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Abstract: Phosphoric esters of secondary alcohols are ubiquitous in biological systems. However, despite
the obvious interest of the corresponding difluoromethylene phosphonates as isopolar mimics, a single
example of such an analogue featuring this particular substitution pattern has so far been reported in the
literature, due to synthetic problems associated with their preparation. The lithium salt of diethyl
difluoromethylphosphonothioate 28d provides a solution to this problem, as demonstrated by an 8-step
synthesis of all five fully protected analogues of nucleoside 3'-phosphates in 9—18% overall yield, from
readily available ketones. Sulfur is shown to play a crucial role in the introduction of the phosphorus-
substituted difluoromethylene unit onto the furanose ring. Complete diastereoselectivity is observed in the
three steps of the process requiring stereocontrol. The key conversion of the P=S bond into its oxygenated
analogue is simply achieved by use of m-chloroperoxybenzoic acid. It is noteworthy that the synthesis can
be carried out on large scale: a 31-g batch of compound 26b has been prepared. The deprotected
nucleoside 3'-phosphate analogues can be liberated from their precursors as exemplified by the conversion
of 7b, 8b, and 9b into the corresponding difluorophosphonic acids, isolated in the form of their disodium
salts.

Introduction is a MON in which some of the phosphate groups have been
Nucleotide analogues, as well as modified oligonucleotides "ePlaced by phosphorothioates, thereby increasing the stability
(MONSs) and oligodeoxynucleotides (MODNS), have been much toward enzymes and inducing a better antisense acfivity.
used in recent years to regulate viral or cellular gene expression, Replacing the 3oxygen atom of a‘3phosphorylated nucleo-
with various result$.Resistance to enzymes, including phos- Side with a carbon results in the formation of an essentially
phatases and nucleases, bioavailability, and cell membranehonhydrolyzable €P bond, a feature of obvious interest with
penetration, for example, are important parameters for which regard to enzymatic stability. Thus, a variety of different routes
improvement may result in increased bioactii@onsiderable ~ has been reported in the literature for the preparation’of 3
research effort has been devoted to the replacement of thePhosphonomethyinucleosidesntil very recently, however,
phosphate (polyphosphate) groups with other functionalities. In they had not been incorporated in oligonucleotides because of
the past decade, phosphorothioate, methylphosphonate, phossynthetic difficulties? Furthermore, one of the known problems
phoramidate, amide, and boranophosphate links, for instance,2ssociated with the replacement of ttieo8ygen atom with a
have been developed and used to modify nucleotides or theCHz iS the lack of an electronegative substituent at, @ich
backbone of oligonucleotidésThis has recently resulted in the ~ results in a conformational change of the furanose ring(C3
approval of Vitravene by the Food and Drug Administration €ndo to CZendo). Potential consequences of this are diminished
(FDA) for the treatment of cytomegalovirus infection. Vitravene

(3) See, for example, (a) Matteucci, Merspect. Drug Disceery Des.1996
4, 1-16. (b) Gryaznov, S. M.; Skorski, T.; Cucco, C.; Nieborowska-

* . .
*To whpm correspondence should be addressed: e-mail Serge. Skorska, M.; Chiu, C. Y.: Lioyd, D.; Chen, J. K.; Kozolkiewicz, M.;
Piettre@univ-rouen.fr. ) o , _ Calabretta, BNucleic Acids Re<1996 24, 1508-1514. (c) Waldner, A.;
* Present adress: School of Chemlstry, Un|VerS|ty of BrlStOI, Bristol BS8 De Mesmaeker, A.; Wendeborn, Bioorg_ Med. Chem. Lett1996 6,
1TS, UK. 2363-2366. (d) Agrawal, S.; Jiang, Z.; Zhao, Q.; Shaw, D.; Cai, Q
(1) (a) Marcusson, E. G.; Yacyshyn, B. R.; Shanahan, W. R., Jr.; Dean, N. M. Roskey, A.Proc. Natl. Acad. Sci. U.S.A997, 94, 2620-2625. (e) Cook,
Mol. Biotechnol.1999 12, 1-11. (b) Taylor, J. K.; Dean, N. MCurr. P. D. Annu. Rep. Med. Che®98 33, 313-325. (f) Gryaznov, S. M,;
Opin. Drug De. 1999 2, 147-151. (c) Holmlund, J. T.; Monia, B. P.; Winter, H. Nucleic Acids Resl998 26, 4160-4167. (g) Luo, P.; Leitzel,
Kwoh, T. J.; Dorr, F. A.Curr. Opin. Mol. Ther.1999 1, 372-385. (d) J. C.; Zhan, Z. Y.; Lynn, D. GJ. Am. Chem. S0d998 120, 3019-3031.
Dorr, F. A. Antisense Nucleic Acid Drug De1999 9, 391-396. (e) (h) Sergueev, D. S.; Shaw, B. R. Am. Chem. Sod.998 120, 9417
Lebedeva, I. V.; Stein, C. ABioDrugs200Q 13, 195-216. 9427. (i) Uhlmann, ECurr. Opin. Drug Disceery Dev. 200Q 3, 203—
(2) (a) De Mesmaeker, A.; Heer, R.; Martin, P.; Moser, H. EAcc. Chem. 213. (j) Disney, M. D.; Testa, S. M.; Turner, D. Biochemistry200Q 39,
Res.1995 28, 366-374. (b) Roush, WSciencel997 276, 1192-1193. 6991-7000. (k) Sergueeva, Z. A.; Sergueev, D. S.; Ribeiro, A. A,
(c) Gee, J. E.; Robbins, I.; van der Laan, A. C.; van Boom, J. H.; Colombier, Summers, J. S.; Shaw, B. Relv. Chim. Acta200Q 83, 1377-1391.
C.; Leng, M.; Paible, A. M.; Nelson, J. S.; Lebleu, Bntisense Nucleic (4) Cook, P. D. XIV International Roundtables: Nucleosides, Nucleotides and
Acid Drug Dev. 1998 8, 103-111. (d) Crooke, S. TBiochim. Biophys. Their Biological Applications, San Francisco, CA, Sept=1@, 2000, No.
Acta 1999 1489 31-44. 34, p 31.
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binding interactions between the modified nucleotide and its
target or, in the case of oligonucleotides, a lower stability of
the RNA/MON duplexé

A possible response to this undesirable behavior may be the
replacement of the C3xygen atom by a difluoromethylene
(CF,) moiety. In addition to potentially bringing a solution to
the above conformational problem, the presence of the fluorine
atoms increases both the structural and electronic similarities

between the phosphonate and the parent phosphate groups:

Blackburn’s seminal contributions in that field have been
corroborated by many studié8. Despite this, 3 or 5-
phosphonodifluoromethylnucleosides have only received scant
attention due to the problems and difficulties associated with
their preparation. Thus, notwithstanding the many potential
advantages of these compounds, onlplosphononodifluo-

romethylnucleosides have been prepared by Usman and co-

workers? and a dinucleotide analogue has been generated from
the monomer.

Until recently, difluorophosphonates, featuring geminal dis-
ubstitution on the carbon atofhto the phosphorus atom, could
not be synthesized, due to important limitations from the then-
available methodologi€. We and others have published
solutions that allow the preparation of difluorophosphonates with
this particular substitution patteth.Thus, addition of phos-
phonyl (and phosphonothioyl) radicé®nto gem-disubstituted
difluoroalkene followed by hydrogen quenching, or genera-
tion of tertiary alcohols from ketonésand lithiated specie§

(5) (a) Jones, G. H.; Albrechts, H. P.; Damodaran, N. P.; Moffatt, J. Gm.
Chem. Soc197Q 92, 5510-5511. (b) Albrechts, H. P.; Jones, G. H.;
Moffatt, J. G.J. Am. Chem. So@97Q 92, 5511-5513. (c) Morr, M.; Ernst,

L.; Grotjahn, L.Z. Naturforsch1983 38h, 1665-1668. (d) Albrechts, H.
P.; Jones, G. H.; Moffatt, J. Gletrahedron, 1984 40, 79—85. (e) Morr,
M.; Ernst, L.; Schomburg, CLiebigs Ann. Chenl991, 615-631. (f) Serra,
C.; Dewynter, G.; Montero, J.-L.; Imbach, J.-Letrahedron1994 50,
8427-8444. (g) Lau, W. Y.; Zhang, L.; Wang, J.; Cheng, D.; Zhao, K.
Tetrahedron Lett.1996 37, 4297-4300. (h) Yokimatsu, T.; Sada, T.;
Shimizu, T.; Shibuya, STetrahedron Lett.1998 39, 6299-6302. (i)
Yokimatsu, T.; Shimizu, T.; Sada, T.; Shibuya,t&eterocycles999 50,
21-25. (j) An, H.; Wang, T.; Maier, M. A.; Manoharan, M.; Ross, B. S.;
Cook, P. D.J. Org. Chem2001, 66, 2789-2801.

(6) (a) Guschlbauer, W.; Jankowski, Kucleic Acids Res1991, 6, 521—529.

(b) Saenger, WPrinciples of Nucleic Acid Structur&pringer-Verlag: New
York, Berlin, Heidelberg, Tokyo, 1984. (c) Plaveg, J.; Garg, N.; Chatto-
padhyaya, JChem. Commur1993 1011-1013.

(7) (a) Blackburn, G. M.; England, D. A.; Kolmann, ¥.Chem. Soc., Chem.

Commun1981, 930-932. (b) Blackburn, G. M.; Kent, D. E.; Kolkmann,

F. J. Chem. Soc., Chem. Commu981, 1188-1190. (c) McKenna, C.

E.; Shen, P.-DJ. Org. Chem1981, 46, 4573-4576. (d) Blackburn, G.

M.; Kent, D. E.J. Chem. Soc., Perkin Transl®86 913-917. (e) Phillion,

D. P.; Cleary, D. GJ. Org. Chem1992 57, 2763-2764. (f) Burke, T. R.,

Jr.; Kole, H. K.; Roller, P. PBiochem. Biophys. Res. Commi@894 204,

129-134. (g) Halazy, S.; Ehrhard, A.; Eggenspiller, A.; Berges-Gross, V.;

Danzin, C.Tetrahedron1996 52, 177-184. (h) Higashimoto, Y.; Saito,

S.; Tong, X.-H.; Hong, A.; Sakaguchi, K.; Appella, E.; Anderson, C. W.

J. Biol. Chem200Q 275, 23199-23203.

It has also been suggested thatdhmonofluorophosphonates give, at least

in some cases, superior resultsto-difluorination in phosphonate mimics

of biological phosphates. See (a) Chambers, R. D.; Jaouhari, R.; O’'Hagan,

D. Tetrahedronl989 45, 5101-5108. (b) Chambers, R. D.; O'Hagan, D.;

Lamont, R. B.; Jain, S. Cl. Chem. Soc., Chem. Commu99Q 1053—

1054. (c) Nieschalk, J.; Batsanov, A. S.; O'Hagan, D.; Howard, J. A. K.

Tetrahedron 1996 52, 165-176. (d) Berkowitz, D. B.; Bose, M.;

Pfannenstiel, T. J.; Doukov, T. Org. Chem200Q 65, 4498-4508. (e)

Berkowitz, D. B.; Bose, MJ. Fluorine Chem2001, 112 13—33.

(9) (a) Matulic-Adamic, J.; Usman, Nletrahedron Lett1994 35, 3227
3230. (b) Matulic-Adamic, J.; Haeberli, P.; Usman,INOrg. Chem1995
60, 2563-2569.

(10) For example, the lithium salt of dialkyl difluoromethylphosphonates does
not react with secondary halides or triflates. See Obayashi, M.; Ito, E.;
Kondo, K. Tetrahedron Lett1982 23, 2323-2326.

(11) (a) Piettre, S. RTetrahedron Lett1996 37, 2233-2236. (b) Herpin, T.

F.; Houlton, J. S.; Motherwell, W. B.; Roberts, B. P.; Weibel, J.-M.
Chem. Soc., Chem. Comm@896 613-614. (c) Herpin, T. F.; Motherwell,
W. B.; Roberts, B. P.; Roland, S.; Weibel, J.-Metrahedron1997, 53,
15085-15100. (d) Kovensky, J.; McNeil, M.; Sina?.J. Org. Chem1999

64, 6202-6205. (e) Berkowitz, D. B.; Eggen, M.; Shen, Q.; Shoemaker,
R. K. J. Org. Chem1996 61, 4666-4675.
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Scheme 1. Retrosynthetic Analysis of
B.p-Disubstituted-o.,a-difluorophosphonates 1
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followed by deoxygenation of the resultant adddctnow
provide the two established strategies allowing accegsfo
disubstituted difluorophosphonatégroutes A and B, Scheme
1).

To the best of our knowledge however, these methodologies
have been applied only to the preparation of arghospho-
threonine analogu€¢ We now report herein our own work,
based on the dual approach depicted in Scheme 1, which has
resulted in the preparation of all five fully protected 'C3
phosphonodifluoromethyl analogu@b, 8b, 9b, 10b, and11b
of nucleoside 3phosphates, as well as the completely depro-
tected disodium difluorophosphonatés 8c, and 9c (Figure
1).

Retrosynthetic Analysis. Retrosynthetic analysis of both
routes highlights the crucial issue of stereochemical control when
constructing (route A, radical addition approach) or introducing
(route B, anion addition approach) the phosphonodifluoromethyl
unit.

(A) Radical Addition Approach. The sequence of events
in this synthetic route was expected to lead to either the desired
analogue, possessing the phosphonodifluoromethyl moiety on
the o face of the furanose, or the undesired one (with the same
unit on the other face) depending on the initial substrate (Scheme
2). Inasmuch as the base would exert an undesired directing
effect in the quenching of radicdl3, thereby positioning the
phosphate group mimic on tifkface and delivering addud#,
we decided to start from carefully chosen protected furanoses,
construct the phosphonodifluoromethyl functional group first,
and, finally, bring in the different basé3Thus the well-known
steric hindrance generated by an isopropylidene protecting group
in the 1,2 positions of the furanose was expected to mainly
furnish the desired stereoisonief upon hydrogen atom capture
by radicall6. Data from the literature and from these labora-
tories support this assumptiéf.

(B) Anion Addition Approach. Here again, addition of the
lithium salt 6 of difluoromethylphosphonate to nucleoside

(12) See for instance, (a) Sabol, J. S.; McCarthy, JI&rahedron Lett1992
33, 3101-3104. (b) Serafinowski, P. J.; Barnes, CSynthesid997 225-
228.
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0 0O Scheme 2. Expected Diastereoselection from Addition of
\f}\ NH Diethylphosphonyl Radical onto Difluoroalkene 12 or 15
NH
| ﬁ& RO Base RO
RIO— & NS0 R'0O— N0 o o
0
o 1 F,C OR F-C O"f
RZO\II/X OR'’ R:O;i;',fx OR 12 15
RQO/ R<O ‘ |
7a:X=0, R'=H, R®=Na  8a: X=0, R'=H, R?=Na | 1
7b: X=CF,, R'=Ac, R>=Et  8b: X=CF,, R'=Ac, R?=Et (YR
7c: X=CF,, R'=H, R>=Na  8c: X=CF,, R'=H, R®=Na Row%e RO /5
0
NHz NH, (EtO)P(O)-CF2; OR _ (Et0),P(0)-CF2 01—
| SN </N | N K‘ (_I-?—(R)
J
R'0— 4 N0 R'0O— o NN 13 16
RZO\E,X OR' RZO\'CP'),X OR'
R2O7 R20" RO o Base RO o
(Et0),P(0)-CF»
o]
9a: X=0, R'=H, R%=Na  10a: X=0, R'=H, R%=Na H OR (EO)2P(O)}-CF2 Oi‘
9b: X=CF,, R'=Ac, R?=Et 10b: X=CF,, R'=Ac, R?=Et » .

9c: X=CF,, R'=H, R>=Na

O OR
/N NH /N SN
< <
AcO N™>N""NH, AcO N™>N">NHAc
@) o)
NaO\('P?/O OAc EtO\E/CFZOAc
NaO’ Et0”
11a 11b: R=C(O)N(CgHs)2

Figure 1. Target molecule¥b—11b and 7c—9c as phosphonodifluoro-
methylene analogues of nucleosidepBosphate§a—11a

derivative 18 would most probably lead to alcoh&b [CF,P-
(O)(OR®), unit on thea face], while addition onto keton20
would deliver alcohoP1, with the CRLP(O)(OR), unit on the
convex face (Scheme 3). Deoxygenation of prod@étand21

and quenching of the intermediate radicaBand 16 should,

as in the radical approach, result in the formation of products
featuring the phosphate group mimic on theface of the
nucleotide analogue (undesireld) or the concave face of the
furanose (desired,7), respectively. Thus it was anticipated that,

(13) (a) Rees, R. D.; James, K.; Tatchell, A. R.; Williams, RJHChem. Soc.
C 1968 2716-2721. (b) Sowa, WCan. J. Chem1968 46, 1586-1589.
(c) Bourgeois, J. MHelv. Chim. Actal975 53, 363-372. (d) Yoshimura,
J. Adv. Carbohydr. Chem. Biocheni984 42, 69-134. (e) Giese, B.;
Gonzdez-Gomez, J. A.; Witzel, TAngew. Chem., Int. Ed. Endl984 23,
69-70. (f) Giese, BAngew. Chem., Int. Ed. Endl989 28, 969-980. (g)
Schmit, C.Synlett1994 241-242. (h) Johnson, C. R.; Bhumralkar, D. R.;
De Clercq, ENucleosides Nucleotidd995 14, 185194. (i) Lavaire, S.;
Plantier-Royon, R.; Portella, Q. Carbohydr. Chenl996 15, 361—370.

() Lavaire, S.; Plantier-Royon, R.; Portella, Tetrahedron: Asymmetry
1998 9, 213-226. (k) Lopin, C.; Gautier, A.; Gouhier, G.; Piettre, S. R.
Tetrahedron Lett200Q 41, 10195-10200. (I) Gautier, A.; Garipova, G.;
Dubert, O.; Oulyadi, H.; Piettre, S. Retrahedron Lett2001, 42, 5673~
5676. (m) Dubert, O.; Gautier, A.; Condamine, E.; Piettre, SOR}. Lett.
2002 4, 359-362.
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in both cases, quenching of the intermediate radicals should
result ina stereochemical iwersion of the phosphonodifluo-
romethylene unit from one face of the furanose ring to the other.
Again, the undesirable stereodirecting effect of the base led us
to consider furanoses of the ty@@ as more suitable substrates
for this approach.

Results

Route A. To test route A, the readily available glucofuranose
derivative22* was chosen as starting substrate and transformed
into the corresponding difluoroalker®8 (Scheme 43> How-
ever, all attempted reactions betwez$and diethyl phosphite
243, in the presence of various radical initiators and under a
variety of conditions, failed to generate the desired addéet
(or its epimer)t® O,0-Dialkylphosphonothioyl radicals, gener-
ated from the corresponding thiophosphites, have been reported
to add more efficiently onto difluoroalkenés-11However, in
our case, the use @,O-diethylthiophosphite24b also led to
the recovery of unreacted difluoroalkene. Abstraction of a
hydrogen atom from phosphite being an energetically difficult
process, the use of selenenylated derivati®és and 24d in
conjunction with a hydrogen atom donor was attemptéd;
this led only to the generation of phosphiéa and thiophos-
phite 24b, the difluorinated substrate being once again recovered
unchanged. Apparently, under the reaction conditions, hydrogen
atom transfer to the phosphorus-centered radical is a faster
process than its addition radical on the fluorinated alkene. The

(14) Prepared by the action of the Deddartin reagent on the corresponding
alcohol. See Supporting Information.

(15) Serafinowski, P. J.; Barnes, C. Tetrahedron1996 52, 7929-7938.

(16) These conditions included, in the case of phosphites and thiophosphites,
the use of several radical initiators, suchtag-butyl peroxypivalate or
tert-butyl peroxide, for example, at various temperatures, ag/6t. Tri-
n-butyltin hydride and tris(trimethylsilyl)silane were used as hydrogen
quenchers in the case @fic and24d.
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Scheme 3. Expected Diastereoselection from Addition of the
Lithium Salt of Diethyl Difluorophosphonate onto Ketone 18 or 20

RO o Base RO 0
(0] o
O OR o) ok 0 of
18 20 22
‘ |

RO o Base RO 0
HO (EtO),P(0)-CF,

><0

o7l o

radical iniator,
R-H

24a: H-P(O)(OEt),
24b: H-P(S)(OEt),

24c: CgHsSe-P(O)(OEt),
24d: CgHsSe-P(S)(OEt),

Scheme 4. Radical Addition Reactions onto Difluoroalkene 23

X
(o]
F

(o]
0]
2 0

23

><0

07l o

(0]
R,CFz 0"7

0 T roo:
(Et0),P(0)-CF, OR HO 0% 25¢: R=SnBuj
19 21
o)
n \ —
AN 0
RO o Base RO o r-CF2 0%

26a: R=P(0)(OEt),
26b: R=P(S)(OEt),
26c: R=SnBujy

o]

(EtO),P(0)-CF (_OR (EtO),P(0)-CF5 oJf

-
D_Q Scheme 5. Addition of Reagents 28a—28d onto Ketone 222
13 16 X X
I
BICF,-P(OEt), ——» MCF,~P(OEt),
I
RO o Base RO o 27a: X=0 28a: X=0, M=MgCl
27b: X=S 28b: X=0, M=Li
(EtO)2P(0)-CF3 H 28¢: X=S, M=MgClI
@) 28d: X=S, M=Li
H OR (Et0),P(0)-CF; 01—
o] 0
14 17 >< ><
EO O7l o 07l o
plausibility of this first approach was, however, verified by E:O:FI’/CFZ OH
I

adding the trin-butyltin radical on difluoroalken®3. Thus,
adding trin-butyltin hydride @46 to 23 in the presence of
azobis(isobutyronitrile) (AIBN) resulted in the formation of
adduct 25¢, isolated in 73% vyield!H NMR spectrometric
analysis (1D and 2D modes) of the pure product indicates a
doublet of doublet for the hydrogen on carbor2+ 4.3, 4.4 X X X
Hz), consistent with the depicted stereochemistry of ad26ct + (E0),P—CF,—P(OEt), + HCF,—P(OEt)
The observed diastereomeric exces89%%) demonstrated the
validity of the approach, the 1,2-isopropylidene unit directing
hydrogen quenching of the radical adduct exclusively from the
convex face.

Route B. This approach involves the addition of metalated

derivatives of difluoromethyphosphona82a and its corre- ) o )
sponding sulfur analogue, difluoromethylphosphonothioate Mixture containing mainly a 1:1 adduct was formed. Byproducts

32b.1017\We elected to study the addition of organomagnesium included the hydrat80 of unconsumed starting ketone, tetra-
and lithiated specie28a—28d onto ketone22 (Scheme 5). ethyl difluoromethyl bisphosphonat81@), and diethy! difluo-
When bromide27awas sequentially subjected to a solution romethylphosphonate8®a). Purification of the adduct proved

of isopropylmagnesium chloride, ketor22 and workup, a tedious and invariably led to an impure compound in low yield
(<20%, contaminated by ketone hydré6). The analogous

sulfur reagent28c was similarly prepared and its reactivity
toward ketone22 was tested at-78 °C. These experiments

O +
OH Of
29a: X=0
29b: X=S

0
OH O#
30

31a: X=0 32a: X=0
31b: X=S 32b: X=S
a2 Reagents and conditions: @BuLi or i-C3H;MgCl, =78 °C. (b) 22,
—78°C — 0 °C, then HO™.

(17) (a) Piettre, S. R.; Raboisson, Retrahedron Lett1996 37, 2229-2232.
(b) Waschbach, R.; Samadi, M.; Savignac, R.Organomet. Cheni997,
529 267-278.
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Scheme 6. Diastereoselective Deoxygenation of Adduct 29b@ Scheme 7. Transformation of Hexofuranose 26b into
Pentofuranose 37b?

X X
o) HO
o o 07| o X
EtCLF.r_C[:2 a Eto‘pﬂCFz 01 o HO"| O
EtO” 1 o) EtO” I o a b
s 1_ S o) o

OH O MeO,C-COO 01_
2
B0 ,_CF, of 10, ,_CF, o#
29b 33b EtO 4 EtO 4
B - 26b 34b
X X
07| o 07l o
b OHC o HO 0
o} o} 5 c o

EtO.__CF, 01— EtO._ CF 01—

EIO’E foh EtO. 5 _CF, O% F10-p-CF2 O#

- - S St EtO” !

25b 26b S a5b S s6b
aReagents and conditions: (a) (9BuLi, —78 °C; (ii) CICOCOOMe,

—78°C, then 0°C. (b) n-BusSnH, AIBN, toluene, 110C (81%, 2 steps).
resulted in the formation of a single adduct, along with hydrate AcO 0 OAc
30 and difluorophosphonothioat&2b. Similarly however, _d
purification afforded only 21% of adduct; while stereochemistry
could not be ascertained at this time, it was presumed to be EtO\P,CFZOAc
that of29b, on the basis of literature dat&These disappointing Eto’g
yields led us to investigate the behavior of the two lithiated 37b
reagentQBb_an_dZBd. Treatrgent of bromglé?awnh 2 equiv aReagents and conditions: (a) ACOHIBI(3:1), 95°C. (b) NalQ, EtOH/
Of tert'butylhth".lm at _78 C |ed to ||th|ated SpeCIe§8b, HZO (ll)’ room temperaturel (C) NaBJ—EtOH/HZO (11)’ 0°C’ then 25

addition of ketone22 and workup produced a mixture of one  °C (42%, 3 steps). (d) A©, AcOH, H,SQ;, room temperature (58%).
adduct (presumabl29a), 31a and 32a the adduct and the

bisphosphonate being formed in minor and major amounts, is indicative of a faster hydrogen atom transfer step than the
respectively. Purification led to the isolation of the adduct in homolytic 5-scission, which would drive the equilibrium back
only 7% yield. Remarkably, however, this picture changed toward the starting difluoroalkene and phosphonyl or phospho-
dramatically when the corresponding sulfur reagent was used.nothioyl radicals.

Thus, reaction of the lithiated speci28d with ketone22 led This three-step sequence of reactions successfully introduces
in perfectly reproducible fashion and with high isolated yields the phosphonothiodifluoromethyl unit on position 3 of the
(76—80%) to the same 1:1 adduct as above. The difference in furanose ring with a final, desire’configuration. Furthermore,
behavior may be attributed to the reported lower stability of itis amenable to larger scale preparations: a 31-g bat@6lof
the lithium salt of difluoromethylphosphonates, when compared has been prepared in this way.

to its sulfyr counterpaft’® In addition, not a trace of biSDhO- The next task that we addressed was the transformation of
sphonothioate31b could ever be detected in the experiments he g_carbon furanoside derivative into a 5-carbon one (Scheme
involving 28b or 28d. It is noteworthy that the presence of sulfur 7)50.90.18 Deprotection of the 5,6-isopropylidene acetal was
also facilitates greatly the purification by chromatography.  carried out with 75% agueous acetic acid. Sodium periodate
Deoxygenation at carbon atom 3 was achieved by using the gyigation of the crude product followed by the reduction of the
procedure of Berkowitz et al. (Schemelé‘a.Thus? s.equentlal resultant aldehyde85b with sodium borohydride (NaBH
treatment of the abpve prodou29b V_‘"th n-butyllithium and delivered alcohol36b in 42% overall yield (three steps).
O-mt_—zthyloxalyl chloride at-78 C furmsr_]ed the crude phospho- Treatment of compoun86b with acetic anhydride in a mixture
nothioate33b upon workup. This material was engaged without ot 4cetic and sulfuric acids led to deprotection of the 1,2-
further purification in a reaction with tm-butyltin hydride and 5 6tonige and concomitant acetylation of all three hydroxyl
AIBN to give dlﬂuorop.hosphqnothlanEBb in 81% |30|§t9d groups, thus resulting in the production of triace@ib, isolated
yield (two steps). A single diastereoisomer was obtained as, ggo yield. Stereoselection at carbon 1 was again observed
demonstrated biH, *°F, and®!P NMR spectrometric analyses. e complete: not a trace of teeanomer could be detected
Furthermore, théH multlphcny of I3-|-2 (doublet of doublet) by NMR spectrometry. This may result from the combined
and the HH coupling constants®y = 3.7, 3.8 Hz) were participation of the 2-acetoxy function and the phosphono-

indicative Of, ac!srelqtlon_shlp between H-1, H-2,.and H-3. These thiodifluoromethylene group, whose sulfur could bridge posi-
results are in line with literature data and confirm at the strong

stereodirecting effect of the 1,2-acetonide group in the hydrogen

(18) This was achieved by using standard, published procedures. See (a) Murray,

atom transfer step of the procégst is noteworthy that, under H. D.; Prokop, J. InSynthetic Procedures in Nucleic Acid Chemistry

i ; ; Zorbach, W. W., Tipson, R. S., Eds.; Wiley-Interscience: New York, 1968;
these condlt_lons,_ nc_)t a trace of difluoroalk&8resulting from_ p. 193, (b) Xie, M.. Berges, D. A.: Robind, M. J.Org. Ghem1998 61,
the homolytic scission of the-RFCF, bond was detected. This 5178-5179.
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Scheme 8. Preparation of Furanose 37b from Ketone 382

TBDMSO o TBDMSO o
a EtO\P,CF2
o EtO” ! o
o O% S W O%

38 39b

TBDMSO 0

1
078

MeO,C-COO O#

40b

TBDMSO o g
o 37b
1
07g

41b

aReagents and conditions: (a8d, —78 — 0 °C, then HO™. (b) (i)
n-BuLi, —78 °C; (ii) CICOCOOMe,—78 °C, then 0°C. (c) n-BusSnH,
AIBN, toluene, 110°C (58%, 2 steps). (d) A©, AcOH, HSOs, room
temperature (59%).

Scheme 9. Coupling Reaction between 37b and Base Derivatives
42—46 and Conversion of Phosphonothioates 47—51 into
Phosphonates 7b—11b?

AcO o OAc . AcO o Base

—_—

S S
O _CF,0Ac EtO.1_CF,0Ac
EtO Et0”

37b 47-51

AcO o Base

o)
Eto:i-l.,CFz OAc
EtO

7b-11b

a Reagents and conditions: (a) See Table 1. (b) 8%PBA, CHCl,,
room temperature (5491%).

sponding nucleoside-phosphates were thus obtained in good
to excellent isolated yields. In each case, the reaction was found
to be completely diastereoselective, due to the steric hindrance
of thea-face of the intermediate anomeric cation resulting from
the stabilizing participation by both the 2-acetoxy unit and the

tions 1 and 32 This furanose is now well suited to undergo a  3-phosphonothiodifluoromethyl group; despite the presence of
Lewis acid-catalyzed introduction of the different heterocyclic the two fluorine atoms, it may be suggested that the longer P

bases.
An analogous procedure was also developed foexylose,

S bond (1.886 A, compared to 1.580 A for the® bond) helps
this group participation by bridging positions 1 and 3, in a way

afive-carbon furanose (Scheme 8). Thus, addition of the lithium reminiscent of what Shibuya recently observed with the 2,3-

salt of diethyl difluoromethylphosphonothio&8d onto ketone
38 (prepared in three stefs} yielded adducB9b (70%) in a

dideoxy-3-phosphonothioyl analogbfe.
The use of unprotected bases under Lewis acid catalysis led

total stereoselective manner. Deoxygenation as above furnishedg |o yields except in the case of adenine. Guanine is known
ribofuranose derivativé1b as a single adduct possessing the , frequently furnish a mixture of regioisomers resulting from
depicted stereochemistry (58% isolated yield). Once again, the,o competitive alkylation of the base on positions 7 ard 9.
procedure resulted in clean and complete stereochemical inver-In our own case, the reported carbamoyl derivadgwas

sion of the phosphonothiodifluoromethylene unit from the

convex face to the concave one. Treatment of prodlibtwith
acetic anhydride liberated triacetaddb, identical in every

respect to the samples obtained from glucofuranose derivative

22.

Introduction of thymine, uracil, and cytosine was achieve

by use of Vorbiggen’s modification of the HilbertJohnson
protocol, which calls for the use of the silylated bad@s43,
and44 and a Lewis acid (Scheme 9, Table?1)Jnprotected

sequentially treated with bis(trimethylsilylyacetamide (BSA) and
triacetate37b to afford exclusively the desired N9 isomer

The protected difluorophosphonothioa#€s-51 were then

d converted into their oxygenated counterpdtts-11b (Scheme

9). Some time ago, we conducted an extensive study on the
conversion of difluorophosphonothioates into the corresponding
difluorophosphonate®.Our own experience indicates that many
of the procedures available for the conversion of the nonflu-

adenine 45) and protected guanind6 were introduced by ] ’ ) _
adapting the procedures of Saneyoshi and Robins, respecvely. orinated analogues are ineffective on the fluorinated phospho-

All five phosphonothiodifluoromethyl analogues of the corre- Nothioates. We thus reported that dioxirane and perfluoroox-
aziridine are the reagents of choice for such a conversion and
(19) The literature reports a few cases in which complete selectivity was not that purified mchloroperoxybenzoic acidrtCPBA) does not
observed during acetolysis of an 1,2-acetonide moiety, despite the formation . .
of a 2-acetoxy unit. The suggestion by Shibuya of the possible participation result in a clean transformation. We are pleased to report that
of a phosphonothioyl unit (the resultant of the longer$bond, when commercially availablen-CPBA (i.e., 80% pure, mixture with

compared to the RO bond) might be extended to the difluorinated . K . . .
b ) mig m-chlorobenzoic acid) (5 equiv) does oxidize cleanly all five

analogue. See ref 5h.

(20) Bozo, E.; Boros, S.; Kuszmann, J.; Gacs-Baitz, E.; ParkanyGdrbo-
hydrate Res1998 308 297-310.

(21) (a) Niedballa, U.; Vorbrggen, H.Angew. Chem., Int. Ed. Engl970Q 9,
461-462. (b) Niedballa, U.; Vorbiggen, H.J. Org. Chem1974 39, 3654—
3660. (c)lbid., 3660-3663. (d)Ibid., 3664-3667. (e)lbid., 3668-3671.
(f) Ibid., 3672-3674. (g) Niedballa, U.; Vorbiggen, H.J. Org. Chem.
1976 41, 2084-2086. (h) Vorbrggen, H.; Bennua, Bletrahedron Lett.

1978 39, 1339-1342. (i) Vorbfiggen, H.; Krolikiewicz, K.; Bennua, B.

Chem. Ber1981, 114, 1234-1255. (j) Vorbriggen, H.; Hife, G. Chem.
Ber. 1981, 114, 1256-1268.

(22) (a) Saneyoshi, M.; Satoh, Ehem. Pharm. Bull1978 27, 2518. (b) Zou,
R.; Robins, M. JCan. J. Chem1987, 65, 1436-1437. (c) Robins, M. J.;
Zou, R.; Guo, Z.; Wnuk, S. RJ. Org. Chem1996 61, 9207-9212.

phosphonothioate$7—51 to efficiently lead to the correspond-
ing phosphonatesb, 8b, 9b, 10b,and11bin good to excellent

(23) (a) Dudycz, L. W.; Wright, G. ENucleosides Nucleotide984 3, 33—
44, (b) Wright, G. E.; Dudycz, L. WJ. Med. Chem1984 27, 175-181.
(c) Poopeiko, N. E.; Kvasyuk, I. A.; Mikhailopulo, I. ASynthesis1985
605-609. (d) Garner, P.; Ramakanth, 5.0rg. Chem1988 53, 1294~
1298. (e) Sheppard, T. L.; Rosenblatt, A. T.; Breslow,JROrg. Chem.
1994 59, 7243-7248. (f) Gosselin, G.; Bergogne, M.-C.; Imbach, JJ3L.
Heterocyclic Chem1993 30, 1229-1233.

(24) Piettre, S. RTetrahedron Lett1996 37, 4707-4710.
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Table 1. Reaction Conditions, Products, and Yields for the Coupling between 37b and Base Derivatives 42—46 and for the P=S/P=0
Conversion
base  base derivative conditions products® yields* products® yields®
sive, 42 (3 equiv), TMSOT{ ) \fi)“:o ) \fi)’“:o
. 5 iv), CICH,CH,Cl, Ac N c N
thymine \Eii gp O ), CIETLCH: w 47 2 w 77
N oS, L.5h Et0\§ CF, OAc ElO\E,CFZOAc
EtO”
Sitle, 43 (3 equiv), TMSOTf fi LH [E
. 5 equiv), CICH,CH,CI, AcO— NSO
uracil (i\i g3 eau w 48 8l 8b 54
N” OSiMe, 1.5h 0 ok, bne Eto\g’ AR
Fo NH, Fo NH,
NHSiMe, 44 (2 equiv), TMSOTf ﬁl ﬁl
] 2 equiv), CICH,CH,CI, AcO N So AcO N So
cytosine fiﬂ 44 ( equl\é)ooc 1h ? 49 95 9b 91
N” >OSiMe, Eof ok Et oﬁ [
B-CF, OAc “ILCF, OAc
Et0”
NH,
H, 5 4(51(11.1 equ)iv)s, o «:fjxj IS)
. N ase (1.1 equiv), SnCly N
adenine «:INE/JN 45 75 equiv). CH.CN. 50 87 100 73
N 25°C, 18 h Eof o 0
~ OAc EtON!
ot ° EIO”FVCFZOAc
1) 46 (1 equiv), BSA® (2 CON(Ph), CON(Ph),
equiv), Cchchzcl,
CON(CgHs)> 80°C, 0.25 h /ENHAC /ENHAC
guanine < )\ 46 2)37b (0.5 equiv), 51 66 11b 66
NHAC TMSOTH (1 equiv), ol o e ol ok, oo
CICH,CH,CL, 80°C, 1 h [, 0>PCF el

a. BSA: bis(trimethylsilyl)acetamide. b. Obtained after treatment with NaHCO3, work-up and purification (see experimental section). c. Isolated yields.

isolated yields (77%, 91%, 54%, 66%, and 73%, respectively)
(Table 1)%

The possibility of fully deprotecting the products was
demonstrated by transforming difluorophosphon@te8b, and
9b into their corresponding disodium phosphonates. Hydrolysis
of the diesters was carried out in the conventional manner, via
a transesterification process with trimethylsilyl bromide (TMS-
Br).26 Thus, for example, heating nucleotide analogteand
6 equiv of TMSBr in acetonitrile at 65C for 1 h, followed by
evaporation of the volatiles and hydrolysis of the resultant bis-
(silyl) ester, afforded phosphonic ad@ (Scheme 10). Similar
results were obtained with substrat®ls and 9b, and crude
phosphonic acids were obtained as creamy solids. Stirring the
acids in a mixture of ammonia and methatioht room
temperature for 24 h, evaporating the solvent and excess
ammonia, and sequentially purifying the crude material, first
on DEAE-Sephadex A-25 (HCPO) and then on Dowex 50

(25) Despite the possible oxidation of the base nuclenb@PBA (see Tanaka,
T.; Letsinger, R. LNucleic Acid Res1982 10, 3249-3260), the reactions
were found to be very clean.

(26) (a) McKenna, C. E.; Higa, M. T.; Cheug, N. H.; McKenna, ™trahedron
Lett. 1977, 155. (b) Morita, T.; Okamoto, Y.; Sakurai, Bull. Chem. Soc.
Jpn. 1978 51, 2169-2170. (c) Blackburn, G. M.; Kent, D. El. Chem.
Soc., Chem. Commuh981, 511-513. (d) Chambers, R. D.; Jaouhari, R.;
O’Hagan, D.Tetrahedrornl989 45, 5101-5108. (e) Levy, S. G.; Wasson,
B.; Carson, D. A.; Cottam, H. BSynthesid996 843—-846. (f) Yokomatsu,
T.; Yamagishi, T.; Suemune, K.; Abe, H.; Kihara, T.; Soeda, S.; Shimeno,
H.; Shibuya, STetrahedron200Q 56, 7099-7108.

(27) Robins, M. J.; Zou, R.; Guo, Z.; Wnuk, S. F. Org. Chem 1996 61,
9207-9212.
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Scheme 10. Preparation of Deprotected Target Molecules 7c—9c?

AcO o Base . AcO o Base
O (0]
EtO. ~p-CF20Ac HO\Q/CFZOAC
EtO” HO”
7b: Base = thymine 52: Base = thymine
8b: Base = uracile 53: Base = uracile
9b: Base = cytosine 54: Base = cytosine
HO Base
b (0)
(0]
NaO. 5 _CF, OH
NaO

7c¢: Base = thymine (77%)
8c: Base = uracile (70%)
9c: Base = cytosine (71%)

a2 Reagents and conditions: (a) TMSBr, €N, 80 °C. (b) (i) NHs,
MeOH, room temperature; (ii) DEAE-Sephadex A-25; (iii) Dowex 50 WX8
(Na*).

WX8 (Nat), yielded the disodium salts of the fully deprotected
nucleotide analoguesc—9c¢, in the form of whitish powders.
Conclusion

Protected analogues of nucleosidépBosphates, in which
the esterified oxygen atom is replaced by a difluoromethylene
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unit, have been prepared for the first time in overall yields and phosphates. Three of the final, deprotected nucleotide
ranging from 9% to 18%. The key step of the synthesis, analogues are obtained in high yields by a sequence of two easily
developed from readily available ketones, involves addition of carried out procedures. Intermediad&s-51, 7b—11b, and7c—

the lithium salt of difluoromethylphosphonothioate. The ben- 9c may find application in the production of either antiviral
eficial presence of the sulfur atom in this reagent translates into compounds or modified oligonucleotides. Work is in progress
greatly increased yields, reproducibilities, and ease of purifica- to develop these applications.

tion. It is noteworthy that total diastereoselectivity is observed

in the three steps requiring stereocontr@? (— 29b; 29b — Ac_kpowledgment. C.L. is grateful to MENRT (France) for
26b; and37b— 47—51); the first two of these three steps feature Providing a grant.

a shift of the phosphonothiodifluoromethyl unit from the convex Supporting Information Available: Experimental procedures

face to the concave face of the furanose ring. The successful, .
9 and anatytical data for all new compounds as wellas!F,

ionic approach (route B) results in the isolation of the fully a1
protected difluorophosphonothioates as well as the correspond-;;gdgbp 9’\|CI,M1F(2)§ plelc;rigog Cc;?ggzn_ﬁ?r:;;%lﬁsg’:v%ig 1t;le
ing difluorophosphonates. It is of interest to note that the _ ™ =7 ™™~ ’  1G S6,

S . free of charge via the Internet at http://pubs.acs.org.
presence of sulfur may result in higher resistance toward
enzymatic hydrolysis, in a way reminiscent of phosphorothioates JA027850U
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