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Synthesis and Characterization of a New Fluorine Substituted Nonionic

Dinucleoside Phosphonate Analogue,
P-Deoxy-P-(difluoromethyl)thymidylyl(3’'—5)thymidine
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The (difluoromethyl)phosphonate group can be introduced as a 3’5’ linkage between nucleosides by the
sequential reaction of bis(1-benzotriazolyl) (difluoromethyl)phosphonate with 5-O-(4,4-dimethoxytrityl)thymidine
and 8’-0-levulinylthymidine. T'wo diastereomers differing in configuration at phosphorus are formed in nearly
equal amounts but can be separated by column chromatography. The protecting groups can be removed by
treatment of the protected dinucleoside(difluoromethyl)phosphonate difluoromethylphosphonate with hydrazine
in pyridine/acetic acid followed by treatment with 80% acetic acid to give P-deoxy-P-(difluoromethyl)thymi-
dylyl(3'—>5")thymidine. There are substantial differences in the ’F NMR spectra of the two diastereomers, which
suggests that this may be a significant and useful parameter in structure and binding studies on nonionic

phosphonate linked oligonucleotide analogues.

Introduction

Phosphate-modified oligonucleotide analogues have been
extensively investigated for the sequence specific hybrid-
ization arrest of mRNA translation.”® and as biochemical
probes of nucleic acid-protein interactions.®® The four
major types of phosphorus modification include phos-
phorothioates, phosphoramidates, phosphotriesters, and
alkylphosphonates. The latter three linkages are nonionic,
thus facilitating transport of the modified oligomers
through biological membranes.!'? Of the nonionic ana-
logues, the alkylphosphonates appear to be the most stable
toward nucleases. Normal phosphodiester linked oligo-
deoxyribonucleotides have low cell permeability and rel-
atively short half-lives in serum because of degradation by
nucleases.®

Among the oligodeoxyribonucleotide alkylphosphonates
analogues, oligodeoxyribonucleoside methylphosphonates
have been most widely studied. Although, originally the
methyl group seemed likely be a preferential candidate for
nonionic linkages because of its small size, it is now clear
that it has a measurable influence on conformation. Hy-
bridization of oligodeoxyribonucleoside methyl-
phosphonates to their natural complementary sequences
is enhanced in some cases,!* but the binding is complicated
by a stereoisomer problem. In the case of the binding of
Apum.A (1, pye = the methylphosphonate linkage) to
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poly(U) or poly(T) binding differs, but is enhanced for both
the Rp and Sp stereoisomers relative to ApA (2:1 poly(U)
to ApxA complexes are formed).!® In the case of the
triesters, AporA and ApgrAporA, the size of the substit-
uent does not lessen the ability of these analogues to hy-
bridize. Letsinger et al. reported that these phosphotri-
ester analogues containing bulky, lipophilic groups, such
as 2,2,2-trichloro-1,1-dimethylethoxy, had higher melting
temperatures in their complexes with poly(U) and poly(T)
than did the corresponding ApA and ApApA oligomers.®
The enhancement in binding is thought to result from
decreased charge repulsion between the nonionic analogues
and the negatively charged natural complementary oli-
gomers.

The conformations of some deoxyribonucleoside me-
thylphosphonates in solution have been extensively studied
by 'H NMR.}* Both the NMR and calorimetric studies!’
indicate that the bases in the two diastereomeric forms of
P-deoxy-P-(methyl)deoxyadenylyl(3'—5")deoxyadenosine
are stacked differently in solution.
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Where the methylphosphonate is incorporated at a
single site in an 8-mer, the Sp isomer gives a less stable
duplex. In the Sp configuration the methyl of the me-
thylphosphonate points toward the major grove and is
relatively close to the 3’ proton.!® A chirality preference
has been observed in a protein-DNA interaction. Ca-
ruthers et al. reported that deoxyribonucleoside methyl-
phosphonates could function as a probe in the studies of
the interaction between the lac operator and lac repres-
sor.!® The stability of the complex formed between the
lac operator, in which a single linkage was substituted by
either a Rp or Sp methylphosphonate, and lac repressor
was significantly greater for the one of the stereoisomers.
However, since absolute configurations were not deter-
mined, it was unknown which stereoisomer gave the stable
complex.

The structural, biochemical, and biological studies on
methylphosphonate linked nucleosides suggest that other
isosteric phosphonates may be worth studying. In par-
ticular it would be of interest to attach groups that could
function as useful probes of the microenvironment sur-
rounding the phosphonate linkage. In addition it would
be of interest to attach a group that resembles oxygen in
polarity. The CF,; and CFH groups have been proposed
as reasonable isosteric and isopolar replacements for
neutral oxygen.”® These groups could be either incorpo-
rated into the phosphate backbone of oligodeoxyribo-
nucleotides in place of the 3’ or 5 oxygens or incorporated
as CF;H, CFH,, or CF; in place of the methyl in oligo-
deoxyribonucleotide methylphosphonate analogues. The
latter synthetic modification would be simplest to accom-
plish and would provide nonionic oligodeoxyribonucleoside
analogues that could function as convenient F NMR
spectroscopic probes both in vivo and in vitro. Information
about conformational differences assumed by Sp and Rp
stereoisomers and about complementary binding between
oligonucleotide strands in which some phosphodiester
linkages are replaced by (difluoromethyl)phosphonate
could be obtained from °F NMR signals. Since deoxy-
ribonucleotides are chiral, the fluorines of a CF,H group
introduced a place of a phosphate oxygen would be dia-
stereotopic. Proteins and enzymes that bind oligo-
nucleotides could influence local environment and exa-
cerbate the chemical shift differences between the dia-
stereotopic fluorine atoms.

Our initial research has concentrated on (difluoro-
methyl)phosphonate analogues for a number of reasons.
First, the CF,H group is likely to be more chemically stable
than a CH,F group, which could potentially function as
an alkylating agent. Second, the synthesis of (difluoro-
methyl)phosphonates is more straightforward than the
synthesis of either (trifluoromethyl)- or (monofluoro-
methyl)phosphonates. Third, the isopolar CF,H moiety
most closely resembles an OH group in structure and in
that respect might behave like a nucleic acid at low pH.
This could have important implications where binding of
a protein to an oligonucleotide involves hydrogen bonding
or proton transfer to a phosphodiester group. Of the
possible fluoromethyl modifications (CF,H, CFH,, or CF3),
the difluoromethyl group is the most likely to be involved
in polar interactions with solvent or other molecules that
associate with nucleic acids. In a study with diethyl(di-
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fluoromethyl)phosphonate 8, we determined that the
proton on the CHF, group interacted strongly with the
Lewis base pyridine.?l The dependence of the proton
chemical shift on pyridine concentration resembles the
data obtained in hydrogen-bonding studies with chloro-
form. Microwave spectroscopic studies in the gas phase
showed that HCF; formed a stable hydrogen-bonded
complex with ammonia.?? In addition, Burg reported that
phosphines containing the P-CHF, linkage had a signif-
icantly lower volatility than phosphines containing the
P-CH; and P-CF, linkages.?? The low volatility is
probably due to C-H-F hydrogen bonds, which, although
weaker than hydrogen bonds involving oxygen, is stronger
than van der Waals attraction.

With this background we set out to synthesize and
characterize P-deoxy-P-(diflucromethyl)thymidylyl(3'—-
5)thymidine (2) as the first representative of a new class
of phosphonate-linked nucleosides having a polar CF,H
group in place of the OH group (O™ at physiological pH)
of the natural phosphodiester linkage.
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Results and Discussion

Although it would have been attractive to use phos-
phoramidite type chemistry to incorporate the CHF,
phosphonate linkage, for a first approach it was most ex-
pedient to use a readily accessible difluoromethyl-
phosphonylating reagent and mild reaction conditions.
Introduction of fluorine would likely labilize the phos-
phonate linkage to an even greater extent than observed
with methylphosphonate linkages, which are significantly
more sensitive to adventitious cleavage by ammonia during
deprotection than normal phosphodiester linkages. A
preliminary model study with diethyl (difluoromethyl)-
phosphonate showed that this functional group would not
survive concentrated ammonia, but did remain intact when
treated with hydrazine in a pyridine/acetic acid buffer
commonly used to cleave reactive esters and amides under
nonbasic conditions. As a consequence we chose to model
our approach after a scheme devised by van Boom for
conventional phosphodiester synthesis via protected hy-
droxybenzotriazole esters of phosphoric acid.?* The
BTOH phosphotriester approach when applied to di-
nucleotide synthesis gave a high yield of 3’5’ linked
product and no 3'—3’ linked product.

The synthesis of P-deoxy-P-(difluoromethyl)thymidy-
lyl(3—5')thymidine (2) is divided into four parts: (1) the
synthsis of the 5’-O-protected thymidine 4, (2) the syn-
thesis of the 3'-O-protected thymidine 6, (3) the synthesis
of the (difluoromethyl)phosphonate moiety, (4) the for-
mation of the required 3'—5" phosphonodiester linkage by
employing the products from (1), (2), and (3).
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4,4’-Dimethoxytriphenylmethyl, which is currently the
most widely used 5’ protecting group in the oligodeoxy-
ribonucleotide synthesis,?® appeared suitable for the syn-
thesis of the (difluoromethyl)phosphonate-linked nucleo-
sides. As long as precautions were taken to preclude acid,
the 4,4-dimethoxytrityl group would be expected to remain
intact during the reactions required to create the (di-
fluoromethyl) phosphonate linkage. It was well established
that the group can easily removed under mild acidic con-
ditions such as 80% glacial acetic acid in water or 3%
dichloroacetic acid (pK, = 1.5) in methylene chloride.
Compound 4 was obtained in 80% yield by a standard
literature procedure.?

Levulinyl (4-oxopentanoyl) was chosen as the protecting
group for the 8-OH of thymidine.?” The levulinyl group
can be selectively and rapidly removed under neutral
conditions: 64% hydrazine hydrate in pyridine/acetic acid
(4:1 v/v) for 10 min. These conditions do not affect the
4,4’-dimethoxytrityl protecting group. On the other hand,
the levulinyl group is stable under conditions that remove
the 4,4’-dimethoxytrityl group. The reaction of 4 and
distilled levulinic acid in the presence of 1-methyl-
imidazole, 2,8-lutidine, dicyclohexylcarbodiimide (DCC),
and anhydrous dioxane as solvent yielded 5-0-(4,4’-di-
methoxytrityl)-3’-O-levulinylthymidine (5) in 83% yield
(Scheme I). The crude product was further purified by
recrystallization from benzene. Subsequent treatment of
5 with 80% acetic acid in water afforded 3’-O-levulinyl-
thymidine (6) in 72% yield.
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Synthesis of the (difluoromethyl)phosphonate moiety
(phosphonylating agent) was achieved by the reaction of
diethyl phosphite (7) first with metallic sodium and then
with chlorodifluoromethane to give diethyl (difluoro-
methyl)phosphonate (8) in 54% yield (Scheme I1).2%2 The
resonance of the hydrogen on the gem-difluorocarbon of
8 appears as a doublet of a triplet in the 'H NMR spectrum
(Jur = 49 Hz, Jyp = 27 Hz). The fluorine atom signals
appear as a quartet in the °F spectrum (Jpp = 91 Hz).
Compound 8 was refluxed with thionyl chloride for 3 days
to give (difluoromethyl) phosphonic dichloride (9) in 73%
yield.?? The F NMR spectrum of 9 is a doublet of
doublet (Jyp = 49 Hz, Jpp = 115 Hz). The 'H NMR
spectrum of 9 appears as a quartet but is actually a doublet
of a triplet (Jpy = 24 Hz). Dichloride 9 is extremely
moisture sensitive; however, it can be stored in a desiccator
and fractionally distilled before use.

Compound 9 can function as the phosphonylating agent
for 2 equiv of alcohol. Early studies of the synthesis of
P-deoxy-P-methyldeoxyribonucleotidyl(3'—5’)deoxy-
nucleoside using methylphosphonic dichloride as the
phosphonylating agent showed that a significant amount
of 3’3’ linked product (10%) was formed and the yields
of 3—5’ linked (required) product was generally low
(30-60% depending upon the nucleosides).

Compound 9 was converted to bis(1-benzotriazolyl)
(difluoromethyl)phosphonate (10) (Scheme III), which
functioned as the phosphonylating agent in the subsequent
reactions. Compound 10 is very moisture sensitive and
must be generated in situ immediately prior to use.

TLC analysis showed that 4 completely reacted with
bis(1-benzotriazolyl) (difluoromethyl)phosphonate (10)
within 30 min. Two major spots were observed at R; 0.7
and R; 0 (silica gel; 9/1 chloroform/methanol). The high

(28) Obayashi, M.; Ito, E.; Matsui, K.; Kondo, K. Tetrahedron Lett.
1982, 23(22), 2323.
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R; spot was identified as the 3'—3’ linked product 12.
Compound 6 was added to the reaction mixture, where-
upon TLC showed the appearance of the 3’5" linked
thymidine dimer 13 (R, 0.46). No further reaction was
observed after 2 h but a substantial amount of baseline
material remained which was not identified but which is
probably 5-0-(4,4’-dimethoxytrityl)thymidine 3’-[(di-
fluoromethyl)phosphonate].?’ The yields of dinucleotide
analogues 12 and 13 were 35-40% and 10%, respectively.
By running the first coupling reaction (formation of 11)
in an ice bath, the yield of the 3'—5’ linked dimer 13
increased to 54%. The enhanced reactivity of phospho-
nylating agent 10 due to the strongly electron withdrawing
difluoromethyl group is undoubtedly influences the for-
mation of 3—3’ linked dimer 12. The deprotection of 13
proceeded cleanly under the conditions described above.
Cleavage of the phosphonate diester linkage was not ob-
served.

Synthesis of the thymidine dimer by employing the
unproected thymidine 3 instead of 3’-O-levulinylthymidine
6 in the second coupling reaction has also proven to be
feasible. Apparently, the difference in reactivity between
the 5’-OH and 3’-OH is substantial enough to ensure the
regiospecificity of the reaction. The synthesis of 2 is
greatly simplified by using the unprotected thymidine 3
in the second coupling reaction.
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The two stereoisomers of the fully protected 3'—5
linked thymidine dimer, 13Rp and 13Sp, were successfully
separated on a silica gel column by eluting with an ethyl
acetate/methanol gradient (0-10% MeOH in the presence
of 0.5% Et;N, in 0.25% stepwise increments). The 'H
NMR spectra of the two separated diastereomers were
similar, and data on the separated isomers are not pres-
ented here. Although the signal of the hydrogen on the
gem-difluoro carbon (CHF,) partially overlapped with that
of the anomeric hydrogen, the unique signal of the hy-
drogen on CHF, could be clearly identified in the high-field
spectra. Two sets of CHF, signals were observed in the
'H spectrum containing a mixture of the diastereomers.
The chemical shift of the signals differed by 0.06 ppm
(300-MHz spectrometer). The spectrum of each separated
diastereomers showed only one set of CHF, signals, which
matched with the CHF, signals in the spectrum containing
a mixture of diastereomers.

No unusual features were observed in the C NMR
spectra. By comparing spectra of compounds 3-6 with
dimers 2, 13, and 14, it was relatively simple to make peak
assignments for the more complex molecules. Because of
splitting by fluorine, the '3C signal due to the CHF, group
was too weak to be observed.

The °F signals of the two fluorine atoms are strongly
solvent dependent. The °F spectra of the two diastereo-
mers of 13 were run at 25 °C in CDCl; and in acetone-dg,.
In chloroform the lower R; diastereomer appeared as eight
peaks centered at 27.5 ppm, and the higher R, diastereomer

(30) The baseline materials were not isolated. Spraying the TLC plate
showed the presence of the di-p-methoxytrityl group on the baseline spot.
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appeared as six peaks (fewer peaks than predicted are
observed because of peak overlap) centered at 27.9 ppm
(the relatively weak signals due to fluorine—fluorine
splitting were not observed above the background noise;
16 peaks should actually be observed for each isomer under
ideal conditions). In acetone-dg the low-R; diastereomer
showed four peaks (dd, Jyy = 48 Hz and Jpp = 94 Hz).
The two fluorine atoms had exactly the same chemical shift
although they are diastereotopic. The other diastereomer
with R, 0.18 (ethyl acetate) showed 16 peaks as a result
of the chemical shift difference between the two diaste-
reotopic fluorine atoms (two ddd, Jyp = 48 Hz, Jpp = 93
Hz, Jrp = 352 Hz). The eight outer peaks were of weak
intensity because of the relatively small difference between
two fluorine chemical shifts relative to the fluorine—fluorine
coupling constant. Burton observed a similar spectrum
on a computer-simulated °F NMR spectrum of ethyl
phenyl (bromodifluocromethyl)phosphonate.!

The chemical shifts are both solvent and temperature
dependent. The 'F NMR signal of the lower R; diaste-
reomer in acetone-dg separated from four into eight peaks
when the surrounding temperature fell below —15 °C, while
in CDCI4 coalescence was not observed at temperature as
high as 50 °C. At low temperature, the two fluorine atoms
must reside in chemically distinct environments. The
sensitivity to local environment observed here could prove
to be very useful where fluorine is used as a probe in
hybridization or protein binding studies. More detailed
NMR studies are under way and will be presented in a
future paper.

The 1 NMR (acetone-dg) spectrum of the fully protected
3’—3’ linkage thymidine dimer 12 showed two sets of four
peaks (dd) separated by 5 Hz. Each set represented one
of the two fluorine atoms which were diastereotopic to each
other, and hence the two fluorine atoms showed up at
different chemical shifts in the spectrum. Theoretically,
two additional sets of four peaks should be observed at
about 350 Hz upfield and downfield from these resonances
due to fluorine—fluorine coupling; however, these were not
detected because the (difference in chemical shift F-F)/Jpp
ratio was close to unity.

As expected, the 3'P NMR signals for the dimer 13 were
observed at a chemical shift significantly downfield from
that observed for the phosphorus of the methyl-
phosphonate analogue DMTrTpeysTOAc. Noble et al.
reported the methylphosphonate 3'P signals at —-31.66 and
-32.22 ppm for the two diastereomers,!® while we observe
the PCHF, phosphorus resonances as triplets centered at
5.39 and 4.97 ppm in the same solvent (CHCl;)9. In
comparison the ?'P resonance for TpT occurs at —-0.36 ppm
in D,O at 30 °C.#  The 3P signal for dinucleoside
phosphotriesters in chloroform solvent is also generally
observed near 0 ppm.3®

Experimental Section

General Methods. All glassware was washed in a base bath
and then dried at 110 °C for 15 h. Pyridine was dried by refluxing
with BaO for 72 h and distilled. Pyridine was redistilled from
over p-toluenesulfonyl chloride. Dioxane and tetrahydrofuran
(THF) were dried by passing through anhydrous alumina and then
distilled over sodium. 4,4’-Dimethoxytrityl chloride was purchased
from either Aldrich or Cruachem and used without further pu-
rified. Triethylamine (TEA) was refluxed with KOH for 3 h and
then distilled. 4-(Dimethylamino)pyridine (DMAP) (from Aldrich)
was recrystallized from diethyl ether and then dried in vacuo over

(31) D. J. Burton, personnel communication.

(32) Cheng, D. M.; Kan, L.-S,; Iuorno, V. L.; Ts’o, P. O. P. Bio-
polymers 1984, 23, 575-592.
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parafilm at room temperature. Levulinic acid and 1-methyl-
imidazole were distilled under reduced pressure and stored over
molecular sieves. 2,6-Lutidine was refluxed over calcium hydride,
distilled under reduced pressure, and stored over molecular sieves.
Dicyclohexylcarbodiimide (DCC) was obtained from Aldrich.
Diethyl phosphonate was obtained from Aldrich and distilled
under reduced pressure before use. Thionyl chloride (from
Aldrich) was purified with triphenyl phosphite and fractionally
distilled. 1-Hydroxybenzotriazole (from Sigma) was dried in vacuo
over P;0O; at 50 °C for 3 days. Triethylammonium bicarbonate
(TEAB) solution was prepared by bubbling carbon dioxide into
triethylamine solution of required molarity until the pH reached
7.3. Hydrazine hydrate (64%) was purchased from Eastman.
Eighty percent acetic acid was prepared from glacial acetic acid
and distilled water. Thymidine was obtained from the United
States Biochemical Corp. All moisture-sensitive chemicals were
weighed out in a dry box filled with dry nitrogen. All moisture
sensitive reactions were carried out in an argon or nitrogen at-
mosphere.

TLC was done on EM Science precoated silica gel F-254 plastic
plates and the solvent system was chloroform/methanol (30/10%)
unless otherwise stated. Spots containing the DMTr group ap-
peared orange after the TLC plates were sprayed with dilute
sulfuric acid. Column chromatography packing was silica gel (EM,
70-230 mesh). The columns were eluted with chloroform/
methanol (100/0% to 90/10%) either in a linear gradient or by
stepwise 1-2% increments. All 'H, °F, 13C, and 3'P spectra were
run on a Varian VXR 300-MHz spectrometer. The internal
reference for 'H and 13C spectra was TMS. Ten percent hexa-
fluorobenzene in CDCl; was used as the external reference for
F spectra while 3'P spectra were referenced to external 5%
H,;PO, in D,0. UV measurements were done on a Shimadzu
Model 260 UV-vis spectrophotometer. The mass spectra of all
compounds were run by the Midwest Center for Mass Spec-
trometry at the University of Nebraska—Lincoln, Department
of Chemistry. All compounds were analyzed by fast atom bom-
bardment and the molecular ions of each compounds matched
the molecular formula. Melting points are not reported because
the compounds undergo slow decomposition on heating and do
not give well-defined melting points.

Preparation of 3'-O-Levulinyl-5-0-(4,4’-dimeth-
oxytrityl)thymidine (5).% 5-0-(4,4-Dimethoxytrityl)thymidine
(4)% (16.79 g, 31 mmol), levulinic acid (10.80 g, 93 mmol), 2,6-
lutidine (12 mL, 103 mmol), and 1-methylimidazole (3 mL, 38
mmol) were dissolved in anhydrous dioxane (150 mL) in a
round-bottom flask (500 mL with 24/40 joint) under argon. DCC
(19.19 g, 93 mmol) in ahydrous dioxane (80 mL) was added
dropwise to the above solution. The reaction was stirred at 38
°C for 12 h. After the dicyclohexylurea was filtered off, methylene
chloride (250 mL) was added to the filtrate. Then, the solution
was washed with 2% NaHCO, (300 mL), and the aqueous layer
was extracted repeatedly with methylene chloride (4 X 150 mL).
The combined organic layer was dried over anhydrous Na,SO,,
and the solvent was removed in vacuo. The resulting gum was
dissolved in a minimal amount of chloroform and loaded onto
a silica gel column (450 g), which was eluted with chloroform/
methanol (100/0 to 90/10% linear gradient). The appropriate
fractions were concentrated and dissolved in 150 mL of hot
benzene. Cyclohexane was added until turbidity occurred. The
product was filtered off and dried in vacuo over KOH and pa-
rafilm. Yield: 16.74 g (84%). Anal. (high-resolution MS) calcd
for CagHasOgNy: 642.2578. Found: 642.2578. UV (CHCly): 267.8
nm (e = 1.08 X 10* M1 ecm™), 241.4 nm (e = 1.62 X 10* ML em™).

Preparation of 3-O-Levulinylthymidine (6).3* Eighty
percent acetic acid (100 mL) was added to a round-bottom flask
(300-mL with 24/40 joint) which contained 5 (18.0 g, 28 mmol).
The reaction mixture was stirred at room temperature for 2 h.
Then, excess acetic acid was removed in vacuo. The residue was
dissolved in methylene chloride (300 mL) and washed with 10%
sodium bicarbonate solution (300 mL). The aqueous layer was
continuously extracted with methylene chloride until no further
product remained in the aqueous layer. The combined organic
layer was dried over anhydrous sodium sulfate. After the solvent

(34) Kumar, G.; Poonian, M. S. J. Org. Chem. 1984, 49, 4905-4912.
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was removed, the residue was loaded onto a silica gel column (250
g), which was eluted with chloroform /methanol (100/0 to 90/10%
linearly). The appropriate fractions were combined and the
solvent was removed in vacuo. The remaining oil was dissolved
in a mixture of ethanol and water. The required product was
obtained after lyophilization. Yield: 6.9 g (72%). Anal. (high-
resolution MS) caled for C;;Hy50,Ny: 340.1271. Found: 340.1271.
UV (CHCl): 265.4 nm (e = 0.97 X 10* M! cm™).

Preparation of Diethyl (Difluoromethyl)phosphonate (8).
Diethyl phosphite (258.1 g, 1.87 mol) was dissolved in anhydrous
THF (1 L) under argon in a three-neck flask (2-L with 24/40
joints) which was connected to a dry ice/acetone condenser. The
reaction was cooled in an ice bath and Na wire (45 g, 1.96 mol)
was added in portions. After all the sodium dissolved (8-10 h),
the argon supply was shut off and anhydrous chlorodifluoro-
methane (220 g, 2.54 mol) was bubbled into the reaction mixture.
The solution turned cloudy within 3 min. After the reaction
mixture was stirred overnight, NaCl was filtered off by suction
filtration through a sintered glass funnel. The NaCl residue was
washed thoroughly with diethyl ether and the solvent was removed
from the filtrate in vacuo. The crude product was purified by
fractional distillation under reduced pressure (bp 62 °C at 1.5
Torr: 1it.?® bp 85.6-86.5 °C at 12 Torr). Yield: 188.4 g (54%).

Preparation of (Difluoromethyl)phosphonic Dichloride
(9). Excess thionyl chloride (60 mL) was added dropwise into
a round-bottom flask (100 mL) which contained 8 (15.0 g, 79.8
mmol) and pyridine (1 mL). The reaction was protected from
moisture and refluxed for 3 days. Thionyl chloride (bp 78-82 °C)
was removed by fractional distillation of the mixture. The product
was obtained in the fractions that distilled at 128-133 °C (lit.%
bp 50-52 °C at 50 Torr). Yield: 9.8 g (73%).

Preparation of Bis(1-benzotriazolyl) (Difluoromethyl)-
phosphonate (10). 1-Hydroxybenzotriazole (1.35 g, 10 mmol),
anhydrous pyridine (1.0 mL, 12.4 mmol), and anhydrous dioxane
(20 mL) were combined in a round-bottom flask (100 mL with
14/20 joint) under dry argon. The mixture was stirred at room
temperature until all BTOH dissolved. Then, the flask was cooled
in an ice bath and 9 (0.85 g, 5 mmol) in anhydrous dioxane (10
mL) was added dropwise. The reaction mixture was stirred at
room temperature for 2 h. At the end of the reaction, pyridine
hydrochloride was filtered off under anhydrous conditions. The
phosphonylating reagent (0.16 M in dioxane) was used imme-
diately for the next step.

Preparation of Fully Protected P-Deoxy-P-(difluoro-
methyl)thymidylyl(3’—5')thymidine (13). Compound 4 (1.09
g, 2 mmol) was dried by coevaporating with anhydrous pyridine
(3 X 30 mL) to dryness. The protected nucleosides could also
be dried by lyophilizing with anhydrous dioxane overnight. The
residue was redissolved in anhydrous pyridine (10 mL) and then
was added dropwise into a round-bottom flask (100 mL with 14/20
joint) which contained 10 (12.4 mL, 2 mmol, obtained from the
previous experiment) cooled in an ice bath for at least 5 min. The
reaction mixture was stirred in the ice bath under anhydrous
conditions for 30 min. Compound 6 [0.68 g, 2 mmol, coevaporated
with anhydrous pyridine (3 X 30 mL) or lyophilized with an-
hydrous dioxane] was dissolved in 10 mL of anhydrous pyridine.
Then, this solution was added dropwise into the above reaction
mixture, and the mixture was stirred at room temperature for
2 h (until no further change was observed by TLC). The reaction
mixture was diluted with methylene chloride (100 mL) and washed
with 1 M (pH 7.3) TEAB (100 mL), and once with water (100 mL).
The organic layer was then dried over anhydrous Na,SO,. After
filtration of the Na,SO,, the solvent was removed in vacuo and
the resulting oil triturated with petroleum ether (40-60 °C). The
precipitate was dissolved in a minimal amount of chloroform and
loaded onto a silica gel column (100 g), which was eluted with
chloroform/methanol (100/0 to 90/10% linear gradient). The
appropriate fractions were combined, and the solvent was re-
moved. The product was precipitated from petroleum ether and
dried in vacuo over KOH and parafilm. Yield: 1.06 g (54%). Anal.
(high-resolution MS) caled for C;H5; Fo01;N,P: 980.3058. Found:
980.3058. UV (CHCl,): 266.0 nm (e = 2.03 X 10* M1 cm™), 241.4
nm (e = 2,23 X 10* M7 ecm™); 'H NMR (CDCly) 6 1.41, 1.42 (2

(35) Soborovskii, L. Z.; Baina, N. F. J. Gen. Chem. USSR 1959, 29,
1115.
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d, 3 H), 1.89 (d, 3 H), 2.17, 2.18 (2 s, 3 H), 2.45 (m, 2 H), 2.59 (t,
2 H), 2.60 (m, 2 H), 2.76, 2.78 (2 t, 2 H), 3.39, 3.48 (2 m, 2 H),
3.79 (s,6 H), 4.14,4.18 (2 m, 1 H), 4.25,4.29 (2 m, 1 H), 4.49 (m,
2 H), 5.21, 5627 (2 m, 1 H) 5.37 (m, 1 H), 5.92, 6.07 (2 dt, 1 H),
6.29 (m, 1 H), 6.43 (m, 1 H), 6.84 (d, 4 H), 7.2-7.4 (m, 9 H), 7.3-7 4,
7.51, 7.55 (2 H); 13C NMR (CDClg) 6 11.73, 11.77, 12.24, 12.38,
27.79, 27.82, 29.72, 29.74, 36.71, 36.74, 37.81, 37.83, 39.15, 39.55,
55.29, 63.01, 67.28, 63.08, 67.54, 73.61, 73.72, 80.09, 80.17, 82.29,
82.35, 84.23-85.18, 87.40,111.81, 111.87, 111.94, 113.27, 113.38,
127.33, 128.06, 128.10, 130.09, 134.99, 135.03, 135.34, 143.99, 144.03,
150.49, 150.57, 150.60, 158.86, 163.77, 163.87, 172.47, 172.65, 206.45,
2086.57; NMR coupling constants for the PCF,H group were Jyr
= 48.2 Hz, Jpp = 90.5 Hz, and Jyp = 28 Hz.

Compound 12 was isolated from the same experiment. Com-
pound 14 was prepared by the same procedure except thymidine
(3) was used instead of 3’-levulinylthymidine (6). 12. Anal.
(high-resolution MS) caled for CgHysFo0,5N,P:  1184.4000.
Found: 1184.3996. UV (CHCly): 266.4 nm (e = 2.41 X 10* M!
cm™), 241.4 nm (¢ = 3.63 X 10* M! em™). 14. Anal. (high-res-
olution MS) caled for C,H,sF,0,5NP: 882.2689. Found:
882.2687. UV (CHCly): 266.2 nm (¢ = 2.00 X 10* M! em™), 241.6
nm (e = 2.01 X 104 M cm™).

Separation of Diastereomers 13R and 13S. Silica gel (100
g) was suspended in ethyl acetate in the presence of 0.5% TEA.
The slurry was packed into a column of 2-cm diameter. Com-
pound 13 (147 mg) was dissolved in minimal amount of ethyl
acetate (containing 0.5% TEA) and applied to the column. The
column was eluted with ethyl acetate/methanol (100/0 to 90/10%)
in the presence of 0.5% TEA. The gradient of elution was 0.25%
stepwise in 20-mL increments. The appropriate fractions were
combined, and the solvent was removed. The percent recovery
was not calculated. °F NMR: low-R; isomer, § 27.5 (ddd, 2 F,
Jur = 48.2 Hz, Jpr = 90.5 Hz); high-R; isomer, 6 27.9 (ddd, 2 F,
Jur = 48.2 Hz, Jpp = 90.5 Hz, Jyp = 352 Hz). 3P NMR (proton
decoupled): low-R;isomer, § 4.97 (t); high-R; isomer, 6 5.39 (t).

Preparation of P-Deoxy-P-(difluoromethyl)thymidylyl-
(3’—5)thymidine (2). Compound 13 (0.08 g, 0.08 mmol) was
dissolved in a mixture of pyridine (1.5 mL) and glacial acetic acid
(1 mL). Then, 64% hydrazine hydrate (0.13 mL) was added and
the reaction mixture was stirred at room temperature for 1 h. The
reaction mixture was cooled in an ice bath and 2,4-pentanedione
(0.5 mL) was added. After 10 min, the reaction mixture was
diluted with methylene chloride (20 mL) and washed with 1 M
TEAB (pH 7.3, 20 mL) and distilled water (20 mL). The organic
layer was dried over anhydrous Na,SO,. After filtration, the
organic layer was concentrated and then triturated with petroleum
ether. The precipitate was redissolved in a minimal amount of
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methylene chloride and then was loaded onto a short silica gel
column (8 g). The column was eluted with methylene chlo-
ride/methanol (100/0% to 92/8%). The appropriate fractions
were combined and solvent was removed in vacuo to yield a viscous
oil. No further purification was attempted. The crude product
was dissolved into 80% acetic acid (v/v) (2 mL). An orange color
appeared immediatedly. The reaction mixture was stirred at room
temperature for 3 h or until no starting material was observed
on the TLC plate. Then, the excess acetic acid was removed in
vacuo and distilled water (10 mL) added. The aqueous mixture
was extracted with benzene (2 X 10 mL). The crude product
obtained after the removal of water (lyophilization) was further
purified by redissolving in water, extracting with benzene, and
lyophilizing for 3 days. The yield for this step only was 60%, but
the overall yield of the two deprotection steps was approximately
10%. Anal. (high-resolution MS) caled for C,yHyF,0,,N,P:
580.1383. Found: 580.1382. UV (H,0): 266.8 nm (¢ = 1.71 X
10* Mt em™); 'H NMR (DMSO-dg) 6 1.78 (m, 6 H), 2.13 (m, 2
H), 2.37 (m, 2 H), 3.60 (m, 2 H), 3.96 (m, 1 H), 4.08 (m, 1 H), 4.25
(m, 1 H), 4.39 (m, 2 H), 5.20 (m, 1 H), 6.22 (dd, 2 H), 6.64, 6.65
(2dt, 1 H), 7.43,7.49 (1 H), 7.68, 7.69 (1 H); 3C NMR (DMSO-d;)
6 11.88,11.91, 11.95, 12.19, 37.58, 37.62, 40.21, 60.66, 60.71, 67.51,
69.70, 69.76, 69.79, 79.11, 83.81, 84.08, 85.27, 109.69, 109.74, 109.81,
150.32, 150.35, 163.55, 163.57; 3P NMR (proton decoupled) 6 5.84
(t) 5.93 (t); NMR coupling constants for the PCF,H group were
Jur = 48.9 Hz, Jpp = 95.3 Hz, and Jyp = 28 Hz.

Acknowledgment. The National Institutes of Health
is gratefully acknowledged for support of this research
through NTH Grant AI 20480. Mass spectral determina-
tions were performed by the Midwest Center for Mass
Spectrometry, a National Science Foundation Regional
Instrumentation Facility (Grant No. CHE 8211164). We
gratefully acknowledge NSF Instrument Grant CHE-
8509872 for contributing to the purchase of the VXR 300
NMR spectrophotometer.

Registry No. 2R, 115289-03-7; 28, 115361-96-1; 3, 50-89-5;
4, 40615-39-2; 5, 93134-37-3; 6, 78635-98-0; 7, 762-04-9; 8, 1478-53-1;
9, 1554-44-5; 10, 115288-99-8; 12, 115289-00-4; 13R, 115289-01-5;
138, 115361-95-0; 14R, 115289-02-6; 148, 115361-97-2; CHF,C],
75-45-6.

Supplementary Material Available: Five tables listing 'H,
18C, 19F, and 3'P NMR assignments and coupling constants for
compounds 2-6, 8, 9, 13, and 14 (5 pages). Ordering information
is given on any current masthead page.



