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1. Introduction

Phosphate esters are of great importance because of the ubiq-
uity of phosphate-containing molecules in biological processes
including signalling pathways, information storage and energy
transfer. As a result, they have been a topic of interest for many
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years, with applications mainly directed towards bioorganic and
medicinal chemistries."> The chemistry of fluorinated organo-
phosphates is a relatively new area of research, which has been
developed mostly in the last 20 years. In general, incorporating
fluorine as either a bioisosteric replacement for hydrogen (small
size) or an isoelectronic replacement for the hydroxyl group (sim-
ilar polarity) has considerable impact on the behaviour of a phos-
phate in a biological environment. The high electronegativity of
fluorine, small size and ability to form hydrogen bonding (as an
acceptor) can have dramatic mechanistic consequences, which can
lead to mechanistic deviations and enzyme inhibition.3-® In fact,
many of the fluorinated species are good enzyme inhibitors and
have been developed into clinically useful chemotherapeutic
agents. Consequently, they have become important in the treat-
ment of cancers (eniluracil, fludarabine), HIV infection (alamifovir)
and life-threatening fungal infections (fosfluconazole).”® Using
fluorinated phosphate esters has also enabled researchers to obtain
crucial information regarding the catalytic mechanism of enzy-
matic reactions.’®1> Lastly, fluorine substitution has been suc-
cessfully employed in phosphate chemistry to increase
bioabsorption and metabolic stability of biologically important
compounds. In particular, the CF3 group has a pronounced lipo-
philicity, as reflected by its Hansch-Leo substituent parameter 7 of
0.88 (-CH3: m=0.56).1415

Although the field of classical phosphate esters is covered by
a considerable number of monographs, the chemistry of fluorinated
organophosphates has never been reviewed systematically. This
report covers the synthesis and biomedical applications of fluori-
nated organophosphate esters from 1992 to the middle of 2007. The
first part of the review surveys the general synthetic methods used
for the preparation of fluorinated organophosphates. The second
part consists of a presentation of the different types of fluorinated
phosphates having significant biological importance. Here, primary
emphasis will be on the synthesis with a brief description of the
biological rationale for the design and the biological outcome.
Discussion of the basic aspects of phosphate chemistry is reduced
to minimum. In addition, no particular attention will be paid to the
general features of fluorine substitution that have been discussed
extensively in the literature.!>17

2. Methods for design and synthesis

Three major structural types of simple fluorinated organo-
phosphates (Chart 1) have found application in the block-building
syntheses of bioactive species: dialkyl phosphorofluoridates con-
taining a direct P-F bond (A), fluoroalkyl phosphorochloridates and
fluoroalkyl phosphoramidates (B) and symmetrical and un-
symmetrical fluorine-containing trialkyl phosphates (C).

Readers are referred to the early literature>'8-2? concerning the
synthesis of simple fluorine-containing organophosphate esters.

RO\P,/O RO, O RFO\P,/O
RO °F ReO™ “x XX
N X=CLRN
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ReO_ 0 RFO\P,/O RFO\P/’O
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Chart 1. Structural types of simple fluorinated organophosphates.

Recent modifications of the classical methods as well as the de-
velopment of new methodologies are outlined below.

2.1. Dialkyl phosphorofluoridates

These compounds inhibit acetylcholinesterase (AChE), an en-
zyme, which controls nerve impulse transmission.* A variety of
reactions are available for their synthesis, but three groups of
methods are most frequently used. The first approach includes the
halogen metathesis reactions of the corresponding chloridates
(RO),P(0)CI using metal fluorides (e.g., NaF or KF); the second in-
cludes the reactions of phosphorus(V) species (mainly H-phos-
phonates) with an activated fluorine source (SO,CIF, SOF,, PhCOF,
etc.) and the third approach is based on the alcoholysis of phos-
phoryl dichlorofluoride, ClI;P(O)F.

Chlorine-exchange fluorination reactions appear to be well
adapted for the synthesis of phosphorofluoridates because they
trade the weaker P-Cl for the stronger P-F bond. The original
process developed during 1940s by Saunders in UK and by Schrader
in Germany involves heating the corresponding phosphoro-
chloridates with an alkali metal fluoride in an aprotic polar solvent
such as benzene or acetonitrile.* Recently, Farooq has reported the
nucleophilic fluorination of organochlorophosphorus(V) com-
pounds with sodium hexafluorosilicate and other alkali metal salts
of perfluorinated complex anions (NaBFs, NaPFs).>"%? All the re-
actions occurred in a short time, but the yields of the phosphoro-
fluoridates were highly variable (12-77%). In related work,
treatment of thio- or selenophosphorus acids (RO),P(S/Se)SH with
aqueous silver fluoride in chloroform resulted in the formation of
compounds (RO);P(O)F. The fluorination is accompanied by an ef-
ficient oxidation and so the P(S/Se)—FP(O) conversion can be
achieved in a one-pot reaction. Analogous results were obtained
with other phosphorothio(seleno)ates such as esters, amidates or
halides.?? Effective conversion of phosphorus(V) chlorides into the
corresponding phosphorofluoridates was also achieved utilising
a solid-supported source of fluoride ion. Thus, in THF at room
temperature, the equimolar reaction of phosphorus(V) chlorides
with the ion exchange resin Amberlyst® A-26 with a fluoride
counterion afforded the corresponding phosphorus(V) fluorides in
very good yields (Table 1). This methodology represents a simpli-
fied procedure over those methods previously reported, avoiding
the need to use commercially unavailable starting materials.?

Dialkyl phosphorofluoridates with fluoroester groups 1-4 are
accessible from either the reaction of alcohols with phosphoryl
dichlorofluoride Cl;P(O)F or the direct interaction of fluorinated
alcohols with phosphorus pentoxide.* Attempts to prepare bis-
(trifluoroethyl) phosphorofluoridate 6 by heating phosphoro-
chloridate 5 with NaF or KF in dichloromethane did not result in
fluorination, but the chloridate 5 has been transformed into the
fluoridate 6 using KF and a catalytic amount of trifluoroacetic acid.
Reaction of 5 with a triethylamine hydrofluoride complex in
dichloromethane has afforded a mixture of the fluorinated prod-
ucts 6-8 (Scheme 1).°

Table 1

Synthesis of dialkyl phosphonofluoridates using a solid-supported reagent®*

RO, X  Amberlyst A-26 [F] RO\P,,X
RO CI THF, rt RO F
R X Isolated yield (%)
Me 0 82
Et 0 81
Et S 91
Pr 0 76
Ph 0 70
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FCH,CH,0,_,0
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CHsCH,O F
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H(CF2)2CH,0, O

H(CF2),CH,0 F

CFaCH,0__0
CH3CH,O F

3 4
CF3CH,0,__0 KF, CF3CO,H (cat.) CFaCHzQP/,O
_—— 0N\
CFsCH,O Cl CH,Cl, CFsCHO  F
5 6
EtsN-HF CF3CH20\ ,/O + CF3CH2O\P/,O
+ N
CH,Cl, FOF CF3CH,O  'OCH,CF3
(84%) 7 (14%) 8 (2%)
Scheme 1.

A new and general approach to phosphorofluoridates and
phosphorofluoridothioates is depicted in Scheme 2. A 4-nitro-
phenolate group in phosphoramidite 9, which is readily available
from commercial N,N-diisopropyldichlorophosphoramidite, can be
substituted by an alkoxy group through a reaction with an alcohol
(ROH) in the presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU).
The phosphoroamidites 10 are formed as a 1:1 mixture of
diastereomers, but their conversion into the phosphoro-
fluoroamidites 11 proceeds with some stereoselectivity. Coupling of
11 with tert-butanol in the presence of tetrazole or trimethyl-
chlorosilane leads to the phosphorofluoridites 12. Subsequent oxi-
dation by tert-butyl hydroperoxide or addition of elemental sulfur
gives the corresponding phosphorofluoridate 13 or 14. Thermal
elimination of 2-methyl-1-propene from 13 and 14 afforded the
desired compound 15 or 16, respectively (Scheme 2).%6
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2.2. Fluoroalkyl phosphorochloridates and
phosphoramidates

Alkyl phosphorochloridates (RO)3;_,P(O)Cl, (n=1, 2) have been
a topic of interest for many years, with applications mainly di-
rected towards the synthesis of bioactive phosphates. The interest
in fluorinated alkyl phosphorochloridates, as building blocks,
where fluorine is attached to the alkyl substituents has appeared
much more recently.>>?”?8 The most simple route to fluoroalkyl
phosphorodichloridates RgOP(O)Cl, involves the alcoholysis of
phosphorus oxychloride with removal of HCI by passage of ni-
trogen through the reactants. This method can be used only in
cases where the fluoroalcohol contains few fluorine atoms. As an
example, 2-fluoroethanol (pK, 14.4) reacts with POCl3 to give
FCH,CH,0P(O)Cl; in 34% yield. Polyfluorinated alcohols such as
trifluoroethanol (pK; 12.4) do not react under these conditions
and a base is required to initiate the phosphorylation. In fact,
phosphorochloridates CF3CH,OP(O)Cl; and (RgCH20),P(0)Cl
(Rp=CF3 and C,Fs) were prepared from phosphorus oxychloride,
fluoroalcohols and triethylamine, but the selective substitution
was difficult.®® A much better synthesis of bis(fluoroalkyl) phos-
phorochloridates is based on the dialkyl phosphite methodology
first investigated by Mahler in the late 1970s.2° Chlorination of
bis(fluoroalkyl) H-phosphonates (RgO),P(O)H gives the chlori-
dates (RFO);P(O)Cl in good yield and in a state of high purity.
Except when Rp=(CF3)3C, the starting bis(fluoroalkyl) H-phos-
phonates can be easily obtained by the reaction of fluoroalcohols
with phosphorus trichloride and tert-butylamine. Examples of
numerous syntheses disclosing detailed conditions were reported
by Timperley and co-workers (Scheme 3).2>3°

The presence of fluorine atoms in the ester groups imparts
a high thermal stability to the forming phosphorochloridates. Thus,
phosphorochloridate [(CICH,),CHO],P(O)Cl decomposes readily
during distillation and phosphorochloridate (Me3CO),P(O)Cl de-
composes spontaneously at room temperature after several hours.
The fluorocarbon analogues [(FCH;);CHO],P(O)Cl and (Me,CFs-
CO),P(0)Cl could be distilled without appreciable decomposition.2>

Rowpey A0 OR TBAF
—_— | —_—
10
X X
P-OR —=» __P_OR
But0™ "\ F- \OH
13,X=0 15,X=0
14.X=5 16,X=5

Scheme 2.
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i, BUtOH, CH2C|2
ii, 2RFOH RFO, O  Cl orCClELEN  RFO_0O
PCly P —_— 1N
42-89% RO H 0 °C, CH,Cl, RO Cl
49-96%

Rr = HCF,CHy, CF3CH,, CoF5CH,, CF3CH,CH,, H(CF3),CH,, (FCH,),CH,
(CF3)20H, Mez(CF3)C, Me(CF3)2C, H(CF2)4CH2, C4FgCHQCH2, C6F13CH20H2

Scheme 3.

Interestingly, treatment of bis(trifluoromethyl) H-phosphonate
with bromine or iodine gave the bromidate (CF3CH,0),P(O)Br and
iodidate (CF3CH;0),P(0)I in 51 and 46% yield, respectively.?>>!

Treatment of bis(fluoroalkyl) phosphorochloridates with nitro-
gen nucleophiles opens up a general route to bis(fluoroalkyl)
phosphoroamidates, (RfO),P(O)NR'R%. Recently, 40 phosphor-
amidates (RgO),P(0)X were prepared in 10-91% yield by treating
phosphorochloridates (Rg0);P(O)Cl (Rg=HCF,CH;, HCF,CF,CHy,
H(CF;)4CH,, CF3CH,, CoFsCHy, C3F;CHy, (CF3),CH, (FCH3)>CH and
Me,CF3C) with amines HX (X=NH;, NHMe, NMe,, NHEt and NEt).
The bulky chloridate [Me,(CF3),CO],P(O)Cl reacted with ammonia,
methylamine, dimethylamine and ethylamine, but not with
diethylamine—even on heating in the presence of 4-dimethyl-
aminopyridine—due to steric hindrance at phosphorus.>?

A simple method for producing dialkyl N-(fluoro-
alkyl)phosphoramidates (RCH,0),P(O)NHCH,Rr (R=Me, CFs3, CCls;
Rg=CF3, C3F5), which involved the reaction between dialkyl phos-
phorochloridates and fluoroamines has been described.>® In-
troduction of fluoroester groups on the phosphorus atom makes
the P-Cl bond more susceptible to nucleophilic attack. In fact,
bis(fluoroalkyl) phosphorochloridates (Rg0),P(0)Cl [Rg=C,F5CH>,
C3F;CHy, (CF3),CH] easily reacted with 2,2,2-trifluoroethylamine to
give the compounds (RgO),P(O)NHCH,CF; in yields greater than
those with the corresponding dialkyl phosphorochloridates.>* An
alternative route to phosphoramidates (RO),P(O)NHCH,CF; via
dichloride Cl,P(O)NHCH,CF; was also explored. N-(2,2,2-Tri-
fluoroethyl)phosphoramidic dichloride, however, failed to react

Alcoholysis of Phosphorus Oxychloride

RFO
RFO _/P =0
RFO

iorii
3REOH  + POCI3

i, base-promoted synthesis; B = Et3N or Py
i, catalytic method; cat. = LiCl, CaCl,, MgCl,, etc.

Alcoholysis of Phosphorus Pentahalides

cleanly with n-propanol or isopropanol in the presence of tri-
ethylamine, or with sodium n-propanolate or isopropanolate.>*

The conversion of (CF3CH20),P(0)Cl into the fluorinated species
(CF3CH,0),P(0)NHOMe and (CF3CH,0),P(O)N3 was affected by
nucleophilic substitution with methoxyamine and azide ion. Bis-
(trifluoromethyl) phosphoroisocyanate (CF3CH,0),P(O)NCO has
been prepared from the corresponding phosphoramidate and
oxalyl chloride in 10% yield.>?

2.3. Symmetrical and unsymmetrical fluorinated alkyl
phosphates

a-Replacement of protons with fluorine atoms alters the
chemical and physical properties of organophosphates and this is
well illustrated in the case of simple tris(fluoroalkyl) phosphate
esters. While trimethyl phosphate (MeO);P=O0 is a highly ther-
mally stable alkyl phosphoryl compound, the fluorinated trimethyl
phosphates (FCH,0)3P=0 and (F,CHO)3P=0, in sharp contrast, are
hypothetical species. Tris(trifluoromethyl) phosphate (F3CO)3P=0
is moderately stable and disproportionates over 3 days at 60 °C to
give COF, and POF;. B-Fluoroalkyl phosphates and trialkyl phos-
phates with more remote fluorine atoms exhibit high thermal
stability and are easily available.

Most symmetrical fluoroalkyl phosphates have been prepared
either by fluoroalcoholysis of phosphorus oxychloride or by in-
teraction of phosphorus pentachloride or pentabromide with
a fluoroalcohol (Scheme 4).

The first approach was successful for a wide range of Rr groups.
Phosphorus oxychloride is, however, normally unreactive towards
fluoroalcohols under neutral or acidic conditions and, therefore, the
reactions require the use of a stoichiometric amount of a base.?® In
the catalytic method, the use of Groups I-IIl metal salt or a dipolar
compound of the type RyS=O or R3P=O0, which increases the
positive charge on phosphorus by coordination to the oxygen atom
of the P=0 group, is essential for the combination of a phosphoryl
chloride with a fluoroalcohol.3>=37 The second approach utilises the
alcoholysis of phosphorus pentachloride or phosphorus pentabro-
mide with 4 mol of a fluoroalcohol. In this case, a requirement for
a high yield of the fluoroalkyl phosphate is the presence of many
fluorine atoms in the fluoroalcohols. In one example, the reaction of
2,2-difluoroethanol with PCl5; yielded a mixture of tris(di-
fluoroethyl) phosphate 17, phosphorochloridates 18 and 19 and
phosphorus oxychloride. Primary fluoroalcohols containing three
or more fluorine atoms, however, reacted rapidly with PCl5 to give
the phosphates (RegCH;0)3P=0 in good yield (Scheme 5). Tertiary
fluoroalcohols such as CFsMe,COH, Me(CF3),COH and (CF3)3COH do
not react with PCls under these conditions. Hexafluoroisopropanol

RrQ, (CF3)2,CHOH produced a 3:7 mixture of the symmetrical phosphate
4RgOH  + PXs RoX. 4 HX > RFRO(_),P‘O [(CF3),CHO]3P=0 and the chlorophosphorane [(CF3),CHO]4PCl.38
X=ClorB P F Unsymmetrical fluoroalkyl phosphates are normally syn-

= rorsr thesised by triethylamine-promoted alcoholysis of the phosphoro-
Scheme 4. halidates.  Thus, the synthesis of the phosphates
4HCF,CH,0H  HCF,CHQ HCF2CH,0 cl,
2 HCF,CH,0-P=0 + HCFZCHQO_,PZO + HCFZCHZO—,P:O + POCI3
HCF,CH,0 Cl Cl
17 (49%) 18 (32%) 19 (15%)
PCls
RgCH,0
4 RgCH,0H Fori2e
£ i ReCH20-P=0 R = CF3, CoF5, H(CF2),, C3F7

Scheme 5.
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[H(CF3),CH20]2P(0)OR has been achieved by the interaction of
bis(a,a,w-trihydroperfluoroalkyl) phosphorochloridates with alco-
hols (R=Me, Et, Pr, 'Pr) and triethylamine in ether. The reactions
with isopropanol reached completion more slowly than those with
the other alcohols and, when n>1, they required heating in the
presence of a 4-dimethylaminopyridine (DMAP) catalyst.>83°
When  bis(a,a,w-trihydroperfluoroalkyl)  phosphorochloridates
were allowed to react with 2,2,3,3-tetrafluorobutane-1,4-diol, the
phosphates 20a-c were isolated as colourless viscous liquids by
vacuum distillation (Scheme 6).3°

H(CFz)nCHzo\ /O
v

2 K

H(CF,),CH,0" Cl

2 EtN, Et,0, A
HOCH,CF,CF,CH,OH

H(CFz)nCHzo\ 0 O, ,OCH,(CF3)H

N/

N\ N\
H(CF,),CH,0~ OCH2CF,CF,CH,0” "OCH,(CF)H

20a-c (22-65%)

n=1(),2(b),4(c)

Scheme 6.

Interestingly, the experimental results indicate that bis(hexa-
fluoroisopropyl) phosphorochloridate [(CF3);CHO],P(O)Cl ranks
among the most reactive phosphorylating agents. Although it has
a secondary fluoroalkyl group, it is more reactive than chloridates
with primary fluoroalkyl groups and, in particular, unlike the other
chloridates, bis(hexafluoroisopropyl) phosphorochloridate reacts
readily with isopropanol in the absence of DMAP. It is assumed that
the powerful electron withdrawal from the phosphorus atom by
the hexafluoroisopropyl groups favours the attack of an oxygen
nucleophile (kinetic effect) and the formation of a pentacoordinate
phosphorane intermediate [(CF3),CHO],P(OH)(OR)Cl (thermody-
namic effect).>® The outstanding ability of the (CF3),CHO group to
stabilise phosphoranes was exemplified by the isolation of
[(CF3),CHO]4PCl, a stable compound that survived vacuum distil-
lation.?® Further examples on the synthesis of unsymmetrical
fluoroalkyl phosphates by the route employing the catalytic
alcoholysis of phosphoryl chlorides have been reported. Thus,
heating trifluoromethyl phosphorodichloridate CF3CH,OP(O)Cl,
and primary fluoroalcohols in the presence of 5% calcium chloride
as catalyst affords the phosphates 21a-c in good yield. Similarly,
bis(fluoroethyl) phosphorochloridate (CF3CH;0),P(O)Cl reacted
with primary fluoroalcohols to give the unsymmetrical phosphates
22a-c in isolated yields of between 46 and 68% (Scheme 7).38 The
major limitation of this method is that only primary fluoroalcohols
react with phosphoryl chlorides under these conditions.

The reactions of fluoroalkyl phosphorochloridates with sulfur
nucleophiles have also been investigated.*° The synthesis of
CF3CH,0OP(O)(SEt); in 30% yield was accomplished by treating
CF3CH,0P(0)Cl; with 2 molar equiv of EtSH and Et3N in ether.
Bis(trifluoroethyl) phosphorochloridate and bis(pentafluoropropyl)
phosphorochloridate, (REFCH20),P(0)Cl (Rg=CF3 or C;Fs), did not
react with MeSH in ether in the presence of triethylamine. Etha-
nethiol and propanethiol reacted with fluoroalkyl phosphoro-
chloridates in the presence of triethylamine to give the thiolates
(RFO)zp(O)SR (RF:CF3CH2, CyF5CHy, C3F7CHy or (CF3)2CH) in 13-
41% yield. Perfluoroalkylated alcohols containing at least a C;Ha
spacer unit between the perfluoroalkyl and hydroxyl groups have

CFsCHO, O 2 HOCH.R 5% CaCl, (cat.) CF3CH20\P//O
+ T —— 20N\
o 2% 150°C, 4h RFCH,0 OCHgRe
21a-c (58-69%)
CF3CH,0, O . M CF3CH0, O

HOCH,RE

150 °C, 4h CF3CH,0" "OCH,Re

CF3CH,O Cl
22a-c (46-68%)

Rf = CyF5 (a), HCF,CF3 (b), C3F7 (c)

Scheme 7.

been shown to react with P4Sip to give the perfluoroalkylated
dithiophosphoric acids (Scheme 8). 2,2,2-Trifluoroethanol or
C7F15CH,0H, containing only a single CH, spacer unit, or per-
fluoroalkylated phenols (e.g., 4-CgF13CgH40H) did not undergo any
reaction with P4S1o. Both dithiophosphoric acids 23a,b reacted with
metal hydroxides in 2,2,2-trifluoroethanol to give the correspond-
ing alkali metal salts 24a,b.*!

RgCH,CH,O
P,S FOM2LR20 S
RFCH,CH,0H 4210 14
toluene, reflux RFCHchzo SH
23a,b
NaOH,
CF3CH,0OH
RFCH2CH2Q S
%

I\
R = C4Fg (a), CoF13 (b) RECH,CH,O  SNa

24a,b
Scheme 8.

The effect of fluorination of the ester groups in dialkyl phos-
phates on anticholinesterase activity has been little studied. Tim-
perley and co-workers attempted to determine the bimolecular
rate constants (Kj values) for the inhibition of bovine erythrocyte
acetylcholinesterase (AChE) employing four fluoroalkyl phos-
phates: (CF3CH»0)3P=0, (C,F5CH20)3P=0, (C3F;CH,0)3P=0 and
(CF3CH,0),P(0)OCH,C5F5.42 Under the experimental conditions
used (37 °C, pH 7.4), none of these compounds inhibited AChE and
it was only possible to define their K; values as being <7-
16 M~ min~. They are, therefore, at least 10°-fold less potent in-
hibitors than the nerve agents, sarin or soman. The low affinity of
the fluoroalkyl phosphates for acetylcholinesterase can be
explained by their hydrophobic character and the poor leaving
ability of the ~OCH;Rf group. Interestingly, compounds 25 and 26,
in which the perfluoroalkyl group on phosphorus is similarly at-
tached through an -OCHj spacer, also had very low acute toxicity to
mice when administered by intraperitoneal or intravenous in-
jection. These compounds have been proposed as components of
fluorocarbon emulsions for pulmonary applications in medicine.*?

o/\
N
/P\
(\N O(CHz)nCsF 17

o

25, n=2, LDsgip mice > 2 g/kg
26, n =11, LDsg iv mice > 2 g/kg
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Chart 2. Lysophosphatidic acid and its fluorinated analogues.

3. Types of biologically active fluorinated organophosphates
3.1. Analogues of sn-glycerol phosphate and phospholipids

Prestwich and co-workers have developed a program to test the
hypothesis that acyl migration-blocked fluorinated analogues of
lysophosphatidic acid 27 (LPA; 1- or 2-acyl-sn-glycerol 3-phos-
phate), particularly with fluorine in the sn-1 or sn-2 position, might
mimic LPA as a biological ligand (Chart 2).44-46 LPA is generated by
activated platelets and tumour cells, and elicits a wide range of
biological effects. With a growing understanding of the in-
volvement of LPA in both normal physiology and pathology, it is
evident that LPA receptor agonists and antagonists may have
therapeutic potential in treating various diseases.*’

The key step for the synthesis of 1-fluorodeoxy-2-acyl-sn-gly-
cerol 3-phosphate 28 and 1-acyl-2-fluorodeoxy-sn-glycerol
3-phosphate 29 was the stereoselective introduction of fluorine at
the C-1 or C-2 position of the glycerol backbone. Phosphates 28a
and 28b were synthesised from commercially available (R)-iso-
propylideneglycerol 30. The latter compound was phosphorylated

1. Bu'OK
2. (MeO),P(0)CI
—_—

Yo

Yo
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with dimethyl phosphochloridate in the presence of ‘BuOK to give
the phosphate 31 in 92% yield. By using an optimised selective
deprotection, the phosphate 31 was converted into the tert-
butyldimethylsilyl (TBDMS) ether 32, which, in turn, was then
fluorinated with (diethylamino)sulfur trifluoride (DAST) in
dichloromethane to give the corresponding 1-fluorodeoxy-(2R)-
glycerol 3-phosphate 33. The 2-hydroxyl group in 33 was
unmasked with the use of tetra(n-butyl)Jammonium fluoride (TBAF)
in THF. Dicyclohexylcarbodiimide (DCC)-promoted esterification of
compound 34 with either oleic or palmitic acid afforded good yields
of the esters 35a and 35b. Finally, treatment of each ester, 35a and
35b, with bromotrimethylsilane (TMSBr) and the subsequent ad-
dition of 5% aq methanol provided the fluorinated LPA analogues
28a and 28b. The (2S)-LPA analogue 28c was prepared from S-iso-
propylideneglycerol (Scheme 9).48

The 1-acyl-(2S)-fluorodeoxy-sn-glycerol 3-phosphates 29a and
29b were prepared from (S)-isopropylideneglycerol 30. The pri-
mary hydroxyl group in the alcohol 36 was selectively protected as
the tert-butyldiphenylsilyl (TBDPS) ether 37. Nucleophilic deoxy-
fluorination of 37 afforded good yields of the 2-fluorinated glycerol
3-phosphate 38. Deprotection of 38 with TBAF in THF gave the al-
cohol 39, which was esterified with either oleic or palmitic acid to
give the desired protected LPA derivatives 40a and 40b. Treatment
of the phosphorotriesters 40a,b with TMSBr provided the LPA
analogues 29a and 29b. Similarly, the enantiomeric (2R)-2-fluo-
rodeoxy LPA analogues 29c¢ and 29d were synthesised from (R)-
isopropylideneglycerol 30 (Scheme 10).*® The fluorinated LPA
analogues were tested in insect cells expressing LPA;, LPA; or LPA3
receptors. While compounds 28a, 28b and 29a-d failed to show
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Scheme 9.
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either significant agonist or antagonist activity for any of the three
isoforms, 28c was found to be more potent than natural LPA for the
LPA3 receptor.4>48

Other examples of acyl migration-blocked analogues of LPA are
the 1,1-difluorodeoxy derivatives of (2R)-acyl-sn-glycerol 3-phos-
phates 49a,b. (2R)-3,3-Difluoro-1,2-propanediol 1,2-acetonide 42
has been obtained in 83% yield by the addition of DAST to a solution
of the aldehyde 41 in dichloromethane. The diol 43 obtained after
removal of the acetonide was converted into the bis-tert-butyldi-
methylsilyl (TBDMS) ether 44, and the more labile TBDMS-ether of

F
DAST

——
CH,Cl,

o ﬁ\o'

41 42

the primary alcohol was cleaved selectively with a solution of
pyridinium hydrofluoride in a mixture of pyridine and THF. The
primary alcohol 45 was phosphorylated with dimethyl phosphoro-
chloridate in the presence of ‘BuOK to give a good yield of the
phosphate 46. After deprotection of the 2-TBDMS-ether and DCC-
promoted esterification of the alcohol 47 with oleic or palmitic acid,
the esters 48a,b have been obtained in good yields. Finally, treat-
ment of 48 with bromotrimethylsilane and subsequent addition of
5% aq MeOH provided the difluorinated LPA analogues 49a and 49b
(Scheme 11). These compounds failed to show either agonist or

F
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antagonist activity when tested in cells expressing LPA;, LPA, or
LPA3 receptors. Both compounds are, however, essentially equi-
potent with sn-1-oleoyl-LPA for the activation of the PPARY nuclear
receptor.*

By analogy with 41, (S)-3,4-dihydroxybutanal acetonide 50 was
converted into 1-difluoromethyl-deoxy-(2S)-acyl-sn-glycerol 3-
phosphates 51a,b, which retain the three-carbon glycerol backbone
plus the difluoromethyl group mimicking the C-1 hydroxyl group
(Scheme 12). It was found that these fluorodeoxy analogues 51a,b
induced luciferase expression from the acyl-CoA oxidase PPARG
response element reporter. The effective concentrations for re-
porter activation by 51a, 51b and LPA were equivalent, so sub-
stitution of difluoromethyl for the hydroxyl of LPA was indeed an
effective strategy to create a stabilised LPA mimetic for this
receptor.”®

1-0-Octadecyl-2-0O-methyl-rac-glycero-3-phosphocholine 52
(edelfosine) is one of the most investigated of ether lipids, since it
exhibits in vitro and in vivo cytotoxic activities against numerous
human and murine tumour cell strains.>® The racemic mono-
fluorinated ether lipids 53 and 54 also exhibit cytotoxic activity.>?
The same holds for ilmofosine 55 and its oxygen analogue 56 (Chart
3).53 The anticancer active ether lipid 62 bearing fluorine on its
stereogenic centre has recently been synthesised by Haufe and co-
workers (Scheme 13).°4 Treatment of compound 60, obtained by
a multistep procedure from 57 via 58 and 59, with a threefold ex-
cess of 2-chloro-2-oxo0-1,3-dioxa-2-phospholane and triethylamine
in THF afforded the phosphoric acid triester intermediate 61, which

F

OMe o
o ®
Me ﬁ/\/o\#/oy\/OCwHw MesN/\/OqS/O\)\/OCwHw
3 o o
52 (edelfosine) 53
CH,OM
® OC1gHa7 ® 090 2 . e
o.n.0 F O
Me3N/\/ [ Me3N |:I>
o° 00
4 55, X = SC4gHj3 (ilmofosine)
56, X = OC1Ha3

Chart 3. Edelfosine and its analogues.

was subsequently heated with trimethylamine in acetonitrile at
60 °C in a sealed tube. The resulting ester lipid 62 was isolated in
35% yield. The overall yield of 62 was 3% based on 57. The anticancer
activity of 62 has been found in an in vivo model of methylcho-
lanthrene-induced fibrosarcoma in mice (ICsp 1.13 mg ml~ ! 48 h
incubation time). This activity was, however, lower than that of
cisplatin (ICsp 0.17 mg ml~1) or ilmofosine (ICsp 0.23 mg ml~—1).>4

In an effort to develop more potent antitumour agent than
gemcitabine 63 (2’,2’-difluorodeoxyribofuranosylcytosine), cur-
rently marketed as Gemzar®, Alexander and co-workers prepared
a lipid-nucleoside conjugate 64, which comprised an alkyl phos-
pholipid moiety covalently linked with gemcitabine (Chart 4).>>

More recently, Ahmad’s group has reported the development of
a novel gemcitabine-lipid conjugate 66.>® To improve the half-life
and reduce the toxicity of gemcitabine, the authors chose to con-
jugate gemcitabine with the ether analogue of cardiolipin 65. The
synthetic methodology, which was employed for the synthesis of
cardiolipin, involves the application of the phosphoramidite ap-
proach (Scheme 14).°7°% 1,2-Di-O-hexyl-sn-glycerol 67 reacted
with the bifunctional phosphitylating reagent 'Pr,NP(OMe)Cl in the
presence of diisopropylethylamine (DIPEA) to give the glycerol
derivative 68. The latter compound was not isolated, but was
subsequently treated with 2-benzyloxy-1,3-propanediol in the
presence of 1H-tetrazole to provide the phosphite triester 69. In
situ oxidation of 69 with m-chloroperbenzoic acid, followed by the
hydrogenolysis of 70, afforded the cardiolipin analogue 71. Acyl-
ation of the central hydroxyl functionality of 71 with succinic an-
hydride yielded the phospholipids 72. The gemcitabine-lipid
conjugate 73 was obtained by the coupling of 72 with 4-N-3'-0O-
bis(tert-butoxycarbonyl)gemcitabine and the protecting groups
were removed using trifluoroacetic acid in dichloromethane. The
unprotected gemcitabine-lipid conjugate 66 was tested in a BXPC-3
human pancreatic tumour model in SCID mice and exhibited
promising activity and lower toxicity, when compared with
Gemzar®.>®

Research on photoactivatable phospholipids containing fluori-
nated functionalities is an important aspect in phospholipid
chemistry.>>® The presence of fluorine atoms allows the probing of
specific lipid-lipid and lipid-protein interactions using '°F NMR
spectroscopy, which is highly suitable for investigating the struc-
tural and dynamic properties of biomembranes. One recent
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example involves the synthesis of a phospholipidic probe 74 in
which the photoactivatable tetrafluorophenylazido group is in-
corporated into the fatty-acid chain (Scheme 15). When exposed to
light (>300 nm), compound 74 generates highly reactive nitrene
species, and this leads to a process of covalent crosslinkage with the
protein or lipid present at the interaction site. Thus, this new
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Chart 4. Gemcitabine and its lipid analogues.

phospholipid probe holds promise for further use to map the lipid-
binding sites on proteins and biomembranes.®°

Takagi and co-workers have described the synthesis of highly
fluorinated single- and/or double-chain phospholipids 75-78 con-
taining the perfluorooctyl group as the terminal segment of the
hydrophobic chains and a phosphocholine moiety as the hydro-
philic head group, in order to investigate the effect of fluorinated
segments on the stability of phospholipids monolayers formed at
the air-water interface (Chart 5). Judging from the equilibrium
spreading pressures (mes), all of the fluorinated phospholipids
formed more stable monolayers than the corresponding non-
fluorinated counterparts. The double-chain phospholipid 78 also
formed fluid vesicle membranes in water. This observation suggests
that the phospholipids 75-78 are promising materials for bio-
technological and medical applications.®!

3.2. Analogues of carbohydrate phosphates

Three aldose phosphofluoridates, b-glucose 6-phospho-
fluoridate (79), a-p-mannopyranosyl phosphofluoridate (80) and 2-
deoxy-2-fluoro-a-p-glucopyranosyl phosphofluoridate (81), have
been prepared from the parent phosphate and 2,4-dinitro-
fluorobenzene, and the mechanism of the fluorination has been
studied. These compounds were found to be reversible inhibitors of
phosphoglucomutase (Chart 6).52

Considerable efforts have been expended in the design of fluo-
rodeoxy sugar phosphates, primarily for use as analogues in
probing enzymatic active sites. The history of the first successful
synthesis of 2-deoxy-2-fluoro-p-glucose (2-FG) has been de-
scribed.® This compound imitates the behaviour of naturally oc-
curring glucose. It is transported into cells and converted into the
corresponding 6-phosphate by the enzyme, hexokinase, in a man-
ner similar to that of glucose. Due to the presence of the fluorine
atom at C-2, however, this phosphate derivative does not undergo
further glycolysis, but is metabolically trapped in the cell. Thanks to
these properties, 8 years after the synthesis of 2-FG, its 18F-labelled
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derivative was successfully used in connection with positron
emission tomography (PET).%4

Chapeau and Frey have surveyed the overall synthesis of 4-de-
oxy-4-fluoro-o-p-galactopyranosyl 1-phosphate 82a and 4-deoxy-
4-fluoro-a-p-glucopyranosyl 1-phosphate 82b and have described
in detail the steps to compound 82a. Both compounds were further
used in the synthesis of the substrate analogues of UDP-galactose
and UDP-glucose.?”

OH

R? ° 2(H3N*-CghH1)

HOOPO,>

82a,R'=F,R2=H
82b,R'=H,R2=F

2-Deoxy-2-fluoro analogues of polyprenyl B-p-arabinofuranosyl
phosphates 83-86 were synthesised via a route involving the
synthesis of a protected B-p-arabinofuranosyl phosphate derivative,
its coupling with a polyprenyl trichloroacetimidate and then
deprotection of the resulting product (Scheme 16).56

Percy and co-workers have developed a total synthesis of con-
formationally locked difluorinated pentopyranose analogues and
a pentopyranosyl phosphate mimetic.6” The results concerning the
introduction of the phosphate moiety into the diol 87 are sum-
marised in Scheme 17. Deprotonation of 87 with n-BulLi, followed
by the addition of tetrabenzyl pyrophosphate, afforded a mixture of
88 (14%), 89 (3%) and recovered 87 (35%). A higher yield of the
monophosphate 88 (43%) could be achieved by changing the base
to NaHMDS and adding the Na-selective 15-crown-5. Phosphory-
lation following secondary hydroxyl protection has also been
studied. Exposure of NaHMDS to 90, followed by the addition of
tetrabenzyl pyrophosphate, allowed the isolation of 91in 64% yield.
Hydrogenolysis of the benzyl groups was followed by deacetyla-
tion, lyophilisation and column chromatography, allowing the
isolation of the deprotected product 92.

An interesting synthesis of 2-deoxy-2-fluoro phosphate sac-
charides has been proposed via a Selectfluor-mediated fluorina-
tion/nucleophilic addition sequence. This strategy involves the
selective fluorination of glycals at the 2-position with concomitant
nucleophilic addition of a dialkyl or diphenyl phosphate to the
anomeric centre (Scheme 18). It was found that a judicious choice of
protective-group strategy can improve the stereoselectivity of both
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the fluorination and the nucleophilic addition. As an example,
when diphenyl phosphate is used as a nucleophile in the fucose
series, the reaction is a-specific, whereas a -selectivity is observed
when using dibenzyl phosphate.t869

The synthesis of 5-fluoro N-acetylglucosamine pyrophosphates
via epoxide fluoridolysis has been recently described by Hartman

F3C(F2C)x.

F3C(F2C)7 __ ,(CH2)sOPC N
(CH)gOPC
z75 E-75
F3C(F2C)7—==—(CH>)sOPC F3C(F2C)7—(CH2)100PC
76 77
FsC(F2C)y—=—(CH2)s0 9 .
FaC(FoC)y—= <CH2)BO:L PC= —R-O(CHz)N"Me,
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Chart 5. Fluorinated phospholipids.
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Chart 6. Reversible inhibitors of phosphoglucomutase.

and Coward.”® Oxidation of glycosyl phosphate 94, derived from
the glycoside 93, with NalO4 followed by thermal selenoxide
elimination in dihydropyran (DHP), gave the alkene 95 in good
yield. Treatment of 95 with dimethyldioxirane (DMDO) provided
a 3:2 mixture of the epoxides. Fluoridolysis with HF/pyridine, fol-
lowed by acetylation of the resulting fluorohydrins, led to a mixture
of separable 5-fluoro epimers 96. 5-Fluoro glycosyl phosphate 96a
was further used in the synthesis 5-fluoro glycosyl pyrophosphate
97. The latter compound was shown to be useful as a probe of
transition-state charge development in several enzyme-catalysed
reactions (Scheme 19).

The target of several groups was the use of fluorinated carbo-
hydrate phosphites and phosphates in glycosylation reactions.
Hashimoto and co-workers first reported that the coupling of 2,3-
dideoxy-3-fluoro-p-erythro-pentofuranosyl diethyl phosphate 98
with 2,4-bis(trimethylsilyl)thymine in the presence of TMSOTf
provides a facile and highly stereoselective entry to the 3’-de-
oxy-3'-fluorothymidine derivative 99 (Scheme 20).”! Komatsu and
co-workers reported a chemo-enzymatic synthesis of 2’-deoxy-
B-p-nucleosides via the chemical synthesis of 2’-deoxy-o-p-ribose-
1-phosphate.”>” This same strategy was also applied to the
stereoselective synthesis of 2/,3/-dideoxy-3'-fluoro-p-p-guanosine.”

Finally, it should be mentioned that one of the most exciting
recent studies in the area of fluorinated biophosphates is the
identification of 5-fluoro-5-deoxy-p-ribose-1-phosphate as an in-
termediate in fluorometabolite biosynthesis in Streptomyces
cattleya.”>’®

3.3. Analogues of inositol 1,4,5-trisphosphates

The membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P;], regulates the activity of many ion
channels and transporters.”” Hydrolysis of PtdIns(4,5)P, by phos-
pholipase C (PLC) releases two second messengers, D-imyo-inositol
1,4,5-trisphosphate [Ins(1,4,5)P3] and diacylglycerol (Scheme 21).
Ins(1,4,5)P; releases Ca®t from non-mitochondrial stores to in-
crease the cytoplasmic free Ca>* concentration, whereas diacyl-
glycerol is an activator of protein kinase C. Since some disease states
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arise from the uncontrolled stimulation of PLC, inhibitors of en-
zymes of the phosphoinositide cascade, involved in the bio-
synthesis and degradation of Ins(1,4,5)P3, are of medicinal interest.
In order to study the biochemical and medicinal properties of these
polyphosphates, fluorinated derivatives of Ins(1,4,5)P3 100-102
have been synthesised and evaluated (Chart 7).

Potter and Sawyer have greatly contributed to the total synthesis
of fluorinated analogues of inositol 1,4,5-trisphosphate.”®-8! The
synthetic route to br-2-deoxy-2-fluoro-scyllo-inositol 1,4,5-tri-
sphosphate (100) and bpi-2-deoxy-2,2-difluoro-myo-inositol 1,4,5-
trisphosphate (101) is illustrated in Scheme 22. These compounds
were prepared from the protected myo-inositol precursor 103 by
the reaction sequence including DAST fluorination and removal of
the non-benzylic protecting groups, followed by bis(2-cyanoethyl)-
N,N-diisopropylaminophosphite phosphitylation, oxidation of
the resulting trisphosphites with tert-butyl hydroperoxide and

deprotection using sodium in liquid ammonia. The optical isomers
of compound 101 [p-101a and -101b] were prepared from the triols
104a,b via chromatographic separation of the diastereomeric 1-
camphanates, as shown in Scheme 23.

The interaction of compounds 100 and 101 with the Ins(1,4,5)P3
receptor and the metabolic enzymes, 3-kinase and 5-phosphata-
tase, has been investigated.®? 2F-Ins(1,4,5)P3 100 was a weak sub-
strate for Ins(1,4,5)P3 5-phosphatase, but (—)-p-2,2-F»-Ins(1,4,5)P3
(—)-p-101a was a potent Ca’*-releasing agonist and a good sub-
strate for Ins(1,4,5)P;3 5-phosphatase. (+)-1-2,2-F»-Ins(1,4,5)P3
(+)-1-101b was a potent competitive inhibitor of 3-kinase and
5-phosphatase.®?

Kozikowski and Fauq employed quebrachitol as the starting
material for the synthesis of p-3-deoxy-3-fluoro-myo-inositol 1,4,5-
trisphosphate (102).34 Quebrachitol was converted in two steps
into 3-deoxy-3-fluoro-p-myo-inositol (105), and the latter
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compound was reacted with 2-methoxypropene and cam-
phorsulfonic acid to afford a 1:2.3 mixture of compounds 106 and
107. These were separated by silica gel chromatography. Further
treatment of 106 including protection/deprotection steps and
phosphorylation afforded the stable hexasodium salt 108 (Scheme
24). 3F-Ins(1,4,5)P3 102 acted as a full agonist in releazing Ca>* from
3T3 cells. The unnatural fluorinated InsP3 analogue was found to be
equipotent to natural InsPs. Dextran sulfate, a potent blocker of the
release of Ca®t by Ins(1,4,5)Ps, also blocked the release of Ca®*
induced by 3F-Ins(1,4,5)Ps.

Chemical modification at C-2 of 3-deoxy-Ins(1,4,5)P3 has been
used to prepare the fluoro derivatives 109 and 110 (Chart 8). Both
compounds were assayed for biological activity against activated
pyruvate dehydrogenase phosphatase (PDH-Pase), inhibited pyru-
vate dehydrogenase kinase (PDH-K) and inhibited glucose
6-phosphatase (G6Pase), but none proved to be positive.8

A fluorinated phosphatidylinositol analogue 114 has been syn-
thesised from p-3-deoxy-3-fluoro-myo-inositol 105 in order to ex-
amine its inhibitory effects on cell growth.8® The intermediate 111
was deprotected at C-1 and phosphitylated with bis(diisopropyl-
amino)benzyl phosphite to afford 112. Next, 112 was coupled with
1,2-dipalmitoyl-sn-glycerol and the phosphite oxidised to phos-
phate 113. Finally, all benzyl groups were removed by hydro-
genolysis over Pd(OH),/C in tert-butanol (Scheme 25). The
cell-growth-inhibitory properties of 114 towards wild-type NIH
3T3 and v-sis NIH 3T3 cells were studied. The ICsq value was found
to be approximately 100 mM for each cell type. For comparison,
p-3-deoxy-3-fluoro-myo-inositol was 10- to 70-fold less active as
an inhibitor of cell growth.8788

In order to dissect the effects of PtdIns(4,5)P, from those
resulting from PLC-generated signals, the fluorinated PtdIns(4,5)P3
analogues 122-126 were designed, in which the scissile O-P bond
was replaced with a C-P bond that could not be hydrolysed by PLC.
The key transformation was a Pd(0)-catalysed coupling of the
H-phosphonate 115 with the 1-bromo-1-fluoroolefin 116 to form
the desired C-P linkage. The acetal 117 was selectively deprotected
to give the diol 118. Acylation of the latter compound with octanoic
acid, palmitic acid or oleic acid afforded the phosphonates 119-121.
Deprotection of 119 and 120 by hydrogenolysis, followed by treat-
ment with ethanethiol, formed the a-fluoromethylenephosphonate
analogues 122 and 123. a-Fluorovinylphosphonates 124-126 were
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Chart 7. Fluorinated derivatives of p-myo-inositol 1,4,5-trisphosphate.
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obtained by the reactions of compounds 119-121 with TMSBr/
TMSI (Scheme 26). The two dioctanoyl-PtdIns(4,5)P, derivatives
123 and 125 were found to be effective in restoring the sensitivity
of the TRPM4 channel to Ca®® activation, but the a-fluo-
rovinylphosphonate 126 was more potent.5°

In addition to the strategy described above, the asymmetric total
synthesis of phosphatase-resistant 3-(fluoromethyl)phosphonate
analogues of PtdIns(3)P has been developed.’® The secondary
alcohol 127 was phosphorylated with methyl fluoro-
methylphosphonyl chloride in the presence of KO'Bu to give com-
pound 128 in good yield. The silyl group in the 1-position was
removed with TBAF/HOAc, and the resulting alcohol 129 was
treated with one of the three diacylglyceryl phosphoramidite re-
agents 130a-c, followed by oxidation with BusNIO4. Deprotection
of the methyl esters 131-133 was accomplished with TMSBTr to give
134-136 (Scheme 27). The methoxymethyl (MOM) groups were
removed using ethanethiol. It was found that the PtdIns(3)P
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analogues 134 and 135 having dioleoyl and dipalmitoyl chains were
substrates for the 5-kinase enzyme PIK5.

3.4. Analogues of mevalonate 5-diphosphate and 1-deoxy-p-
xylulose-5-phosphate

The terpenoid building block is a five-carbon unit, known as
isoprene, which has been established to be derived from acetyl-CoA
via the mevalonate pathway. In animal cells, the mevalonate path-
way contains a series of three sequential ATP-dependent enzymes
that convert mevalonic acid into isopentenyl pyrophosphate:
mevalonate kinase (MVK), phosphomevalonate kinase (PMK), and
mevalonate 5-diphosphate decarboxylase (MDD) (Scheme 28).%!

Because of the importance of MVK and MDD in the regulation of
cholesterol biosynthesis, two fluorinated MDD substrate analogues,
2-fluoromevalonate 5-diphosphate 137 and P-geranyl-2-fluo-
romevalonate 5-diphosphate 138, have been synthesised, as shown
in Scheme 29.92 Both compounds were found to be irreversible
inhibitors of rat MDD. In addition, compound 138 shows good
competitive inhibition of MVK. Thus, these studies provide an ex-
ample of a single inhibitor carrying out sequential blocking of two
enzymes in cholesterol biosynthesis.

More recently, an alternative isoprene biosynthetic pathway
was discovered in some organisms including most bacteria, plants
and the malarial parasite Plasmodium falciparum.®® In this pathway,
1-deoxy-p-xylulose 5-phosphate (DXP) is formed from pyruvate
and bp-glyceraldehyde 3-phosphate (GAP) in a thiamine di-
phosphate-dependent reaction catalysed by DXP synthase (DXS).
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Chart 8. Fluorinated derivatives of 3-deoxy-p-myo-inositol 1,4,5-trisphosphate.

The rearrangement of DXP to 2C-methyl-p-erythritol 4-phosphate
(MEP) is the first pathway-specific step en route to the basic
isoprenoid unit. The enzyme catalysing the conversion of DXP
into MEP is known as 1-deoxy-p-xylulose-5-phosphate reduc-
toisomerase (DXR) or MEP synthase (Scheme 30). Since this path-
way appears to operate in most bacteria, but not in humans, each
enzyme of the MEP pathway is a potential target for antibacterial or
antiparasitic drugs. In fact, the natural product, fosmidomycin,
HC(O)N(OH)(CH;),P03 ", which inhibits the conversion of DEX into
MEP, has been shown to be effective for the treatment of malaria

and other parasitic infections.’*>
OH OBn
F 3 steps F
HO _— BnO
HO OH BnO OMOM
HO BnO
105 111
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glycerol, tetrazole E OBn
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113

volves an a-ketol rearrangement that is mechanistically related to
acetoin and pinacol rearrangements to give methylerythrose
phosphate as an intermediate, followed by reduction of the alde-
hyde group by NADPH. In the second retro-aldolisation mechanism,
initial deprotonation occurs at the C-4 hydroxyl group, followed by
cleavage of the C3-C4 bond to form a bimolecular intermediate,
which is identical to the aldehyde intermediate generated by the
a-ketol rearrangement.

As part of an effort in the search of novel drugs acting on the
MEP pathway, several fluorinated DXP analogues (139-144) have
been synthesised and evaluated as alternative substrates and in-
hibitors of DXP reductoisomerase (Chart 9).

The reaction sequence used by Liu and co-workers to synthesise
the 1-fluoro DXP analogue, 1-fluoro-1-deoxy-p-xylulose-5-phos-
phate (139), from 3-0-benzyl-1,2-0-isopropylidene-f-p-ara-
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2.BnOP(NPr2); BnO O-P-NPr,

BnO OBn

112

OH
. HO F o OC(0)C15H31
Hz, PA(OH),/C, BUOH o-p-0._X_0ocO)Cists
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Scheme 25.
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binofuranose 145 via compounds 146, 147 and 149 is shown in
Scheme 32.%% The key intermediate 148 upon benzoylation and
Swern oxidation gave the ketone 150. Subsequent ketalisation and
de-esterification of 150 led to the compound 152. Phosphorylation
of 152, which was conveniently achieved by using trimethyl
phosphite, 2,6-lutidine and tellurium tetrachloride, yielded the
protected deoxyxylulose phosphate analogue 153. Deprotection of
153 and purification over cellulose gave 1-fluoro-DXP 139. An al-
ternative synthesis of 139 from the commercially available (—)-2,3-
O-isopropylidene-p-threitol 154 was reported by Fox and Poulter
(Scheme 33).%7 At first, alcohol 155 was converted into the oxirane
156 by oxidation of the alcohol to the corresponding aldehyde,
followed by treatment with dimethyloxosulfonium methylide.
Under these conditions, compound 156 was formed as a 4:1 mix-
ture of diastereomers in yields of 45-55% over two steps. The in-
termediate 157, bearing a fluorine substituent at C-1, was prepared
via a regioselective ring opening with diisopropylamine trihy-
drogen fluoride. The benzyl group was removed by hydrogenolysis
and the resulting diol 158 was converted into phosphate 159, fol-
lowed by Dess—-Martin oxidation, to give the fully protected 1-flu-
oro-DXP 160. Deprotonation of 160 gave a 72:23 mixture of the
ketone/hydrate 139.

The 1-fluoro-DXP 139 was revealed as a good substrate for
Escherichia coli DXR, with Kkea=385s"!, Km=227 uM and Keat/
Kp=017s71 uM*. These values are similar to those for DXP, with

keat=29 571, Km=50 uM and Kkcat/Km=0.58 s~ ' pM~1. The similar
rates of reaction for DXP and 1-fluoro-DXP 139 are more consistent
with the retro-aldolization mechanism for the rearrangement step
catalysed by DXR. In the case of an a-ketol mechanism, the rear-
rangement would be slower for 139 because of the development of
a positive charge at C-2 upon activation of the ketone by pro-
tonation.®” Furthermore, a primary deuterium isotope effect was
observed under single-turnover conditions when 1-fluoro-DXP 139
was incubated with 4S-[2H]-NADPH ("'k/Pk=1.34+0.01), whereas
no isotope effect was observed upon incubation with DXP and 4S-
[2H]-NADPH (Mk/Pk=1.02-0.02). The reaction did not exhibit burst
kinetics for either substrate, indicating that the product release is
not rate limiting. These studies suggest that the positive charge
does not develop at C2 of DXP during catalysis. In addition, the
isotope effect with 1-fluoro-DXP 139 and 4S-[?H]-NADPH, but not
with DXP, indicates that the rearrangement step, which precedes
hydride transfer, is rate limiting for DXP, but becomes partially rate
limiting for 1-fluoro-DXP. These observations are also consistent
with a retro-aldol/aldol mechanism for the rearrangement during
the conversion of DXP into MEP.%

The synthetic methods for preparing 3- and 4-fluoro-1-deoxy-p-
xylulose 5-phosphate 140 and 141 were developed by Liu and co-
workers (Scheme 34).%° Transformation of compounds 161 and 166
into 140 and 141, via intermediates 162-165 and 167-170, re-
spectively, followed the strategy used to make compound 139 from
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145. Incubation of compounds 140 and 141 in the presence of DXP,
Mg*2 and NADPH with heterologously expressed DXR from E. coli
showed that the fluorinated DXP analogues behave as non-com-
petitive inhibitors, with Kj values of 444 and 733 uM, respectively. A
possible explanation of the inhibition model observed is that 140
and 141, both as DXP mimics, are capable of binding two distinct
forms of the DXR enzyme. On the other hand, because the inability
of DXR to process 140 and 141 is most likely a consequence of
having chemically inert functional groups at the site of action
preventing turnover to the product, the above results may be
considered as a preliminary evidence implying that the retro-
aldolisation/aldolisation mechanism for the isomerisation cata-
lysed by DXR is operative.®

1,1-Difluoro-1-deoxy-p-xylulose 5-phosphate (142) was syn-
thesised from (—)-2,3-O-isopropylidene-p-tartrate 171 following
the reaction sequence outlined in Scheme 35. The first step of the
synthesis is the desymmetrisation of 171 with NaBH4. Phosphory-
lation of the primary alcohol 172 was accomplished using dibenzyl
phosphoroiodidate (DBPI), generated in situ from tribenzyl phos-

treated with LiCF,P(O)(OEt), to give difluoromethylphosphonate
174, and this phosphonate was cleaved with NaOMe. The free acid
142 was obtained from 175 by catalytic hydrogenation, followed by
hydrolysis of the isopropylidene group. The ratio of ketone to hy-
drate for 142 was 2:98, as judged by '°F NMR. An enzyme study has
established that 1,1-difluoro-DXP 142 was a poor substrate for E.
coli DXR under catalytic conditions. Compound 142 was also a poor
inhibitor of the enzyme, with an IC5qg value of 3.4 mM, most likely
because of the increase in steric bulk at C1 of DXP.9%%

In connection with 1,1,1-trifluoro-1-deoxy-p-xylulose 5-phos-
phate (143) and its reduced diastereomeric mixture analogues
(144), Fox and Poulter described the synthesis of 143 in seven steps
in 45% overall yield from the commercially available (—)-2,3-0O-
isopropylidene-p-threitol 154 via intermediates 176-180 (Scheme
36).%7 The product, >95% pure as judged by '°F NMR spectroscopy,
was identified in aqueous solution as the hydrate. More recently,
the synthesis of 143 has been improved by a shorter reaction se-
quence, starting from the commercially available dimethyl 2,3-0,0-
benzylidene-p-tartrate 181 in a global yield of 50% (Scheme 37).%°

phite and iodine. The resulting phosphorus triester 173 was then The primary alcohol 182 was phosphorylated using the
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phosphoramidite  method.  Subsequent nucleophilic  tri-
fluoromethylation of the methyl ester 183 with Ruppert’s reagent
provided the trifluoromethylketone 184 in the hydrate form. Finally,
the enantiomerically pure compound 143 was obtained quantita-
tively by catalytic hydrogenolysis of all benzyl-protecting groups.
In addition, the reduced diastereomeric mixture analogues,
1,1,1-trifluoro-1-deoxy-p-xylitol 5-phosphate and 1,1,1-trifluoro-1-
deoxy-p-lyxitol 5-phosphate (144), were synthesised from the
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Chart 9. Fluorinated 1-deoxy-p-xylulose 5-phosphate analogues.

commercially available, (2R,3R)-2,3-0,0-dibenzyl-threitol 185 via
compounds 186-190, following the reaction sequence shown in
Scheme 38. Attempts have been made to separate the dia-
stereomeric mixture by silica gel chromatography, but all these
failed.%

Evaluation of 1,1,1-trifluoro-DXP 143 has shown that this com-
pound was not a substrate for E. Coli DXR under normal catalytic
conditions and was, instead, a poor inhibitor.?”-%° Steric interactions
at the active site are probably responsible for the poor inhibition
observed for 143. The hydration of the carbonyl group may also
prevent the binding to the active site of the enzyme. The inhibitory
activity of diastereomeric mixture 144 was also investigated and it
was found to behave as a reversible non-competitive inhibitor with
a Kj value of 360 uM.99

3.5. Analogues of phosphoenolpyruvate and 5-
enolpyruvylshikimate-3-phosphate

Fluorinated phosphoenolpyruvate (PEP) analogues have been
widely employed in studying the mechanisms of a variety of PEP-
utilising enzymes.°-193 Representative examples are the fluori-
nated derivatives 191-197 of a number of phosphates along the
shikimic acid pathway that have been prepared synthetically and
enzymatically (Chart 10).104-111

The catalytic mechanism of 5-enolpyruvylshikimate-3-phos-
phate (EPSP) synthase has been studied using (Z)-3-fluo-
rophosphoenolpyruvate [(Z)-F-PEP] as a pseudo-substrate. EPSP
synthase normally catalyses the transfer of a carboxyvinyl moiety of
PEP to the C-5 hydroxyl group of shikimate-3-phosphate (S3P). This
enzymatic reaction proceeds through a single tetrahedral

NADPH  ho M
e A O-POH), — ﬁ/<T/\O—HOHb (/41//\o—m0Hb
H OH OH
o) o OoH NADPH*
H methylerythrose
phosphate
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Scheme 31. Conversion of DXP into MEP catalysed by 1-deoxy-p-xylulose-5-phosphate reductoisomerase (DXR): a-ketol rearrangement versus retro-aldolisation mechanism.
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intermediate (TI), which presumably loses phosphate to give an
oxonium ion, followed by deprotonation of the methyl group to
form EPSP (Scheme 39)."'2 Walker and co-workers reported that
(2)-3-fluoro-PEP, but not the (E)-isomer, is a pseudo-substrate for
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EPSP synthase from E. coli.'' The enzyme catalyses the formation of
a fluorinated tetrahedral intermediate (FTI) from (Z)-F-PEP and S3P,
albeit in a reaction that is much slower than the conversion of the
natural substrate. Additionally, subsequent conversion of the FTI
into the corresponding (Z)-F-EPSP product was not observed
(Scheme 40). The large reduction in the reaction rates with fluori-
nated species is consistent with destabilisation of the oxonium ion
by the electron-withdrawing fluorine substituent. The use of (Z)-F-
EPSP to probe the reverse reaction (formation of FTI by addition of
PO3~ to F-EPSP) showed that (Z)-F-EPSP is not a substrate or
pseudo-substrate for EPSP synthase. These results imply that the
transition state for interconversion of the tetrahedral intermediate
and EPSP has more cationic character than that for formation of the
tetrahedral intermediate from PEP and S3P.1™4

Using the fluorinated PEP analogues, (Z)-F-PEP and (E)-F-PEP,
Walsh and co-workers were able to isolate and characterise a co-
valent phosphofluorolactyl-enzyme adduct 198 and a phospho-
fluorolactyl-UDP-GIcNAc tetrahedral adduct 199 upon incubation
with UDP-GIcNAc enolpyruvyl transferase (MurZ) and UDP-GIcNAc



6172 V.D. Romanenko, V.P. Kukhar / Tetrahedron 64 (2008) 6153-6190

X P(OBN)s,

o O

O NeBH, _ O Py
h M OH.0°C Meoﬁ?_\/OH CH,Cl,
(0]
171 172 (35%)

X

] Q LICF,P(O)(OEt), )

£ : ° 9
MeOhO‘P(OBn)z . O—-P(OBn),
X (BnO),P

|
6 ©

173 (86%) 174 (83%)

(@] H (0]
> B _II
OH
175 (83%) 142 (86%)

Scheme 35.

X TIPS-CI, NaH X

o C o o0
HO\)——;\/OH THF, 0 °C HO\)——’\/o_ﬂpS
154 176 (90%)

oxalyl chloride, ><
DMSO, EtzN o” o CF3SiMes, cat. Bu'OK
CH,Cly, -78 °C Hho-ﬂps THF,0°C

O

177 (95%)

X X

Q" o Q" o
FaC {_O-TIPS TBAF F3C\§)—'—\
THF, 0 °C OH
OTMS OH

178 (80%; two steps)

P(OBn)s, Iz, e

pyridine o 0 o Dess-Martin reagent
CH,Cly, -40 °C Fsc\;)—‘yo P(OBn), CH,Cl,
OH

179 (77%)

>< 1. Hp, Pd-C O OH

q o 0 2 t
FsC 0-P(0Bn), 2H0 Fsc)Jiv\/O-ﬁ’(OH)z
OH o}

:

180 (90%) 143 (96%)

Scheme 36.

(Scheme 41).1>116 Here, also, the rates of formation of 198 and 199
are roughly 10-fold slower than those of the analogous non-fluo-
rinated substrates. Additionally, no subsequent conversion of 199
into the corresponding fluorinated enolpyruvyl-UDP-GIcNAc was
observed.!1® Kinetic data indicated that the mechanism for normal
MurZ catalysis involved the formation of two discrete oxonium ion
intermediates. The substitution of fluorine for either of the vinylic
hydrogens of PEP would destabilise the formation of an adjacent
carbocation, which explains the suppressed rate of catalysis for
UDP-GIcNAc enolpyruvyl transferase with fluorinated versions of
phosphoenolpyruvate.'”® Analysis of the fluoromethyl group
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Chart 10. Fluorinated phosphoenolpyruvate analogues.
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chirality established a common stereochemical course for the
enolpyruvyl transfers catalysed by EPSP synthase and UDP-GIcNAc
enolpyruvyl transferase.!7.118
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OH —
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MurZ O3PO COy AcHN O-UDP
198 199
Scheme 41.

The design of analogues of the tetrahedral intermediate (TI) is
an important approach to the invention of potent inhibitors of EPSP
synthase.'®® The general strategy for the synthesis of tri-
fluoromethyl ketal phosphates (5)-196 and (R)-196 is outlined in
Scheme 42. In this reaction sequence, separation of the dia-
stereomers (S)- and (R)-200 is achieved prior to phosphorylation,

which is accomplished with bis(p-nitrophenethyl)-N,N-diisopro-
pylphosphoramidite and tetrazole. The configurations of (R)- and
(5)-196 were assigned by 'H and '°F heteronuclear Overhauser
enhancement spectroscopy (HOESY).

The above strategy has also been employed for the synthesis of
difluoromethyl ketal phosphates (R)-195 and (S)-195. In contrast,
attempts to prepare a monofluoromethyl ketal phosphate 194 by
this route have not been successful. The less electrophilic methyl
fluoropyruvate, FCH,C(O)-CO,;Me, cannot be induced to undergo
the one-pot condensation/phosphorylation with a shikimate alco-
hol derivative. Acid-catalysed condensation of fluoropyruvic acid
with trans-1,2-cyclohexanediol as a model system, however, affords
the adduct 201. The latter compound can be phosphorylated with
tetrabenzyl pyrophosphate to give the hemiketal phosphate 202.
Hydrogenolysis of the benzyl esters and alkaline hydrolysis of the
lactone moiety affords the model structure 203 (Scheme 43).196
Compounds (R)-, (5)-195 and (R)-, (5)-196 were evaluated as in-
hibitors of EPSP synthase from Petunia hybrida. These tetrahedral
mimics are bound two- to threefold more tightly than the substrates
EPSP or S3P. The most potent inhibitor is the (R)-stereoisomer of the
difluoromethyl derivative (R)-195 with a Kj value of 4 nM.

The synthesis of (Z)-9-fluoro-EPSP 208 was achieved in four
steps from the malonyl ester 204. The sodium salt of the malonate
204 reacted with difluorocarbene, generated from chlorodifluoro-
methane, to give the difluoromethyl derivative 205. Subsequent
conversion of 205 into the hydroxy lactone 206, formation of the
dibenzyl phosphate 207, TMS-Br cleavage and alkaline hydrolysis
afforded (Z)-9-fluoro-EPSP 208 in 60% overall yield from the car-
bene adduct 205 (Scheme 44). The EPSP analogue (Z)-208 proved to
be a modest inhibitor of EPSP synthase, with an affinity that was
reduced sixfold in comparison with EPSP.!%6

Recently, the synthesis of new PEP analogues with modifications
in the phosphate and the carboxylate function has been reported.'"®
Included in this study is compound H,C=C(CF3)OPOsH,, which
was prepared by a Perkow reaction. The commercially available o-
trifluoromethyl ketone F3CC(O)CH,Br was reacted with trimethyl
phosphite, giving enolphosphate dimethyl ester. Subsequent re-
placement of the phosphate methyl ester by trimethylsilyl groups
by treating with bromotrimethylsilane and final methanolysis fur-
nished the desired product. Interestingly, this PEP derivative did
not inhibit, but, instead, stimulated the activity of PEP carboxylase
in the presence of Mg?*. P-Trifluoromethylenol phosphates
F3CCH=C(R!)OP(0)(OR?), have also been designed and prepared
by several methods. Some of these phosphates showed good in-
secticidal activities.”?

3.6. Fluorinated ketones bearing a phosphate group

Fluorinated ketones incorporating a phosphate moiety have
been recognised as potent suicide enzyme inhibitors. In particular,
1-hydroxy-4-fluoro-2-butanone phosphate (209) was synthesised
and studied as a potential inhibitor of ribulose-1,5-bisphosphate
carboxylase (Scheme 45). Compound 209 is unstable at neutral pH
and rapidly undergoes hydrolysis to 1-hydroxy-3-buten-2-one
phosphate (210) by elimination of HF (kgps=2.51x10~2 min~, at pH
8.2). Inactivation of spinach ribulose-1,5-bisphosphate carboxylase/
oxygenase by 209 arises from the spontaneous generation of 210,
which reacts with sulfhydryl groups of the enzyme.'?!

Advances have been made in understanding the nature and
reactivity of acylphosphonates as acyl anion precursors in reactions
with carbonyl compounds and in the development of a highly
practical method for the synthesis of phosphorylated benzoins.!??
The treatment of a 4-fluorobenzoylphosphonate with benzalde-
hyde and 4-anisaldehyde catalysed by 10% KCN in DMF provided
the disubstituted cross-benzoins 211a,b in very good yields (Table
2, entries 1 and 2). Electron-rich 4-methoxybenzoylphosphonate
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reacted very slowly with 4-fluorobenzaldehyde under these re-
action conditions. Increasing the catalyst load (30% KCN), however,
resulted in a smooth transformation, providing 211c in 94%
yield (Table 2, entry 3). Reactions of the same 4-fluo-
robenzoylphosphonate with aliphatic aldehydes (Table 2, entries 4
and 5) to give 211d,e were carried out in a premixed DMF solution
of 20% CsF and 30% Me3SiCN. In a manner analogous to the syn-
thesis of the benzoins 211a-e, compound 212 has been prepared
by the reaction of a benzoylphosphonate with 2,2,2-tri-
fluoroacetophenone (Scheme 46). The same reaction with aceto-
phenone provided poor yields, together with the recovered starting
materials.

Mironov and co-workers and Schmutzler and co-
workers'?® have demonstrated the utility of cyclic phosphitylated
derivatives of salicylic acid (salicylphosphites) in the preparation of
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1,3,2-dioxaphosphepins incorporating a C(O)C(CF3)2,0P; backbone.
As an example, 6,7-benzo-1,3,2-dioxaphosphepan 214 was pre-
pared from 2-1-menthyloxy-4-oxo-5,6-benzo-1,3,2-dioxaphos-
phorinane 213 and hexafluoroacetone (Scheme 47). The cyclic
phosphate 214 was isolated as a mixture of diastereomers and was
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Table 2
Synthesis of phosphorylated benzoins via cyanide ion promoted generation of acyl
anion intermediates'??
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characterised by '3C, 1°F and 3'P NMR spectroscopies.!?” The in-
teraction of a phosphitylated derivative of 2-hydroxynicotinic acid
215 with hexafluoroacetone has been observed to take the course
illustrated in Scheme 48. Under the usual conditions, i.e., in the
presence of moisture, the reaction leads to the unstable cyclic
phosphate 216, which undergoes a further transformation into
compounds 217 and 218. The formation of the 1,3,2-dioxaphos-
phepin cycle presumably proceeds via an alkoxyphosphonium in-
termediate and its subsequent intramolecular rearrangement.?8
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| b — |+ o)
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CF,
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-MeOH +/ o-F~ e
H “oH
218
Scheme 48.

The easily accessible dioxaphosphorinanes 219 reacted with
methyl trifluoromethylpyruvate at temperatures of 80-100 °C to
give the phosphepins 220. It is worth noting that, in ether at
—40 °C, the major product was the kinetically controlled spi-
rophosphorane 221 (Scheme 49).123

Fluorinated o,B-unsaturated ketones are excellent Michael ac-
ceptors and add a wide range of phosphorus nucleophiles, pro-
viding the functionalised organophosphorus compounds, which
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are important intermediates in synthesis.!?>!3? Recently, (E)-4-
ethoxy-1,1,1-trifluoro-3-buten-2-one 222 has been utilised in the
synthesis of a 1:1 cis- and trans-mixture of diethyl (1-tri-
fluoromethyl-3-ethoxy)allylphosphate 223 (Scheme 50). The for-
mation of 223 is consistent with the initial nucleophilic attack on
the B-carbon atom of 222 by (EtO),P(O)H and generation of
a phosphonium intermediate, which subsequently undergoes iso-
merisation and 1,5-proton shift.!>!

COCF3

— EtO),P(OH ——
= EORPOH s
222
CF4
H M H_ H O
fe HO—g(OEt)z + Eto>_S/O—P(OEt)2
CF4
trans-223 cis-223

Scheme 50.

3.7. Fluorinated nucleotides

The aim of this section is not to give a comprehensive account of
all fluorine-containing nucleoside phosphates that have been
synthesised, but to illustrate how fluorinated building blocks can be
used either to tailor or to organise fluorinated oligonucleotides
with a special emphasis upon the biomedical potential of new
compounds. Various methods have been used to prepare fluorine-
containing nucleoside phosphates (Fig. 1). Among the most com-
mon routes are: (a) introduction of fluorine into a carbohydrate
moiety; (b) introduction of fluorine into a nucleobase moiety and
(c) replacement of one of the oxygen atoms at phosphorus involved
in the bridge by a fluorine atom or fluorine-containing group. Ex-
tensive studies on the introduction of fluorine atom(s) into sugars
have been reviewed.!32133 |n addition, the field of fluorinated nu-
cleosides has been reviewed and will not be discussed in this

survey.*4

5'-conjugates

F-containing
sugars

F-containing

bases

3'-conjugates

Figure 1. Possible synthetic approaches to fluorinated oligonucleotides.

3.7.1. Modification of a sugar moiety

With the hope of finding highly effective antiviral and anticancer
agents, a wide variety of carbohydrate-fluorinated nucleotides have
been prepared. The synthesis of 2’-fluoro-2’-deoxyuridine 3’-
phosphate (dUFMP, 225) was recently accomplished, starting from
the unprotected nucleoside 224 by the route shown in Scheme 51.13>
The advantages of this synthesis include the use of commercially
available reagents, the high yield of the phosphorylation step and
the facile deprotection of the trityl group. dU'MP was found to have
higher affinity than uridine 3’-phosphate (3-UMP) or 2’-deoxyur-
idine 3’-phosphate (dUMP) for ribonuclease A (RNase A).

A recent study on the binding requirements of NAD kinase with
modified substrate analogues was reported by Pankiewicz and co-
workers.*® NAD kinase catalyses a magnesium-dependent phos-
phorylation of the 2’-hydroxyl group of the adenosine ribose
moiety of nicotinamide adenine dinucleotide (NAD) using ATP or
inorganic phosphates as phosphoryl donors. It was found that
NAD™ analogues in which the C2’ hydroxyl group of the adenosine
moiety was replaced by fluorine in the ribo or arabino configuration
(226 and 227, respectively) could not be phosphorylated by NAD
kinase. 2’-Fluoro ribo NAD 226 was synthesised by coupling the
commercially available nicotinamide mononucleotide (NMN) with
the 5’-monophosphate imidazolide of 2’-deoxy-2’-fluoro-
adenosine. A similar coupling of 2’-deoxy-2’-fluoro-1-p-p-arabi-
nofuranosyl adenine with NMN afforded 2’-fluoro NAD 227, in
which the 2’-fluoro atom is in the arabino configuration. The NAD
analogue 226 inhibited 43% activity of human NAD kinase, but was
inactive against Mycobacterium tuberculosis NAD kinase. In spite of
its different conformation, the NAD analogue 227 showed a similar
activity to that of 226. Interestingly, the inversion of the configu-
ration of the OH (such as in the analogue 228) led to the inhibition
of both the human and the bacterial enzyme (Chart 11).

In order to understand the influence of pre-organisation of xylo-
configured monomers (XNA-monomers) on the hybridisation to-
wards RNA and DNA complements, Poopeiko and co-workers have
described the synthesis and binding properties of a novel con-
formationally restricted 2’-fluoro-2’-deoxy-p-p xylofuranosyl nu-
cleotide 232.*7 Condensation of 1-O-acetyl furanose 229 with
persilylated thymine in the presence of MesSiOTf as catalyst
afforded the protected anomeric nucleosides 230a and 230b, which
were separated by column chromatography. Using standard
transformations, the nucleosides 230a and 230b were deprotected
using saturated methanolic ammonia to give the a-anomer 231a
and the B-anomer 231b. Nucleoside 231b was, via the 4,4’-dime-
thoxy trityl (DMT)-protected nucleoside, converted into the desired
phosphoramidite derivative 232, which was used for incorporation
into XNAs (Scheme 52).

Recently, an efficient method for the synthesis of 5-0-mono-
methoxytrityl-2’,3’-dideoxy-2’-fluoro-3’-thioarabinothymidine
237 and its 3-phosphoramidite derivative 238 suitable for auto-
mated incorporation into oligonucleotides has been described by
Dahma and co-workers."*® Sugar precursor 233 was converted into
a-1-bromoarabinose 234 with retention of sugar C-1 configuration.
Compound 234 was then used for glycosylation reaction with
silylated thymine base, which resulted, after removal of 5'- and 3'-
O-benzoyl groups, in the formation of nucleoside 235. The latter
compound was then 5-monomethoxytritylated and 3-mesylated
before being converted into 2,3’-anhydronucleoside 236. Direct
ring opening of the 2,3’-anhydro linkage, in nucleoside 236, with
sodium thioacetate afforded the nucleoside 237. Deprotection of
237, followed by treatment with 2-cyanoethyl-N,N-diisopropyl-
chlorophosphoramidite, resulted in the desired phosphoramidite
derivative 238 (Scheme 53).

Gemcitabine (63) is a potent anticancer agent that exerts its
cytotoxic activity, in part, through incorporation of its nucleoside
triphosphate into DNA and perturbation of DNA-mediated
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processes. A gemcitabine phosphoramidate prodrug 241, designed
for the intracellular delivery of gemcitabine 5’-monophosphate,
was synthesised as shown in Scheme 54. The exocyclic amine
moiety of Gemcitabine was protected with the allyloxycarbonyl
group (AOC). AOC-2',2'-difluorodeoxycytidine 239 was then con-
verted into the prodrug 241 via allyloxycarbonyl derivative 240
according to a procedure that features phosphorylation of the nu-
cleoside using a highly reactive phosphoramidic bis(1-benzo-
triazolyl) ester. The prodrug was about an order of magnitude less
active than gemcitabine against wild-type cells. In deoxycytidine
kinase(dCK)-deficient cell lines, however, the prodrug is about
fourfold more active than Gemcitabine.'®

A modification of gemcitabine was also reported by Viazovkina
and co-workers."*® These workers prepared the 3,5'-benzoyl-pro-
tected difluorinated nucleoside as a mixture of o~ and f-anomer
upon coupling of the sugar precursor to the thymine base and then
separated the anomers by selective crystallisation from ethanol.

HO  OH NH

+Z_% OH OH Qf)
N_ O
Q OPOPO
o
HNOC™

226

HO OH NH;

227

228

Chart 11. Modified substrate analogues of NAD kinase.

After appropriate deprotection, both anomeric nucleosides were
converted into their 5’-monomethoxytrityl-protected 3’-phos-
phoramidite building blocks 242 for oligonucleotide assembly on
solid support.
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Vanheusden and co-workers, working with a series of 2’- and 3'-
modified thymidine 5’-O-monophosphate analogues, found that
a 2’-halogeno substituent (Hlg=Cl or F) and a 3’-azido group are the
most favourable functions for the development of potent inhibitors
of M. tuberculosis thymidylate kinase (TMPKmt).!¥! The synthetic
methods used to prepare the nucleotides 246, 247 and 250 are
outlined in Schemes 55 and 56. For the synthesis of 2’-fluo-
rothymidine 245, 2,2’-anhydrothymidine 243 was treated with 3,
4-dihydropyran in DMF, followed by saponification, to yield its
3',5’-bisprotected arabinosyl derivative. Fluorination with DAST,
followed by deprotection with p-toluenesulfonic acid in MeOH,
afforded 245. The nucleosides 244 and 245 were converted into
their monophosphates 246 and 247 using the procedure of Yoshi-
kawa, involving treatment with POCl3 (3 equiv) in (MeO)3PO.
3’-Deoxy-3’-fluorothymidine 5’-O-monophosphate (250) was
synthesised from compound 248 via treatment with DAST giving
fluorinated nucleoside 249 and subsequent detritylation and
phosphorylation. All nucleotides were tested on TMPKmt. Com-
pound 246 exhibits appreciable affinity with a Kj value of 19 uM.
Changing the chlorine of 246 for fluorine leads to a twofold drop in
affinity. Replacement of the 3’-OH of dTMP by a 3’-F in 250 affords
an analogue that behaves as a substrate with a Ky, value of 30 pM.

To delineate the most appropriate length of the spacer between
the 3’-carbon of the 2’,3’-deoxy thymidine monophosphate (dTMP)
and the introduced functionality, 3’-deoxy-3’-fluoromethyl thy-
midine monophosphate 255 was also investigated for its affinity for
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TMPKmt. The required compound was prepared starting from the
nucleoside 251. Removal of the 2’-hydroxyl function was performed
by reduction of its phenoxythiocarbonate ester with AIBN and
BusSnH. Subsequent removal of the p-anisyl group with ammo-
nium cerium(IV) nitrate gave the 2’,3’-dideoxy-3’-hydroxymethyl
derivative 253. Fluorination of 253 with DAST, followed by re-
ductive debenzylation, afforded the desired 2’,3’-dideoxy-3’-fluo-
romethylnucleoside 254. Phosphorylation of the 5'-hydroxyl group
led to the corresponding nucleotide 255 (Scheme 57). This com-
pound was proved to be potent inhibitor of TMPKmt with a Kj value
of 15 pM.142

Since 2’,3’-dideoxy-3’-fluoroadenosine 256 and related ana-
logues have shown promising activity against HIV and HBV, it was
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interesting to learn if their phosphoramidate protides would lead to
better activity. Treatment of 256 with phosphorochloridates 257a,b
in pyridine in the presence of ‘BuMgCl afforded good yields of
phosphoramidate protides 258 and 259 (Scheme 58). Compound
258 was found to be about 280-fold more potent than the parent
nucleoside 256 against HIV and about 7800-fold more potent than
256 against HBV. Dimethylglycinylphosphoramidate protide 259
showed a 20-fold improvement in activity against HIV and 20,000-
fold improvement for HBV.!43

The synthetic entry into a new subclass of nucleosides bearing
abranched ribose was described by Piccirilli and co-workers.44 The
glycosylating agent 263 was prepared in three steps from 1,3,5-tri-
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Scheme 54. Reagents and conditions: (a) (MesSi),NH, (NH,),SO4, dioxane, 2 h, reflux;
(b) AOCCI, N-methylimidazole, CH,Cl,, 4 h, rt; (c) EtsN, MeOH, overnight, rt; (d) HOBt,
pyridine, THF, 4 h, rt; (e) 239, N-methylimidazole, pyridine, 20 h, rt; (f) 5-nitrofurfuryl
alcohol, DMAP, THF, overnight, rt; (g) Pd(PPhs)4, p-MeCgH4SO,Na, THF/H,0 (2:1),1 h, rt.
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i, PhOC(S)CI, DMAP, MeCN
ii, AIBN, BuzSnH, toluene

0O-benzoyl-a-p-ribofuranose 260 via benzenesulfonyldifluoro-
methyl derivative 262. The key step included nucleophilic addition
of difluoromethyl phenyl sulfone to 2-ketoribose 261 followed by
reductive desulfonation. Glycosylation of bis(trimethylsilyl)uracil
with 263 in the presence of TMSOTf was unsuccessful and resulted
in recovered starting material. Using a stronger Lewis acid (SnCly)
at reflux in acetonitrile gave uridine 264 in 78% yield. Difluoro-
methyluridine 3’,5’-bisphosphonate 266 was synthesised from
2/'-C-B-difluoromethyluridine 265 using diphosphoryl chloride as
a phosphorylating agent (Scheme 59).

In order to create a novel inhibitor of bacterial growth, Nishi-
mura and co-workers have concentrated on obtaining 4-fluorinated
UDP-N-acetyl muramic acid (MurNAc) pentapeptide 270 (Scheme
60).14> Coupling the pentapeptide 268 with the muramyl carboxyl
group of 267 afforded the glycopeptide 269 in 66% yield for the two
steps. The benzyl-protecting groups of the phosphate moiety in 269
were removed in the presence of trioctylamine. Subsequent re-
action of the trioctylammonium phosphate salt with uridine
5’-monophosphormorpholidate and 1H-tetrazole in pyridine pro-
duced the protected UDP-4-F-MurNAc pentapeptide 270. Removal
of the protecting groups was accomplished by rapid treatment with
aqueous sodium hydroxide. The UDP-4-F-MurNAc pentapeptide
showed growth-inhibition activity against Gram-positive bacteria
when it was added to growth media at 0.01 mgml~".

Nucleoside phosphoramidites 275 bearing a fluorous dime-
thoxytrityl (FDMT) group were used to synthesise fluorous-tagged
oligonucleotides, which were subjected to solid-phase extraction
using a pH-stable fluorinated absorbent. Compounds 275 were
prepared by a reaction sequence shown in Scheme 61. Grignard
reaction of the commercially available 271 with p-methoxy-
phenylmagnesium bromide afforded a tertiary alcohol, which was
converted into the fluorous dimethoxytrityl chloride 272. Fluorous
dimethoxytritylation of thymidine 273a and suitably protected
forms of dA, dC and dG (273b-d) proceeded normally to give
274a-d. Phosphitylation afforded the desired phosphoramidites
275a-d. From a synthetic standpoint, the FDMT group was found to
behave identically to a DMT group throughout this sequence.'4®

The Prakash group has performed a systematic study on the
effect of 2’-sugar modifications [2’-F-2’-deoxy-, 2’-O-methyl- and
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2'-0-(2-methoxyethyl)nucleoside residues] in the antisense and
sense strands of short interference RNA (siRNA). The siRNAs with
modified ribonucleotides at the 5'-end of the antisense strand were
less active relative to the 3’-modified siRNAs. The 2’-F sugar was
generally well tolerated on the antisense strand, whereas the 2’-
OMe sugar showed a significant shift in activity, depending upon
the position of modification. The 2’-O-methoxyethyl modification
in the antisense strand resulted in less active siRNA constructs,
regardless of the placement position in the construct.!¥’ The
same authors identified an siRNA motif consisting entirely of 2’-
OMe and 2’-F nucleotides that showed a remarkable improvement
in the in vitro potency and stability, compared to the unmodified
siRNA.148

Advances have been made in using '°F NMR spectroscopy for the
characterisation of RNA secondary structure equilibrium. The con-
cept is based on the site-specific labelling of RNA with single 2’-
fluoro-2-deoxy nucleosides.!*® A spectroscopic approach, namely
31p_{19F} FEDOR NMR, has been utilised to measure the distances
between a CF3 group and phosphodiester in nucleic acids.>°

3.7.2. Modification of a nucleobase

5-Fluoropyrimidines such as 5-fluorouracil (5-FU), 5-fluoro-2’-
deoxyuridine (Floxuridine) and their derivatives are known to be
the most common and extensively investigated anticancer agents
(Chart 12). The active form of these prodrugs is 5-fluoro-2’'-deoxy-
uridine-5’-monophosphate (FAUMP), which is generated in vivo.
5-FU and its derivatives are potent mechanism-based inhibitors of
thymidylate synthase (TS), an enzyme, which converts dUMP into
2’-deoxythimidine-5’-monophosphate  (dTMP), utilising the

coenzyme N°,N'°-methylene-5,6,7,8-tetrahydrofolate as the source
of the methyl group as well as a reductant. A number of detailed
reviews on the mechanism of TS inhibition by 5-FU and its de-
rivatives have been published.”!®>! The ethynyl analogue of
FAUMP, 5-ethynyl-2’-deoxyuridine-5'-phosphate 276, is a potent
inhibitor of dihydropyridine dehydrogenase.®? 5-Fluoropropynyl-
dUMP 277, an improved derivative of 276, has been designed as
a prototype of a new generation of dTMP synthase inhibitors.>> Of
the fluorinated adenosine antimetabolites, fludarabine (F-ara-AMP)
278 is a DNA polymerase inhibitor, which is a useful chemothera-
peutic agent against a variety of cancers.!>*

The 2-thio derivatives of 5-fluoro-dUrd and their mono-
phosphates were synthesised in 1993 by Kulikowski and co-
workers.!>> The B- and o-anomer 280 and 281 were prepared by
condensation of the di-TMS derivatives of 5-fluoro-2-thiouracil
with 2-deoxy-3,5-di-O-p-toluoyl-a-p-ribofuranosyl chloride 279 in
the presence of a Lewis acid (Scheme 62). The ratio of the - to the
a-anomer increased with the strength of the Lewis acid catalyst,
being 1:3 with TMS-triflate, 1:2 with SnCl4 and 3:1 with TiCls. Each
of the anomers was unblocked with MeOH-NHj to give the desired
free anomeric nucleoside pair 282 and 283. These compounds were
selectively converted into the corresponding 5’-monophosphates
284 and 285 with the aid of the wheat shoot phosphotransferase
system. B-5-Fluoro-2-thio-dUMP 284 proved to be a potent com-
petitive, slow-binding inhibitor (K; ~10-8 M) of the purified en-
zymes from Ehrlich ascites carcinoma and L1210 cells, albeit 40- to
100-fold less effective than FdUrd. The a-anomer 285 is a much
weaker inhibitor of tumour cell growth, with a Kj value in the
millimolar range.
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In order to overcome the poor cell membrane penetration of
therapeutically useful nucleotides, Farquhar and co-workers have
designed 5'-(1,3,2-dioxaphosphorinan-2-yl) and 5’-(1,3,2-oxaza-
phosphorinan-2-yl) derivatives of 2’-deoxy-5-fluorouridines
286a,b (Scheme 63).°% It was anticipated that these compounds
would be oxidatively transformed by hepatic P-450-dependent
mixed-function oxidases, in a manner similar to cyclophospha-
mide, to yield the labile hydroxylated intermediates 287a,b. Un-
fortunately, compounds 286a,b were only modestly effective at
prolonging the life of mice bearing murine leukaemia P-388 and
inactive against a P-388 variant that was resistant to 5-fluoro-
uracil’™® To circumvent the requirement for oxidative bio-
transformation of 286a, the activating hydroxyl group has been
introduced into the 4-position of the 1,3,2-dioxaphosphorinane
ring in the form of a stable carboxylate ester derivative (286c).
Compound 286¢ was prepared by condensation of the cyclic
phosphorinane with 5-FdUr, in the presence of the Mitsunobu re-
agent, as shown in Scheme 64. As anticipated, this derivative acted
as a membrane-permeating precursor of FAUMP and inhibited the
growth of Chinese hamster ovary (CHO) cells in culture at a con-
centration of 5x10~® M. In the presence of 2-mercaptoethane-
sulfonic acid (an acrolein scavenger), 286¢ was equally effective
against a P-388 mutant cell line that was resistant to FU.1*®

Another interesting procedure for obtaining membrane-per-
meating prodrugs of 5-FAUMP comprises the incorporation of
masking mononucleotides into amphiphilic dimers. In one exam-
ple, the amphiphilic anticancer prodrugs 291 and 292 were syn-
thesised according to the hydrogen phosphonate method by
coupling the lipophilic cytosine derivatives 289 and 290 with 5-
fluoro-2’-deoxyuridine 288 (Scheme 65).18

Aside from the amphiphilic dimers, some phospholipid-nucleo-
side conjugates containing a 5-fluorouracil moiety have been
synthesised and studied.® As an example, glycerothio-
phospholipid-nucleoside conjugates 294 and 295 (Chart 13) were
designed to take advantage of the good activity of 5-fluoro-1-(tet-
rahydro-2-furyl)uracil, an important antitumour drug 293 (tegafur).
These compounds were reported to exhibit antitumour activity
against bladder cancer cells.'®°

Analogues of UDP-glucose with fluorine modification in the
uracil moiety have also been synthesised.’®! Thus, treatment of
FAUMP with 1,1’-carbonyldiimidazole in DMF, followed by hydro-
lysis and condensation with a glucose 1-monophosphate tribu-
tylammonium salt, allowed the isolation of the corresponding
nucleoside 5'-diphosphoglucose derivative 296 (Scheme 66).

The synthesis and biological evaluation of a triphosphate de-
rivative 299 as a potential anti-HIV agent have been reported by



6182 V.D. Romanenko, V.P. Kukhar / Tetrahedron 64 (2008) 6153-6190
CgF17.
CgF17. OMe
1. p-MeOCgH4MgBr O Q
2. AcCl
64% cl
COQMS ‘
OMe
271 272
HO FDMTO FDMTO
Base Base
0 Base (0] AorB o
pyridine )
OH OH O\P/NPI"z
|
NC—_O
273a-d 274a-d 275a-d
Series Base Yield of 274 Yield of 275 Phosphitidylation
(%) (%) condition

a thymine 73 79 A
b Ne—benzoyladenine 91 71 B
c N*-benzoylcytosine 96 62 B
d NZ-isobutyrylguanine 96 84 B

Phosphitidylation conditions: A: PriaNP(CI)O(CH,),CN, PrioNEt; B: (Pri,N),PO(CH,),CN,

tetrazole

Scheme 61.

(¢}
H

5-fluorouracil
(5-FU)

floxuridine

(0]

A
7N
N/l%o
H,05P0
0

OH

276 277

0
F\kaH
N/go
HO
o
OH

H,04PO
; [

H,03PO

O

278
F-ara-AMP (fludarabine)

Chart 12. 5-Fluoropyrimidines and their analogues.

Liotta and co-workers (Scheme 67).152 The monophosphate 298
was generated by the reaction of the nucleoside 297 with phos-
phorus oxychloride using trimethyl phosphate as the solvent. The
monophosphate 298 was activated as its morphine phosphor-
amidate, which was subsequently combined with pyrophosphate
to provide the triphosphate 299. Although compound 297 was not
active up to 100 mM, its triphosphate 299 exhibited comparable
anti-HIV activity to 3TC-TP against recombinant HIV RT and wild-

type HIV RT (IC50=4.7, 6.9 uM). Furthermore, the triphosphate also
showed very good activity against M1841 and M184V mutant RT
(IC50=6.1, 6.9 uM), which were not inhibited by 3TC-TP.

The interesting and very promising biological properties of
2-vinylinosine and its monophosphate have encouraged Nair’s re-
search group to synthesise 2-[2-(Z)-fluorovinyl]inosine 5’-mono-
phosphate (2-FVIMP) 300 (Scheme 68).15% This compound was
found to be a potent inhibitor of inosine monophosphate
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dehydrogenase (IMPDH), the enzyme, which catalyses the oxida-
tion of inosine 5’-monophosphate to xanthosine 5’-mono-
phosphate with the concomitant reduction of nicotinamide
adenine dinucleotide (NAD") to NADH. Inhibition of IMPDH by 2-
FVIMP appears to be irreversible with kjnact and K;j values of
0.0269 s~ ! and 1.1 uM, respectively.

During the past decade, there has been a remarkable de-
velopment in the biochemistry of unnatural C-nucleosides

NHCOC5H34

(@]

containing a fluorinated benzene moiety as a nucleobase ana-
logue.'®4 As an example, the non-polar hydrophobic 2,4-difluoro-5-
methylphenyl isostere 301 (R=Me) was designed as an unnatural
mimic with similar structural, steric and isoelectronic properties to
the natural nucleoside thymidine 302.16166
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More recent studies have shown that unnatural 5-substituted
thymidine mimics 301 (R=H, Me, F, Cl, Br, I, CF3;, CN, NO,, NH>)
exhibited weak or negligible anticancer and antiviral activity. One
plausible explanation for the low cytotoxicity exhibited by these
compounds could be their failure to undergo phosphorylation by
thymidine kinase to the 5’-monophosphates. This motivated Knaus
and co-workers to develop prodrugs that release nucleotides
intracellularly thereby circumventing the requirements for
intramolecular phosphorylation.’®” A synthesis of the (Sp)-, (Rp)-
diastereomeric mixtures of 5’-0-cyclo-Sal pronucleotide phospho-
triesters 305-310 starting from chlorophosphite 303a-c and
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Chart 13. Tegafur and phospholipid-nucleoside conjugates containing 5-fluorouracil moiety.
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F

nucleosides 304a,b is illustrated in Scheme 69. Unfortunately none
of these new cyclo-Sal pronucleotides showed the expected cyto-
toxic activities, except for 307 that was more potent than the ref-
erence drug, 5-iodo-2/-deoxyuridine.'®”

The easy access to the fluorine-substituted benzene nucleobase
analogues resulted in an avalanche of studies on the stacking in-
teractions in non-polar nucleotide isosteres. Examples include the
synthesis of novel fluorine-substituted benzene nucleobase ana-
logues and the structural characterisation of DNA-containing un-
natural self-pairs,'%® the preparation of a series of non-polar
thymidine analogues of increasing size and their incorporation into
synthetic DNAs ,'%9 the synthesis of 2’-aminoalkyl-substituted
fluorinated nucleobases and their influence on the kinetic proper-
ties of Hammerhead ribozymes,'”® a study of pentafluorophenyl-
phenyl interactions in biphenyl-DNA'"! and an investigation of
fluorous base-pairing effects in the DNA polymerase active site.'”2
In particular, Leumann and co-workers prepared the 4,4’-dime-
thoxytrityl (DMTr)-protected phosphoramidite building block 317
from 2,3,5-tri-O-benzyl-p-ribono-1,4-lactone and 4’-bromo-
2,3,4,5,6-pentafluorobiphenyl via compounds 311-316 (Scheme
70). A thermodynamic analysis using isothermal titration calo-
rimetry of a series of duplexes d(GATGAC(X),GCTAG)-d(CTAG-
C(Y),GTCATC), in which X and Y designate biphenyl (bph) and
pentafluorobiphenyl (°"bph) C-nucleotides and n varies from 0-4,
revealed lower duplex formation enthalpies (AH) in the
SFbph/>bph case than in the bph/bph case, and confirmed the
higher thermodynamic stability (AG) of the fluorinated duplex.!”!

3.7.3. Modification of a phosphate group

Nucleoside phosphorofluoridate monoesters were first pre-
pared by Wittmann via the reaction of nucleoside phosphate
monoesters with 2,4-dinitrofluorobenzene.!’”> A more general ap-
proach to nucleoside 5’-O-phosphorofluoridates involves the re-
action of the corresponding nucleoside with fluorophosphoric acid
in the presence of N,N’-dicyclohexylcarbodiimide, 2,4,6-triisopro-
pylbenzenesulfonyl chloride or mesitylene-2-sulfonyl-3-nitro-
1,2,4-triazole.5#17* Ribonucleotide analogues with a P-F linkage
have been prepared using the reaction of tetra-n-butylammonium
fluoride (TBAF) with nucleoside-O-aryl-3-alkylthiophosphates.!”>
Another important procedure for the preparation of nucleoside
phosphorofluoridate, phosphorofluoridothioate and phosphoro-
fluoridodithioate monoesters is based on the oxidation of the cor-
responding H-phosphonate and H-phosphonothioate monoesters
with iodine in pyridine in the presence of trimethylchlorosilane,
followed by reaction with triethylamine trishydrofluoride.”6177
Stec and co-workers have found that the 5-O- or 3’-O-protected
thymidine 3’-0- or 5’-0-(2-thiono-1,3,2-oxathiaphospholane) react
with triethylammonium fluoride in the presence of DBU, leading
to the appropriate phosphorofluoridothioates.'’® Perhaps the
most versatile synthesis of nucleoside phosphorofluoridates and
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Scheme 69.
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Scheme 70. Reagents: (a) 1 (1 equiv), BuLi (1 equiv), THF, then 2,3,5-tri-O-benzyl-p-ribono-1,4-lactone (1 equiv) in THF, —78 °C; (b) Et5SiH (5 equiv), BF5-OEt; (5 equiv), CHxCly; (c)

BBr; (3.5equiv); (d)

1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (1.2 equiv), pyridine; (e) 1,1’-thiocarbonyldiimidazole (1.2 equiv), MeCN;

(f) AIBN (0.2 equiv), tris-

(trimethylsilyl)silane, toluene; (g) (HF)s-NEts (10 equiv), THF; (h) 4,4-dimethoxytrityl (DMTr) chloride (1.2 equiv), pyridine; (i) [(‘ProN)(NCCH,CH,0)P]Cl (1.5 equiv), ‘Pr,NEt

(3 equiv), THF.

phosphorofluoridothioates is based on phosphoramidite method-
ology (see Scheme 2).26

Nishimura and co-workers reported a practical method for the
preparation of the fluorine-substituted 2-N-acetamidosugar nu-
cleotides, uridine 5’-diphosphate (UDP) 2-acetamido-2,4-dideoxy-
4-fluoro-a-p-glucopyranose (UDP-4-FGIcNAc) 319 and its galacto
isomer (UDP-4-F-GalNAc) 321, by employing a combined chemical
synthesis and UDP N-acetylglucosamine (UDP-GIcNAc) pyrophos-
phorylase.'”® Treatment of 4-FGIcNAc-1-P (318) or 4-F-GalNAc-1-P
(320) and uridine 5-triphosphate (UTP) with UDP-GIcNAc

pyrophosphorylase affords the fluorinated 2-N-acetamidosugar
nucleotides 319 and 321 (Scheme 71). These results imply that the
fluorine-containing precursors 318 and 320 are accepted as sub-
strates by UDP-GIcNAc pyrophosphorylase.

Further progress in the area of fluorinated nucleotide analogues
results from structural modification of the triphosphate unit in
oligonucleotides. Thus, 5’-B,y-fluoromethylenetriphosphate nu-
cleotide analogues have been developed to mimic nucleoside tri-
phosphates. In this case, a fluoromethylene or difluoromethylene
moiety replaces the B,y-bridging oxygen in the terminal

0
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HO OH
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Scheme 71.



V.D. Romanenko, V.P. Kukhar / Tetrahedron 64 (2008) 6153-6190 6187

pyrophosphate function. Scheme 72 illustrates an improved
method for the synthesis of nucleoside 5’-B,y-methylene-
triphosphates. Nucleoside monophosphates, when activated by
trifluoroacetic anhydride and N-methylimidazole, efficiently couple
with a variety of electron-deficient diphosphonates to give the
desired nucleotide analogues 322a-d in high yield.'8°

Me_ +
0 1. (CF3C0),0, EtsN, MeCN N=\RQ
0-p-0 B 2. N-methylimidazole, MeCN & N~p-O B
1] (o] 11 o)
0 o}
OH OH OR OR
R = CF3CO
o\ o
0% p0 X Y
1. 1 1 o) X/-O o a,X,Y=H
p” B0 B bXY=Cl
2. NH40AC oy o ¢, X=F,Y=H
o d,X,Y=F
75-89%
OH OH
322a-d
B = adenine, uracil
Scheme 72.

The synthesis of 2’/,3'-dideoxynucleoside 5’-a-P-borano-f,y-
(difluoromethylene)triphosphates 326 was the subject of study by
Wang’s group.'"182 Treatment of nucleosides with 2-chloro-4H-
1,3,2-benzodioxaphosphorin-4-one yielded the activated phos-
phites 323a-f, which were condensed with bis(tributylammonium)
difluoromethylenediphosphonate to form the cyclic triphosphates
324a-f. Reaction of 324a-f with diisopropylethylamine-borane
complex gave compounds 325a-f, which after hydrolysis afforded
the ddN 5'-aB-By-CF,TPs 326a-f in moderate yields (Scheme 73).

Recently, the first successful synthesis and structural charac-
terisation of a nucleotidyl phosphorane have been reported

0]
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—_—
Y-X pyridine/DMF

323af Y
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a, B =thymine, X =Y = CHpy; b, B = thymine, X, Y = CH=CH; c,B =
5-F-cytosine, X = CHy, Y = S (L-ribose); d, B = uracil, X =Y = CHy;
e, B = adenine, X =Y = CHy; f, = 7-deazaguanine, X =Y = CH,

Scheme 73.

(Scheme 74). The nucleotidyl phosphorane 328 was synthesised in
90% yield by reacting 2,2’-ethylidenebis(4,6-di-tert-butylphenyl)-
fluorophosphite 327 with thymidine in the presence of N-chloro-
diisopropylamine. The phosphorane 328 may be considered as
a model transition state in the hydrolysis of a structural part of
DNA.!83

327

i 1
Pr,NCI 0=Po
CH,Cl, F

328

X-ray structure

Scheme 74.
4. Concluding remarks

Thanks to the important progress in synthetic methodologies
that provide more ready access to fluorinated molecules, fluo-
rine-containing phosphate esters are becoming more and more
relevant in drug discovery. The various examples described in
this report demonstrate that the introduction of fluorine has had
a dramatic effect on the metabolism of a phosphate substrate.
The complex structure-activity relationships within the active
substrate make it difficult to predict sites where fluorine sub-
stitution will increase the favourable modes of interaction with
enzymatic binding partners. Nevertheless, the research carried
out by many chemists has already resulted in some impressive
examples of the efficiency of the fluorine-phosphate strategy.
Many new fluorine-containing phosphate esters exhibit in vitro
and in vivo cytotoxic activities against numerous human and
murine tumour cell strains. Another area of great promise is the
synthesis of nucleoside phosphates featuring activity against HIV
and HBV. Fluorinated phosphate substrates can also serve as
mechanistic probes or inhibitors and play a key role in the
elucidation of enzyme mechanisms. As an example, the fluori-
nated analogue of PEP, 3-fluorophosphoenolpuruvate (F-PEP), has
been successfully employed in studying the mechanisms of
a variety of PEP-utilising enzymes. Further studies to obtain
additional details concerning the interactions of fluorinated
phosphate substrates with enzymatic binding partners are likely
to be the next challenge in organophosphate chemistry. There is
an urgent need for coordinated efforts by different research
groups to attain these goals. Thus, it can be safely predicted that
many new biomedical applications of fluorinated organophos-
phates await discovery.

Acknowledgements

Financial support from the Science and Technology Center in
Ukraine (Grant 3558) is gratefully acknowledged. V.D.R. thanks
Centre National de la Recherche Scientifique (France) for
a fellowship.



6188

V.D. Romanenko, V.P. Kukhar / Tetrahedron 64 (2008) 6153-6190

References and notes

28.

29.
30.

31
32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

50.

51.

52.
53.

54.

. Westheimer, F. H. Science 1987, 235, 1173-1178.
. Black, R. M.; Harrison, J. M. The Chemistry of Organophosphorus Compounds;

Harley, F. R, Ed.; Wiley: Chichester, UK, 1996; pp 781-840.

. Welch, ]. T.; Eswaraksrishnan, S. Fluorine in Bioorganic Chemistry; Wiley: New

York, NY, 1991.

. Timperley, C. M. Fluorine Chemistry at the Millennium: Fascinated by Fluorine;

Banks, R. E., Ed.; Elsevier: Amsterdam, 2000; Chapter 29.

. Bégué, ].-P.; Bonnet-Delpon, D. Chimie Bioorganique et Médicinale du fluor; EDP

Sciences et CNRS Edition: Paris, 2005.

. O’Hagan, D.; Rzepa, H. S. Chem. Commun. 1997, 645-652.

. Isanbor, C.; O'Hagan, D. J. Fluorine Chem. 2006, 127, 303-319.

. Bégué, ].-P.; Bonnet-Delpon, D. J. Fluorine Chem. 2006, 127, 992-1012.

. Kirk, K. L. J. Fluorine Chem. 2006, 127, 1013-1029.

. Pongdee, R.; Liu, H.-w. Bioorg. Chem. 2004, 32, 393-437.

. Yu, E; Miller, D. J.; Allemann, R. K. Chem. Commun. 2007, 4155-4157.

. Kukhar, V.; Romanenko, V. Kem. Ind. 2007, 56, 329-344.

. Romanenko, V. D.; Kukhar, V. P. Chem. Rev. 2006, 106, 3868-3935.

. Hiyama, T. Organofluorine Compounds. Chemistry and Applications; Springer:

Berlin, 2000.

. Olsen, J. A.; Banner, D. W.; Seiler, P.; Wagner, B.; Tschopp, T.; Obst-Sander, U.;

Kansy, M.; Miiller, K.; Diederich, F. ChemBioChem 2004, 5, 666-675.

. Mikami, K.; Itoh, Y.; Yamanaka, M. Chem. Rev. 2004, 104, 1-16.

. Lemal, D. M. J. Org. Chem. 2004, 69, 1-11.

. Timperley, C. M.; White, W. E. J. Fluorine Chem. 2003, 123, 65-70.

. Mahmood, T.; Shreeve, J. M. Inorg. Chem. 1986, 25, 3830-3837.

. Timperley, C. M.; Waters, M. ]. J. Fluorine Chem. 2001, 109, 103-111.

. Faroogq, O. J. Chem. Soc., Perkin Trans. 1 1998, 839-840.

. Farooq, O. New J. Chem. 2000, 24, 81-84.

. Chwords, A.; Wozniak, L. A. Tetrahedron Lett. 1999, 40, 9337-9340.

. Sierakowski, T.; Kiddle, ]. J. Tetrahedron Lett. 2005, 46, 2215-2217.

. Timperley, C. M.; Arbon, R. E.; Saunders, S. A.; Waters, M. J. J. Fluorine Chem.

2002, 113, 65-78.

. Dabrowski, W.; Tworowska, 1. Org. Biomol. Chem. 2005, 3, 866-874.
. Kudryavtsev, 1. Yu.; Molchanova, G. N.; Petrovskii, P. V.; Zakharov, L. S.; Ka-

bachnik, M. L. Izv. Akad. Nauk, Ser. Khim. 1992, 2197-2198.

Timperley, C. M.; Bird, M.; Broderick, J. F.; Holden, I.; Morton, L. ].; Waters, M. J.
J. Fluorine Chem. 2000, 104, 215-223.

Mabhler, W. Inorg. Chem. 1979, 18, 352-354.

Timperley, C. M.; Morton, L. J.; Waters, M. J.; Yarwood, ]. L. J. Fluorine Chem.
1999, 96, 95-100.

Timperley, C. M.; Waters, M. Chem. Commun. 2001, 797-798.

Timperley, C. M.; Marriott, S. N.; Waters, M. ]. J. Fluorine Chem. 2002, 113,
111-122.

Timperley, C. M.; Waters, M. Phosphorus, Sulfur Silicon Relat. Elem. 2002, 177,
423-430.

Timperley, C. M.; Waters, M. J. Fluorine Chem. 2005, 126, 1144-1149.
Kudryavtsev, I.; YuZakharov, L. S.; Kabachnik, M. I. Russ. Chem. Bull. 1998, 47,
2015-2016.

Kabachnik, M. L; Zakharov, L. S.; Goryunov, E. I.; Kudryavtsev, I. Yu.; Mol-
chanova, G. N.; Kurykin, M. A.; Petrovski, P. V.; Shcherbina, T. M.; Laretina, A. P.
Zh. Obshch. Khim. 1994, 64, 902-912.

Kabachnik, M. I.; Zakharov, L. S.; KudryavtsevYu, L. Zh. Obshch. Khim. 1994, 64,
1951-1953.

Timperley, C. M.; Holden, I.; Morton, I. J.; Waters, M. ]. J. Fluorine Chem. 2000,
106, 153-161.

Timperley, C. M.; Bird, M.; Waters, M. J. J. Fluorine Chem. 2005, 126, 892-901.
Timperley, C. M.; Saunders, S. A.; Szpalek, J.; Waters, M. ]. J. Fluorine Chem.
2003, 119, 161-171.

Fawcett, J.; Hope, E. G.; Stuart, A. M.; Wood, D. R. W.]. Fluorine Chem. 2005, 126,
505-512.

Timperley, C. M.; Sellers, D. J.; Waters, M. ]. J. Fluorine Chem. 2001, 107,
155-158.

Sadtler, V. M.; Krafft, M. P.; Riess, J. G. Angew. Chem., Int. Ed. 1996, 35, 1976-
1978.

Prestwich, G. D.; Xu, Y.; Qian, L.; Gajewiak, J.; Jiang, G. Biochem. Soc. Trans.
2005, 33, 1357-1361.

Xu, Y.; Aoki, J.; Shimizu, K.; Umezu-Goto, M.; Hama, K.; Takanezawa, Y.; Yu, S.;
Mills, G. B.; Arai, H.; Qian, L.; Prestwich, G. D. J. Med. Chem. 2005, 48,
3319-3327.

Prestwich, G. D. Prostaglandins Other Lipid Mediat. 2005, 77, 168-178.
Durgam, G. C.; Virag, T.; Walker, M. D.; Tsukahara, R.; Yasuda, S.; Liliom, K.; van
Meeteren, L. A.; Moolenaar, W. H.; Wilke, N.; Siess, W.; Tigyi, G.; Miller, D. D.
J. Med. Chem. 2005, 48, 4919-4930.

Xu, Y.; Qian, L.; Prestwich, G. D. J. Org. Chem. 2003, 68, 5320-5330.

. Xu, Y.; Prestwich, G. D. J. Org. Chem. 2002, 67, 7158-7161.

Xu, Y.; Qian, L.; Pontsler, A. V.; Mcintyre, T. M.; Prestwich, G. D. Tetrahedron
2004, 60, 43-49.

(a) Berkovic, D. Gen. Pharmacol. 1998, 31, 511-517; (b) Houlihan, W. J.; Loh-
meyer, M.; Workman, P.; Cheon, S. H. Med. Res. Rev. 1995, 15, 157-223.
Ostermann, G.; Brachwitz, H.; Till, U. Biomed. Biochim. Acta 1984, 43, 349-355.
Bittman, R.; Byun, H. S.; Reddy, K. C.; Samadder, P.; Arthur, G. J. Med. Chem.
1997, 40, 1391-1395.

Burchardt, A.; Takahashi, T.; Takeuchi, Y.; Haufe, G. J. Org. Chem. 2001, 66,
2078-2084.

55.

80.
81.
82.
83.
84.
. Ogawa, S.; Tezuka, Y. Bioorg. Med. Chem. Lett. 2006, 16, 5238-5243.
86.
87.
88.
89.
90.
91
. Qiu, Y.; Li, D. Biochim. Biophys. Acta 2006, 1760, 1080-1087.
o

95.

96.
97.
. Fox, D. T,; Poulter, C. D. Biochemistry 2005, 44, 8360-8368.
99.
100.
101
102.
103.
104.
105.
106.

107.

Alexander, R. L.; Morris-Natschke, S. L.; Ishaq, K. S.; Fleming, R. A.; Kucera, G. L.
J. Med. Chem. 2003, 46, 4205-4208.

. Ali, S. M.; Khan, A. R.; Ahmad, M. U; Chen, P.; Sheikh, S.; Ahmad, 1. Bioorg. Med.

Chem. Lett. 2005, 2571-2574.

. Krishna, U. M.; Ahmad, M. U.; Ahmad, I. Tetrahedron Lett. 2004, 45, 2077-2079.
. Lin, Z.; Ahmad, M. U,; Ali, S. M.; Ahmad, I. Lipids 2004, 39, 285-290.
. Peng, Q.; Qu, F. Q.; Xia, Y.; Zhou, J. H.; Wu, Q. Y.; Peng, L. Chin. Chem. Lett. 2005,

16, 349-352.

. Peng, Q.; Xia, Y.; Qu, F.; Wu, X.; Campese, D.; Peng, L. Tetrahedron Lett. 2005,

46, 5893-5897.

. Takagi, T.; Takai, K.; Baba, T.; Kanamori, T. J. Fluorine Chem. 2007, 128, 133-138.
. Percival, M. D.; Withers, S. G. J. Org. Chem. 1992, 57, 811-817.

. Pacik, J.; Miloslav, C Mol. Imaging Biol. 2002, 4, 352-354.

. Dollé, F; Perrio, C.; Barré, L.; Lasne, M.-C.; Le Bars, D. Actual. Chim. 2006,

93-98.

. Chapeau, M.-C,; Frey, P. A. J. Org. Chem. 1994, 59, 6994-6998.
. Joe, M.; Lowary, T. L. Carbohydr. Res. 2006, 341, 2723-2730.
. Miles, J. A. L.; Mitchell, L.; Percy, J. M.; Singh, K.; Uneyama, E. J. Org. Chem. 2007,

72,1575-1587.

. Vincent, S. P.; Burkart, M. D.; Tsai, C.-Y.; Zhang, Z.; Wong, C. H. J. Org. Chem.

1999, 64, 5264-5279.

. Caravano, A.; Dohi, H.; Sinay, P.; Vincent, S. P. Chem.—Eur. . 2006, 12,

3114-3123.

. Hartman, M. C. T.; Coward, J. K. J. Am. Chem. Soc. 2002, 124, 10036-10053.
. Inagaki, J.; Sakamoto, H.; Nakajima, M.; Nakamura, S.; Hashimoto, S. Synlett

1999, 1274-1276.

. Komatsu, H.; Awano, H.; Tanikawa, H.; Itou, K.; Ikeda, I. Nucleosides Nucleotides

Nucleic Acids 2001, 20, 1291-1293.

. Komatsu, H.; Awano, H. J. Org. Chem. 2002, 67, 5419-5421.
. Komatsu, H.; Tadashi, A. Tetrahedron Lett. 2003, 44, 2899-2901.
. Onega, M.; McGlichey, R. P.; Deng, H.; Hamilton, J. T. G.; O’'Hagan, D. Bioorg.

Chem. 2007, 35, 375-385.

. Cobb, S. L.; Deng, H.; Hamilton, ]. T. G.; McGlinchey, R. P.; O’'Hagan, D. Chem.

Commun. 2004, 592-593.

. McLaughlin, S.; Murray, D. Nature 2005, 438, 605-611.
. Sawyer, D. A.; Potter, B. V. L. . Chem. Soc., Perkin Trans. 11992, 923-932.
. Safrany, S. T.; Wilcox, R. A,; Liu, C.; Potter, B. V. L.; Nahorski, S. R. Eur. J.

Pharmacol. 1992, 226, 265-272.

Wilcox, R. A.; Nahorski, S. R.; Sawyer, D. A.; Liu, C.; Potter, B. V. L. Carbohydr.
Res. 1992, 234, 237-246.

Wilcox, R. A.; Safrani, S. T.; Lampe, D.; Mills, S. ].; Nahorski, S. R.; Potter, B. V. L.
Eur. J. Biochem. 1994, 223, 115-124.

Safrany, S. T.; Sawyer, D.; Wojcikiewicz, R. . H.; Nahorski, S. R.; Potter, B. V. L.
FEBS Lett. 1990, 276, 91-94.

Safrany, S. T.; Sawyer, D. A.; Nahorski, S. R.; Potter, B. V. L. Chirality 1992, 4,
415-422.

Kozikowski, A. P.; Fauq, A. H. J. Am. Chem. Soc. 1990, 112, 7403-7404.

Kozikowski, A. P.; Tiickmantel, W.; Powis, G. Angew. Chem., Int. Ed. Engl. 1992,
31, 1379-1381.

Powis, G.; Aksoy, L. A.; Melder, D. C.; Aksoy, S.; Eichinger, H.; Fauq, A. H.; Ko-
zikowski, A. P. Cancer Chemother. Pharmacol. 1991, 29, 95-104.

Kozikowski, A. P.; Fauq, A. H.; Powis, G.; Melder, D. C. Med. Chem. Res. 1991, 1,
277-282.

Zhang, H.; Xu, Y.; Zhang, Z; Liman, E. R.; Prestwich, G. D. J. Am. Chem. Soc.
2006, 128, 5642-5643.

Xu, Y.; Lee, S. A.; Kutateladze, T. G.; Sbrissa, D.; Shisheva, A.; Prestwich, G. D.
J. Am. Chem. Soc. 2006, 128, 885-897.

Swanson, K. M.; Hohl, R. ]. Curr. Cancer Drug Targets 2006, 6, 15-37.

Kuzuyama, T. Biosci. Biotechnol. Biochem. 2002, 66, 1619-1627.

Phaosiri, C.; Proteau, P. ]. Bioorg. Med. Chem. Lett. 2004, 14, 5309-5312 and
references therein.

Jomaa, H.; Wiesner, J.; Sanderbrand, S.; Altincicek, B.; Weidemeyer, C.; Hintz,
M.; Tiirbachova, I.; Eberl, M.; Zeidler, J.; Lichtenthaler, H. K.; Soldati, D.; Beck,
E. Science 1999, 285, 1573-1576.

Wong, A.; Munos, ]. W.; Devasthali, V.; Johnson, K. A.; Liu, H.-w Org. Lett. 2004,
6, 3625-3628.

Fox, D. T.; Poulter, C. D. J. Org. Chem. 2005, 70, 1978-1985.

Meyer, O.; Grosdemange-Billiard, C.; Tritsch, D.; Rohmer, M. Tetrahedron Lett.
2007, 48, 711-714.

Furdui, C. M.; Sau, A. K.; Yaniv, O.; Belakhov, V.; Woodard, R. W.; Baasov, T.;
Anderson, K. S. Biochemistry 2005, 44, 7326-7335.

Skarzynski, T.; Kim, D. H.; Lees, W. J.; Walsh, C. T. Biochemistry 1998, 37,
2572-2577.

Salleh, H. M.; Dotson, G. D.; Woodard, R. W. Bioorg. Med. Chem. Lett. 1996, 6,
133-138.

Janc, J. W,; Urbauer, J. L.; O’Leary, M. H.; Cleland, W. W. Biochemistry 1992, 31,
6432-6440.

Rich, R. H.; Bartlett, P. A. J. Org. Chem. 1996, 61, 3916-3919.

Lauhon, C. T.; Bartlett, P. A. Biochemistry 1994, 33, 14100-14108.

Alberg, D. G.; Lauhon, C. T.; Nyfeler, R.; Fdssler, A.; Bartlett, P. A. J. Am. Chem.
Soc. 1992, 114, 3535-3546.

Bowles, S. A.; Campbell, M. M.; Sainsbury, M.; Davies, G. M. Tetrahedron 1990,
46, 3981-3992.



108.

109.

110.

111

112.

113.

114.
115.

116.

117.

118.
119.
120.
121.
122.

123.

124.

125.

126.

127.

128.

129.

137.

138.

139.
140.

141.

142.

143.

V.D. Romanenko, V.P. Kukhar / Tetrahedron 64 (2008) 6153-6190

Osborne, A. P.; Parker, E. J.; Abell, C. Fluorinated Bioactive Compounds in the
Agricultural and Medical Fields; Proceedings of the Conference, Brussels, Sept.
13-15, 1999, 13/1-13/10.

Bornemann, S.; Ramjee, M. K.; Balasubramanian, S.; Abell, C.; Coggins, J. R.;
Lowe, D. J.; Thorneley, R. N. F. J. Biol. Chem. 1995, 270, 22811-22815.
Duggan, P. ].; Parker, E.; Coggins, J.; Abell, C. Bioorg. Med. Chem. Lett. 1995, 5,
2347-2352.

Balasubramanian, S.; Davies, G. M.; Coggins, ]. R.; Abell, C. J. Am. Chem. Soc.
1991, 113, 8945-8946.

Jakeman, D. L.; Mitchell, D. J.; Shuttleworth, W. A.; Evans, ]. N. S. Biochemistry
1998, 37,12012-12019.

Walker, M. C.; Jones, C. R.; Somerville, R. L.; Sikorski, J. A. J. Am. Chem. Soc. 1992,
114, 7601-7603.

Seto, C. T.; Bartlett, P. A. J. Org. Chem. 1994, 59, 7130-7132.

Kim, D. H.; Lees, W. ].; Haley, T. M.; Walsh, C. T. J. Am. Chem. Soc. 1995, 117,
1494-1502.

Kim, D. H.; Lees, W. ].; Walsh, C. T. J. Am. Chem. Soc. 1994, 116, 6478-6479.
Kim, D. H.; Tucker-Kellogg, G. W.; Lees, W. ].; Walsh, C. T. Biochemistry 1996, 35,
5435-5440.

Kim, D. H.; Lees, W. ].; Walsh, C. T. J. Am. Chem. Soc. 1995, 117, 6380-6381.
Garcia-Alles, L. F; Erni, B. Eur. J. Biochem. 2002, 269, 3226-3236.

Ding, Y.; Huang, X. Heteroat. Chem. 2003, 14, 304-308.

Cook, C. M.; Tolbert, N. E.; Smith, J. H.; Nelson, R. V. Biochemistry 1986, 25,
4699-4704.

Demir, A. S.; Reis, 0.; Igdir, G.; Esiringii, I.; Eymur, S. J. Org. Chem. 2005, 70,
10584-10587.

Mironov, V. E; Gubaidullin, A. T.; Konovalova, I. V.; Litvinov, I. A.; Burnaeva, L. M.;
Zyablikova, T. A.; Romanov, S. V.; Mavleev, R. A. Russ. J. Gen. Chem. 2000, 70,
1706-1726.

Mironov, V. E.;; Mavleey, P. A.; Burnaeva, L. A.; Konovalova, I. V.; Chernov, P. P.;
Pudovik, A. N. Russ. Chem. Bull. 1993, 42, 528-530.

Mironov, V. E.; Konovalova, . V.; Mavleev, R. A.; Muhtarov, A. S.; Ofitserov, E. N.;
Pudovik, A. N. Zh. Obshch. Khim. 1991, 61, 2150-2154.

Kadyrov, A.; Neda, I.; Kaukorat, T.; Sonnenburg, R.; Fischer, A.; Jones, P. G.;
Schmutzler, R. Chem. Ber. 1996, 129, 725-732.

Mironov, V. E; Burnaeva, L. M.; Konovalova, I. V.; Khlopushina, G. A.; Zya-
blikova, T. A. Zh. Obshch. Khim. 1995, 65, 1986-1990.

Mironov, V. E; Burnaeva, L. M.; Litvinov, 1. A.; Kotorova, Yu. Yu.; Dobrynin, A.
B.; Musin, P. Z.; Konovalova, 1. V. Russ. Chem. Bull. 2004, 53, 1704-1710.
Ratner, V. G.; Lorke, E.; Pashkevich, K. I.; Roschenthaler, G.-V. J. Fluorine Chem.
2000, 102, 73-77.

. Gerus, L. I.; Gorbunova, M. G.; Kukhar, V. P.; Schmutzler, R. J. Fluorine Chem.

1998, 90, 1-3.

. Zhu, S.; Jiang, H.; Jin, G. J. Fluorine Chem. 2005, 126, 931-936.

. Plantier-Royon, R.; Portella, C. Carbohydr. Res. 2000, 327, 119-146.

. Dax, K.; Albert, M.; Ortner, J.; Paul, B. J. Carbohydr. Res. 2000, 327, 47-86.

. Pankiewicz, K. W. Carbohydr. Res. 2000, 327, 87-105.

. Jenkins, C. L.; Thiyagarajan, N.; Sweeney, R. Y.; Guy, M. P.; Kelemen, B. R.;

Acharya, K. R.; Raines, R. T. FEBS J. 2005, 272, 744-755.

. Bonnac, L.; Chen, L.; Pathak, R.; Gao, G.; Ming, Q.; Bennett, E.; Felczak, K,

Kullberg, M.; Patterson, S. E.; Mazzola, E.; Magni, G.; Pankiewicz, K. W. Bioorg.
Med. Chem. Lett. 2007, 17, 1512-1513.

Poopeiko, N. E.; Juhl, M.; Vester, B.; Serensen, M. D.; Wengel, ]. Bioorg. Med.
Chem. Lett. 2003, 13, 2285-2290.

Elzagheid, M. L; Tedeschi, A. L.; Damha, M. J. Nucleosides Nucleotides Nucleic
Acids 2003, 22, 1343-1346.

Wu, W.; Sigmond, J.; Peters, G. ]J.; Borch, R. . J. Med. Chem. 2007, 50, 3743-3746.
Viazovkina, E.; Mangos, M. M.; Damha, M. ]. Nucleosides Nucleotides Nucleic
Acids 2003, 22, 1251-1254.

Vanheusden, V.; Munier-Lehmann, H.; Pochet, S.; Herdewijn, P.; Van Calen-
bergh, S. Bioorg. Med. Chem. Lett. 2002, 12, 2695-2698.

Vanheusden, V.; Lehmann, H. M.; Froeyen, M.; Dugué, L.; Heyerick, A.; De
Keukeleire, D.; Pochet, S.; Busson, R.; Herdewijn, P.; Van Calenbergh, S. J. Med.
Chem. 2003, 46, 3811-3821.

Gudmundsson, K. S.; Daluge, S. M.; Johnson, L. C.; Jansen, R.; Hazen, R;
Condreay, L. D.; McGuigan, C. Nucleosides Nucleotides Nucleic Acids 2003, 22,
1953-1961.

144.
145.

146.

147.

148.

149.

150.

151.

152.
153.

154.
155.

156.
157.

158.
159.

160.
161.

162.

163.
164.
165.
166.

167.
168.

169.
. Klopffer, A. E.; Engels, ]. W. ChemBioChem 2004, 5, 707-716.
171.
172.
173.
174.

175.
176.
177.

178.
179.

180.
181.

182.

183.

6189

Ye, J.-D.; Liao, X.; Piccirilli, J. A. J. Org. Chem. 2005, 70, 7902-7910.

Ueda, T.; Feng, F.; Sadamoto, R.; Niikura, K.; Monde, K.; Nishimura, S.-I. Org.
Lett. 2004, 6, 1753-1756.

Pearson, W. H.; Berry, D. A.; Stoy, P.; Jung, K.-Y.; Sercel, A. D. J. Org. Chem. 2005,
70, 7114-7122.

Prakash, T. P.; Allerson, C. R.; Dande, P.; Vickers, T. A.; Sioufi, N.; Jarres, R.;
Baker, B. F.; Swayze, E. E.; Griffey, R. H.; Bhat, B. J. Med. Chem. 2005, 48, 4247~
4253.

Allerson, C. R.; Sioufi, N.; Jarres, R.; Prakash, T. P.; Naik, N.; Berdeja, A.;
Wanders, L.; Griffey, R. H.; Swayze, E. E.; Bhat, B. J. Med. Chem. 2005, 48,
901-904.

Kreutz, C.; Kdhlig, H.; Konrat, R.; Micura, R. J. Am. Chem. Soc. 2005, 127,
11558-11559.

Louie, E. A.; Chirakul, P;; Raghunathan, V.; Sigurdsson, S. T.; Drobny, G. P.
J. Magon. Reson. 2006, 178, 11-24.

Danenberg, P. V. Front. Biosci. 2004, 9, 2484-2494.

Baker, S. D. Invest. New Drugs 2000, 18, 373-381 and references cited therein.
Kalman, T. I.; Nie, Z.; Kamat, A. Nucleosides Nucleotides Nucleic Acids 2001, 20,
869-871.

Cataland, S. R.; Lucas, M.; Byrd, ]. C. Curr. Pharm. Biotechnol. 2001, 2, 357-367.
Bretner, M.; Kulikowski, T.; Dzik, ]J. M.; Balifiska, M.; Rode, W.; Shugar, D.
J. Med. Chem. 1993, 36, 3611-3617.

Farquhar, D.; Chen, R.; Khan, S. J. Med. Chem. 1995, 38, 488-495.

Farquhar, D.; Khan, S.; Srivastva, D. N.; Saunders, P. P. . Med. Chem. 1994, 37,
3902-3909.

Ludwig, P. S.; Schwendener, R. A.; Schott, H. Eur. . Med. Chem. 2005, 40,
494-504.

Zhang, Y.-X.; Dai, G.-F.; Wang, Le; Tao, ].-C. Bioorg. Med. Chem. Lett. 2007, 17,
1613-1615.

Zhou, B.; Xu, X. H.; Zhang, Q. L.; Chen, R. Y. Chin. J. Org. Chem. 2004, 24, 88-96.
Ko, H.; Fricks, L; Ivanov, A. A.; Harden, T. K.; Jacobson, K. A. J. Med. Chem. 2007,
50, 2030-2039.

Li, Y.; Mao, S.; Hager, M. W.; Becnel, K. D.; Schinazi, R. E.; Liotta, D. C. Bioorg.
Med. Chem. Lett. 2007, 17, 3398-3401.

Nair, V.; Kamboj, R. C. Bioorg. Med. Chem. Lett. 2003, 13, 645-647.

Loakes, D. Nucleic Acids Res. 2001, 29, 2437-2447.

Schweitzer, B. A.; Kool, E. T. J. Org. Chem. 1994, 59, 7238-7242.

Moran, S.; Ren, R. R-X.; Rumney, S.; Kool, E. T. J. Am. Chem. Soc. 1997, 119,
2056-2057.

Sun, W. Y.; Zhou, A.; Wiebe, L. L.; Knaus, E. E. Nucleosides Nucleotides Nucleic
Acids 2003, 22, 2121-2132.

Henry, A. A.; Olsen, A. G.; Matsuda, S.; Yu, C.; Geierstanger, B. H.; Romesberg,
F. E. J. Am. Chem. Soc. 2004, 126, 6923-6931.

Kim, T. W.; Kool, E. T. J. Org. Chem. 2005, 70, 2048-2053.

Zahn, A.; Brotschi, C.; Leumann, C. J. Chem.—Eur. J. 2005, 11, 2125-2129.

Lai, J. S.; Kool, E. T. Chem.—Eur. J. 2005, 11, 2966-2971.

Wittmann, R. Chem. Ber. 1963, 3, 771-779.

Dyatkina, N.; Arzumanov, A.; Krayewski, A. A.; O’Hara, B.; Gluzman, Y.; Baron,
P.; MacLow, C.; Polsky, B. Nucleosides Nucleotides Nucleic Acids 1994, 13,
325-337.

Sund, C.; Chattopadhyaya, ]. Tetrahedron 1989, 45, 7523-7543.

Stawinski, J.; Bollmark, M. Tetrahedron Lett. 1996, 37, 5739-5742.

Egron, D.; Arzumanov, A. A.; Dyatkina, N. B.; Aubertin, A.-M.; Imbach, J.-L.;
Gosselin, G.; Krayevsky, A.; Périgaud, C. Bioorg. Chem. 2001, 29, 333-344.
Misiura, K.; Szymanowicz, D.; Stec, W. J. Chem. Commun. 1998, 515-516.
Feng, F.; Okuyama, K.; Niikura, K.; Ohta, T.; Sadamoto, R.; Monde, K.; Noguchi,
T.; Nishimura, S.-1. Org. Biomol. Chem. 2004, 2, 1617-1623.

Mohamady, S.; Jakeman, D. L. J. Org. Chem. 2005, 70, 10588-10591.

Boyle, N. A.; Rajwanshi, V. K.; Prhavc, M.; Wang, G.; Fagan, P.; Chen, F.; Ewing,
G.].; Brooks, |. L; Hurd, T.; Leeds, . M.; Bruice, T. W.; Dan Cook, P. J. Med. Chem.
2005, 48, 2695-2700.

Wang, G.; Boyle, N.; Chen, F.; Rajappan, V.; Fagan, P.; Brooks, J. L.; Hurd, T.;
Leeds, J. M.; Rajwanshi, V. K.; Jin, Y.; Prhavc, M.; Bruice, T. W.; Dan Cook, P.
J. Med. Chem. 2004, 47, 6902-6913.

Timosheva, N. V.; Chandrasekaran, A.; Holmes, R. R. J. Am. Chem. Soc. 2005, 127,
12474-12475.



6190 V.D. Romanenko, V.P. Kukhar / Tetrahedron 64 (2008) 6153-6190

Biographical sketch

Valery Kukhar was born in Kiev, Ukraine, in 1942. He graduated from Dnepropetrovsk
Institute of Chemical Technology in 1963, and received his Cand. Chem. Sci. degree in
1967 under the supervision of Professor Alexander Kirsanov from Institute of Organic
Chemistry of National Academy of Sciences of Ukraine. He received his Doctor of
Chemistry degree in 1974 from Institute of Organic chemistry. In 1978-1988, he was
the Chief of Chemical Department of National Academy of Sciences of Ukraine. Since
1987, he has been the Director of Institute of Bioorganic Chemistry and Petrochemistry
of NASU. Professor Valery Kukhar is a member of National Academy of Sciences (1985)
and he was President of Ukrainian Chemical Society from 1992 to 2002. His research
interests concentrated mainly on organophosphorus and organofluorine chemistries.
He is the author and editor of six books, including Chemistry of Fluorine-Containing
Amino Acids (1994) and Aminophosphonic and Aminophosphinic Acids. Chemistry and
Biological Activity (2000). He was recipient of GLOBAL—500 Prize (UNEP, 1993), San-
Valentino Award (World Federation of Scientists, 1999) and Ukrainian State Award in
Science & Technology (1999). Valery Kukhar is a member of OPCW Scientific Advisory
Board and International Advisory Group for Chernobyl Shelter Fund, EBRD.

Vadim D. Romanenko was born in Alchevsk, Ukraine, in 1946. He studied at Dnepro-
petrovsk Institute of Chemical Technology and received his Cand. Chem. Sci. degree
there under the supervision of Professor S. I. Burmistrov. Since 1975, he has been work-
ing at the National Academy of Sciences of Ukraine from which he earned his Doctor of
Chemistry degree in 1988. He was promoted to full professorship in 1991. From 1992 to
2005, he has been a visiting scientist at the Centre of Molecular and Macromolecular
Studies in Lodz (Poland), the Shanghai Institute of Organic Chemistry (China), the
University Paul Sabatier (France), the University California Riverside (USA) and the
University of Pau & des Pays de I'’Adour (France). Besides organophosphorus and me-
dicinal chemistries, his research interests include synthetic aspects of heavy main
group elements. He has published more than 300 papers, book chapters and review
articles and coauthored four books. Among his publications are several chapters of
Comprehensive Functional Group Transformations, first and second editions, and Com-
prehensive Heterocyclic Chemistry, third edition.



	Fluorinated organophosphates for biomedical targets
	Introduction
	Methods for design and synthesis
	Dialkyl phosphorofluoridates
	Fluoroalkyl phosphorochloridates and phosphoramidates
	Symmetrical and unsymmetrical fluorinated alkyl phosphates

	Types of biologically active fluorinated organophosphates
	Analogues of sn-glycerol phosphate and phospholipids
	Analogues of carbohydrate phosphates
	Analogues of inositol 1,4,5-trisphosphates
	Analogues of mevalonate 5-diphosphate and 1-deoxy-d-xylulose-5-phosphate
	Analogues of phosphoenolpyruvate and 5-enolpyruvylshikimate-3-phosphate
	Fluorinated ketones bearing a phosphate group
	Fluorinated nucleotides
	Modification of a sugar moiety
	Modification of a nucleobase
	Modification of a phosphate group


	Concluding remarks
	Acknowledgements
	References and notes


