphorylation.
The 3'-deoxy-3'-phosphoramidothymidine 3.399 formed
via the phosphorimino intermediate 3.398.2%3

1.001———— —_—
(PhO),P=N (PhO),P-NH
3.398 o
3.399

1.001 has been used as a starting material for the
synthesis of conformationally locked nucleosides.
Thus, 1.001 was converted to protected aminothy-
midine 3.400. Oxidation of 3.400 followed by a
Reformatsky reaction produced a mixture of 3.401.
Protection of the 5'-hydroxyl group and reduction of
the ester function converted 3.401 to the alcohol
3.402. Separation of isomers, followed by cyclization,
produced the 5'(R)-isomer 3.403 and the 5'(S)-isomer
3.404.234

3.3.3. Base Modification

Treatment of the 5'-O-acetyl derivative of 3.108
with ammonia produced 5-amino derivative 3.111.
Methylamine or dimethylamine can also be used
instead of ammonia to produce the N-alkylamino
derivatives. Bromination of 3.106, followed by treat-
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NHCbz NHCbz
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DMTrO DMTrO |
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N N
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ment with Et;N, MeOH, and H,O, produced 5-hy-
droxy derivative 3.405, which was alkylated to

, i) NaOH
i) Br, HO [ NH ) RiorRer
3106 ———= T,
“Mon MO
e
H,0 Su
3.405

o 3.406 X = OCH,
X NH 3.407 X = OC,H,
| I 3.408X=0OCH,CCH

N O 3.409 X = OCH,CHCH,
Su 3.410 X = OCH,CN

produce 5-alkoxy analogues 3.406—3.410. The 5,6-
double bond of 3.106 can be reacted with CISCN to
generate 3.110. Treatment of 3.110 with DTT fol-
lowed by methyl iodide in the presence of NaOH
yielded 5-(methylthio) derivative 3.411.14°

o)
CISCN CH;S NH
3.106 3.110 | Y
iy DTT N" "0
ii) NaOH Su
iii) CH,l 3.411

The C-6 site of 3.374 has been fluorinated with CF3-
OF. Deacetylation of the product afforded 3.107.2%5

i} CF,OF

3.374 3.107

ii) NH,, MeOH

Compound 3.374 can be converted to the 3'-azido-3'-
deoxycytidine 3.112 via the 4-chloro (3.412) or 4-tri-
azolyl (3.413) derivative.?®5-237 Compounds 3.113 and
X
B NH,
ACO— N0 MeOH

3.374 — 2

N,

3.412X=Cl
3.413 X = 1,2,4-triazol-1-yl

3.114 can also be prepared in a similar fashion.'#°
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4-Thio derivatives 3.414 and 3.115 were methylated
at C-4 and the SMe group was displaced by meth-
oxyamine to afford nucleosides 3.415 and 3.416,
respectively.?®® Syntheses and biological studies of
several 3'-azido-3'-deoxy-5-alkylated deoxycytidines
have also been reported.?39240

S NHOMe
) CHyl K,CO, Xy

fo

NH 1 3t Rl

| 22 s Tk
N/J*o ii) MeONH,CI N/go

Su éu
3.414X=H 3.415X=H
3.115 X = Me 3.416 X = Me

An efficient method for the preparation of 6-(3-
azido-2,3-dideoxy-S-b-ribo-furanosyl)-8-methyl-tetra-
zolo[1,5-c]pyrimidin-5(6H)-one 3.417 has been de-
vised by treating 3.371 with POCI; in the presence
of LiN3, followed by deprotection.?*!

|) POCI,, LiN, )j/
3.371
||) NH,, MeOH 4l\
3.417

Tosylation of 1.001 afforded 3.418. Tosylated de-
rivative 3.418, on treatment with DBU, furnished the
2,5'-O-anhydro derivative 3.422. Ammonolysis of
3.422 in methanolic ammonia produced deoxyiso-
cytidine analogue 3.426. Similarly 3.106, 3.108, and
3.109 were converted to the anhydro compounds
3.423—3.425 via tosylates 3.419—3.421.24?

3.418 X =Me
3.419X=H
3.420 X =Br
3421 X =1

N NH N
of M. \ka\
N"NH,
N, Su

3.422X = Me 3.426
3.423X=H
3.424 X = Br
3.425X =

It has been demonstrated that the anti-HIV drugs
with high lipophilicity and molecular weight lower
than 400 improve brain permeability, through their
enhanced ability to cross the blood—brain barrier by
a nonfacilitated diffusion mechanism. To synthesize
a more lipophilic variety of AZT, 1.001 was reacted
with NBS to afford a mixture of (—)-trans-(5S,6S)-
3.429 and (+)-trans-(5R,6R)-3.430. The major com-
ponent 3.429 was isolated from the mixture. These
are formed through an ionic mechanism with an
initial formation of 5,6-bromonium ion intermediates
3.427, which underwent intramolecular nucleophilic
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o) (0]
+Br H-O ¢
HO N’go H' (N" "0
NBS fo) (0]
1.00f —— e

Ny N,

3.427 3.428
(o]

o NH NH
LGN il
—_——
N3 N3

3.429 3.430

attack by the 5'-hydroxyl group (as shown in 3.428)
at the sterically less hindered C-6 position.?** A novel
class of metal complexes, 3.431—3.435, has been
prepared from N-3-deprotonated 1.001.24

RP-Au-AZT q:zr
R = Me, Et, Ph AZT H
3.431 3.432

(nBu),P.. .Cl. _AZT
M\CI'M\P(nBu)a
M = Pd, Pt

3.433

Ph,P. Ph,P. _.-Cl
AZT F,qF'Ph PhaP’Pt'AZT

3434 3.435

3.3.4. Fluorination

The reaction of pyrimidine nucleoside 5'-aldehydes
3.436 with DAST produced 5'-deoxy-5',5'-difluoro-
nucleoside 3.437 and a deglycosized product, 3.438.24

[0}
NBOM

Akj DAST

3.437 3.438

3.3.5. Cycloaddition

Cycloaddition of different acetylenic compounds on
the azido function of 1.001 and 3.106 afforded
products (general representations 3.439 and 3.440)
with a 1,2,3-triazol-1-yl substituent in the 3'-posi-
tion.?*¢ In another paper, protected AZT 3.005 on
reaction with 2-oxo-3-methylpropylidenetriphenyl-
phosphorane and subsequent deprotection produced
4,5-dimethyl-1,2,3-triazol-1-yl derivative 3.441. 2-Oxo-
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1.001 X-C=C-Y HO o B

-

3106 x =4, CH,, CH,0H
Y = SiMe,, CH,OH Y

2 ’ N\
CO,Et, Ph, OEt I N
X N

3439B=T
3.440B=U

propylidenetriphenylphosphorane in a similar fash-
ion produced the 5-methyl-1,2,3-triazole 3.442. A
positional isomer, 4-methyl-1,2,3-triazole, was not
detected. On the other hand, reaction of 3.005 with
dimethyl acetylenedicarboxylate followed by depro-
tection led to the formation of the triazole derivative
3.443. Interestingly, cycloaddition of 3.005 with
methyl propionate gave a mixture of two positional
isomers, which were detritylated to afford 3.444
(minor) and 3.445 (major).?*” The cycloaddition reac-

R
i) PhPC]
COCH,
ii) acid
H,C N
T
R N
3.441 R=Me
3442R=H
i) RCZCR HO T
ii) acid %
3005———
R=COLCH,  HcoL. N
I N
H,CO,c” N
i) HCZCCO,CH, b
ii) acid |

3.444 X =CO,Me, Y = H
3.445 X = H, Y = CO,Me

tions of the suitably protected derivative of 1.001,
with N-9/N-1-propargylpurine/pyrimidine (general
formula 3.446) afforded a mixture of two regio-
isomers. Separation and deprotection afforded 3.447
as the major component.?*® A similar methodology

i) MMTCI HO— 4B ]
1001 —————————» + 1,5-isomer
iy HC=CCH,B
3.446 N
iii) TFA N N]\/B
B=T,U,A,

S5-halorouracik-1-yi 3447

has been applied in the preparation of the N-3- or
C-5-triazolyl-branched nucleoside dimers. The 5'-O-
benzoyl derivative of AZT, 3.373, was reacted with
suitably protected N-3-propargylthymidine 3.448 or
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-uridine 3.449 to afford 3.450 and 3.451 as the major
components, respectively. The C-5-propargyl deriva-
tive of uridine (3.452) in a similar fashion reacted
with 3.373 to produce 3.453 as the major isomer.24°

3.373

AcO OAc
X H, Y OAc 3.452

|
N Bzob
”‘NLN j\ﬁ

OOO

R,O0 Y AcO OAc
3.450 3.453
R, = DMTr
R, = TBDMS
X=CH, Y=H
3.451
R;=R,=Ac
X=H,Y=0Ac

4. 4'-Azido-4'-deoxynucleosides

Because of the emergence of 1.001-resistant HIV
strains, attempts have been made to synthesize new
nucleoside-based drugs, which should have distinct
dissimilarity of structure to the current family of
dideoxynucleosides. It would be hoped that virus
variants elicited by any of the other nucleoside drugs
would not be cross-resistant to such a compound. In
this regard, the synthesis and biological evaluations
of 4'-azidonucleosides have been envisaged. The key
intermediates, 4'-olefinic derivatives 4.002, have been
synthesized from the 5'-deoxy-5'-iodonucleosides 4.001.
The reaction of IN3; (generated in situ by ICI and
NaNs3) with 4.002 afforded 4.003 (2'-O-p-methoxy-
benzoate derivative) as a major compound, where
iodide added from the f-face of the double bond to
give an iodonium ion intermediate which was opened
on the a-side at 4'-C by azide ion. When a 4'-azido-
3'-O-anisoyl-5'-deoxy-5'-iodonucleoside, 4.003, was
oxidized with mCPBA in the presence of water, a
mixture of at least 12 products was obtained. This
mixture was treated with NaOMe, and the final
product 4.004 was isolated in yield varying from 35%
to 71% in two steps. This oxidative displacement of
the 5'-iodide was not successful in the 3'-deoxy series.
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! o B NaOMe o B i} IN,
— - — —_—
ii)) anisqyl
HO R HO R chloride
4.001 4.002
i) mCPBA
CH,CI,
[ o B H,0 HO o B
——— -
Ny iiyNaOMe ~ N{
pOMeCeH4\'rO R HO R
bs) 4.004
4.003
B=T,U, A, G, 5-Cl-U, N8 NS-dibenzoyl-A,
N2-benzoyl-G;
R=H, OH

A different approach was considered in this case. The
4'-unsaturated thymidine derivative 4.006, obtained
from iododeoxythymidine 4.005, on treatment with
mMCPBA in methanol afforded 4'-methoxy-3'-deoxy-
thymidine 4.007 as a mixture of b- and L-isomers in

i) mCPBA

I—@I’ NaOMe o] MeOH
_ = — .,
ii) TBDMSCI
4.005 4.006
TBDMSO@ TMSN, Hoj(j
MeO ™STF N HOM
4.007 4.008 4.009

the ratio 1:3, respectively. The purified mixture was
protected and the azide was introduced at the 4'-site
by reacting the mixture with excess TMSNj3; in the
presence of TMSTf. The 5'-silyl ether was cleaved
concomitantly, and compound 4.008 and its 4'-epimer
4.009 were isolated in 37% and 25% vyields, respec-
tively. 5'-Protected 4'-azidothymidine 4.010 has been
converted to 4'-azido-3'-deoxy-2',3'-didehydrothymi-
dine 4.011 in multiple steps using known reactions.
4'-Azidodeoxycytidine 4.012 and 4'-azidodeoxyinosine
4.013 have also been reported.?502

RO o B i) Tf,0 HO o T
—————— e
N; ijbase N\
OH iii) TBAF 4011

4.010B =T, R = TBDMS
4012B=C,R=H
4.013B=Hy,R=H

The tetrahydrofuranyl analogue 4.014 on reaction
with TMSN3; smoothly produced S-N-glycosylated
furanoid nucleoside 4.016. The reaction proceeded
stereospecifically (only “up” azido) because of the
formation of intermediate 4.015.251

4'-Azido carbocyclic nucleosides have been synthe-
sized because it was reported that the carbocyclic
analogue of 2'-deoxy-2'-fluoro-arabino-furanosylgua-
nine was 800 times more active against HSV than
its oxa equivalent.?®? Treatment of (&)-{[(tert-but-
yldiphenylsilyl)oxy]methyl}-3-methoxycyclopent-1-ene
4.017 with TMSNj3; gave an equilibrium mixture of
allyl azides 4.018 and 4.019. Epoxidation of the
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oN"To  TMsN, o.N"o
AcO —
i
0Bz Ph™ + ©
4.014 4.015
o
\fkiBOM
Ny N0
—_—
OBz
4.016

mixture with peroxybenzimidic acid gave key epoxide
4.020 in poor yield along with three other products.
Condensation of 4.020 with 3.050 furnished nucleo-
side 4.024, which on deprotection afforded 4.025.
Inversion of configuration at C-6' was accomplished
by mesylation of 4.024 followed by treatment of the
crude mesylate with agueous base to give the depro-
tected diol 4.027. The reaction undoubtedly proceeded
via the 2,6'-O-anhydro derivative 4.026.252

OR TMSN j
4,018
020

4.017 4.019

K B,

4.021 4.022
RO o)
e
N3
RO : T 4.023
N3

4.024 R= TBDPS
4.025R=H

2 RO
PhCN
4

5. 5'-Azido-5'-deoxynucleosides

5.1. Synthesis

5.1.1. Nucleophilic Displacement

Nucleophilic displacement of 5'-O-sulfonate esters
by azide is the most common method for the synthesis
of 5'-azido-5'-deoxynucleosides. Thus, a range of
tosylates, 5.001—5.005, on treatment with LiNj3
produced azidonucleosides 5.006—5.010, which were
needed for the synthesis of the corresponding 5'-
amino-5'-deoxynucleosides.?>® 1.001 was converted to
diazidothymidine 5.011 in a similar fashion.?%4 Al-
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X
YﬁN Y\ﬁN
Tso—@ O LiN, Na—@\l o]

OH COH
5001 X=NH, Y=l 5006
5002 X=OH,Y=F 5.007
5.003 X=OH,Y=Cl 5.008
5.004 X=O0OH,Y=Br 5.009
5.005 X=O0OH Y= 5.010

ternatively, 5.011 was synthesized from the dimesy-
late 3.173 in two steps.?>#°

i) Et;N
pTscl N7 o T EtoH
1.000 —— ~— 3473
i) LiN, ii) NaN,
N

3

5.011

To synthesize new types of aminoacylnucleosides,
intermediate azidonucleosides 5.016—5.018 have been
synthesized by tosylating the free nucleosides 5.012—
5.014, respectively, and then by treating them with
NaNs. The yields of the tosylation step for compounds

————— -
—/ ii)NaN, —

5.012 B=T 5.016
5.013 B=U 5.017
5.014 B=C 5.018
5.015 B=A 5.019

5.014 and 5.015 are low compared to those of 5.012
and 5.013. Moreover, in the adenine series additional
difficulties were anticipated because 5'-O-tosylad-
enosines tend to undergo intramolecular cyclization.
Compound 5.015 was, therefore, subjected to direct
introduction of azide by reacting it with a combina-
tion of PhsP—CBr,-LiN3.2%52% |nterestingly, treat-
ment of 5'-O-tosylthymidine 5.020 with LiN3 in DMF
at reflux temperature afforded 6,5'-imino-5'-deox-
ythymidine 5.021. It was suggested that compound

o
o
N
TsO o T H.O N° "0
— 3.167 ~=—
OH OH
5.020 5.021

3.167 formed first, which underwent an intramolecu-
lar reaction'’® to form 5.021. Similarly, uridine
derivative 5.022 generated a mixture of 5.024 (80%)
and 5.025 (~5%). The 5-bromo derivative 5.023, on
the other hand, produced 5.026.198257.25%8 An at-
tempted synthesis of 5.033 from 5.027 was not
efficient because tosylation of 5.027 with 1 equiv of
tosyl chloride produced a mixture of 5.028—5.030
along with some unreacted starting material. Use of
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o]
Oy
Kf
X

5.022X=H
5.023 X = Br
o e}
N NH
A NH
e by e Y
| N
w 0 ’ <H§27N O
5.024 5.025

5.026

2 equiv of tosyl chloride exclusively yielded 5.029. All
possible azido compounds, 5.031—5.033, have been

(o]
HOCH, | NH XCH, | NH
HO o N/&O i) TsCl R o NAO
b ii) LiN, b
OH OH
5.027

5.028 X = OTs, R = OH
5.029 X=R=0Ts
5,030 X = OH, R = OTs
5.031 X = N, R=OH
5032X=R=N,
5.033X=OH,R=N,

synthesized from 5.028—5.030, respectively.?>® The
5,6-dihydrouridine mesylate 5.034 on treatment with
NaNs; produced the corresponding azidonucleoside
5.035.260

Q0

A

5.034 5.035

Mso—é:’&o NaN, Nw‘ o)
—
X

5’-Amino RNA oligomers may be readily conjugated
to a variety of commercially available amine reactive
fluorescent dyes. It was, therefore, necessary to
synthesize partially protected azidonucleoside 5.037,
which would be converted to the corresponding amino
derivative. 2'-Hydroxy- and N-4-protected cytidine
5.036 on treatment with LiN3 in the presence of
PhsP—CBr, produced the desired azido derivative
5.037.%61
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NHR NHR
<N N
L \
HO— SN"T0 LN, N o N/&O

—_—
Ph,P, CBr,

HO OTHP HO OTHP

5.036 5.037

A 5'-azido-5'-deoxy 2,5,6-trichlorobenzimidazole ribo-
nucleoside 5.039 has been synthesized by treating the
2',3'-O-protected nucleoside 5.038 with the DEAD—
PhsP—DPPA combination followed by deprotection.?6?

i) DEAD, PPh,
HO— o B Dppa N 0B
—————— -
if) acid
00 HO OH
X 5.039

5.038

N Cl
B= ClI— :@i
N cl

To determine if 5'-amination reduces or abolishes
the antiviral activity of 2'-fluoro arabino-derivatives
5.040—5.044, these compounds were converted to the
azido intermediates 5.045—5.049, respectively, via

X X
AN O
N/&O [Nie}
HO OF Nr@
i
——
OH OH
5.040 X=NH,, R=1 5.045
5.041 X=0H,R=I 5.046
5.042 X=0H,R=Me 5.047
5.043 X=NH, R=H 5.048
5.044 X=0OH,R=H 5.049

tosylation and azidation.?®®> Mesylation of 5.050,
followed by nucleophilic displacement with NaNgs,
afforded  3'-fluoro-5'-azido-3',5'-dideoxythymidine

5.051.264
HO7 o T pmsct M) o]
—_—
ii) NaN,
F F
5.050 5.051

It was necessary to develop a methodology for the
synthesis of monomeric blocks such as 5.054 for the
construction of amide-linked dimers or oligomers
containing deoxycytidine, Therefore, 5'-O-protected
3'-carbomethoxymethyl-2',3'-dideoxyuridine 5.052 was
converted to the 4-azido compound 5.053. Reduction
of 5.053, followed by benzoylation and desilylation,
afforded 5.054. Mesylation of 5.054, followed by the
displacement of the mesylate by azide, provided the
required building block 5.055.265
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N3
Ol
RO oN’go

i) SnCl,
—_—

RO o U PhSH
—_—
— ii) BzCl
iii} fluoride
CH,CO,Me CH,CO,Me )
5.052 5.053
R = TBDMS
NHBz NHBz
NN SN
[ A LA
HO— o N0 jmsct N o N 0
D —
if) NaN,
CH,CO,Me CH,CO,Me
5.054 5.055

5.1.2. From Carbohydrates

The diazidochlorosugar 5.057 obtained from the
methyl glycoside 5.056 provided 2'-O-benzyl-3',5'-
diazido-3',5'-dideoxy arabino-derivative 5.058 in poor

OBn
N; OOBn Nj o)
—_—
OM [0
N, © N,
5.056 5.057
OBn
Nr@]
—_—
N,
5.058

yield. The 2',5'-diazidochlorosugar 5.059 on coupling
with uracil afforded g-anomer 5.060 as the major
product.?%¢ The 3',5'-diazidoribose 5.063 can be ob-

NS
N
N; o 3 N3 o V)
—_—
Cl
OPNBz OPNBz
5.059 5.060

tained in moderate yield by treating the ditosylated
or the dimesylated xylose derivative 5.061 or 5.062
with LiN3. The olefinic compound 5.064 is also
formed in the reaction mixture. Acetolysis of 5.063
provided the diacetates 5.065, which on coupling with

OR

RO N o
Oy, .7 Lo & N;:Hrw
(o Q 0

o) N, O 0

5.061R=Ts 5.063 5.064
5.062R = Ms
N o N;—) o B
e OAc—

N, OAc N, OH

5.065 5.066B=A

5.067B=C

5.068B =U

appropriate nucleobases, followed by deprotection,
afforded the adenine, the cytosine, and the uracil
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derivatives 5.066, 5.067, and 5.068, respectively.?5”
The monoazidosugar 5.069 was synthesized in excel-
lent yield from 5.061. Pyrimidine derivatives 5.070
and 5.071 have been synthesized from the diacetates
obtained from 5.069.268

5.061
(o}
| X
N OTs N3 N [o)
—_— OTs
—_—
(o}

fo) OAc
5.070 X = CH,
5069 5.071 X = CF,

Nonphosphorylatable pyrrolo[2,3-d]pyrimidine azi-
donucleosides have been synthesized as follows. The
5-O-mesyl group of 5.072 was displaced by an azido
group, and the product was hydrolyzed and benzoy-
lated to provide the dibenzoate 5.073. Acetolysis of
5.073 followed by coupling of the diacetate with
silylated 4-amino-6-bromo-5-cyanopyrrolo[2,3-d]py-
rimidine gave protected nucleoside 5.074 as the
single product, which on deprotection afforded 5.075.2°

MsO— , OMe Ny o OMe
p— —_—
00 Bz0 OBz
5.073
5.072
o)
CN NH, H,N NH,
~
e— 1 ) e T )
B
N7 g NN N o Ny
—_——
—_—
BzO OBz HO OH
5.074 5.075

5'-Azido-5'-deoxypyrimidine nucleosides have been
synthesized employing intramolecular glycosylation.
The substrate for the intramolecular glycosylation,
5.076, on treatment with BusNN; in the presence of
dimethyl(methylthio)sulfonium tetrafluoroborate af-
forded the 5'-azido derivative 5.078. Formation of the
intermediate 5.077 allows the nucleophile to attack
the 5-end to produce 5.078. Treatment of 5.078,
either with Dowex 50W (H*) or with NH3;-MeOH,
yielded the uracil or the cytosine derivative 5.079 or
5.080, respectively.?70

To synthesize Polyoxin J, it was necessary to
develop a route to generate the nucleoside moiety
deoxypolyoxin C 5.086. The unsaturated lactone
5.081 was converted to the partially protected alcohol
5.082 in four steps. Treatment of 5.082 with 2-fluoro-
1-methyl-pyridinium tosylate and LiN3 afforded the
azidolactone 5.083. Partial reduction of the lactone
followed by acetolysis produced an anomeric mixture
of the triacetates 5.084. The usual coupling of 5.084
with 3.050, debenzylation, and acetonation produced

Pathak

OMe OMe

N)j NZ ]
Y
O—ol\\N i) Me,S(SMe)BF, O—Ok\m
—_—_—
SPh ii) Bu,NN, (
OBn N5 oBn
5.076 5.077
OMe
»
N o N/&O Ny o B
- —Kj N
—_—
0OBn OBn
5.079B=U
s.078 5.080B=C

the azido alcohol 5.085, which could be converted to
5.086 via known routes.?’t

OBn ) ppmsc OBn
SHi)KMnO, o

o—M 0
— iii) Me,C(OMe),

508t VIKF 00

5.085

The ethyl ester of 3-(carboxymethyl)-3-deoxy-p-
ribo-furanose 5.087, obtained from the 1,2-O-isopro-
pylidene-3-ketopentofuranose derivative in multiple
steps, was converted to the 5-azido-5-deoxy-3-(car-
boxymethyl)-p-ribo-furanose analogue 5.088. Acetoly-
sis of 5.088 afforded a mixture of diacetates 5.089,
which were coupled with nucleobases to provide
branched-chain nucleosides 5.090 and 5.091. Ester
saponification and protecting group manipulation
provided the TBDMS-protected 5'-azido-5'-deoxy de-
rivatives of 3'-(carboxymethyl)-3'-deoxy-ribo-nucleo-
sides 5.092 and 5.093. These compounds are useful
precursors for the preparation of amide-linked oligo-
ribo-nucleosides.?"?

5.2. Reactions

5.2.1. Reduction

Aminonucleosides 5.094—5.097 were prepared in
high yields from the corresponding azidonucleosides
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Ph,P
DEAD
HN, N
HO 0 or 3 fo)
A Ph,P o]
E0,c— 0 CBr, EtO,C— O
LiN,
5.087 5.088
HS0, N7 o
T OAc —
Ac,0
HOAC  Eto,c— OAc
5.089
Ns1 0B iynaoH N7 o B
— -
ii) TBDMSCI
Et0,C— OAc HO,C— OTBDMS
5.090B=A 5.002B=A
5.091B=T 5093B=T

5.016—5.019 by selective reduction with H,S in
pyridine.?’3

5.016
so17 S HZNW
5.018 ’ _
so1g
5.094B=U
5.005B=T
5.096 B =C
5.097B=A

To develop a “traceless” Staudinger reaction (nu-
cleophilic attack of a phosphine on an azide), a
phosphine reagent has been designed for the selective
formation of amides from azides. Thus, imidazole
phosphine 5.099 reacted with 5.098 in wet THF to
produce the N-acetylated product 5.100 in high yield
and 5.101 as the side product. This preliminary study
may yield new methods for peptide couplings.?’*

N o AB2)
OH
5.008
OY
N
Ph,P—( j
N
5.099
H
ACHN— , AB2) N
+  PhP—( ]
N
OH 5.101
5.100

5.2.2. Addition of Nucleophiles

1-(2-O-Acetyl-5-azido-5-deoxy-3-O-tosyl-5-p-xylo-
furanosyl)thymine 5.070, on treatment with a mix-
ture of NaN3; and NH.CI, produced 1-(2,5-diazido-2,5-
dideoxy-S-p-ribo-furanosyl)thymine 5.106 via the
intermediates epoxide 5.102 and 2,2'-O-anhydro de-
rivative 5.104. Similarly, the treatment of 5.070 or
5.071 with NaSMe produced 5.107 or 5.108, respec-
tively. These reactions also proceed via the formation
of the epoxides 5.102 and 5.103, which are in equi-
librium with the more favored 5.104 and 5.105,
respectively. 268
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5402 X = CH,
5103 X = CF,

OH

5.104 X = CH,
5.105 X = CF,

HO R

5.106 X = CH,, R=N,
5.107 X = CF,, R = SCH,
5108 X = CF,, R = SCH,

5'-Azido-5'-deoxy-3'-O-mesyl-2,2'-O-anhydrouri-
dine 3.233 has been used as an intermediate for the
synthesis of various 5'-azido-5'-deoxynucleosides.
Thus, treatment of 3.233 with aqueous NaOH af-
forded 3.234, whereas reaction with NaOMe pro-
duced 1-(5-azido-5-deoxy-2,3-epoxy-S-p-lyxo-furanosyl)-
2-O-methyluracil 5.109. The lyxo-derivative 5.110
was obtained by heating 3.233 under reflux in water
or in dilute HCI. The ring opening of 3.233 with acidic
ion exchanger followed by mesylation yielded the
dimesyl arabino-derivative 5.111.1%7

o} 3.234

OMs
5111

5.2.3. Phosphorylation

While the reaction of 5.112 with (PhO)z;P produced
the expected product 5.113, the reaction of lyxo-
derivative 5.110 under similar conditions afforded
the tricyclic product 5.115. The reaction is believed

OH (u? OH
Ni— o[V (PhO)P PhO—P—u olY
— en

OMs OMs
5.112 5.113
5.110
OPh
P-OPh
I\
HO OH HNG o
(PhO),P=N o U o U
e —
5.114 5115
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to proceed via initially formed phosphite imine 5.114.
It is well-known that the rate of solvolysis of esters
of phosphoric acid is profoundly enhanced by a
neighboring nucleophilic group. Therefore, when the
benzamido derivative 5.116 was reacted with (PhO);P,
oxazoline 5.118 was formed. The reaction proceeded

P
Pho‘P OPh
N3
—— -
NHBz NHBz
5.116 5117
PhO p N u
oph—w
N O

Ph
5.118

through a presumed intermediate, 5.117, which
underwent an intramolecular nucleophilic attack at
the C-2' site. Similarly, the regioisomer 5.119 af-
forded 5.120.2”° The reactions of (PhO)sP with azi-
donucleosides continued to generate interest, which
led to the synthesis of compounds 5.121—5.123.244

0
N T Y PhO-P-N y
| H |O
OPh
NHBz oN
5.119 {

5.123

Phosphoramidates, which can be obtained with
particular ease by condensing azides with silyl phos-
phites, are of interest as analogues of biologically
important phosphates. Equimolar amounts of 5'-
azido-5'-deoxythymidine 3.167 and thymidine-3'-
phosphite 5.124, in the presence of bis(trimethylsilyl)-
acetamide. produced dinucleotide 5.125 in high

yield. 27
HO T
Nsive, _@

HO o.] Me OSiMe,
9
3.167 =p-
O=P-N—/] 4 T
o

U H

Q .

0=P-0
H OH
1

5.124 5.125
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5.2.4. Dimerization

The pentachlorophenyl ester of 5'-azido-3'-O-car-
boxymethyl-5'-deoxythymidine 5.126 was coupled
with aminocarboxymethylthymidine 5.127 to obtain
the amide-linked dimer 5.128. Reduction of 5.128
provided 5.129, which was polymerized to give
poly(5'-amino-3'-O-carboxymethyl-5'-deoxythymi-
dine).?’” Several other oxyacetamido analogues hav-
ing a 5'-azido group as the masked amino function
have been synthesized, and their detailed spectral
data have been reported.?’®

1

O,H
_kj 5127

CO CeCly
5.126

(0]
COOH

5.128 5.129

To synthesize 3'-CH,CONH-5'-linked nucleoside
analogues of small oligonucleotides, 1-(5-amino-5-
deoxy-2-O-methyl-S-p-ribofuranosyl)thymine 5.132
has been synthesized from the chloro derivative 5.130
in two steps via azidonucleoside 5.131. Condensation
of 5.132 with the active ester 5.133 obtained from
5.093 provided dimeric 5.134. Several such small
oligomers have been synthesized using similar strat-
egies where the 5'-azido-5'-deoxy function provided
masked 5'-amino-5'-deoxy residues for chain exten-
sion at the 5'-end.?”®

6. Pyranosylazidonucleosides

9--p-Glucopyranosyladenine, a hexopyranosyl nu-
cleoside, was the first nucleoside ever synthesized.?®°
Since then, a number of purine and pyrimidine
hexopyranosylnucleosides have been prepared. Al-
though a greater level of biological interest has been
generated by pentofuranosylnucleosides over the
years, a number of naturally occurring and synthetic
hexopyranosylnucleosides are also known. For ex-
ample, 1-(2-deoxy-f-p-arabino-hexopyranosyl)thym-
ine was recognized many years ago to be an inhibitor
of a pyrimidine nucleoside phosphorylase from Ehr-
lich ascites tumor.?8? 9-5-p-Fucopyranosyladenine
has been reported to be an inhibitor of the develop-
ment of leukemia cells L 1210.2%' More recently, the
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synthesis of new hexopyranosylnucleosides has drawn
attention because several hexopyranosylnucleoside
analogues have been reported as potential anti-HIV
agents_37739,281

To synthesize aminodeoxynucleosides of talose and
mannose, it was necessary to synthesize the azido
derivatives. The starting material 7-(2,3,4,6-tetra-O-
acetyl-o-p-mannopyranosyl)theophylline 6.001 was
obtained by condensing the pentaacetate carbohy-
drate and the nucleobase. Selective acetonation of
6.002 afforded 2',3'-O-isopropylidene compound 6.003.
Selective benzoylation followed by mesylation of the

6.001 R = OAc
6.002R =0OH

HO i) BzCl BzO
(o) ii) MsCl (0]
O O —_— O O
HO Th

oMms Th
6.003 6.004
i) MsCl
ii) BzCl NaN,
iy NaNg
N; BzO
O Ny (o)
o O o 0
0Bz Th Th
6.006 6.005
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4'-hydroxy group of 6.003 gave 6.004. Displacement
of the mesylate of 6.004 by azide produced the 4'-
azido-4'-deoxy derivative 6.005. In an alternative
approach, the diol 6.003 was treated with 1 equiv of
mesyl chloride at low temperature followed by ben-
zoylation. The resulting product was reacted with
NaN; to provide the 6'-azido-6'-deoxy derivative
6.006.282

As part of a program on the development of
pyranosylazidonucleosides with chemotherapeutic
value, several azidodeoxypentopyranosylnucleosides
have been synthesized. Opening of the epoxide 6.007
with NaNs, followed by protection of the free hydroxyl
group, led to pentopyranose 6.008. Condensation of
6.008 with adenine, followed by deprotection, gave
nucleoside 6.009.283

OMe o §Me o)
o° HO
—_— AcO —_—
i} NaN, A
6.007 ii) Ac,0 N, N,
6.008 6.009

The erythro-isomer of 6.009 has also been synthe-
sized. The sugar component 6.012 was prepared from
2,3-0O-anhydro-4-deoxy-g-pL-erythro-pentopyrano-
side 6.010 (only the D series is depicted here). The
mesyl derivative 6.011 was prepared from 6.010 in
several steps and was then reacted with NaNj; to
obtain 6.012. The glycosyl chloride 6.013, obtained
from 6.012 in three steps, was condensed with
6-chloropurine to give nucleoside 6.014. Treatment
of 6.014 with propanolic NH; furnished 6.015.284

OMs

oOMe o9Me  NaN,
. —_
—_—
0 OBz
6.010 6.011
iy HCI
oMe  "hoac 0
—_—— Cl —»
ii) Ac,0 -
N, OBz iii) HCI N, OBz
6.012 6.013

Cl X
N BN N X
S Sax

N, OBz N, OH

6.014 6.015 X = NH,
6.016 X = NHMe
6.017 X = NMe,
6.018 X = OMe
6.019 X = OEt
6.020 X = OC,H,0Me

A series of 6-substituted purine 3'-azidodeoxypen-
topyranoses, 6.015—6.020, were prepared in 75—98%
yields by heating 6.014 with the corresponding nu-
cleophiles. Similarly, 6-substituted purine 2'-azidode-
oxypentopyranoses 6.022—6.027 have been prepared
from 6.021.285

The AZT analogues 6.029 and 6.030 have been
prepared from the racemic acetate 6.028 by using a
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X
My

ORN,
6.021 X=Cl, R=Bz

6.022 X = NH,, R = H

6.023 X = NHMe, R = H
6.024 X = NMe,, R=H
6.025 X = OMe, R=H

6.026 X = OEt, R= H

6.027 X = OC,H,0Me, R = H

sequence of azidation, acetylation, coupling with
3.050, and deprotection.?%6

AcO HO
o (0]
. OMe — N;

T
6.028 6.029

OT
3

6.030

In continuation with the effort of accessing pyra-
nosyl analogues of AZT, o,f-unsaturated p-sugar
aldehyde 6.032, prepared from tri-O-acetyl-p-glucal
6.031, was converted into 1-O-acetyl-3-azido-2,3-
dideoxy-a-p-arabino-pyranose derivative 6.033 by
reaction with NaN3 in a mixture of aqueous HOACc.
Reactions of 6.033 with silylated pyrimidines fol-
lowed by deprotection with the NH;—MeOH system
afforded 3'-azido-2',3'-dideoxy-j-p-arabino-hexopyra-
nosylnucleosides 6.034—6.039.287

RO RO
0 Hg**, H* OH
OR ™ I
OR OR =0
6.031 6.032
i) NaN, RO
i) aq. HOAc o
iii) Acy OR OAc
6.033
o)
X NH  6.034X=H
Ho— | i, 6035X=Me
oN"T0  6036X=F
s 6.037 X =Cl
6.038 X = Br
HO 6.039X =1
R = PNBz

Anthelmintic agent hikizimycin is composed of a
cytosine base, kanosamine, and hikosamine, where
the cytosine is attached directly to hikosamine. To
synthesize the 4-aminoundecosylnucleoside moiety,
the peracetylated anomeric mixture 6.040 was con-
densed with bis(trimethylsilyl)cytosine and the prod-
uct was acetylated to afford the fully protected
nucleoside 6.041.288

Ethyl 2-(3,4-di-O-acetyl-2-deoxy-L-erythro- and -bp-
threo-pent-1-enopyranosyl)thiazole-4-carboxylates
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—_—

6.040
N o 0OBn QAc QA
AN 1 © HAc
A
ACO y Naan OAc OAc
OAc
6.041

6.042 and 6.044, respectively, on reaction with
TMSN3 produced L-threo 6.043 and p-threo 6.045 in
the presence of a Lewis acid. The regio- and stereo-
selective reactions proceeded with the Lewis acid-
mediated formation of a carbocation, and the stere-
ochemistry of the incoming azide nucleophile was
determined by the neighboring 4'-acetoxy group to
generate these less common thiazole C-nucleosides.?8°

0 Sl TMSN,
e
Aco—Q—QN CO,Et
AcO

6.042

o} s\
A l
co—@—QN coet
Ny

6.043

© 31 TMSN,
ACO““Q/)—QN COEt
AcO
6.044
o) s\
AcO“-'/Q—(\NlCOZEt
N3

6.045

In an attempt to synthesize a new S-L-ribo-hex-
opyranosyl analogue of AZT, a-L-ribo-hexopyranoside
6.046 was coupled with thymine to afford after
deprotection 1-(3-azido-2,3,6-trideoxy-a- and -S-L-
ribo-hexopyranosyl)thymines 6.047 and 6.048.290.291

N, OMe
3 —_—
Me [¢] —————
PNBzO
6.046
OH N,
+ MerdoTT
N3§:O\/T HO
Me 6.048
6.047

The treatment of the vinylnitro-modified nucleoside
6.049 with NaN3; gave 2,3-(1,2,3-triazolo) derivative
6.050. One plausible route for the formation of 6.050
is the initial attack of azide ion to Michael acceptor
6.049 to form 6.051, which changed to intermediate
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6.052 and underwent elimination to produce 6.050.2%

o) o)
Ph oA NaN; Ph oA
—_—
oy o=
ON NN

6.049 6.050

o O
Ph oA Ph oA
—_— NO.
0 (0]
N. -N
N

ON N,
6.051 6.052
There is a brief paper on the synthesis of 3'- and

4'-C-branched-chain sugar nucleoside analogues such
as 6.054 from the ketoanhydro carbohydrate 6.053.2%

0 HO=
6.053 6.054
7. Branched-Chain Azidonucleosides
7.1. 2'-C- and 3'-C-Azidomethyl-2'-olefinic
Nucleosides

Reactions of 7.001 or 7.002 with HNj; in the
presence of PPh; and DIAD produced exclusively
7.004. “Up” mesylate 7.003 obtained from 7.002 also
afforded 7.004.2°4 This interesting reaction has been

Tro_%izu TrO—KiZU
—_—
OMs

HO
7.001 7.002
HN,
DIAD
PhyP
OMs
RO‘Q TrO‘QizlJ
-—
N3
7.004R=Tr 7.003
7005R=H

explored further by others. For example, heating 2,3'-
O-anhydrouridine derivative 7.006 in the presence
of excess LiNj resulted in the formation of 7.004,
which was deprotected to give 7.005. The 2,2'-O-

0
b
Tro Oo N i) LiN,
— = 7005
ii} deprotection
7.006

anhydronucleosides 7.007 and 7.008 on reaction with
LiNs, followed by deprotection of the p-methoxyphe-
nyl group by CAN, afforded 3'-branched compounds
7.009 and 7.010, respectively.%82%

Reactions of 7.011 and 7.012 with 1.2 equiv of
freshly distilled Ph,PCIl and 2.1 equiv of imidazole
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0 [¢]
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PMPO OJ\N pLN, HO— SNTTO
N

7.007 X=H

7.008 X = Me 7.009 X=H

7.010 X = Me

followed by the addition of 1.2 equiv of I, gave the
primary allylic iodides 7.014 and 7.015, respectively,

RO— 5B  PhPC,l, RO 4B
e
imidazole
HO ph@?ﬁ =
7.011B=T phef 1
7.012B=U I
R=TBDPS 7013
RO— 4 B )NaN, HO— o B
——
— i) fluoride —
| N,
7.014B=T -
= 7.016B=T
7.058=U 7.0058=U
7.017B8=C

via a plausible intermediate, 7.013. Treatment of
7.014 and 7.015 with NaNj3; followed by deprotection
afforded 7.016 and 7.005, respectively. The corre-
sponding cytidine derivative 7.017 was obtained from
7.005.2% A similar strategy generated 3'-C-azido-
methylnucleosides 7.009, 7.010, and 7.020 from the
corresponding 3'-C-methylenenucleosides 7.018 via
iodo derivatives 7.019.2%7

TBDPSO—;E; TBDPSO}ijB
——

p— _
OH '

7.018 7.019

)NaN, HO— o B
—_—
ii) fluoride —

N;
7.009B=T
7.010B=U
7.020B=C

7.2. 2'(3")-C-Azidomethyl-2'(3")-deoxynucleosides

Nucleosides having a branched-chain sugar, such
as oxetanocin A®® or 2',3'-dideoxy-3'-C-hydroxymeth-
yleytidine, has shown activity against HIV. These
findings intensified the interest in nucleosides with
branched-chain carbohydrate moieties carrying azido
groups at the end of the chain.??®

One such synthesis started from protected (S)-4-
hydroxymethyl-y-butyrolactone 7.021, which was
converted to p-erythro-pentofuranose diacetates 7.022
in multiple steps. Condensation of 7.022 with sily-
lated nucleobases and selective deprotection afforded
2'-C-hydroxymethylnucleosides 7.023 and 7.024. The
free primary hydroxy groups of 7.023 and 7.024 were
converted to an azido function, and deprotection
afforded 2'-C-azidomethyl-2',3'-dideoxynucleosides
7.025 and 7.026, respectively.?%

To synthesize 3'-C-azidomethyl-2',3'-dideoxynucle-
osides, the 3'-C-hydroxymethyl furanoside 7.027 was
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iy HCO,Et, Na
RO o o ii) NaBH, RO o ohe
_— - ———
iii} Ac,0 >
7.021 iv) (iBu),AlH OAc
7.022
R = TBDPS
RO 4B PMsCl
||) NaN,
OH iii} fluoride
7.023B=T 7.025B=T
7.024B=C 7.026B=C

converted to the corresponding 3'-C-azidomethyl
furanoside 7.028 using PhsP—CBr,_LiNs. Silylated
purine and pyrimidine bases were subsequently
glycosylated with 7.029 obtained from 7.028 to afford,
after deprotection, nucleosides 7.030—7.032 along
with the corresponding a-anomers.?%°

i} CrO,
LiNg py
RO CBr, RO o Ac,0
OMe ——— OMe ———
Ph,P ii) NH,
HO N _ MeOH
7.027 7028 iii) BzCl
R =PBBn
BzO o HO o B
OMe —=
N N3
7.029 7.030B=T
7.031B=C
7.032B=A

The partially protected 3'-deoxy-3'-C-hydroxym-
ethyl-ribo-furanose 7.033 was converted to the cor-
responding azido derivative 7.034. Deprotection of
7.034 under acidic conditions, followed by acetylation,
afforded the triacetates 7.035. Nucleoside 7.036 was
obtained from 7.035 in the usual way. Deoxynucleo-
side 7.030 or the arabino-analogue 7.037 has been
obtained from 7.036 using methodologies discussed

earlier.3%°
RO fe) l) msci RO
o u) LiN,
HO O

7.033 7. 034
R = TBDMS
yHoAc A0 o
—_— OAc ——
ii) Ac,0 -
N; OAc
7.035
OH
Ho—jLi; How
—_—
—_—
N;— OH N3

A study was taken up on the usefulness of alky-
lidene carbenes as intermediates for the synthesis of
branched-chain nucleosides functionalized with azido
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groups. The fully protected 3'-a-mesyloxynitrile of
uracil 7.038 was treated with NaN;3; in CH3;NO; to
afford after laborious chromatographic purifications
a mixture of the diazidonucleosides 7.039 and 7.040
(18% and 11% yields, respectively) and vinylazido-
nucleosides 7.041 (15% yield). The change of solvent
from CH3NO; to CH,ClI; afforded 7.041 in 33% yield
and 7.039 and 7.040 in 16% and 6% yields, respec-

tively.30!
N
BzO OU BzO BU
+
N,OR N;— OR

3

7.039 7.040
B0 ToU  NaN,
+
- .
CH,NO,
CNOR BzO o U
7.038
N Or
R = TBDMS H
7.041

The tertiary alcohol group of the branched nucleo-
side 7.042 was removed by the radical deoxygenation
of the corresponding cyclic thionocarbonate. The
reaction occurred regio- and stereoselectively to
produce 7.043. For the introduction of the azido group
at the 2'-branched chain, the N-3 position of 7.043
was protected to avoid the formation of an anhydro-
nucleoside. The resulting nucleoside on reaction with
DPPA as the azide source afforded 7.044. After
debenzoylation, 7.044 was converted to 2'-C-azido-
methyl-2'-deoxy-arabino-cytosine 7.045.302

OH i) TMSCI
0 olu 07 oY BzCl
TIPDS ——=,TIPDS -

N\ N OH iy prgp
0 —OH o DEAD
7.042 7.043 DPPA
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ELNBZ
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3-C-Mesyloxymethyl-ribo-furanose derivative 7.046
was converted to N-6-benzoyladenosine homologue
7.047 in the usual way. Treatment of 7.047 with
NaNs, followed by standard deprotection, afforded 3'-
C-azidomethyl-3'-deoxyadenosine 7.048. Triflate 7.049
obtained in overall poor yield from 7.047, on reaction
with LiNs, followed by deprotection afforded unsatur-
ated branched-chain nucleoside 7.050 and the diazi-
doadenine derivative 7.051.3%3

7.3. 4'-C-Azidomethylnucleosides

Since the triphosphate of 4'-azidothymidine was
shown?502304 tg be a potent competitive inhibitor of
thymidine triphosphate incorporation by HIV RT, 4'-
substituted nucleosides became a subject of interest.
Diol 7.052 was selectively protected and mesylated
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to 7.053. Treatment of 7.053 with LiNgs, followed by
deprotection, afforded azidomethyl derivative 7.054.
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Direct reaction of 7.052 with 1 equiv of MsCI afforded
a 1:1 mixture of 7.055 and 7.056. Treatment of this
mixture with LiN; gave a mixture of three com-
pounds, which were isolated and identified as 7.054,
7.057, and 7.058. The loss of the silyl protecting
group under these conditions is noteworthy. Dehy-
drodiol 7.060, obtained from partially protected
7.059, was converted to azidomethyl compounds
7.061 and 7.062 in a ratio of 1:1.3% Reactions of
isopropylidene derivative 7.063 with azide gave, on
deprotection, compound 7.064, which was the C-3'-
stereoisomer of 7.057.3%
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H
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7.063 7.064

The role of the oxygen at the 3'-position appears
to be critical in terms of antiviral activity for some
of these compounds. Whether this role could be
assumed by an endocyclic oxygen appeared worthy
of investigation. For the synthesis of such a modified
nucleoside, the rearranged deoxysugar 2(R)-(dimeth-
oxymethyl)tetrahydrofuran-4(S)-ol 7.065 was coupled
with nucleobases. Hydrolysis of the product, followed
by a sequential aldol condensation and Cannizaro
reaction, gave the desired bishydroxymethyl com-
pounds 7.066. Selective tosylation of 7.066 afforded
a mixture of 7.067 and 7.068; the ratio of the
products is dependent on the size of the nucleobases.
Treatment of 7.067 with NaN3 produced nucleosides
7.069—7.071.3%7

(CHBO)% H0>(j3 TsCl
—— - —
O=“6H o

7.065 7.066
B
L ° B=A 1.8:1
B=T 1.4:1
B=U 12:1
7.067 7.068

] NaN,

HO B 7o069B=A
)(j 7.070B8=T
N s} 7.0718=U

3

7.4. Other Alkylazido-Modified Nucleosides

Precursors of sinefungin, a nucleoside antibiotic,
has been prepared by chain extension of the blocked
adenosine 5'-aldehyde 7.072. During such a synthe-
sis, the mesylate of 7.073 was displaced with an azide
to obtain 7.074.308

HN-C(Q)OCH,Ph

o A(Bz) o A
—  MsO
—_—
7.072 7.073

HN-C(O)OCH,Ph

7.074

A 6'-azido-6'-deoxyhomouridine derivative has been
synthesized for generating nitrogen radicals with a
1,5-relationship to H-3' necessary for the biomimetic
modeling of the abstraction of H-3' by ribo-nucleotide
reductase. Tosylated homouridine 7.075, on treat-
ment with NaNs;, afforded the 6'-azido derivative
7.076.30°
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To synthesize 3'-C-branched thymidine for coupling
with near-infrared oxazine fluorescent dye, 3'-C-
azidoethylthymidine 7.078 has been prepared from
the aldehyde 7.077 through reduction and azida-

tion.310
TBDPSO— o T j)NaBH, TBDPSO— T
—_—
ii) Ph,P
CHo  DEAD

FN
7.077 : Ny
7.078

8. Biological Properties

2'-Azido-2'-deoxynucleosides. Compound 2.022 pos-
sesses cytotoxic and antiviral properties comparable
to those of arabino-furanosyladenine.” Nucleoside
2.061 did not significantly inhibit the growth of
murine leukemic P 388 cells in culture, although its
triphosphate was shown to be a potent and selective
inhibitor of cellular pol o8 Compound 2.127 inhib-
ited HBV replication at concentrations ranging be-
tween 2.2 and 5.0 uM.%” Oxetane nucleoside 2.138
showed significant antiviral activity against HIV (RF
strain) in vitro.1°° Didehydronucleoside 2.149 showed
moderate inhibitory activity against HIV-1 and HIV-2
in MT-4 cells.10?

3'-Azido-3'-deoxynucleosides. 1.001, as a triphos-
phate, inhibits the reverse transcriptase of HTLV-
IHI/LAV. It blocked the expression of the p24 gag
protein of HTLV-III/LAV in H9 cells following expo-
sure to virus and also completely blocked viral
replication as assessed by reverse transcriptase
production in normal human peripheral blood mono-
nuclear cells exposed to HTLV-III. Finally, at con-
centrations of 1.001 that block the in vitro infectively
and cytopathic effect of HTLV-IIIB, the in vitro
immune functions of normal T cells remain basically
intact.! Since the publication of this result, innumer-
able papers have been published on the biological
properties of 1.001, and the compound today is one
of the most important components of the drugs used
for treating AIDS patients.583!1 A detailed discussion
on the mode of action of AZT and the possible reasons
for its toxicity is now available.3!! It should, however,
be pointed out that at least one group of scientists
has questioned the usefulness of AZT as an anti-
AIDS drug and has in fact proposed®? that “...AZT
causes immunodeficiency, lymphoma, muscle atrophy
and dementia”.

Compound 3.067 was significantly active against
HSV-1 (ICsp = 2 ug/mL) with low toxicity.**¢ Base-
modified nucleosides 3.105—3.114%49.1%0 were tested
against HIV-1 and were found to have significant
antiviral activity. There seems to be no clear rela-
tionship between the antiviral activity and either the
electron-withdrawing or the electron-donating capac-
ity of the substituents at the 5-position of the nucleo-
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side analogues.'*® The biochemical pharmacology of
the lower homologue of 1.001, 3'-azido-2',3'-dideoxy-
uridine 3.106, has been discussed in detail 3! The
4-thio derivative 3.115 manifested modest anti-HIV
activity in ATHS8 cells. When 3.115 and 1.001 were
compared for their inhibitory effects on the cyto-
pathogenicity of HIV in ATHS cells, 3.115 proved to
be significantly less potent in protecting this culture
against virus.'23% 5-Benzyloxymethylnucleoside 3.119
has cytotoxic activity in vitro. It inhibits the thymi-
dine incorporation into the DNA of CaOV cells.'%?
Another 5-modified nucleoside, 3.127, was tested
using HIV-1 (Kenya) infected human MOLT4 cells
and was found to be active with EDs, values of 5 ug/
mL (AZT anti HIV-1 with an EDsg value of 0.02 ug/
mL).1%8 S-1-alkylated 2-thiouracil derivatives 3.132
and 3.134 showed activity against HIV-1, but this
activity is most likely due to a small impurity of
1.001.%61 Nucleoside conjugates 3.141—3.143 dis-
played anti-HIV activity, but they had no effect on
the replication of the HIV-2 or HIV-1 strain with the
Y181C mutation. These compounds interact prefer-
entially with the hydrophobic pocket of the RT.16%
Purine derivative 3.158 is active against both HIV-1
and HIV-2 in vitro,?1334 and 3.159 inhibited the
replication of HIV in vitro.31%316 5'-Aminonucleoside
3.180 is far (2500-fold) less active than 1.001.'77
Hexofuranosylnucleoside 3.207 is slightly active
against HSV-1, HSV-2, and VV.18 Carbocyclic nu-
cleoside 3.328 showed modest activity against HSV-1
in Vero cells.?” Compound 3.338 was tested for
antiviral activity on HIV (RF strain) infected MT4
cells and showed weak activity.??* The 5'-triphos-
phates of 3.349 and 3.352 were evaluated directly
as RT inhibitors. The results showed that inhibition
of RT occurred only with the triphosphate of 3.349.
This inhibition was equipotent to and Kinetically
indistinguishable from that produced by the triph-
osphate of 1.001.22% 3.360 is ~10000 times less active
against HIV than 1.001.%2> Nucleoside 3.367 inhib-
ited HBV replication at concentrations ranging be-
tween 2.2 and 5.0 uM.%” Base-modified nucleosides
3.405 demonstrated significant anti-HIV-1 activity,
whereas 3.406, 3.407, 3.408, and 3.410 showed
moderate antiviral activity.'*® Substitution at C-5
with an alkyl function greater than C-2 including
bromovinyl substitution reduced the antiviral po-
tency significantly.?*? Cytosine derivatives 3.415 and
3.416 showed very low anti-HIV activity. 4-Thio-
nucleoside 3.414, however, showed a noticeable anti-
HIV activity on CEM-C113 cell lines.?®® The 2,5'-O-
anhydronucleosides 3.422—3.425 demonstrated signifi-
cant anti-HIV activity, but they were somewhat less
active than 1.001. The cytotoxicity of 3.422 is less
than that of 1.001. 2-Amino-modified AZT analogue
3.426 also demonstrated anti-HIV activity. Experi-
ments suggested that the basis of the antiviral
activity of 3.422—3.425 did not depend on their
conversion to 1.001, 3.106, 3.108, or 3.109, respec-
tively, but the anhydro compounds appear to be
active per se. Nucleoside 3.422 was also found to be
most active against Rauscher—Murine leukemia
virus in cell culture.?*? Interestingly, 3.429 exhibited
antiviral activity similar to that of 1.001, and there
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is no significant difference of cytotoxicities of 1.001
and 3.429. On the other hand, 3.429 is 55.5 times
more lipophilic than 1.001. It is important to note
that 3.429 remains unchanged during all stability
assays.?*® Metal complexes of AZT, such as 3.431 (R
= Me and Ph) and 3.435 showed anti-HIV activity
very similar to that of 1.001. Metal complex 3.431
(R = Me) also exhibited antiinflammatory activity.?*

4'-Azidonucleosides. All of the 4'-azido-2'-deoxy-f-
p-nucleosides were potent inhibitors of HIV. Modifi-
cations at the 2'- or 3'-position of the 4'-substituted
2'-deoxynucleosides tended to diminish activity. Fur-
ther evaluation of 4'-azidothymidine 4.004 (B = T,
R =H) in H9, PBL, and MT-2 cells infected with HIV
demonstrated an inhibitory profile similar to that of
1.001. However, 4.004 (B = T, R = H) retained its
activity against HIV mutants, which were resistant
to 1.001.2%° Interestingly, despite the presence of a
3'-hydroxyl group, 4.004 (B = T, R = H) too can act
as a chain terminator besides being a potent RT
inhibitor. The presence of an azido group at the 4'-
position induces a strong preference for an unusual
N-type conformation of the furanose ring, and this
may be a factor in the mechanism of DNA chain
termination.25%

5'-Azido-5'-deoxynucleosides. Trichlorobenzimida-
zole derivative 5.039 had significant activity against
human cytomegalovirus in plague but had little
activity against HSV-1.262 Diazido-ribo-nucleosides
5.066—5.068 showed low antibacterial activity against
19 bacterium species.?%”

Pyranosylnucleosides. The antiviral activity on
vaccinia and Sindbis viruses show that 6.009 is only
active on the VV.28 Nucleoside 6.048 inhibited the
HIV replication more effectively than AZT and ex-
erted no cytotoxic effect on the cells.?®

Branched-Chain Azidonucleosides. 4'-Azidometh-
ylnucleoside 7.057 showed low anti-HIV activity.3%
Azidomethylnucleosides 7.069—7.071 exhibited low
in vitro inhibitory activity. It is not clear whether the
low activity is due to the difficulty associated with
intracellular conversion to their triphosphates or to
the weak competitive inhibition of the HIV RT by the
triphosphate or both.307

9. Concluding Remarks

The discovery of the anti-HIV activity of one single
molecule, namely, AZT, has catalyzed the prolifera-
tion of research in the area of azidonucleosides. It is
clear from the impressive number of publications that
the attempted search for a better therapeutic agent
than AZT triggered the synthesis of an array of
modified nucleosides carrying azido groups at various
positions of their carbohydrate moieties. Initial prob-
lems of using only a few naturally occurring nucleo-
sides as starting materials and their prohibitive costs
have been circumvented by using modified carbohy-
drates as synthons. However, the absence of any
rigorously defined structure—activity relationships
between the positions of azido groups in azidonucleo-
sides and their biological properties has led to the
random incorporation of an azido function at every
conceivable site of the carbohydrate moiety of nucleo-
sides. The approach resulted in the discovery of 4'-
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azidothymidine 4.004 (B = T, R = H), which dem-
onstrated an inhibitory profile similar to that of
1.001. The more significant point is that 4.004
retained its activity against HIV mutants which were
resistant to 1.001.2%° A pyranosyl nucleoside, 6.048,
structurally unrelated to AZT, inhibited the HIV
replication more effectively than AZT and exerted no
cytotoxic effect on the cells.?®® More recently, the
synthesis of a prodrug, 3.429, has been reported,
which exhibited antiviral activity similar to that of
1.001 but was much more lipophilic than the latter.?+
One important conclusion to be drawn from the
examples cited above is that the discovery of a new
biologically active azidonucleoside is often a discon-
tinuous jump in an otherwise monotonic series of
analogues and the new nucleoside is hard to design.
The unresolved problems associated with the severe
toxicity of AZT311 will, nevertheless, continue to drive
research in the area of the synthesis of new azido-
nucleosides.

10. Abbreviations

Ac acetyl

AIBN 2,2-azobisisobutyronitrile
Ar aryl

Bn benzyl

Boc tert-butoxycarbonyl

BOM p-methoxybenzyl

Bu butyl

Bz benzoyl

CAN ceric ammonium nitrate
Cb benzyloxycarbonyl

DAST diethylaminosulfur trifluoride

DBU 1,8-diazabicyclo[5.5.0]Jundec-5-ene

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DEAD  diethyl azodicarboxylate

DIAD diisopropyl azodicarboxylate

DMAP  dimethylaminopyridine

DMF N,N-dimethylformamide

DMSO  dimethyl sulfoxide

DMTr  dimethoxytrityl

DPC diphenyl carbonate

DPMS  diphenylmethylsilyl

DPPA  diphenylphosphoryl azide

DTT dithiothreitol

ee enantiomeric excess

Et ethyl

HIV human immunodeficiency virus

HBV hepatitis B virus

HMPA  hexamethylphosphoric triamide
HMPT  hexamethylphosphorous triamide
HSV herpes simplex virus

HTLV  human T-lymphotropic virus
LAH lithium aluminum hydride

LAV lymphadenopathy-associated virus
mCPBA m-chloroperbenzoic acid

Me methyl

MMTr  monomethoxytrityl

Ms methanesulfonyl (mesyl)

NBS N-bromosuccinimide

PBBnN p-bromobenzyl

PCC pyridinium chlorochromate

PDC pyridinium dichromate

Ph phenyl

Piv pivaloyl

PMP p-methoxyphenyl
PNBz p-nitrobenzoyl
Py pyridine
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RT reverse transcriptase

TBAF tetrabutylammonium fluoride

TBDMS tert-butyldimethylsilyl

TBDPS tert-butyldiphenylsilyl

TIPDS  1,1,3,3-tetraisopropyldisiloxane-1,3-diyl
Tf trifluoromethanesulfonyl

TFA trifluoroacetic acid

THDMS thexyldimethylsilyl

THF tetrahydrofuran

THP tetrahydropyranyl

TMS trimethylsilyl

TMAC  tetramethylammonium chloride
TMSTf  trimethylsilyl trifluoromethanesulfonate
TMSN; trimethylsilyl azide

tosyl p-toluenesulfonyl (Ts)
TPP triphenylphosphine

Tr triphenylmethyl (trityl)
Ts p-toluenesulfonyl (tosyl)
\AY vaccinia virus
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