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This re view pres ents a brief ac count of the chem is try and mech a nis tic as pects of aryl 
H-phosphonates, and se lected ap pli ca tions of this class of com pounds as in ter me di -
ates in the syn the sis of a wide range of bi o log i cally im por tant an a logues of nucleoside
phos phates, and oligonucleotides, in which the phos phate moi eties are re placed by
other struc tur ally re lated groups. The aryl nucleoside H-phosphonates, com pounds of
con trolled re ac tiv ity, have proven to be more ver sa tile and su pe rior to var i ous mixed
an hy drides as syn thetic in ter me di ates, par tic u larly for prep a ra tion of nu cle o tide an a -
logues bear ing P–N or P–S bonds in var i ous con fig u ra tional ar range ments at the
phos phate moi ety.
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Intracellular phosphorylation of a mul ti ple
of cel lu lar con stit u ents is a key pro cess in the
life cy cle of a cell, catalysed by va ri ety of en -
zymes such as nucleoside and nu cle o tide kin -
ases, pro tein kin ases, etc. Pro tein phos pho -
rylation, in par tic u lar, is now widely rec og -
nized as the most im por tant path way for reg u -
la tion of pro tein func tions in eukaryotic cells,
in volved in switch ing cel lu lar ac tiv i ties from
one stage to an other and in this way, reg u lat -
ing gene ex pres sion, cel lu lar pro lif er a tion and 
cell dif fer en ti a tion. It is the ma jor mech a nism 
whereby cells re spond to extracellular sig nals, 
such as hor mones and growth fac tors, in this
man ner con trol ling all events in var i ous
stages of the cell cy cle, as well as the re sponse
of a cell to en vi ron men tal and nu tri tional
stresses.
Intracellular phosphorylation is also reg u -

lated via dephosphorylation by nu mer ous
phosphatases, some of them highly spe cific.
These ex qui sitely co or di nated ac tiv i ties are a
strik ing il lus tra tion of the dom i nant and ver -
sa tile role of the phos phate es ters and an hy -
drides in liv ing sys tems, el e gantly un der lined
al most 15 years ago by Frank H. Westheimer
[1] in re sponse to the query: “Why were phos -
phates, and al most no other groups, se lected
by evo lu tion for bio chem i cal trans for ma -
tions?”
The pres ent re port de scribes the fun da men -

tal chem i cal prop er ties of aryl H-phosphonate
diesters, and se lected ap pli ca tions of this
class of com pounds to the syn the sis of nu cle o -
tide an a logues in which the phos phate moi -
eties are re placed by other struc tur ally re lated 
groups which may be em ployed to elu ci date
the mech a nisms of ac tion of nat u ral nu cleo -
tides, or oligonucleotides, in bio chem i cal sys -
tems.
The H-phosphonate meth od ol ogy, due to its

ef fi ciency, re li abil ity and ex per i men tal sim -
plic ity, has emerged in the last de cade as a
ver sa tile and pow er ful ap proach to the syn the -
sis of bi o log i cally ac tive phos phate an a logues
[2, 3]. As part of our stud ies in this field, we

have re cently de vel oped aryl H-phosphonates
as a new type of ac tive H-phosphonate de riv a -
tives [4–9]. Their ad van tages as syn thetic in -
ter me di ates stem from the fact that these
com pounds pos sess, in prin ci ple, only one
electrophilic cen ter lo cated on the phos pho rus 
atom, and in con tra dis tinc tion to other re ac -
tive H-phosphonate spe cies (e.g. mixed
H-phos phono-acyl an hy drides), their re ac tiv -
ity can be mod u lated by chang ing elec tronic
or/and steric prop er ties of sub stitu ents on the 
ar o matic ring of an aryl moi ety. These fea -
tures sig nif i cantly broaden syn thetic ap pli ca -
tions of H-phosphonate meth od ol ogy by en -
abling the syn the ses of oth er wise dif fi cultly
ac ces si ble com pounds, e.g. nucleoside H-phos -
phonamidates [8].

SYN THE SIS AND RE AC TIV ITY OF
ARYL H-PHOSPHONATES

Syn the sis of aryl nucleoside
H-phosphonates

To se cure ef fi ciency and reproducibility of
meth ods mak ing use of aryl H-phosphonates
as syn thetic in ter me di ates, the chem is try of
this class of com pounds has been in ves ti -
gated, par tic u larly in the con text of re ac tiv ity
of the P–H bond, which may af fect the for ma -
tion and sta bil ity of these com pounds un der
var i ous ex per i men tal con di tions.
Nucleoside aryl H-phosphonate can be pre -

pared ei ther by phosphonylation of a suit able
pro tected nucleoside with an ap pro pri ate
phosphonylating re agent bear ing an aryl moi -
ety [10], or by re act ing a nucleoside
H-phosphonate with an ap pro pri ate phe nol in
the pres ence of a con dens ing agent [8, 11].
The lat ter ap proach (Scheme 1) al le vi ates
prob lems con nected with prep a ra tion of sep a -
rate phosphonylating re agents for each kind
of aryl H-phosphonate de riv a tive and, in light
of the eas ily ac ces si ble H-phosphonate
monoesters, ap pears to be also the most con -

430 J. Cieœlak and oth ers 2001



ve nient and ver sa tile route to these com -
pounds.
We have found that the most im por tant fac -

tors in flu enc ing for ma tion of nucleoside aryl
H-phos phonates from nucleoside H-phos -
phonates 1 and the cor re spond ing phe nols 2
are: (i) acid ity (pKa) of the phe nols, (ii) the na -
ture of the cou pling agent used for con den sa -
tion, and (iii) the ba sic ity of the re ac tion me -
dium. In pyridine, in the pres ence of dif fer ent
con dens ing agents, these af fect the ex tent of
var i ous side-reactions (e.g. sub se quent re ac -

tions of the pro duced H-phosphonate 3 with
con dens ing agents, disproportionation of 3)
and ul ti mately de ter mine ef fi ciency of gen er a -
tion of aryl H-phosphonates 3 [11]. How ever,
these prob lems can be al le vi ated when syn the -
sis of aryl H-phosphonates 3 is car ried out in
meth y lene chlo ride con tain ing a lim ited
amount of pyridine (3–12 mo lar equiv.) in the
pres ence of di phen yl phosphorochloridate 4
(1.1 equiv.) as a con dens ing agent. Un der
these con di tions, cou pling of nucleoside
H-phosphonate 1 with all in ves ti gated phe -
nols 2a–g is clean, rel a tively fast (about 20
min) [11] and the pro duced aryl H-phos pho -
nates 3a–g do not un dergo any de tect able
changes within sev eral hours (31P NMR spec -
tros copy). Thus, this pro ce dure can be con sid -
ered as a gen eral pro to col for the for ma tion of
aryl H-phosphonates 3a–g from the cor re -
spond ing H-phosphonate monoesters 1.

Base and nucleophile ca tal y sis in
transesterification of aryl nucleoside
H-phosphonates

A pos si ble in volve ment of base or/and
nucleophile ca tal y sis in con den sa tion of
nucleoside H-phosphonate monoesters has
been pos tu lated on many oc ca sions [3, 12],
but with no a clear-cut ev i dence. Efimov et al.
[13, 14] found that nucleoside pivaloyl-phos -
phonate mixed an hy drides re acted with nu -
cleo sides about 10 times faster in the pres -

ence of pyridine com pared to 4-N,N-dime -
thylaniline, al though both bases have sim i lar
pKa val ues (5.2 and 5.1, re spec tively). While
the se dif fer ence are most likely due to
nucleophilic ca tal y sis in volv ing pyridine, in -
ter pre ta tion of the re sults was com pli cated by
the fact of a rapid con ver sion of the mixed
carboxylic-phosphonic an hy drides to ter va -
lent bispivaloyl phos phites. In this re spect,
nucleoside aryl H-phosphonates ap pear to be
a more con ve nient model sys tem for in ves ti -
ga tion of nucleophilic ca tal y sis, as these com -
pounds (es pe cially those bear ing weakly
acidic aryl moi eties) have less pro nounced
ten dency than mixed an hy drides for con ver -
sion into ter va lent de riv a tives.
Thus, for our stud ies on nucleophilic ca tal y -

sis in H-phosphonate de riv a tives we se lected
4-chlorophenyl nucleoside H-phosphonate 3d
(Scheme 1), which is sta ble in neat pyridine

Vol. 48 Aryl H-phosphonates, chem is try, bio chem i cal ap pli ca tions 431

Scheme 1



for at least sev eral hours [11] and at the same
time has suit able re ac tiv ity to wards al co hols
[15], en abling mon i tor ing prog ress of the re -
ac tions by 31P NMR spec tros copy. The set of
ba sic cat a lysts cho sen con sisted of amines of
dif fer ent ba sic ity (pKa 5.2–10.5) [16] (Ta -
ble 1) in which pyridine (9a), N-methyl imi -
dazole (9c), and 4-N,N-dime thyl amino pyri -
dine (9e) were po ten tial nucleo philic cat a -
lysts, while hexamethyl enete tramine (9b),
N-ethylmorpholine (9d) and triethylamine
(9f) were in tended to act pri mar ily as bases.
Ex per i ments were car ried out in meth y lene
chlo ride in which sub strate 3d (1 mo lar
equiv., 0.1 mmol/mL) was al lowed to re act
with eth a nol (1.5 mo lar equiv.) in the pres ence 
of an ex cess of a cat a lyst (amine 9, 10 mo lar
equiv.). In all in stances the prod uct of
transesterification, ethyl nucleoside H-phos -

phonate 6a, was the only one ob served by 31P
NMR spec tros copy.
Re sults of these ex per i ments are sum ma -

rised in Ta ble 1. Pyridine, the least ba sic of
the amines in ves ti gated, was the least ef fec -
tive as a cat a lyst (com ple tion within 120 min)
while strong bases, e.g. triethylamine (9f) and 
4-N,N-dimethylaminopyridine (9e) catalysed
the transesterification most ef fi ciently (com -
ple tion in < 3 min). How ever, the cor re la tion

be tween the pKa val ues of amines and the rate 
of transesterification of 3d was not lin ear,
point ing to a sig nif i cant con tri bu tion of
nucleophilic ca tal y sis. In deed, the cat a lytic ef -
fect of N-methylimidazole (9c) was much
higher than that of the stron ger base
N-ethylmorpholine (9d) and the less ba sic
hexamethylenetetramine (9b). Thus, it seems
likely that, with N-methylimidazole and other
heteroaromatic amines used in these stud ies
(pyridine 9a and 4-N,N -dimethylamino -
pyridine 9e), ca tal y sis oc curs not only via gen -
er a tion of an alkoxy an ion from an al co hol
[base ca tal y sis; ROH + B ⇔ RO– + BH+], but
also via for ma tion of re ac tive in ter me di ates of 
type 10, 11 and 12 (nucleophile ca tal y sis)
(Scheme 2).
 On the ba sis of the ses pre lim i nary data, we

can ten ta tively con clude that, in trans esteri -

fication of nucleoside aryl H-phosphonates, ef -
fi ciency of nucleophilic ca tal y sis ex ceeds that
of base ca tal y sis. Since strongly ba sic con di -
tions are det ri men tal to aryl H-phosphonates,
nucleophilic ca tal y sis opens a route for
transesterification of aryl H-phosphonates 3
un der mild, ba sic con di tions, with out loss of
ef fi ciency.
In the next se ries of ex per i ments we in ves ti -

gated internucleotide bond for ma tion in the
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Scheme 2

Ta ble 1. For ma tion of ethyl nucleoside H-phosphonate 6a in transesterification of aryl H-phosphonate 
3d with eth a nol (5a) catalysed by var i ous bases 9

Base 9a 9b 9c 9d 9e 9f

pKa 5.19 6.30 6.95 7.67 9.70 10.78 

Time* (min) 120 50 8 25 < 3 < 3

*Time for com plete dis ap pear ance of 3d



pres ence of amines 9a–f, un der the same con -
di tions as above, ex cept that eth a nol was re -
placed by N4,3′-O-dibenzoylcytidine 7 as a
hydroxylic com po nent (Scheme 3).
For all cat a lysts used, transesterification of

4-chlorophenyl H-phosphonate 3d with

nucleoside 7 was slower than with eth a nol by
fac tor of 10 or more (Ta ble 2). The sec ond,
even more im por tant, dif fer ence was that for
the most ba sic cat a lysts 9e and 9f, for ma tion
of sig nif i cant amount of side prod ucts (9% and 
40% re spec tively, 31P NMR) was ob served.
These were iden ti fied as nucleoside H-phos -
phonate 1 and bis-aryl nucleoside phosphite
(δP 127.54 ppm, d, 3JPH = 9.3Hz) [11] and
were formed due to com pet ing dispropor -
tionation [11, 17] of aryl H-phosphonate 3d.
Com paring these two cat a lysts, 4-N,N-di -
methyl aminopyridine (9e) and triethylamine
(9f) (Ta ble 2), one can no tice higher yield (91% 
vs 60%, re spec tively) and a shorter time (10
min vs 50 min, re spec tively) for the for ma tion
of dinucleoside H-phosphonate 8 in the re ac -
tion catalysed by nucleophilic base 9e.
For weaker bases, 9a–9d, no dispropor -

tionation prod ucts re sult ing from 3d were ob -
served, but transesterification pro ceeded
much slower (700 min for 9a and 9b, 660 min
for 9d), ex cept for N-methylimidazole 9c (60

min). The lat ter base, be ing a pow er ful
nucleophilic cat a lyst, drove the re ac tion to
com ple tion in a time com pa ra ble to that ob -
served for most ba sic amines, triethylamine
9f and 4-N,N-dimethylaminopyridine 9e (Ta -
ble 2).

As a fi nal part of these in ves ti ga tions, we
stud ied the transesterification of 4-nitro -
phenyl H-phosphonate 3f, which is at least 30
times [18] more re ac tive than 4-chlorophenyl
H-phosphonate 3d. Re sults of these ex per i -
ments (Ta ble 2) showed that en hanced re ac tiv -
ity of aryl H-phosphonate 3f in the trans -
esterification re ac tion was coun ter pro duc tive
with strongly ba sic cat a lysts 9d–9f [for ma -
tion of disproportionation prod ucts: nucleo -
side H-phosphonate 1 and bis-4-nitro phenyl
nucleoside phosphite (δP 125.78 ppm, d, 3JHP
= 9.3 Hz)], but im proved the ef fi ciency of the
less ba sic cat a lysts 9a–9c. 
Al though all in ves ti gated trans esteri -

fications of 4-nitrophenyl H-phosphonate 3f
oc curred rap idly (< 3 min), only amines with
pKa < 7 (pyridine 9a, hexamethyl ene tetra -
mine 9b and N-methylimidazole 9c) did not
pro mote com pet ing disproportionation of 3f.
Summing up, ef fi cacy of transesterification

of aryl nucleoside H-phosphonate diesters de -
pends on (i) ba sic ity and nucleophilicity of the
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cat a lyst used, and (ii) acid ity of the P–H bond
in aryl H-phosphonates of type 3. High ba sic -
ity of a cat a lyst and in creased acid ity of the
P–H bond stim u late disproportionation of
aryl H-phosphonate diesters 3. Thus, to per -
form transesterification of aryl H-phos -
phonates with max i mum ef fi ciency, it is im -
por tant to syn chro nise the ba sic ity of the cat a -
lyst with the acid ity of the aryl H-phosphonate 
used.

SE LECTED SYN THETIC METH ODS
FOR NU CLE O TIDE AN A LOGUES
BASED ON ARYL H-PHOSPHONATE
IN TER ME DI ATES

Transesterification of aryl nucleoside
H-phosphonates. For ma tion of an
internucleotide bond

Transesterification of aryl nucleoside
H-phos phonates 3 was stud ied as a func tion of 
the al co hol used and the pKa value of the aryl
moi ety. All re ac tions were car ried out in meth -
y lene chlo ride/pyridine 9 : 1 (v/v) us ing aryl
nucleoside H-phosphonates 3 (1 mo lar equiv.)
and an ex cess (3 mo lar equiv.) of pri mary [e.g. 
eth a nol (5a)], sec ond ary [e.g. isopropanol
(5b)], or ter tiary [e.g. t-butanol (5c)] al co hols
(Scheme 4).
Prog ress of the re ac tion was mon i tored with

31P NMR spec tros copy. In all in stances, the
cor re spond ing nucleoside alkyl H-phospho -

nates 6 were formed as the sole nucleotidic
prod ucts. For 4-nitrophenyl H-phosphonate
3f, the re ac tion with eth a nol (5a) went to com -
ple tion in less than 3 min, with isopropanol
(5b) in about 5 min, and with tert-butanol (5c) 
in about 8 min (31P NMR spec tros copy).
These dif fer ences ap par ently re flected
changes in steric hin drance of the alkyl sub -
stitu ents and in di cated also that trans -
esterification of aryl H-phosphonates 3 pro -
ceeds most likely via an SN2(P) mech a nism
[18].
 We also as sessed the re ac tiv ity of aryl

H-phosphonate diesters as a func tion of the
aryl moi ety pres ent, by re act ing 3a–g with
N4,3′-O-dibenzoyldeoxycytidine 7 (Scheme 4). 
The most re ac tive among the in ves ti gated aryl 
H-phosphonate de riv a tives were those bear -
ing p-nitrophenyl (3f) and 2,4,6-trichlo ro -
phenyl (3g) groups, which pro duced dinucleo -
side H-phosphonate 8 in less than 3 min. The
rel a tive or der of re ac tiv ity of 3a : 3b : 3c : 3d : 
3e : 3f : 3g was found to be 1 : 4 : 10 : 40 : 350 :
1100 : 1100, and pro vides es ti mates of the ex -
tent of pos si ble mod u la tion of the re ac tiv ity of 
com pounds of type 3. The data also in di cate
that re ac tiv i ties of 4-nitrophenyl- and
2,4,6-trichlorophenyl de riv a tives 3f and 3g,
re spec tively, are close to those of mixed carbo -
xylic-phosphonic an hy drides [12], so that
trans esterification of an aryl H-phosphonate
can be con sid ered as a vi a ble al ter na tive for
for ma tion of an internucleoside H-phos pho -
nate bond [6].
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Ta ble 2. Internucleotide bond for ma tion in the pres ence of bases 9a–f

Base
Sub strate 3d Sub strate 3f

Time* (min) 8 (%) X (%)** Time* (min) 8 (%) X (%)**

9a 700 100 0 < 3 100 0

9b 700 100 0 < 3 100 0

9c 60 100 0 < 3 100 0

9d 660 100 0 < 3 92 8

9e 10 91 9 < 3 62 38

9f 50 60 4
0 < 3 20 80

  *Time for com plete dis ap pear ance of sub strate 3d or 3f. **X = prod ucts of disproportionation of 3d or 3f



Nucleoside H-phosphonamidates

Searching for a sim ple and ver sa tile method
for the syn the sis of nucleoside alkyl-H-phos -
phonamidates, we in ves ti gated the di rect cou -
pling of nucleoside H-phosphonates with ap -
pro pri ate amines in the pres ence of pivaloyl
chlo ride or var i ous chlorophosphates [8]. Un -
for tu nately, such con den sa tions in vari ably re -
sulted in com plex mix tures of prod ucts, in
which the de sired nucleoside H-phos pho -
noamidates were of ten mi nor com po nents.
Preactivation of nucleoside H-phosphonates
with pivaloyl chlo ride or chlorophosphates,
fol lowed by ad di tion of amines, no ta bly di min -
ished these side re ac tions, but did not elim i -
nate them.
In more de tailed stud ies, we have found that

the most im por tant fac tors af fect ing the for -
ma tion of nucleoside H-phosphonamidates of
type 12 in re ac tions pro moted by a con dens -
ing agents were (i) re ac tiv ity of amines to -
wards cou pling re agents, (ii) chemoselectivity 
of amines to wards the re ac tive spe cies gen er -
ated dur ing the ac ti va tion pro cess, and (iii)
steric hin drance in the amines.
Prob lems con nected with for ma tion of

H-phosphonamidates from H-phosphonate

monoesters and amines 10a–e in the pres -
ence of con dens ing agents were cir cum vented 
by us ing aryl H-phosphonates of type 3. The
ease of prep a ra tion, and high sus cep ti bil ity to
nucleophilic sub sti tu tion at the phos pho rus
cen tre, made aryl H-phosphonates ex cel lent
sub strates for syn the sis of nucleoside H-phos -
phonamidates 12a–e car ry ing pri mary and
un hin dered sec ond ary amine moi eties, in clud -
ing dinucleoside H-phosphonamidate 13 [19]
(Scheme 5). Due to mild ness of the re ac tion
con di tions, the syn thetic pro to col de vel oped
can be con sid ered as a gen eral method for the
prep a ra tion of nat u ral prod uct an a logues
with the P–N bond in a bridg ing po si tion of
the phosphoramidate link age.

Nucleoside H-phosphonothio- and
H-phosphonodithioates

We have for some time in tro duced and in -
ves ti gated var i ous as pects of H-phosphono -
thioates [20–24] as a new class of syn thetic in -
ter me di ates that can sup ple ment and ex pand
ap pli ca tions based on H-phosphonate de riv a -
tives. Nucleoside H-phosphonothioate mono -
esters can be pre pared ei ther from suit ably
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pro tected nu cleo sides us ing var i ous thio -
phosphonylation pro to cols [21, 24–26] or by
non-oxidative thiation of nucleoside H-phos -
phonates [22]. This lat ter ap proach seems to
be par tic u larly at trac tive in light of the grow -
ing avail abil ity of H-phosphonate mono esters
[4, 27] and has the added ad van tage that other 
syn thet i cally use ful in ter me di ate, e.g.
H-phosphonodithioate monoesters [28, 29],
can also be pre pared from the same sub strate
[30].
The only pro to col hith erto avail able for

trans for ma tion of H-phosphonate monoesters 
into the cor re spond ing H-phosphonothioate
de riv a tives [22] was based on a P(III) in ter me -
di ate (a nucleoside pivaloyl silyl phosphite
[23]) the re ac tiv ity of which was dif fi cult to
mod u late. To cir cum vent this, we in ves ti gated 
aryl nucleoside H-phosphonates (re ac tiv ity of
which can be mod u lated by the elec tronic
prop er ties of the aryl group) as new syn thetic
in ter me di ates for the prep a ra tion of
nucleoside H-phosphonothioate monoesters

of type 14 [25] and nucleoside H-phos pho -
nodithioates of type 16 (Scheme 6).
Thus, by re act ing nucleoside aryl H-phos -

phonates 3 with hexamethyldisilathiane
(HMDST) var i ous nucleoside H-phospho no -
thioate monoesters 14 were ob tained in high
yields (over 90%) [31]. For the prep a ra tion of
nucleoside H-phosphonodithioates 16, two al -
ter na tive pro ce dures were de vel oped. These
con sisted of the re ac tion of H-phosphonate
monoesters 1 with di phen yl chlorophosphate
in the pres ence of hy dro gen sul fide (not
shown) or in volved thiation of the nucleoside
diaryl phos phites 15 pro duced in situ with
HMDST (Scheme 6). Both trans for ma tions
[31] were fast, ef fi cient, could be car ried out
as one-pot re ac tions, and thus can be rec om -
mended as ver sa tile and con ve nient meth ods
for the prep a ra tion of nucleoside H-phos pho -
nothioate 14 and nucleoside H-phosphono -
dithioate 16 monoesters from readily ac ces si -
ble nucleoside H-phosphonates.
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Nucleoside phosphorothio- and
phosphorodithioates

We have also stud ied the hith erto poorly de -
fined role of the phos phate group in the bind -
ing, by thymidylate synthase, of its sub strate
(dUMP), its prod uct (dTMP) and clas si cal in -
hib i tor (5-fluoro-dUMP) with the aid of the
cor re spond ing 5′-thiophosphates, 5′-dithio -
phos phates and 5′-H-phosphonates [32].
Amongst oth ers, the re sults pro vided in de -
pend ent ev i dence that the en zyme ac tive cen -
ter ex hib its a marked pref er ence for the
dianionic phos phate moi ety for op ti mal bind -
ing of the nu cle o tide. In par tic u lar the
5′-thiophosphate an a logue of 5-fluoro-dUMP
was found to be a more ef fec tive in hib i tor
than the par ent 5-fluoro-dUMP, un doubt edly
as so ci ated with the more acidic pKa of the for -
mer [33].
It was long ago re ported that ATP-γS is a

good com pet i tive in hib i tor of the
ATP-dependent phosphorylation of pro teins.
It sub se quently turned out that this is due to
ATP-γS be ing it self a do nor for pro tein kin -
ases, lead ing to for ma tion of thio phos -
phorylated pro tein res i dues. These are rel a -
tively re sis tant to phosphatases, thus en -

abling iso la tion and iden ti fi ca tion of
phosphorylation sites even in crude ex tracts
con tain ing phosphatases [34]. More re cently
it has been shown that the lability of
phosphohistidine res i dues in a pro tein can be
over come by the use of ATP-γS as a do nor, re -
sult ing in mark edly in creased sta bil ity of
thiophosphohistidine res i dues [35]. Some -
what sur pris ingly, ATP-γS is a poor do nor, if
at all, for nucleoside kin ases, but is a mod er -
ate to good in hib i tor, show ing that it does
bind to the en zymes [34]. It would be of in ter -
est to de ter mine whether ATP-γS is a do nor
for nu cle o tide kin ases.

Nucleoside 2′,3′-O,O-cyclic phos phates,
phosphorothioates, phosphorodithioates,
and phosphoroselenoates

Nucleoside 2 ′,3′-cy clic phos phates have for a 
long time been the fo cus of chem i cal re search
[36]. Al though the bi o log i cal sig nif i cance of
2′,3′-cy clic phos phates per se is far from clear,
the im por tance of ribonuclease- [37] and
ribozyme-catalysed [38] re ac tions that in volve 
cy clic phos phates as in ter me di ates, make this
class of phos pho rus com pounds an in dis pens -
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able re search tool in mech a nis tic bioorganic
phos pho rus chem is try and in mo lec u lar bi ol -
ogy.
Par tic u larly in ter est ing are the nucleoside

2′,3′-O,O-phosphorothioates, which have re -
ceived at ten tion in con junc tion with stud ies
on stereochemical as pects of ribonuclease-
catalysed re ac tions [39]. These com pounds,
how ever, are usu ally dif fi cult to pre pare and
their syn the sis in volves re ac tions of
5′-O,N-pro tected ribonucleosides with

thiophosphoryl chlo ride [40] or cyclisation of
nucleoside 2′(3′)-phosphorothioate de riv a -
tives [41]. Yields of these re ac tions (in most
in stances de ter mined only by UV-spec tro -
scopy) are in vari able low (6–10%) [40, 41]
and, with the most ef fi cient re cent method in -
volv ing P(III) de riv a tives [42], do not ex ceed
40%.
Dur ing our stud ies on phosphonylation of

2′,3′-un pro tected ribonucleosides 17 we have
found that di phen yl H-phosphonate (18a) or
di phen yl H-phosphonothioate (18b) readily
and quan ti ta tively pro duced the cor re spond -
ing nucleoside 2′,3′-O,O-cy clic H-phos pho -

nates [43] (19a) or 2′,3′-O,O-cy clic H-phos -
pho nothioates (un pub lished re sults) (19b)
(Scheme 7). These com pounds were not sta ble 
enough to per mit their iso la tion but ap peared
to be ex cel lent in ter me di ates in the syn the sis
of nucleoside 2 ′,3′-cy clic phos phates and their 
an a logues. For ex am ple, ox i da tion of 19a
with I2/H2O pro duced nucleoside 2′,3′-cy clic
phos phates of type 20 (iso lated in yields ex -
ceed ing 90%), while its sul fu ri sa tion with el e -
men tal sul fur af forded nearly quan ti ta tively

the re spec tive nucleoside 2′,3′-O,O-cyclo -
phosphorothioates 21a as a mix ture of two
diastereomers [43].
Anal o gously, treat ment of cy clic H-phos pho -

nothioates 19b with S8 pro duced the cor re -
spond ing nucleoside 2′,3′-O,O-cy clic H-phos -
phorodithioates 21b in high yields (50–60%
af ter chro ma tog ra phy). Cy clic H-phosphonate 
19a and H-phosphonothioate 19b also un der -
went readily ox i da tion with el e men tal se le -
nium to pro duce the cor re spond ing
nucleoside 2′,3′-O,O-phosphoroselenoates
22a and phosphoroselenothioates 22b, re -
spec tively. Thus, the above method, em ploy -
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ing cy clic H-phosphonates and cy clic H-phos -
phonothioates rep re sents a new, ef fi cient and
gen eral en try to nucleoside 2′,3′-O,O-cy clic
phos phates, phospho ro thioates, phos pho -
rodithioates, phosphoro se le noates, and cy clic
phosphoroselenothioates. Fur ther chem i cal
and bio chem i cal stud ies on these new
2′,3′-O,O-cy clic phos phate an a logues are in
prog ress in our lab o ra to ries.
In conclusion, aryl H-phosphonates,

compounds of controlled reactivity, have
emerged as convenient intermediates for the
preparation of various biologically important

phosphate esters and their analogues, e.g.
nucleoside phosphoramidates with the P–N
bond in a bridging position, nucleoside
H-phos phonothio- or nucleoside H-phos pho -
nodithioates, nucleoside 2′,3′-O,O -cyclic
phosphates bearing single or multiple
modifications at the phosphorus centre. As
synthetic intermediates, this class of
compounds seems to be superior to
carboxylic- or phosphoric-phosphonic mixed
anhydrides, particularly when high
chemoselectivity of substitution at the
phosphorus centre is required.

Vol. 48 Aryl H-phosphonates, chem is try, bio chem i cal ap pli ca tions 439



REFERENCES

1. Westheimer, F.H. (1987) Why nature chose phosphate. Science 235, 1173-1178. MEDLINE
2. Kers, A., Kers, I., Kraszewski, A., Sobkowski, M., Szabo, T., Thelin, M., Zain, R. & Stawinski, J.

(1996) Nucleoside phosphonates. Development of synthetic methods and reagents. Nucleosides &
Nucleotides 15, 361-378.

3. Stawinski, J. (1992) Some aspects of H-phosphonate chemistry, in Handbook of Organophosphorus
Chemistry (Engel, R., ed.) pp. 377-434, Marcel Dekker, Inc., New York.

4. Jankowska, J., Sobkowski, M., Stawinski, J. & Kraszewski, A. (1994) Studies on aryl
H-phosphonates. I. An efficient method for the preparation of deoxyribo- and ribonucleoside
3'-H-phosphonate monoesters by transesterification of diphenyl H-phosphonate. Tetrahedron Lett.
35, 3355-3358. MEDLINE

5. Sobkowski, M., Stawinski, J., Sobkowska, A. & Kraszewski, A. (1994) Studies on reactions of
nucleoside H-phosphonates with bifunctional reagents. Part 2. Stability of nucleoside H-phosphonate
diesters in the presence of amino alcohols. J. Chem. Soc. Perkin Trans. 1, 1803-1808.

6. Cieslak, J., Sobkowski, M., Kraszewski, A. & Stawinski, J. (1996) Aryl H-phosphonates. Part IV. A
new method for internucleotide bond formation based on transesterification of aryl nucleoside
H-phosphonate diesters. Tetrahedron Lett. 37, 4561-4564. MEDLINE

7. Kers, A., Stawinski, J., Dembkowski, L. & Kraszewski, A. (1997) Aryl H-phosphonates. 7. Studies
on the formation of phosphorus-carbon bond in the reaction of trityl and benzyl halides with dialkyl
and diphenyl H-phosphonates. Tetrahedron 53, 12691-12698. MEDLINE

8. Sobkowska, A., Sobkowski, M., Cieslak, J., Kraszewski, A., Kers, I. & Stawinski, J. (1997) Aryl
H-phosphonates. 6. Synthetic studies on the preparation of nucleoside N-alkyl-H-phosphonamidates.
J. Org. Chem. 62, 4791-4794. MEDLINE

9. Sobkowski, M., Kraszewski, A. & Stawinski, J. (1998) The reactions of H-phosphonates with
bifunctional reagents. Part V. Functionalization of support-bound oligonucleotides and synthesis of
non-radioactive hybridization probes. Nucleosides & Nucleotides 17, 253-267.

10. Ozola, V., Reese, C.B. & Song, Q. (1996) Use of ammonium aryl H-phosphonates in the preparation
of nucleoside H-phosphonate building blocks. Tetrahedron Lett. 37, 8621-8624. MEDLINE

11. Cieslak, J., Szymczak, M., Wenska, M., Stawinski, J. & Kraszewski, A. (1999) Aryl
H-phosphonates. Part 11. Synthetic and 31P NMR studies on the formation of aryl nucleoside
H-phosphonates. J. Chem. Soc. Perkin Trans. 1, 3327-3331.

12. Garegg, P.J., Regberg, T., Stawinski, J. & Stromberg, R. (1987) Nucleosides H-phosphonates. V.
The mechanism of hydrogenophosphonate diester formation using acyl chlorides as coupling agents
in oligonucleotide synthesis by the hydrogenophosphonate approach. Nucleosides & Nucleotides 6,
655-662.

13. Efimov, V.A., Dubey, I.Y. & Chakhmakhcheva, O.G. (1990) NMR Study and improvement of
H-phosphonate oligonucleotide synthesis. Nucleosides & Nucleotides 9, 473-477.

14. Dubey, I.Y., Efimov, V.A., Lyapina, T.V. & Fedoryak, D.M. (1992) Nucleophilic catalysis in
H-phosphonate internucleotide condensation reaction. Bioorg. Khim. 18, 911-919. MEDLINE

15. Cieslak, J., Jankowska, J., Kers, A., Kers, I., Sobkowska, A., Sobkowski, M., Stawinski, J. &
Kraszewski, A. (1996) Synthetic applications of aryl H-phosphonates in nucleotide chemistry. Coll.
Czech. Chem. Commun. 61, 242-245.

16. Perrin, D.D. (1965) Dissociation constants of organic bases in aqueous solution. Butterworth,
London.

17. Kers, A., Kers, I., Stawinski, J., Sobkowski, M. & Kraszewski, A. (1996) Studies on aryl
H-phosphonates. 3. Mechanistic investigations related to the disproportionation of diphenyl
H-phosphonate under anhydrous basic conditions. Tetrahedron 52, 9931-9944. MEDLINE

18. Cieslak, J., Jankowska, J., Sobkowski, M., Kers, A., Kers, I., Stawinski, J. & Kraszewski, A. (1999)
The reactions of aryl nucleoside H-phosphonates with O-, N-, and S-nucleophiles. Collection
Symposium Series 2, 63-68.

19. Kers, I., Stawinski, J. & Kraszewski, A. (1999) Aryl H-phosphonates. 10. Synthesis of nucleoside
phosphoramidate and nucleoside phosphoramidothioate analogues via H-phosphonamidate
intermediates. Tetrahedron 55, 11579-11588. MEDLINE

20. Stawinski, J., Thelin, M. & Zain, R. (1989) Nucleoside H-phosphonates. X. Studies on nucleoside
hydrogenphosphonothioate diester synthesis. Tetrahedron Lett. 30, 2157-2160. MEDLINE

21. Stawinski, J., Thelin, M., Westman, E. & Zain, R. (1990) Nucleoside H-phosphonates. 12. Synthesis
of nucleoside 3'-(hydrogen-phosphonothioates)monoesters via phosphinate intermediates. J. Org.
Chem. 55, 3503-3606. MEDLINE

22. Zain, R., Stromberg, R. & Stawinski, J. (1995) Nucleoside H-phosphonates. 15. Preparation of
nucleoside H-phosphonothioate monoesters from the corresponding nucloside H-phosphonates. J.
Org. Chem. 60, 8241-8244. MEDLINE

23. Zain, R. & Stawinski, J. (1996) Nucleoside H-phosphonates. Part 16. 31P NMR studies on the
transformation of nucleoside H-phosphonates monoesters into a monofunctional tervalent
intermediate, nucleoside acyl silyl phosphite. J. Chem. Soc. Perkin Trans. 2, 795-799.

24. Jankowska, J., Cieslak, J., Kraszewski, A. & Stawinski, J. (1997) 9-Fluorenemethyl
H-phosphonothioate, a versatile reagent for the preparation of H-phosphonothioate,
phosphorothioate, and phosphorodithioate monoesters. Tetrahedron Lett. 38, 2007-2010. MEDLINE

25. Kers, I., Kers, A., Stawinski, J. & Kraszewski, A. (1999) Aryl H-phosphonates. 8. Simple and
efficient method for the preparation of nucleoside H-phosphonothioate monoesters. Tetrahedron
Lett. 40, 3945-3948. MEDLINE

26. Seeberger, P.H., Jorgensen, P.N., Bankaitis- Davis, D.M., Beaton, G. & Caruthers, M.H. (1996)
5'-Dithiophosphoryl deoxynucleotides: Synthesis and biological studies. J. Am. Chem. Soc. 118,
9562-9566.

27. Stawinski, J. & Thelin, M. (1990) Nucleoside H-phosphonates. XI. A convenient method for the
preparation of nucleoside H-phosphonates. Nucleosides & Nucleotides 9, 129-135.

28. Porritt, G.M. & Reese, C.B. (1990) Use of the 2,4-dinitrobenzyl protecting group in the synthesis of
phosphorodithioate analogues of oligodeoxyribonucleotides. Tetrahedron Lett. 31, 1319-1322.
MEDLINE

29. Seeberger, P.H., Yau, E. & Caruthers, M.H. (1995) 2'-Deoxynucleoside dithiophosphates: Synthesis
and biological studies. J. Am. Chem. Soc. 117, 1472-1478.

30. Stawinski, J., Szabo, T., Thelin, M., Westman, E. & Zain, R. (1990) Studies on the preparation of
nucleoside H-phosphonothioates. Coll. Czech. Chem. Commun. 55, 141-144.

31. Cieslak, J., Jankowska, J., Stawinski, J. & Kraszewski, A. (2000) Aryl H-phosphonates. 12.
Synthetic and 31P NMR studies on the preparation of nucleoside H-phosphonothioate and
nucleoside H-phosphonodithioates monoesters. J. Org. Chem. 65, 7049-7054. MEDLINE

32. Jankowska, J., Sobkowska, A., Cieslak, J., Sobkowski, M., Kraszewski, A., Stawinski, J. & Shugar,
D. (1998) Nucleoside H-phosphonates. 18. Synthesis of unprotected nucleoside 5'-H-phosphonates
and nucleoside 5'-H-phosphonothioates and their conversion into the 5'-phosphorothioate and
5'-phosphorodithioate monoesters. J. Org. Chem. 63, 8150-8156. MEDLINE

33. Golos, B., Dzik, J. M., Rode, W., Jankowska, J., Kraszewski, A., Stawinski, J. & Shugar, D. (1997)
Interaction of thymidylate synthase with the 5'-thiophosphates and 5'-H-phosphonates of
2'-deoxyuridine, thymidine and 5-fluoro-2'-deoxyuridine; in Chemistry and Biology of Pteridines
and Folates 1997. Proc. Eleventh International Symposium on Pteridines and Folates,
Berchtesgaden, Germany, June 15-20, 1997 (Pfleiderer, W., Rokos, H., eds.) pp. 423-426, Blackwell
Wissebschafts-Verlag, Berlin-Viena, Oxford, Edinburgh, Boston, London, Melbourne, Paris, Tokyo.

34. Shugar, D. (1999) Viral and host-cell protein kinases: Enticing antiviral targets, and relevance of
nucleoside, and viral thymidine, kinases. Pharmacol. Ther. 82, 315-335. MEDLINE

35. Lasker, M., Bul, C.D., Besant, P.G., Sugawara, K., Thai, P., Medzihradszky, G. & Turk, C.W.
(1999) Protein histidine phosphorylation: Increased stability of thiophosphohistidine. Protein Sci. 8,
2177-2185. MEDLINE

36. Khorana, H.G., Tener, G.M., Wright, R.S. & Moffatt, J.G. (1957) Cyclic phosphates. III. Some
general observations on the formation properties of five-, six- and seven-membered cyclic phosphate
esters. J. Am. Chem. Soc. 79, 430-436.

37. Cowan, J.A. (1998) Metal activation of enzymes in nucleic acid biochemistry. Chem. Rev. 98,
1067-1087. MEDLINE

38. Bratty, J., Chartrand, P., Ferbeyre, G. & Cedergren, R. (1993) The hammerhead RNA domain, a
model ribozyme. Biochim. Biophys. Acta 1216, 345-359. MEDLINE

39. Saenger, W. & Eckstein, F. (1970) Stereochemistry of a substrate for pancreatic ribonuclease.
Crystal and molecular structure of the triethylammonium salt of uridine 2',3'-
O,O-cyclophosphorothioate. J. Am. Chem. Soc. 92, 4712-4718.

40. Gerlt, J.A. & Wan, W.H.Y. (1979) Stereochemistry of the hydrolysis of the endo isomer of uridine
2',3'-cyclic phosphorothioate catalyzed by the nonspecific phosphohydrolase from Enterobacter
aerogenes. Biochemistry 18, 4630-4638. MEDLINE

41. Holy, A. & Kois, P. (1980) Synthesis of 2'(3')-phosphorothioates of 5'-O-carboxymethylinosine and
related compounds. Coll. Czech. Chem. Commun. 45, 2817-2829.

42. Ludwig, J. & Eckstein, F. (1989) Rapid and efficient synthesis of nucleoside
5'-O-(1-thiotriphosphates), 5'-triphosphates and 2',3'-cyclophosphosphorothioates using 2-chloro-4H-
1,3,2-benzodioxaphosphiryn-4-on. J. Org. Chem. 54, 631-635. MEDLINE

43. Jankowska, J., Wenska, M., Popenda, M., Stawinski, J. & Kraszewski, A. (2000) A new, efficient
entry to nucleoside 2',3'-O,O-cyclophosphorothioates. Tetrahedron Lett. 41, 2227-2229. MEDLINE

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Science[jour]+AND+235[volume]+AND+1173[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+35[volume]+AND+3355[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+37[volume]+AND+4561[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron[jour]+AND+53[volume]+AND+12691[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+62[volume]+AND+4791[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+37[volume]+AND+8621[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Bioorg+Khim[jour]+AND+18[volume]+AND+911[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron[jour]+AND+52[volume]+AND+9931[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron[jour]+AND+55[volume]+AND+11579[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+30[volume]+AND+2157[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+55[volume]+AND+3503[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+60[volume]+AND+8241[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+38[volume]+AND+2007[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+40[volume]+AND+3945[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+31[volume]+AND+1319[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+65[volume]+AND+7049[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+63[volume]+AND+8150[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Pharmacol+Ther[jour]+AND+82[volume]+AND+315[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Protein+Sci[jour]+AND+8[volume]+AND+2177[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Chem+Rev[jour]+AND+98[volume]+AND+1067[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Biochim+Biophys+Acta[jour]+AND+1216[volume]+AND+345[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Biochemistry[jour]+AND+18[volume]+AND+4630[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+54[volume]+AND+631[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&db=PubMed&cmd=Search&term=Tetrahedron+Lett[jour]+AND+41[volume]+AND+2227[page]

	Abstract
	SYNTHESIS AND REACTIVITY OF ARYL H-PHOSPHONATES
	SELESTED SYNTHESIS METHODS FO NUCLEOTIDE
	Sch. 1
	Sch. 2
	Sch. 3
	Sch. 4
	Sch. 5
	Sch. 6
	Sch. 7
	Tab. 1
	Tab. 2
	Ref. 1-11
	Ref. 12-22
	Ref. 23-32
	Ref. 33-43

