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Intracellular phosphorylation of a multiple
of cel lular constituentsisakey processinthe
life cycle of a cell, catalysed by variety of en-
zymes such as nucleoside and nucleotide kin-
ases, protein kinases, etc. Protein phospho-
rylation, in particular, is now widely recog-
nized as the mostim por tant path way for reg
lation of pro tein functions in eukaryotic cells,
involved in switching cellular activities from
one stage to an other and in thisway, reg u lat
inggeneexpression,cellularproliferationand
celldifferentiation. Itisthemajormechanism
whereby cells re spond to extracellular sig nals,
such as hormones and growth fac tors, in this
manner controlling all events in various
stages of the cell cy cle, as well as the re sponse
of a cell to environmental and nutritional
stresses.

Intracellular phosphorylation is also regu
lated via dephosphorylation by numerous
phosphatases, some of them highly specific.
These exquisitely coordinated activities are a
striking illustration of the dominant and ver-
satile role of the phosphate esters and anhy-
dridesinlivingsystems, elegantly underlined
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 evolution for biochemical transforma-
tions?”

The presentre portdescribes the fundamen
talchemical proper ties ofarylH-phosphonate
diesters, and selected applications of this
class of com pounds to the synthesisofnucleo
tide analogues in which the phosphate moi-
etiesare re placed by other struc tur ally re lated
groups which may be employed to elucidate
the mechanisms of action of natural nucleo-
tides, or oligonucleotides, in biochemicalsys
tems.

The H-phosphonate methodology, due to its
efficiency, reliability and experimental sim-
plicity, has emerged in the last decade as a
ver satileand power fulap proachtothesynthe
sis of biologically active phosphate analogues
[2, 3]. As part of our studies in this field, we

have re cently de vel oped arylH-phosphonates
as a new type of ac tive H-phosphonate de riva
tives [4—9]. Their advantages as synthetic in-
termediates stem from the fact that these
compounds possess, in principle, only one
electrophiliccenter lo cated on the phosphorus
atom, and in contradistinction to other reac-
tive H-phosphonate species (e.g. mixed
H-phosphono-acyl anhydrides), their reactiv
ity can be modulated by changing electronic
or/andstericproper tiesof sub stituentsonthe
aromatic ring of an aryl moiety. These fea-
turessig nificantly broaden syn theticap plica
tions of H-phosphonate methodology by en-
abling the syntheses of otherwise difficultly
accessiblecompounds, e.g. nucleosideH-phos-
phonamidates [8].

SYNTHESIS AND REACTIVITY OF
ARYL H-PHOSPHONATES

Syn the sis of aryl nucleoside
H-phosphonates

To secure efficiency and reproducibility of
methods making use of aryl H-phosphonates
as synthetic intermediates, the chemistry of
this class of compounds has been investi
gated, particularlyinthecontextofreactivity
of the P—H bond, which may af fect the for ma
tion and stability of these compounds under
various experimentalconditions.

Nucleoside aryl H-phosphonate can be pre-
pared ei ther by phosphonylation of a suit able
protected nucleoside with an appropriate
phosphonylating re agent bear ing an aryl moi-
ety [10], or by reacting a nucleoside
H-phosphonate with anap pro priate phe nolin
the presence of a condensing agent [8, 11].
The latter approach (Scheme 1) alleviates
problemscon nectedwith preparationofsepa
rate phosphonylating reagents for each kind
of aryl H-phosphonate de rivative and, in light
of the easily accessible H-phosphonate
monoesters, appears to be also the most con-
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venient and versatile route to these com-
pounds.

We have found that the most im por tant fac
tors influencing formation of nucleoside aryl
H-phosphonates from nucleoside H-phos-
phonates 1 and the corresponding phenols 2
are: (i) acid ity (pKy) of the phe nols, (ii) the na
ture of the cou pling agent used for con den sa
tion, and (iii) the basicity of the reaction me-
dium. In pyridine, inthe pres ence of dif fer ent
condensing agents, these affect the extent of
various side-reactions (e.g. subsequent reac-

0
DMTO— o PhO—P—OPh
Cl
0 + ArOH 4
OZE_O' 2 CH,Cl/pyridine

DMT = 4,4'-dimethoxytrityl

B = protected nucleobase

a, Ar = 2 4 6-trimethylphenyl
b, Ar = 4-methylphenyl

tions of the produced H-phosphonate 3 with
condensing agents, disproportionation of 3)
andultimatelydetermineefficiencyofgenera
tion of aryl H-phosphonates 3 [11]. However,
these prob lemscanbe al le viated whensynthe
sis of aryl H-phosphonates 3 is car ried outin
methylene chloride containing a limited
amount of pyridine (3—12 mo lar equiv.) in the
presence of diphenyl phosphorochloridate 4
(1.1 equiv.) as a condensing agent. Under
these conditions, coupling of nucleoside
H-phosphonate 1 with all investigated phe-
nols 2a—g is clean, relatively fast (about 20
min) [11] and the produced aryl H-phospho-
nates 3a—g do not undergo any detectable
changes within sev eral hours (31P NMR spec-
tros copy). Thus, this pro ce dure can be con sid
eredasageneral proto col for the for mation of
aryl H-phosphonates 3a—g from the corre-
sponding H-phosphonate monoesters 1.

c, Ar=
d Ar=
e, Ar = 2 4 -dichlorophenyl
f Ar=
g, Ar=

Base and nucleophile catalysisin
transesterification of aryl nucleoside
H-phosphonates

A possible involvement of base or/and
nucleophile catalysis in condensation of
nucleoside H-phosphonate monoesters has
been postulated on many occasions [3, 12],
but with no a clear-cut ev i dence. Efimovet al.
[13, 14] found that nucleoside pivaloyl-phos-
phonate mixed anhydrides reacted with nu-
cleosides about 10 times faster in the pres-

phenyl
4-chlorophenyl

4-nitrophenyl
2,4 6-trichlorophenyl

Scheme 1
ence of pyridine compared to 4-N,N-dime-
thylaniline, al though both bases have similar
pK, values (5.2 and 5.1, respectively). While
these difference are most likely due to
nucleophilic catalysis involving pyridine, in-
ter pretation ofthe re sultswascom pli cated by
the fact of a rapid conversion of the mixed
carboxylic-phosphonic anhydrides to terva-
lent bispivaloyl phosphites. In this respect,
nucleoside aryl H-phosphonates appear to be
a more convenient model system for investi-
gation of nucleophilic ca tal y sis, as these com
pounds (especially those bearing weakly
acidic aryl moieties) have less pronounced
tendency than mixed anhydrides for conver-
sion into tervalent derivatives.

Thus, for our stud ies on nucleophilic catal y
sis in H-phosphonate derivatives we selected
4-chlorophenyl nucleoside H-phosphonate 3d
(Scheme 1), which is stable in neat pyridine
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for at least sev eral hours [11] and at the same
time has suitable reactivity towards alcohols
[15], enabling monitoring progress of the re-
ac tions by 3p NMR spec tros copy. The set of
basic catalysts chosen consisted of amines of
different basicity (pKy 5.2—10.5) [16] (Ta-
ble 1) in which pyridine (9a), N-methylimi
dazole @c), and 4-N,N-dimethylaminopyrt
dine (9e) were potential nucleophilic cata-
lysts, while hexamethylenetetramine (9b),
N-ethylmorpholine ©d) and triethylamine
(9f) were intended to act primarily as bases.
Experiments were carried out in methylene
chloride in which substrate 3d (1 molar
equiv., 0.1 mmol/mL) was allowed to react
withethanol (1.5molarequiv.)inthe presence
of an ex cess of a cat a lyst (amine 9, 10 molar
equiv.). In all instances the product of
transesterification, ethyl nucleoside H-phos-

be tween the p K val ues of amines and the rate
of transesterification of 3d was not linear,
pointing to a significant contribution of
nucleophiliccatalysis. Indeed, thecatalyticef
fect of N-methylimidazole ©c) was much
higher than that of the stronger base
N-ethylmorpholine ©d) and the less basic
hexamethylenetetramine (9b). Thus, it seems
likely that, with N-methylimidazole and other
heteroaromatic amines used in these studies
(pyridine 9a and 4-N,N-dimethylamino-
pyridine 9e), catalysisoccursnotonlyvia gen-
eration of an alkoxy anion from an alcohol
[base catalysis; ROH + B < RO~ + BH'], but
also viaformationofreactiveinter mediatesof
type 10, 11 and 12 (nucleophile catalysis)
(Scheme 2).

On the basisofthesespreliminarydata, we
can tentatively conclude that, in transestert

R-Q_ o R=Q o R-O 0
P// /P\ /P\ +
e \N+ H "N+ N7
) N vN—CHg /
_ N\ Z\\-CHs
10 1 12 )
Hi;C

R = nucleoside moiety

phonate 6a, was the only one ob served by31P

NMR spectroscopy.

Results of these experiments are summa-
rised in Table 1. Pyridine, the least basic of
the amines investigated, was the least effec-
tiveasacatalyst (com ple tion within 120 min)
while strong bases, e.g. triethylamine ( 9f) and
4-N,N-dimethylaminopyridine ©e) catalysed
the transesterification most efficiently (com-
pletion in < 3 min). However, the correlation

Scheme 2

fication of nucleoside aryl H-phosphonates, ef-
ficiency of nucleophilic catal y sisex ceeds that
of base catalysis. Since strongly basic condi
tions are det ri men tal to arylH-phosphonates,
nucleophilic catalysis opens a route for
transesterification of aryl H-phosphonates 3
under mild, basic conditions, without loss of
efficiency.

In the next se ries of ex per i mentswe in ves tk
gated internucleotide bond formation in the

Table 1. For mation of ethyl nucleoside H-phosphonate 6a in transesterification of aryl H-phosphonate

3d withethanol (5a) catalysed by var i ous bases 9

Base 9a 9b 9c 9d 9e of
pKy 5.19 6.30 6.95 7.67 9.70 10.78
Time* (min) 120 50 25 <3 <3

*Time for com plete dis ap pear ance of 3d
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pres ence of amines 9a—f, un der the same con
ditions as above, except that ethanol was re-
placed by N4,3’-O-dibenzoylcytidine 7 as a
hydroxylic component (Scheme 3).

For all catalysts used, transesterification of
4-chlorophenyl H-phosphonate 3d with

DMTO
DMTO— o_ B FtOH

b / Base 9

Q
O=P—0Ar bz

H HO— o P/

3 N\ OBz 7 DMTO
Base 9
B = thymin-1-yl

9¢ = N-methylimidazole
9d = N-ethylmorpholine

3d, Ar = 4-chlorophenyl
3f, Ar = 4-nitrophenyl
9a = pyridine

9b = hexamethyltetramine 9f = triethylamine

nucleoside 7 was slower than with eth a nol by
factor of 10 or more (Table 2). The second,
even more important, dif fer ence was that for
the mostbasiccatalysts 9e and 9f, formation
of sig nifi cantamount of side prod ucts (9% and
40% respectively, 31p NMR) was observed.
These were identified as nucleoside H-phos-
phonate 1 and bis-aryl nucleoside phosphite
(0p 127.54 ppm, d, “Jpy = 9.3Hz) [11] and
were formed due to competing dispropor -
tionation [11, 17] of aryl H-phosphonate 3d.
Comparing these two catalysts, 4-N,N-di-
methylaminopyridine (9¢e) and triethylamine
(9f) (Table 2), one can no tice higher yield (91%
vs 60%, respectively) and a shorter time (10
min vs 50 min, re spec tively) for the for mation
of dinucleoside H-phosphonate 8 in the reac-
tion catalysed by nucleophilic base 9e.

For weaker bases, 9a—9d, no dispropor-
tionation prod ucts re sulting from3d were ob
served, but transesterification proceeded
much slower (700 min for 9a and 9b, 660 min
for 9d), except for N-methylimidazole 9c (60

min). The latter base, being a powerful
nucleophilic catalyst, drove the reaction to
completion in a time comparable to that ob-
served for most basic amines, triethylamine
9f and 4-N,N-dimethylaminopyridine 9e (Ta-
ble 2).

9e = 4-N,N-dimethylaminopyridine

Scheme 3

As a final part of these investigations, we
studied the transesterification of 4-nitro-
phenyl H-phosphonate 3f, which is at least 30
times [18] more reactive than 4-chlorophenyl
H-phosphonate 3d. Results of these experi-
ments (Table 2) showed thaten hanced re ac tiv
ity of aryl H-phosphonate 3f in the trans-
esterificationreactionwascounterproductive
with strongly basic catalysts 9d—9f [forma-
tion of disproportionation products: nucleo-
side H-phosphonate 1 and bis-4-nitrophenyl
nucleoside phosphite (0p 125.78 ppm, d, 3JHP
= 9.3 Hz)], but improved the efficiency of the
less basic catalysts 9a—9c.

Although all investigated transesteri-
fications of 4-nitrophenyl H-phosphonate 3f
oc curred rap idly (< 3 min), only amines with
pKy < 7 (pyridine 9a, hexamethylenetetra-
mine 9b and N-methylimidazole 9c) did not
promotecompetingdisproportionationof 3f.

Summing up, efficacy of transesterification
of aryl nucleoside H-phosphonate diesters de-
pends on (i) basic ity and nucleophilicity of the



434 J. Cieclak and others

2001

Table 2. Internucleotide bond for ma tion in the pres ence of bases 9a—f

Substrate 3d Substrate 3f
Base 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
ad 660 100 0 <3 92 8
9e 10 91 9 <3 62 38
of 50 60 S <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

catalystused, and (i) acid ity of the P—H bond
in aryl H-phosphonates of type 3. High basic-
ity of a catalyst and increased acidity of the
P—H bond stimulate disproportionation of
aryl H-phosphonate diesters 3. Thus, to per-
form transesterification of aryl H-phos-
phonates with maximum efficiency, it is im-
por tanttosynchronisethebasicity ofthecata
lyst with the acid ity of the arylH-phosphonate
used.

SELECTED SYNTHETIC METHODS
FOR NUCLEOTIDE ANALOGUES
BASED ON ARYL H-PHOSPHONATE
INTERMEDIATES

Transesterification of aryl nucleoside
H-phosphonates. For mationofan
internucleotide bond

Transesterification of aryl nucleoside
H-phosphonates 3 was stud ied as a func tion of
the al co hol used and the pKj value of the aryl
moi ety. All reac tionswere car ried outin meth
y lene chlo ride/pyridine 9 : 1 (v/v) us ing aryl
nucleoside H-phosphonates 3 (1 mo lar equiv.)
and anexcess (3mo lar equiv.) of primary [e.g.
ethanol (5a)], secondary [e.g. isopropanol
(5b)], or ter tiary [e.g. t-butanol (5c)]alcohols
(Scheme 4).

Progressofthereactionwasmonitoredwith
3p NMR spectroscopy. In all instances, the
corresponding nucleoside alkyl H-phospho-

nates 6 were formed as the sole nucleotidic
products. For 4-nitrophenyl H-phosphonate
3f, thereactionwithethanol (5a) went to com
pletion in less than 3 min, with isopropanol
(5b) in about 5 min, and with tert-butanol (5c)
in about 8 min (31P NMR spectroscopy).
These differences apparently reflected
changes in steric hindrance of the alkyl sub-
stituents and indicated also that trans-
esterification of aryl H-phosphonates 3 pro-
ceeds most likely via an Sy2(P) mechanism
[18].

We also assessed the reactivity of aryl
H-phosphonate diesters as a function of the
aryl moiety present, by reacting 3a—g with
N4,3'-O-dibenzoyldeoxycytidine 7 (Scheme 4).
Themostreactiveamongtheinvestigatedaryl
H-phosphonate derivatives were those bear-
ing p-nitrophenyl (3f) and 2,4,6-trichloro-
phenyl (3g) groups, which pro duced dinucleo
side H-phosphonate 8 in less than 3 min. The
relativeorderofreactivityof3a:3b:3c:3d:
3e:3f:3gwasfoundtobel:4:10:40:350:
1100: 1100, and pro vides es ti mates of the ex
tentofpossiblemodulationofthereactivity of
compounds of type 3. The data also indicate
that reactivities of 4-nitrophenyl- and
2,4,6-trichlorophenyl derivatives 3f and 3g,
re spec tively, are close to those of mixed carbo
xylic-phosphonic anhydrides [12], so that
transesterification of an aryl H-phosphonate
can be considered as a viable alternative for
formation of an internucleoside H-phospho-
nate bond [6].
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ROH

/ CHQClzlpyrldlne
|l| N\ OBz
3

CHQCIzlpyrldme

DMT = 4,4'-dimethoxytrityl

B =bthym T-1 -yl gg ﬁ: : g;lrgre“trylphenyl
Cyt™ = N'-benzoylcytosin-1-yl - 34 ‘A 4-chlorophenyl
Bz = benzoyl 3e, Ar = 2,4 -dichloropheny!

3f, Ar = 4-nitrophenyl

39, Ar = 2,4 6-trichlorophenyl

Nucleoside H-phosphonamidates

Searching for asim ple and ver sa tile method
for the synthesis of nucleoside alkyl-H-phos-
phonamidates, we in ves ti gated the di rect cou
pling of nucleoside H-phosphonates with ap-
propriate amines in the presence of pivaloyl
chlo ride or var i ous chlorophosphates [8]. Unt
fortunately,suchcondensationsinvariablyre
sulted in complex mixtures of products, in
which the desired nucleoside H-phospho-
noamidates were often minor components.
Preactivation of nucleoside H-phosphonates
with pivaloyl chloride or chlorophosphates,
followed by ad dition ofamines, notably dimin
ished these side reactions, but did not elimi-
nate them.

In more de tailed stud ies, we have found that
the most important factors affecting the for-
mation of nucleoside H-phosphonamidates of
type 12 in reactions promoted by a condens-
ing agents were (i) reactivity of amines to-
wards cou pling re agents, (ii) chemoselectivity
of amines towards the re ac tive spe ciesgen er
ated during the activation process, and (iii)
steric hindrance in the amines.

Problems connected with formation of
H-phosphonamidates from H-phosphonate

3a, Ar = 2,4, 6-trimethylphenyl

DMTO— o B

Q
=P-OR
H

6

0]

DMTOT

0= yt

I—'U—O

Ow
8 OBz

5a, 6a, R= —CH,CHj3

CHs
5b, 6b, R = —CH
CH3
GHa
5¢c, 6¢, R= —CID—CHa
CHs Scheme 4

monoesters and amines 10a—e in the pres-
ence of condensingagentswere cir cumvented
by using aryl H-phosphonates of type 3. The
easeofpreparation,andhighsusceptibilityto
nucleophilic substitution at the phosphorus
centre, made aryl H-phosphonates excellent
sub strates for syn the sis of nucleoside H-phos-
phonamidates 12a—e carrying primary and
unhinderedsecondaryaminemoieties,includ
ing dinucleoside H-phosphonamidate 13 [19]
(Scheme 5). Due to mildness of the reaction
conditions, the synthetic protocol developed
can be con sid ered as a gen eral method for the
preparation of natural product analogues
with the P—N bond in a bridging position of
the phosphoramidate linkage.

Nucleoside H-phosphonothio- and
H-phosphonodithioates

We have for some time introduced and in-
vestigated various aspects of H-phosphono-
thioates [20—24] as a new class of syn thetic in
ter me diates that can sup ple mentand ex pand
applications based on H-phosphonate deriva-
tives. Nucleoside H-phosphonothioate mono-
esters can be prepared either from suitably
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H-N DMTO— _ B
R R
B 10
DMTO— o g
/ 0=P-N__,
0} H R
—p— 12
O—Fl’ OAr NH, o.B
H e
3 OTBDMS DMTO o B
1 k j
0]
T H
=P— B
0] Fl’ N 0
H
43 OTBDMS
DMT = 4,4'-dimethoxytrityl a, R" = H, R? = -CH,CH5CH5CHj
B = thymin-1-yl cH
TBDMS = tert-butyldimethylsilyl 1 2. _nc 3
Ar = 2 4 B-trichlorophenyl b,R'=HR"= —HC_
CH3
CHs
¢ R'=H R?= —CI)—CH3
CHs3
d, R" = -CHg, R? = -CH,CH,CH,CHj
e, R" = R? = -CH,CH,CH,CH,
Scheme 5

protected nucleosides using various thio-
phosphonylation protocols [21, 24—26] or by
non-oxidative thiation of nucleoside H-phos-
phonates [22]. This latter approach seems to
be par ticu 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
synthetically useful intermediate, e.g.
H-phosphonodithioate monoesters [28, 29],
can also be pre pared from the same sub strate
[30].

The only protocol hitherto available for
transformationof H-phosphonate monoesters
into the corresponding H-phosphonothioate
derivatives[22] wasbasedonaP(lll)inter me
diate (a nucleoside pivaloyl silyl phosphite
[23]) the reactivity of which was difficult to
modulate. Tocircumventthis,weinvestigated
aryl nucleoside H-phosphonates (reactivityof
which can be modulated by the electronic
prop er ties of the aryl group) as new syn thetic
intermediates for the preparation of
nucleoside H-phosphonothioate monoesters

of type 14 [25] and nucleoside H-phospho-
nodithioates of type 16 (Scheme 6).

Thus, by reacting nucleoside aryl H-phos-
phonates 3 with hexamethyldisilathiane
(HMDST) various nucleoside H-phosphono-
thioate monoesters 14 were ob tained in high
yields (over 90%) [31]. For the prep ara tion of
nucleoside H-phosphonodithioates 16, two al-
ternative procedures were developed. These
consisted of the reaction of H-phosphonate
monoesters 1 with diphenylchlorophosphate
in the presence of hydrogen sulfide (not
shown) or in volved thiation of the nucleoside
diaryl phosphites 15 produced in situ with
HMDST (Scheme 6). Both transformations
[31] were fast, efficient, could be carried out
as one-pot reactions, and thus can be recom-
mended as versatile and convenient methods
for the preparation of nucleoside H-phospho-
nothioate 14 and nucleoside H-phosphono-
dithioate 16 monoesters from readily ac ces sk
ble nucleoside H-phosphonates.
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DMTO 0 B DMTO o

Q
0=P—OAr 2.H0
H
3
DMTO— o B
(|) 1. HMDST
/P\ 2. HQO S=
ArO  OAr

15

B= NB-benzoyladenin-9-yI, N4-benzoylcytosin-1 -yl
N2-isobutyrylgunanin-9-yl, thymin-1-yl

HMDST = hexamethyldisilathian

Ar = 2,4 6-trichlorophenyl

DMT = 4,4'-dimethoxytrityl

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 substrate
(dUMP), its product (dTMP) and classical in-
hibitor (5-fluoro-dUMP) with the aid of the
corresponding 5'-thiophosphates, 5'-dithio-
phosphates and 5'-H-phosphonates [32].
Amongst others, the results provided inde-
pend entev i dence that the en zyme ac tive cen
ter exhibits a marked preference for the
dianionic phos phate moi ety for op ti mal bind
ing of the nucleotide. In particular the
5'-thiophosphate analogue of 5-fluoro-dUMP
was found to be a more effective inhibitor
than the parent 5-fluoro-dUMP, undoubtedly
asso ciated with the more acidic p K, of the for-
mer [33].

It was long ago reported that ATP«S is a
good competitive inhibitor of the
ATP-dependent phosphorylation of proteins.
It sub se quently turned out that this is due to
ATP+S being itself a donor for protein kin-
ases, leading to formation of thiophos-
phorylated protein residues. These are rela-
tively resistant to phosphatases, thus en-

Scheme 6

abling isolation and identification of
phosphorylation sites even in crude extracts
containing phosphatases [34]. More recently
it has been shown that the lability of
phosphohistidine residuesinapro tein can be
over come by the use of ATPyS asado nor, re
sulting in markedly increased stability of
thiophosphohistidine residues [35]. Some-
whatsur prisingly, ATP+S is a poor donor, if
at all, for nucleoside kinases, but is a moder-
ate to good inhibitor, showing that it does
bind to the en zymes [34]. It would be of in ter-
est to determine whether ATP+S is a donor
for nucleotidekinases.

Nucleoside 2',3'-0,0-cyclic phosphates,
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]. Although the biological significance of
2',3'-cy clicphos phates per se is far from clear,
the importance of ribonuclease- [37] and
ribozyme-catalysed [38] re ac tions that in volve
cyclicphosphatesasinter mediates, makethis
class of phos pho rus com pounds an in dis pens



438 J. Cieclak and others

2001

able research tool in mechanistic bioorganic
phosphorus chemistry and in molecular biol-
ogy.

Particularly interesting are the nucleoside
2',3'-0,0-phosphorothioates, which have re-
ceived attention in conjunction with studies
on stereochemical aspects of ribonuclease-
catalysed reactions [39]. These compounds,
however, are usually difficult to prepare and
their synthesis involves reactions of
5"-O,N-protected  ribonucleosides  with

DMTO o. B X
+ PhO—P—OPh

nates [43] @9a) or 2,3'-O,0-cyclic H-phos-
phonothioates (unpublished results) (19b)
(Scheme 7). These com pounds were not sta ble
enough to per mittheir isolation butap peared
tobeexcellentinter mediatesinthesynthesis
of nucleoside 2',3"-cy clic phos phates and their
analogues. For example, oxidation of 19a
with 1,/H,0 produced nucleoside 2',3'-cyclic
phosphates of type 20 (isolated in yields ex-
ceed ing 90%), while its sul fu risationwithel e
mental sulfur afforded nearly quantitatively

OH OH H
17 18
DMTO— o B
0.,.0
X*"SH
19
I,/H,0 Sg Se
DMTO— o B DMTO— o B DMTO— o B
0.,.0 0.,.0 0.,.0
P P -P<
=" s% > Se/P X

DMT = 4,4'-dimethoxytrityl
18a, 19a, 21a,22a X=0
18b, 19b, 21b, 22b X =S
B = adenin-9-yl, cytosin-1-yl, guanin-9-yl, thymin-1-yl

thiophosphoryl chloride [40] or cyclisation of
nucleoside 2(3')-phosphorothioate deriva-
tives [41]. Yields of these reactions (in most
instances determined only by UV-spectro-
scopy) are invariable low (6—10%) [40, 41]
and, with the most ef fi cient re cent method in
volving P(I11) derivatives [42], do not exceed
40%.

During our studies on phosphonylation of
2',3"-unprotectedribonucleosides 17 we have
found that diphenyl H-phosphonate (18a) or
diphenyl H-phosphonothioate (18b) readily
and quantitatively produced the correspond-
ing nucleoside 2,3'-0,0-cyclic H-phospho-

Scheme 7

the respective nucleoside 2',3'-0,0-cyclo-
phosphorothioates 21a as a mixture of two
diastereomers [43].

Anal ogously, treat ment of cy clic H-phospho-
nothioates 19b with Sg produced the corre-
sponding nucleoside 2',3"-0,0-cyclic H-phos-
phorodithioates 21b in high yields (50—60%
afterchromatography).CyclicH-phosphonate
19a and H-phosphonothioate 19balso un der-
went readily oxidation with elemental sele-
nium to produce the corresponding
nucleoside 2',3'-0,0-phosphoroselenoates
22a and phosphoroselenothioates 22b, re-
spectively. Thus, the above method, employ-
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ing cyclic H-phosphonates and cyclic H-phos-
phonothioates rep re sentsanew, ef fi cientand
general entry to nucleoside 2,3"-0,0-cyclic
phosphates, phosphorothioates, phospho-
rodithioates, phosphorose le noates, andcyclic
phosphoroselenothioates. Further chemical
and biochemical studies on these new
2',3"-0,0-cyclic phosphate analogues are in
progress in our laboratories.

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-phosphonothio- or nucleoside H-phospho-
nodithioates, nucleoside 2',3"-0,0-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.
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