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Introducing 2-fluoro substitution on the'Z'-double bond in carbocyclic nucleosides has provided biologically
interesting compounds with potent anti-HIV activity. As an extension of our previous works in the discovery
of anti-HIV agentsp- andL-2',3-unsaturated'&luoro carbocyclic nucleosides were synthesized and evaluated
against HIV-1 in human peripheral blood mononuclear (PBM) cells. Among the synthesizedes
nucleosides, compounds, 19, 26 and28 exhibited moderate antiviral activity (E€7.1uM, 6.4 uM, 10.3

uM, and 20.7uM, respectively), while among the-series, the guanosine analogs,(p-3'-F-C-d4G)
exhibited the most potent anti-HIV activity (E60.4uM, ECy 2.8 uM). However, the guanosine analogue
35was cross-resistant to the lamivudine-resistant variants (hjh¥xD). Molecular modeling studies suggest
that hydrophobic interaction as well as hydrogen-bonding stabilize the binding of comBbumthe active

site of wild type HIV reverse transcriptase (HIV-RT). In the case -oiucleosides, these two effects are

opposite which results in a loss of binding affinity.

According to the molecular modeling studies, cross-

resistance 0b-3'-F-C-d4G B5) to M184V mutant may be caused by the realignment of the primer and
template in the HIV-RTs4y interaction, which destabilizes the RT-inhibitor triphosphate complex, resulting
in a significant reduction in anti-HIV activity of the-guanine derivative3s.

Introduction

Nucleoside reverse transcriptase inhibitors (NRTI) have
played an important role in the treatment of HIV infectidns.
However, major drawbacks of NRTI include the emergence of
drug resistant variants and toxiciy? Therefore, conservative
efforts have been made to improve the antiviral efficacy as well
as to reduce the toxicity by modifying the structure.

The structures of several potent NRTIs, such as stavudine

(d4T), abacavir, reverseb{d4FC), and elvucitabina {d4FC)
highlight the important role of a'Z-double bond to enhance
the antiviral activity (Figure 1). Additionally, carbocyclic

nucleosides such as abacavir have attracted considerable atte

tion due to their potent antiviral activity as well as the stability
toward metabolic degradatiénin view of these facts, it was

of interest to incorporate these structural features into nucleoside
analogues. Several interesting compounds with potent anti-HIV

activity have been discovered as the result of this contépt.
In connection to these efforts, our laboratory recently reported
the stereoselective synthesis and anti-HIV activitypefand
L-2',3-didehyhydro-23-dideoxy-2-fluoro-carbocyclic nucleo-
sidest* Among the series, the adenosine analogue with
configuration showed the most potent anti-HIV activity @C
0.77 uM). On the basis of molecular modeling studies, it was
found that both the double bond on the carbocyclic ring as well
as the 2fluoro substitution contribute to the favorable binding
affinity between the inhibitor and the HIV-RT. Hence, further
exploration of the antiviral activity of'&luorine congeners was
of interest to expand our knowledge on the structiaetivity
relationships of the same class of nucleosides.

For the synthesis of'Zluoro carbocyclic nucleosides, the
fluorine substituted unsaturated carbocyclic ring was first
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constructed followed by coupling with various heterocyclic
bases. However, this method was found to be unsuccessful in
the synthesis for the'3luoro congeners due to the instability
of the final products under the same conditions used. Therefore,
condensation of gem3',3-difluoro sugar8 or 29 with base
moieties followed by an elimination reaction in the last step
was successful to obtain the target purine nucleosides. Pyrimi-
dine nucleosides were, however, synthesized via the linear
method using the intermediatd or 30. Herein, synthesis, anti-
HIV activity, and molecular modeling studies of and.-2',3'-
didehyhydro-23-dideoxy-3-fluoro-carbocyclic nucleosides are
reported.

n_

Results and Discussion

Chemistry. Both p- and L-nucleosides were synthesized,
however, the following descriptions are mainly based on the
L-series according to Schemes3, unless otherwise indicated.
The epoxidel was synthesized from-ribose by the known
method in our laboratord# The desired regioisomer was
obtained by reductive ring opening of the epoxide with judicious
selection of reducing reagents (Scheme 1). The preliminary study
suggested that compouAdvas the major product when epoxide
2 was treated with LAH. The selective opening of the epoxide
by the hydride may be due to the steric hindrance of the bulky
trityl group adjacent to the'gosition. On the basis of this result,
several other reducing reagents were investigated (Table 1).
Among them, Super-Hydride gave predominantly compotind
(4:3=15.3:1) in excellent yield (98%). Oxidation of the alcohol
4 with PDC gave the ketongas an unstable compound. It was
interesting to note that introducing a difluorine group at the 3
position to compound was quite difficult in comparison to
the 2-fluoro isomert* A harsh condition of neat diethylami-
nosulfur trifluoride (DAST) with reaction temperature at 4D
for 36 h was needed to convert the ketoBeto difluoro
compound6 in 68% yield. The following elimination reaction
also gave significant problems: Treating compouhavith
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Figure 1. Several potent NRTIs with' Z'-double bond.
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neat DAST, 40°C; (f) TMSI, CHCl; (g) TBDPSCI, imidazole, CbCl; F
(h) MsCl, EgN, CHxCly, rt; (i) NaNs, DMF, 130°C; (j) H»/Pd/C, 30 psi, rt. . (13 X=OH, FI:R=TBDPS 17
Table 1. Ring-Opening Reaction of Epoxidz d (14 X=NH,, R=TBDPS ‘
15 X=NH, R=H
- [OTr OTr OTr |
BnO 23 _— BnOOHQ— + Bno“do; l f
2 3 4
yield B OH 18 B=Cytosine
entry reducingagent 4:3 (%) 19 B =Thymine
1 Super-Hydride 15.3:1 98 L
2 LAH 5.1:1 88 a Reagents and conditions: (a) @methoxyacryloyl isocyanate, THF,
3 DIBAL-H - 0 —30°C to rt (for 12) or f-methoxye-methacryloyl isocyanate, THF 30
4 Red-Al - 0 °C to rt (for 16); (b) NH4OH, 1,4-dioxane/EtOH, steel bomb,-9000 °C;
5 LiAl(t-butoxy) - 0 (c) (i) 2,4,6-triisopropylbenzenesulfonyl chloride, DMAP sHt CH3;CN,
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rt, (i) NH4OH or NHy/MeOH, rt; (d) HCI/MeOH, rt; (¢ 3 N HCI/1,4-
) ) ) ) dioxane, reflux 3 h; (ffBuOK, THF/1,4-dioxane, 90C.
potassiumtert-butoxide {BuOK) in THF at 50°C did not

produce the desired-Buorovinyl moiety, and only the starting
material was recovered. Hence, a modified synthetic sequenc
was adopted as illustrated in Scheme6liq 11). Both trityl

and benzyl groups were removed using iodotrimethylsilane
(TMSI) in 70% vyield. The resulting diolF was selectively
protected byert-butyldiphenylsilyl chloride (TBDPSCI) to give

Table 2. Elimination Reactions Using Traditional or Microwave
e(MW)-Assisted Methods

"\ Ho 7 S =
F F or F

OH

the key intermediat@ which was converted to aminkl in temp  reaction 'Sy?f}ée"

three steps. For the pyrimidine nucleosides, the linear synthetic entry ~ substrate  (°C) time (%) methods
methodology reported by Shealy ettal®was used as a direct 1 L-cytidine 90 9h 35 traditional oil
coupling reaction using the alcoh8l under the Mitsunobu analogue bath heating
conditions resulting in the decomposition of the starting material. 2  D-cytidine 70 6 min 84 MW-assisted
The aminell was coupled with substituted isocynate to give L_gi';ﬂggitr’]z 70 2ah 45 waditional oil
the corresponding ureb2 or 16 (Scheme 2). Reaction df2 analogue bath heating
with concentrated ammonium hydroxide/ethanol/1,4-dioxane in 4 p-guanosine 70 10 min 72 MW-assisted
a steel bomb gave the uridine analogl® in 41% yield. analogue

Amination of 13 followed by deprotection afforded the cytidine

analoguels. For the thymidine analogu®?, ring closure and cytidine 18 and thymidinel9 analogues in 35% and 46% yield,
deprotection were accomplished in one step under acidic respectively (Table 2). To synthesize adenosine analogues,
condition from compound6. Last, the 23-double bond was  triphenylphosphine (TPP) and diisopropyl azodicarboxylate
obtained under basic elimination conditions to afford the target (DIAD) were first mixed in the THF:1,4-dioxane cosolvent at
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column, which makes it extremely difficult to identify and
separate. Second, the difluoro compounds are inert to the
conventional methods of elimination usifiBuOK in aprotic
solvent, and therefore, the reaction mixture has to be heated
for long periods of time to convert all the starting material to
the product (Table 3, entries 1 and 3). Unfortunately, under these
conditions, the newly formed target nucleosides decomposed,
which resulted in low yields. Fortunately, in the search for better
conditions for the elimination step during the synthesis of the
p-compounds, it was found that the microwave-assisted method
had several advantages over the traditional method. Upon
irradiation of the difluoro-nucleosides in the microwave syn-
thesizer with maximum output power of 300 W, the elimination
reaction was completed within-8L0 min at 70°C and gave
70—80% yield, while a lower yield was obtained after a longer
time in the traditional thermally assisted conditions (Table 2).
This methodology may provide an efficient way for preparing
molecules which have a fluorovinyl moiety. Assignment of the
structures of newly synthesized nucleosides was accomplished
by NMR, elemental analysis, mass, UV, and IR spectroscopy.
Anti-HIV Activity. All the synthesized pyrimidinel@, 19,
and 37—40) and purine 26—28, 31—36) nucleosides were
evaluated against HIV-1 in human PBM cells. ThesgE&Cq,
and toxicity data are listed in Table 3. In tbe3',3-difluoro
series, none of the compounds showed any antiviral activity

nor cytotoxicity when tested up to 100M. Among thep- and
L-3'-fluoro-2,3-unsaturated nucleosides, some of them exhibited
moderate to potent anti-HIV activity. The cytidid&, thymidine
19, adenosine&6 and guanosin@8 analogues in the-series
inhibited HIV-1 in PBM cells with EGo that ranged from 6.4
0 °C and then further cooled te78 °C. The key intermediate  to 20.7xM. The guanosine analogs, bearingp-configura-
8 and the 6-chloropurine were added sequentially, and the tion, is the most active compound among all the synthesized
reaction was allowed to gradually warm up to room temperature nucleosides (E§ 0.41uM, ECqy 2.8 M), although it exhibited
until all the starting material was consumed (Scheme 3). The moderate cytotoxicity in PBM cells (K321.1uM). The antiviral
crude producg0, which was contaminated with reduced DIAD  activities of 3-fluoro-2,3-unsaturated carbocyclic nucleosides
Species, was direCtly treated with methanolic ammoniain a Steelin the current studies were genera”y maintained or enhanced’
bomb at 100°C to give the adenosine analogein 37% yield  in comparison to that of'Zluoro congenerd? Thus, the role
in two steps. After the silyl group was removed under acidic of the fluorine substitution on theé-osition of the double bond
condition, compoun@2 was treated wittBuOK in THF at 90 may have significant effects (vide infra for molecular modeling
°C to furnish the adenine derivative6 in 500_/0 yield. The studies).
(t:)ompou_nd21_could a_llso k_)e converted to inosine analoga.’ﬂ_e Antiviral Activity against Lamivudine-Resistant (HIV-

y treating with formic acid followed by ammonium hydroxide 1 Mutant Strain. O f the drawbacks of the NRTI i
in 39% vyield in two steps. After the elimination reaction similar misav) Mutant Strain. One of the drawbacks of the NRTI is

Ithe emergence of drug-resistant mutant strains during the

to the method described for the adenosine analogue, the fina ! - N :
inosine analogu@7 was obtained in 49% yield. Condensation extended treatment period, which may significantly compromise
the clinical efficacy. Lamivudine, an important component of

of alcohol 8 with 2-amino-6-chloropurine or 6-chlons?- . . . .

isobutyrylpurine, under the Mitsunobu condition as described e highly active antiretroviral therapy (HAART), confers a

above, failed to give the corresponding nucleoside. However, SiNgle mutation at residue 184 (M184V), which caused at least
a 1000-fold decrease in its antiviral activi§1° Discovery of

when a mixture of TPP, 6-chlor?-isobutyrylpurine and ] Vil [ )
alcohol8 in dry THF was treated with DIAD at 6C, the desired novel NRTI agents against lamivudine-resistant mutant strain
’ is of great interest. Unfortunately, all the potent NRTI with

product 24 was able to be isolated. The compoud was ) ! ) !
L-configuration against wild type HIV-1 are always cross-

converted to the guanosine analog2®& using formic acid ‘ st I >
followed by ammonium hydroxide in 18% yield frogin two resistant to the Iamlvgdlqe resistant mutant (M184V): WhICh.
steps. The nucleosi®s was further subjected to an elimination ~May be due to the steric hindrance between the bulky side chain
reaction usingBuOK in DMF at 70°C to give the guanosine  ©Of Val184 and the adjacent NRTI’s sugar riffgrhe situation
analogue28in 45% yield. is generally better im-nucleosides, as their sugar rings project
Similar procedures were conducted to synthesizetberies ~ far away from the residue 184. However, the M184V mutant
(Scheme 4). As the difluoro-substituted nucleosides on the has also been isolated after using the abacavir, a prodrug of
carbohydrate moiety exhibit interesting biological activityhe carbovir, which is a-nucleoside’~2¢ In view of the structural
difluoro-nucleoside81—33, 37 and38in thep-series were also  similarity between the compoun8b and carbovir, it was of
evaluated against HIV-1 (Table 3). It is noteworthy that the interest to understand its resistance profile. Hence, we further
elimination reaction in the last step proceeded with significant evaluated compour8b against HI\{11g4v using carbovir (Table
difficulties. First of all, the starting material and product have 4) as well as 3TC/AZT (data not shown) as control. On the
almost identicaR values on a silica gel plate as well as on a basis of this study, compourb appears to confer resistance

aReagents and conditions: (a) DIAD, 4™ purines, THF or THF/1,4-
dioxane; (b) NH/MeOH, steel bomb, 110C; (c) 3 N HCI, MeOH; (d) (i)
formic acid, (i) NH,OH or NHs/MeOH, rt; (e)'BuOK, THF/1,4-dioxane,
90 °C or 'BuOK, DMF, 70°C.
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35; (b) 'BBUOK, THF/1,4-dioxane, 60C, traditional oil bath heating fo40; ‘BuOK, DMF, 70°C, microwave-assisted f@9.

Table 3. In Vitro Anti-HIV-1 Activity and Toxicity of p-3',3-Difluoro-2',3-dideoxy-carbocyclic Nucleosides apd and
L-3'-Fluoro-2,3-didehydro-carbocyclic Nucleosides

B B B

HO'F@ @'OH HO‘@

F
31, 32, 33, 37, 38 18, 19, 26[: 27, 28 34, 35, 36, 39, 40
anti-HIV-1 activity cytotoxicity
(uM)? (uM)

B configuration EGo ECq PBM CEM Vero
adenine31 D >100 >100 95.1 >100 >100
guanosine2 D >100 >100 >100 >100 >100
hypoxanthine33 D >100 >100 >100 >100 >100
cytosine37 D >100 >100 >100 >100 >100
thymine38 D >100 >100 >100 >100 >100
cytosinel8 L 7.1 72.0 >100 >100 >100
thymine19 L 6.4 >100 >100 >100 >100
adenine26 L 10.3 335 >100 >100 >100
hypoxanthine27 L >100 >100 >100 >100 >100
guanine28 L 20.7 >100 >100 >100 >100
adenine34 D 14.8 40.6 >100 >100 >100
guanine35 D 0.41 2.8 21.1 >100 >100
hypoxanthine36 D >100 >100 >100 >100 >100
cytosine39 D >100 >100 >100 >100 >100
thymine40 D 68.8 >100 >100 >100 >100
carbovir D 0.08% 0.27 N/A N/A N/A

a Anti-HIV activity evaluated in PBM cells against HIV:4, unless otherwise indicateBl Anti-HIV activity evaluated in PBM cells against HIVz&ru.

Table 4. Activity of p-3'-F-C-d4G against Lamivudine-Resistant Virus Table 5. In Vitro Anti-HIV Activity of Selected 3-FC-d4Ns and

(HIV-1m1s4v) in Human PBM Cells Using Carbovir as Control Carbovir against HIV Wild Type Virus and Correlation with Calculated
YXBRU M184V Energy of Complex (Inhibitor-TP)/HIV-RT
EGCso Erel
E E E E
compd R R compd (uM)? (kcalimoly
D-3-F-C-d4G35 0098 058 3.8 149 388 o3 FCaess ot TPy
carboviP 0.087 0.27 0.20 1.1 2.3 : : ’
carbovir 0.087 —10.8

aFl is the fold increase (Efg HIV-1m18av/ECso HIV-14gru). ® We also
performed the experiment using AZT and 3TC as control, in which AZT is
not but 3TC is highly cross-resistant to M184V mutant, and comp@&and
is cross-resistant to M184V mutant (data not shown).

aECso in PBM cells against HIV-{la unless otherwise indicateblErel
= (binding energy of inhibitor-TP)- (binding energy of natural' ZINTP).
¢ ECsp in PBM cells against HIV-kgru.

to HIV-Lyisav (Table 4). Molecular modeling was thus per- Ship between the binding affinity and the antiviral activity
formed to understand the potential mechanism of the cross-From present studies, the most active compam3tF-C-d4G
resistance (vide infra). 35 has the most fquraple rglatlve b!ndlng energ324.4. kcal/
Molecular Modeling Studies. Among all the synthesized mo_I, _Table 5), which is significantly higher than that of its lower
nucleosidesp-3'-F-C-d4G is the most active compound, while —activity L-counterpar28 (+18.8 kcal/mol, Table 5).
its L-form exhibited only marginal activity against HIV-1. From The minimized structure showed that3'-F-C-d4G was
the studies of drug resistant mutant, it was found that the anti- bound tightly in the well-defined binding pocket inside the wild
HIV activity of p-3'-F-C-d4G to HIV-RTy1s4v significantly type HIV-RT (Figure 2a). The triphosphate moiety is stabilized
decreased in comparison to the wild type virus. To understand by the extensive hydrogen bonds with amino acids Arg65,
the molecular basis of antiviral activity as well as the drug- Lys70, Lys72, Asp113 and Alal14. The carbocyclic ring stacks
resistance, molecular modeling studies were conducted on theright over the phenyl ring of Tyrl15 forming a favorable
interactions between the NRTI and HIV-RT. Our previous hydrophobicz— interaction, which has been observed in our
modeling studies have qualitatively demonstrated the relation- previous report$?-14 Also, the 3-fluorine is strongly interacting
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D-3'-F-C-d4G-TP

Asp113

Tyr115

D -3-F-C-d4G-TP L -3'-F-C-d4G-TP

Asp185

Figure 2. (a) Binding mode ob-3'-F-C-d4G-TP/HIV-RTyr complex. The triphosphate moiety is stabilized by hydrogen bonding with residues
Lys65, Arg72, Lys70, Asp113, and Alall4. The other strong hydrogen bond is detected betweeituthr® 2nd the backbone amide of Tyr115.

Also, the sugar ring is located right over the phenyl ring of Tyr115, forming a favorable hydrophobic interaction. (b) Comparing the binding mode
of b- andL-3'-F-C-d4G-TP, a decreased hydrophobic interaction is observed for the latter due to the hydrogen borieflabits Bith backbone

amide of Asp185 pulling the sugar ring away from the top of Tyr115 (indicated by the blue arrow).

with the backbone amide of Tyrl115 (Figure 2a). Stabilized by Table 6. In Vitro Anti-HIV-1 Activity of p-3'-F-C-d4G against Wild
the combined effects of hydrophobic interaction and hydrogen ;’éﬁﬁié\é\@o f]‘{‘rgl'\grl]g“c\:/o\r/r';l;i(')“n'xfmaé‘aii:\gtg;'Engzggofcggbnﬂ\ézggs
bonding with T_yrllSp-S’-F-C-d4G IS thus boun_d. tightly with (Inhibitor-TP)/HIV-RT after Molecular Dynamics Simulations
HIV-RT, reflecting a higher level of anti-HIV activity, although

the initial kinase might have also played a significant role in XXBRU (WT) Mis4v

determining the observed anti-HIV potency. In the case 8f ECso Eref® ECso Eref®

F-C-d4G, the 3fluorine is at a reasonable distance (2.0 A) to compd (M) (kcal/mol) (uM) (kcal/mol) FP  AEf
interact in a hydrogen bond with backbone amide of Asp185 p-3-F-C-d4G35 0.098 -270.2 3.8 849 38.8 —355.F

in lieu of Tyr115. However, we noticed that this interaction ~carbovir 0087 -3100 020 -634 23 —246.6
pulls the carbocyclic ring away from the Tyrll5, which aEr = (binding energy of inhibitor-TP)- (binding energy of natural
decreases the hydrophobie-zz interaction (Figure 2b) and leads ~ 2-dNTP)."Fl is the fold increase (E& HIV-Luisav/ECso HIV-1aeru)-
to a lower binding affinity (Table 5). CAEr,]e| = Elre|(V\|/T)d— EreI(M184V).I dThefse values were callculatgd based

It has been well understood that the M184V mutation causes " the molecular dynamics results (refer to Experimental Section).
serious problems in positioning thenucleoside triphosphate
at the active site by interfering the sugar ring with the bulky the steric hindrance as we observed for thaucleosides.
side chain of Val184. However, reports for thenucleosides, However, a steric clash was noticed between the Vall84 side
which confer significant cross-resistant to M184V, are rare. The chain and the sugar ring of the final residue of the primer. In
antiviral activity ofp-3'-F-C-d4G in the current report showed thep-3'-F-C-d4G/HIV-RTuisay cOmplex, Vall84 pushes the last
a marked decrease in the HI\{iksy in comparison to the HIV- residue of primer away and changes the conformation of
1wt (Tables 4 and 6). To understand the underlying mechanism, adjacent Asp185. The conformational change of Aspl185
we further conducted the molecular dynamics studies-8F propagates to magnesium atoms, Aspl110, and triphosphate
F-C-d4G-TP, carbovir-TP and dGTP binding with the wild type moiety ofp-3'-F-C-d4G, through the strong electrostatic interac-
HIV-RT as well as M184V mutant. According to our model, it tions between two magnesium atoms and nearby negatively
is unlikely that the resistance of M184V mutant is caused by charged residues such as Arg72 (Figure 3a). Althougbt8e
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Atom type: D-3'-F-C-d4G-TP/HIV-RTysav

Last residue of primer

Met/Val184

Val111

The sugar ring is
lifted from the top of
Tyr115 aromatlc ring

D-3'F-C-d4G-TP D-3F-C-ddG-TP

Carbovir-TP

Carbovir-TP

Figure 3. (a) Mutation of methionine to valine at position 184 induces conformational changes of the key residues inside the active site, such as
Aspl185, Aspl110, Vallll, and Arg72. (b) Comparison of the bind modes35#-d4G-TP with HIV-RTyr (yellow color, left) and HIV-RTisav

(atom type, right). The propagated effect from the mutation on the codon 184 liftest3RE-d4G-TP from the surface of Tyrl15 and causes a
decrease of the hydrophobic interaction, resulting in a loss of binding affinity. Furthermore, the catalytic distance lengthened significemtly (3

5.1 A). (c) The comparison of the bind modes of carbovir-TP with HIVizRTyellow color, left) and HIV-RTusay (atom type, right). The binding

mode is almost maintained in the mutant enzyme compared with the wild type enzyme.

F-C-d4G still maintains the hydrogen bond between the 3 resulting in the loss of hydrophobic stacking interaction which
fluorine and backbone amide of Tyrl115, inhibitor’'s sugar ring may decrease the relative binding energy (Figure 3b right, Table
was lifted away from the surface of the Ty115 aromatic ring, 6). Furthermore, the primer/template reposition results in the
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significant increase of the catalytic distance (3.9 A in the wild
type vs 5.1 A in the M184V mutant) between the@H (last
residue of the primer) and-phosphate §-3'-F-C-d4G-TP)
(Figure 3b). Consequently, the incorporatiorpe®'-F-C-d4G-
MP into viral DNA chain in HIV-Iy1s4v would be expected to
be more difficult than in the HIVr, reflecting its decreased
antiviral activity against the mutant. In the case of carbovir-
TP, the relative binding energy to the M184V mutation also
decreased, but to a less extent thanttt®-F-C-d4G-TP, which

is in accordance with the biological data (Table 6). Binding
mode analysis of carbovir-TP/HIV-Riissy complex revealed

Wang et al.

zyloxy-3-hydroxyl-4-(O-triphenylmethyloxymethyl)-cyclopen-

tane (4).Epoxide2 (26.0 g, 56.2 mmol) was dissolved ina 1.0 M
THF solution of Super-Hydride (180 mL, 180 mmol) at®. The
suspension was allowed to warm up to room temperature and stirred
for 30 min, and EtOAc/HO was added to quench the reaction.
The organic layer was collected, and the aqueous layer was extracted
with EtOAc. The combined organic layer was dried over MgSO
and concentrated in vacuo. The residue was purified by column
chromatography on a silica gel (EtOAc:hexared.:8) to give3

(1.5 g, 6%) as a colorless oil artl(24.0 g, 92%) as a colorless
oil. Compound3: H NMR data is identical to the literatuté.
Compound4: [0]?% +18.98 (c 0.93, CHCY); *H NMR (500 MHz,

that the hydrophobic interaction was almost maintained and CDCly) 6 7.43-7.22 (m, 20H), 4.48 (s, 2H), 4.613.96 (m, 2H),
catalytic distance experienced only a small increase (3.2 A in 3-25-3.22 (m, 1H), 2.96 (t) = 8.5 Hz, 1H), 2.82 (d) = 6.0 Hz,

wild type vs 3.8 A in M184V mutant, Figure 3c). These changes
may not significantly affect the incorporation of carbovir-MP
into viral DNA.

In summary, molecular modeling studies illustrated the
important roles oft— interaction and the additional hydrogen
bond in the binding affinity ob- andL-nucleosides in the HIV-
RT activity site. The cross-resistance of compo@8do HIV-
RTwmisav Mmay be partially due to the primer/template reposi-

1H), 2.49-2.44 (m, 1H), 2.17#2.04 (m, 2H), 1.941.89 (m, 1H),
1.44-1.25 (m, 1H);3C NMR (125 MHz, CDC}) 6 144.1, 138.4,
128.7, 128.5, 127.9, 127.7, 127.6, 127.1, 86.8, 79.1, 76.6, 70.7,
66.2, 46.9, 40.7, 34.0. Anal. calcd for ££3,05) C, H.
(—)-(2R,4R)-4-0O-Benzyloxy-2-O-triphenylmethyloxymethyl)-
cyclopentan-1-one (5).To a solution of alcoho# (23.5 g, 50.6
mmol) in anhydrous CkCl, (300 mL) were addé4 A molecular
sieve (40.5 g), pyridinium dichromate (37.6 g, 101.2 mmol), and
acetic acid (4.4 mL, 76.0 mmol). After the mixture was stirred at

tioning and resultant increased catalytic distance and the lossroom temperature for 3 h, Celite was added and stirred for another

of hydrophobic interaction.

Experimental Section
General Methods. Melting points were determined on a Mel-

30 min. The resulting brown slurry mixture was filtered over a
Celite pad. The filtrate was concentrated in vacuo, and the residue
was purified by column chromatography on a silica gel (EtOAc:
hexanes= 1:50 to 1:20) to give keton® (19.0 g, 81%) as a white

temp Il apparatus and were uncorrected. Nuclear magnetic reso-solid: mp 106-108°C; [a]% —59.32 (c 0.62, CHC}); *H NMR
nance spectra were recorded on a Varian Mercury 400 spectromete{500 MHz, CDC}) 6 7.38-7.20 (m, 20H), 4.52 (s, 2H), 4.35 (,

at 400 MHz for'H NMR and 100 MHz for'3C NMR or Varian
Inova 500 spectrometer at 500 MHz fdf NMR and 125 MHz
for 13C NMR with tetramethylsilane as the internal standard.
Chemical shifts§) are reported as s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplet), or bs (broad singlet). UV spectra were

recorded on a Beckman DU-650 spectrophotometer. Optical rota-
tions were measured on a Jasco DIP-370 digital polarimeter. High-

= 5.0 Hz, 1H), 3.483.45 (m, 1H), 3.2+3.19 (m, 1H), 2.67%

2.62 (m, 1H), 2.5%2.38 (m, 3H), 2.1#2.10 (m, 1H);*3C NMR

(125 MHz, CDC}) 6 184.7, 143.9, 138.1, 128.7, 128.5, 127.8,

127.7,127.6, 127.0, 86.6, 74.8, 70.6, 62.1, 46.6, 45.6, 33.0. Anal.

calcd for (GzH3003) C, H.
(+)-(2R,4R)-4-O-Benzyloxy-1,1-difluoro-2-O-triphenylmethy-

loxymethyl)-cyclopentane (6)Ketone5 (19.0 g, 41.1 mmol) was

resolution mass spectra were recorded on a Micromass Autospedissolved in neat diethyl aminosulfur trifluoride (DAST, 86.0 mL,

high-resolution mass spectrometer. TLC was performed on Uni-
plates (silica gel) purchased from Analtech Co. Column chroma-
tography was performed using either silica gel-60 (2200 mesh)
for flash chromatography or silica gel G (TLC gradet40 mesh)

656.2 mmol) at room temperature. After being stirred at@Gor

36 h, the reaction mixture was diluted with 300 mL of &£Hb and

then slowly added into saturated NaH&@®00 mL) solution. The
organic layer was collected, and the agueous layer was extracted

for vacuum flash column chromatography. Elemental analyses werewith CH,Cl,. The combined organic layer was dried over MgSO

performed by Atlantic Microlab Inc., Norcross, GA.
Microwave-Assisted Synthesis.Reactions were run in the
Discover reactor module (CEM Corporation) of focused microwaves

and concentrated in vacuo. The residue was purified by column
chromatography on a silica gel (EtOAc:hexared:100) to give
6 (13.5 g, 68%) as a pale yellow syrupa]f’p +3.00° (c 0.90,

with a magnetron operating at a frequency at 2.45 GHz and a CHCL); *H NMR (500 MHz, CDC¥}) 6 7.48-7.21 (m, 20H), 4.47

maximum power output of 300 W. The thick-wall tube was heated
in a closed cavity located inside the instrument with continuous

(s, 2H), 4.05 (s, 1H), 3.373.34 (M, 1H), 3.113.08 (M, 1H), 2.83
2.78 (M, 1H), 2.442.32 (m, 2H), 2.22.2.18 (m, 1H), 1.751.69

stirring. The temperature was measured by an IR pyrometer inside(m, 1H);*C NMR (125 MHz, CDC}) 6 144.0, 138.1, 128.9, 130.7

the reactor.
(+)-(1R,2S,3S,4R)-2,3-Anhydro-1-O-benzyloxy-4-O-triphe-
nylmethyloxymethyl)-cyclopentane (2).To a suspension of ep-
oxide 114 (16.0 g, 72.6 mmol) in anhydrous GEl, were added
DMAP (4.4 g, 36.3 mmol), triethylamine (15.1 mL, 109 mmol),
and trityl chloride (30.4 g, 109 mmol) at room temperature. The
reaction mixture was stirred for 24 h at room temperature and
concentrated in vacuo. EtOAc/8 was added to the residue, and
the organic layer was collected, dried over MgSéhd concentrated
in vacuo. The residue was purified by column chromatography on
a silica gel (EtOAc:hexanes 1:40 to 1:20) to give2 as a white
solid (30.6 g, 91%): mp 102103 °C; [0]?*p +46.7F (c 1.47,
CHCl;); *H NMR (CDCls, 500 MHz)6 7.39-7.24 (m, 20H), 4.59
(d,J=2.5Hz, 2H), 4.17 (t) = 7.5 Hz, 1H), 4.19-4.16 (m, 1H),
3.54 (s, 1H), 3.45 (s, 1H), 3.#8.15 (m, 1H), 2.962.99 (m, 1H),
2.57 (d,J = 7.0 Hz, 1H), 1.66-1.55 (m, 2H);13C NMR (CDC,
125 MHz)6 143.9, 138.4,128.7, 128.4, 127.9, 127.8, 127.7, 127.1,
86.8, 79.1, 71.7, 64.2, 57.9, 56.7, 39.2, 28.7. Anal. calcd for
(Cs2H305) C, H.
(+)-(1R,2S,4R)-1-O-Benzyloxy-2-hydroxyl-4-O-triphenylm-
ethyloxymethyl)-cyclopentane (3) and {)-(1R,3S,4R)-1-O-Ben-

(t, J=252.5 Hz), 128.8, 128.5, 127.9, 127.8, 127.7, 127.6, 127.0,
86.8, 75.0, 70.8, 61.0 (d,= 7.6 Hz), 44.7 (tJ = 21.5 Hz), 43.0
(t, J = 11.2 Hz), 34.3 (dJ = 6.1 Hz). Anal. calcd for (&H3o
F0,) C, H.
(—)-(2R,4R)-1,1-Difluoro-4-hydroxy-2-hydroxymethyl-cyclo-
pentane (7).To a solution of6 (12.7 g, 26.2 mmol) in anhydrous
CH.Cl, (300 mL) was added iodotrimethylsilane (11.2 mL, 78.6
mmol) at—20 °C. The reaction mixture was allowed to warm up
to room temperature and stirred for 6 h. An additional portion of
iodotrimethylsilane (5.6 mL, 39.3 mmol) was added, and the
mixture was stirred for another 8 h. The reaction was quenched
with MeOH at—20 °C, and the mixture was carefully neutralized
with solid NaHCQ. The resulting brown mixture was filtered, and
the filtrate was concentrated in vacuo. The residue was purified by
column chromatography on a silica gel (MeOH:&Hp = 1:100
to 1:10) to give diol7 (2.8 g, 70%) as a pale brown oil:a]?>,
—21.53 (c 0.90, MeOH);H NMR (500 MHz, CDC}) o 4.46—
4.43 (m, 1H), 3.83-3.76 (m, 2H), 2.822.70 (m, 1H), 2.48-2.38
(m, 1H), 2.28-2.19 (m, 1H), 2.021.90 (m, 2H), 1.77 (bs, 2H);
13C NMR (125 MHz, CDC}) 6 131.8 (dd,J = 252.4 and 248.0
Hz) 68.6 (t,J = 5.2 Hz), 60.5 (dJ = 8.6 Hz), 46.2 (tJ = 21.5
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Hz), 45.7 (t,J = 23.9 Hz), 36.3 (dJ = 5.8 Hz). Anal. calcd for
(CeH1o F05) C, H.
(—)-(2R,4R)-2-(O-tert-Butyldiphenylsilyloxymethyl)-1,1-difluoro-
4-hydroxy-cyclopentane (8).To a solution of diol7 (2.6 g, 17.1
mmol) and imidazole (1.9 g, 27.4 mmol) in anhydrous,CH (100
mL) was slowly addedert-butyldiphenylsilane chloride (4.8 mL,
18.8 mmol) at ®°C during 1 h. The resulting mixture was stirred

Journal of Medicinal Chemistry, 2007, Vol. 50, Nd.835

(d,J = 2.4 Hz), 133.4 (dJ = 1.2 Hz), 130.0 (dd,) = 252.8 and

3.2 Hz), 129.7, 127.8, 61.6 (dd,= 7.6 and 1.9 Hz), 48.0 (dd]

= 23.4 and 20.2 Hz), 47.9 (dd,= 6.1 and 4.2 Hz), 45.8 (] =

22.4 Hz), 37.3 (dJ = 4.8 Hz) 26.8, 19.3. HR-MS calcd for

(C2H29FNOSi + H)* 390.2065, found 390.2030. Anal. calcd for

(CoaH2gFNOSI) C, H, N.
(+)-(1S,4R)-9-[6-(O-tert-Butyldiphenylsilyloxymethyl)-2,3-

at 0°C for another 45 min and quenched with MeOH. The mixture - gideoxy-3,3-difluoro-cyclopentanyluracil (13).To a suspension
was concentrated in vacuo, and the residue was dissolved in EtOAC/of sjlver cyanate (810 mg, 5.4 mmol) in anhydrous benzene (20

H20. The organic layer was collected, and the aqueous layer wasm| ) was addegB-methoxyacryloyl chloride (650 mg, 5.4 mmol).

extracted with EtOAc. The combined organic layer was dried over
MgSQ, and filtered. The filtrate was concentrated in vacuo, and
the residue was purified by column chromatography on a silica gel
(EtOAc:hexanes= 1:20 to 1:4) to give8 (4.9 g, 74%) as a colorless
oil: [a]?’q —14.62 (c 0.90, CHCY); *H NMR (500 MHz, CDC})

0 7.67-7.37 (m, 10H), 4.44 (s, 1H), 3.76 (ddd,= 450.0, 10.5
and 5.5 Hz, 2H), 2.8%2.69 (m, 1H), 2.56-2.40 (m, 1H), 2.24
2.16 (m, 1H), 2.041.95 (m, 2H), 1.05 (s, 9H)}3C NMR (125
MHz, CDCk) ¢ 135.6, 133.4, 133.4, 131.1, 129.7, 127.7, 68.7 (d,
J=6.7 Hz), 61.5 (d,) = 8.1 Hz), 46.4 (tJ = 22.4 Hz), 45.8 (t,

J = 23.9 Hz), 37.1 (dJ = 5.2 Hz), 26.8, 19.2. Anal. calcd for
(szHngzOgSi) C, H.

(—)-(2R 4R)-2-(O-tert-Butyldiphenylsilyloxymethyl)-1,1-difluoro-
4-[(methylsulfonyl)oxy]cyclopentane (9)Methanesulfonyl chlo-
ride (0.4 mL, 5.12 mmol) in 10 mL of anhydrous @&, (10 mL)
was slowly added to a solution of alcoh®|(1.00 g, 2.56 mmol)
and triethylamine (1.4 mL, 10.2 mmol) in anhydrous £t} (10
mL) at 0 °C. The reaction mixture was allowed to warm up to
room temperature and kept for 4 h. After the solvent was removed
in vacuo, the residue was dissolved in EtOAc and washed with
water. The organic layer was dried over MgS@iltered, and

The mixture was heated under reflux for 30 min and cooled to
room temperature. The supernatant solution was added into the
solution of aminell (700 mg, 1.8 mmol) in anhydrous THF (30
mL) at —30 °C during 15 min. The mixture was allowed to
gradually warm up to room temperature and kept overnight. After
the solvent was removed in vacuo, the residue was purified by
column chromatography on a silica gel (EtOAc:hexame$:3 to

1:1) to give crudel2 (600 mg) as a yellow syrup which was directly
used for the next step. Crude compour&{600 mg) was dissolved

in 1,4-dioxane/ethanol (20 mL/20 mL) and treated with 28%
solution of ammonium hydroxide (20 mL) in a steel bomb at-90
100°C for 17 h. After the solvent was removed in vacuo, the residue
was purified by column chromatography on a silica gel (MeOH:
CH.Cl, = 1:200 to 1:100) to givel3 (360 mg, 41%) as a pale
yellow syrup: p]%%;+13.12 (c 0.31, CHC}); UV (H20) Amax 266.0
(MeOH); 'H NMR (500 MHz, CDC}) 6 9.22 (s, 1H), 7.677.38

(m, 10H), 7.22 (dJ = 8.5 Hz, HzH1H), 5.68 (dJ = 8.0 Hz, 1H),
5.26-5.19 (m, 1H), 3.88 (dtdJ = 11.0, 10.0 and 5.0 Hz, 2H),
2.70-2.60 (m, 1H), 2.2.522.44 (m, 2H), 2.2#2.16 (m, 1H),
1.79-1.70 (m, 1H), 1.07 (s, 9H}:3C NMR (125 MHz, CROD) 6
162.8, 150.9, 140.0 (d] = 2.0 Hz), 135.6, 133.1, 133.0, 129.9,

concentrated. The residue was purified by column chromatography128.3 (t,J = 250.9 Hz), 127.9, 103.6, 61.0 (d= 5.2 Hz), 49.6

on a silica gel (EtOAc:hexanes 1:20 to 1:10) to gived (1.17 g,
98%) as a colorless 0il:of|?% —19.66 (c 0.32, CHC}); *H NMR
(500 MHz, CDC¥}) 6 7.67—7.38 (m, 10H), 5.26 (m, 1H), 3.76 (d,
J=5.5Hz, 2H), 3.03 (s, 3H), 2.742.50 (m, 3H), 2.36-2.32 (m,
1H), 2.18-2.12 (m, 1H), 1.05 (s, 9H}*C NMR (125 MHz, CDC})
0 135.6, 133.0 (dJ = 2.0 Hz), 129.9, 129.8 () = 250.9 Hz),
127.8, 77.8 (ddJ = 3.75 and 7.6 Hz), 61.0 (dd,= 2.9 and 4.8
Hz), 46.4 (ddJ = 21.5 and 23.9 Hz), 43.7 (§,= 26.8 Hz), 34.8,
34.7 (t,J = 4.8 Hz), 26.8, 19.2. HR-MS calcd for {gH30NF,O4-
SSi+ H)* 469.1680, found 469.1662.
(+)-(2R,4S)-4-Azido-2-(O-tert-butyldiphenylsilyloxymethyl)-
1,1-difluoro-cyclopentane (10) Compoundd (1.17 g, 2.5 mmol)
was dissolved in anhydrous DMF (45 mL) and heated at (30
for 1.5 h. After the solvent was removed in vacuo, the residue was
dissolved in EtOAc and washed with water. The organic layer was
dried over MgSQ and concentrated. The residue was purified by
column chromatography on a silica gel (EtOAc:hexa#e$:200
to 1:100) to givel0 (0.97 g, 93%) as a colorless oilo]8, +4.2°
(c 0.51, CHC}); *H NMR (500 MHz, CDC}) 6 7.67—7.38 (m,
10H), 3.96 (m, 1H), 3.78 (ddd] = 38.0, 11.0 and 5.5 Hz, 2H),
2.56-2.34 (m, 1H), 2.2£2.10 (m, 1H), 1.821.75 (m, 1H), 2.04
1.95 (m, 2H), 1.06 (s, 9H}:C NMR (125 MHz, CDC}) 6 135.6,
133.2 (d,J = 3.4 Hz), 129.8, 128.9 (dd, = 248.5 and 254.2 Hz),
127.8, 61.2 (ddJ = 7.1 and 2.9 Hz), 56.4 (dd] = 6.1 and 3.8
Hz), 47.2 (ddJ = 23.4 and 21.0 Hz), 41.9 (§, = 24.8 Hz), 32.9
(t, J = 1.5 Hz), 26.8, 19.2. HR-MS calcd for §&H,7F:N3;0Si +
H)* 416.1970, found 416.2022.
(—)-(2R,4S)-2-(O-tert-Butyldiphenylsilyloxymethyl)-1,1-difluoro-
cyclopentanamine (11)A suspension of azido compout@ (0.97
g, 2.33 mmol) and 10% Pd/C (330 mg) in absolute EtOH was
shaken under 30 psi of 4t room temperature for 2.0 h. Celite
was added into the solution, and the slurry was filtered through a
Celite pad. The volatile was removed in vacuo, and the residue
was purified by column chromatography on a silica gel (MeOH:
CH,Cl, = 1:50 to 1:10) to givel1 (0.86 g, 95%) as a colorless oil:
[0]?% —9.98 (c 0.79, MeOH);'H NMR (500 MHz, CDC}) o
7.68-7.36 (m, 10H), 3.78 (ddd] = 55.0, 10.0 and 5.0 Hz, 2H),
3.46-3.39 (m, 1H), 2.5%2.28 (m, 3H), 1.93-1.82 (m, 1H), 1.45
1.39 (m, 3H), 1.05 (s, 9HYC NMR (125 MHz, CDC}) 6 135.6

47.0 (t,J = 21.9 Hz), 40.7 (tJ = 24.9 Hz), 32.3 (dJ = 4.2 Hz),
26.8, 19.3. HR-MS calcd for (fgH30F2N2O3Si + H)™ 485.2072,
found 485.2169 Anal. calcd for ggH30FN.O3Si) C, H, N.
(+)-(1S,4R)-9-[2,3-Dideoxy-3,3-difluoro-6-QO-tert-butyldiphen-
ylsilyloxymethyl)-cyclopentanyl]cytosine (14).To a solution of
uracil derivativel3 (360 mg, 0.74 mmol) in anhydrous acetonitrile
(25 mL) were added 2,4,6-triisopropyl benzenesulfonyl chloride
(450 mg, 1.48 mmol), 4-(dimethylamino)pyridine (90.4 mg, 0.74
mmol), and triethylamine (0.42 mL, 3.0 mmol) at'G. After the
mixture was stirred at room temperature for 12 h, a 28% solution
of ammonium hydroxide (15 mL) was added to the brown mixture
and stirred at room temperature for another 12 h. The reaction
mixture was concentrated in vacuo, and the residue was purified
by column chromatography on a silica gel (MeOH: O} = 1:30)
to give 14 (300 mg, 84%) as a white solid: mp 25@52°C; [a]%%
+15.86 (c 0.31, MeOH); UV (MeOH)Amax 272.0 nm;'H NMR
(500 MHz, CD,OD) 6 7.59-7.30 (m, 10H), 7.44 (dJ = 7.0 Hz,
1H), 5.75 (d,J = 7.5 Hz, 1H), 5.08-4.92 (m, 1H), 3.88 (ddd] =
56.0, 10.5 and 6.0 Hz, 2H), 2.52.45 (m, 2H), 2.36-2.19 (m,
2H), 1.78-1.71 (m, 1H), 0.96 (s, 9H}C NMR (125 MHz, CD-
OD) ¢ 165.8, 157.4, 142.0, 135.4, 133.1, 133.0, 129.7, 128.B {(t,
= 250.9 Hz), 127.5, 95.2, 61.1 (d,= 8.1 Hz), 52.0 (dJ = 5.8
Hz), 40.2 (t,J = 24.8 Hz), 32.0 (dJ) = 4.2 Hz), 25.9, 18.6. HR-
MS calcd for (GeHa1F2N3O,Si + H)* 484.2232, found 484.2212.
Anal. calcd for (GgH31F2N30O,Si) C, H, N.
(+)-(1S,4R)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyl]cytosine (15)To a solution ofL4 (300 mg, 0.62 mmol)
in MeOH (2 mL) was add# 3 N HCI (2 mL). After being stirred
at room temperature for 17 h, the resulting mixture was coevapo-
rated with EtOH, and the residue was purified by column chro-
matography on a silica gel (MeOH:GEll, = 1:15) to givel5 (110
mg, 72%) as a white solid: mp 134.36°C; [a]%3; +4.07 (c 0.22,
MeOH); UV (Hz0) Amax 275.0 nm (MeOH);!H NMR (400 MHz,
CDs0OD) 6 7.72 (d,J = 8.0 Hz, 1H), 5.95 (dJ = 7.0 Hz, 1H),
5.14-5.07 (m, 1H), 3.88 (ddd) = 47.0, 11.5 and 5.5 Hz, 2H),
2.70-2.35 (m, 4H), 1.971.90 (m, 1H);*3C NMR (100 MHz, CD-
OD) 6 165.8, 157.4, 142.0, 128.8 (t,= 249.2 Hz), 95.2, 59.0 (d,
J=7.6 Hz), 52.0 (tJ = 7.6 Hz), 40.1 (tJ = 25.1 Hz), 32.0 (d,
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J = 3.8 Hz). HR-MS calcd for (@H13F2NsO, + H)* 246.1054,
found 246.0975 Anal. calcd for ¢gH13F.N30»0.65H0) C, H, N.
(+)-(1S,4R)-9-[2,3-Dideoxy-2,3-didehydro-3,3-fluoro-6-hy-
droxymethylcyclopent-2-enyl]cytosine (18)To a suspension of
15 (110 mg, 0.45 mmol) in anhydrous THF:1,4-dioxane (10 mL:
10 mL) cosolvent was added potassitert-butoxide (121 mg, 1.0
mmol). The reaction mixture was stirred at 90 for 9 h. The
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residue was purified by column chromatography on a silica gel
(MeOH:CHCI, = 1:50 to 1:20) to give2l as a colorless syrup
(305 mg, 37% from8): [a]?% —10.89 (c 0.45, CHC}); UV
(MeOH) Amax 260.0;*H NMR (500 MHz, CDC}) 6 8.34 (s, 1H),
7.84 (s, 1H), 7.687.38 (m, 10H), 5.07 (m, 1H), 3.92 (ddd,=
31.0, 10.5 and 5.0 Hz, 2H), 2.92.81 (m, 1H), 2.732.56 (m,
3H), 2.28-2.22 (m, 1H), 2.06 (bs, 1H), 1.08 (s, 9HFC NMR

yellow suspension was filtered through a short silica gel pad, and (125 MHz, CDC}) 6 155.6, 153.0, 150.2, 138.2, 135.6, 135.6,
the filtrate was concentrated in vacuo. The residue was purified by 133.2, 133.1, 129.9, 128.4 (dd,= 252.4 and 250.0 Hz), 127.8,

column chromatography on a silica gel (MeOH:£H, = 1:30 to
1:15) to givel8 (35 mg, 35%) as a white solid: mp 24248°C;
[0]?% +127.49 (c 0.36, MeOH); UV (HO) Amax 284.0 nm €
17115, pH 2), 274.0 nme(11975, pH 7), 274.0 nme(11680, pH
11);*'H NMR (400 MHz, CQyOD) ¢ 7.83 (d,J = 7.5 Hz, HzH1H),
5.90 (d,J = 7.5 Hz, 1H), 5.62-5.61 (m, 1H), 5.19 (s, 1H), 3.70
(ddd,J = 132.5,11.5 and 3.5 Hz, 2H), 2.92.93 (m, 1H), 2.86
2.79 (m, 1H), 1.72-1.69 (m, 1H);**C NMR (100 MHz, CQOD)
0 166.1, 166.0 (dJ = 282.8 Hz), 157.6, 142.5, 103.3 (@= 13.0
Hz), 94.3, 59.8, 55.9 (d] = 12.2 Hz), 42.9 (dJ = 19.0 Hz), 31.7
(d, J = 6.1 Hz). Anal. calcd for (GH12FN3O;) C, H, N.
(+)-(1S,4R)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylicy-
clopentanyl]thymine (17).To a suspension of silver cyanate (400
mg, 2.7 mmol) in anhydrous benzene (8 mL) was agi#ietethoxy-
ao-methacryloyl chloride (360 mg, 2.7 mmol). The mixture was
heated under reflux for 30 min and cooled to room temperature.
The supernatant solution was added into the solution of adiine
(350 mg, 0.89 mmol) in anhydrous THF (8 mL)-aB0 °C during
15 min. The mixture was allowed to gradually warm up to room
temperature and kept overnight. After removing the solvent in

120.0, 61.1 (dJ = 5.8 Hz), 49.8 (tJ = 4.8 Hz), 47.5 (tJ = 21.5
Hz), 33.7 (dJ=17.0 Hz), 26.8, 19.3. Anal. calcd for §&13;F>Ns-
0Si) C, H, N.
(—)-(1S,4R)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyl]ladenine (22) Compound1 (300 mg, 0.59 mmol) was
dissolved in MeOH (5 mL) and treated wi8 N HCI (10 mL) at
room temperature for 16 h. After the mixture was neutralized with
solid NaHCQ, the resulting suspension was filtered and the filtrate
was concentrated in vacuo. The residue was purified by column
chromatography on a silica gel (MeOH:@E, = 1:50 to 1:20) to
give 22 (140 mg, 88%) as a white solid: mp 15658 °C; [a]?%
—9.86 (€ 0.56, MeOH); UV (HO) Amax 260.0 (MeOH);!H NMR
(500 MHz, CB,OD) 6 8.28 (s, 1H), 8.24 (s, 1H), 5.13 (m, 1H),
3.86 (ddd,J = 50.0, 11.5 and 6.0 Hz, 2H), 2.82.77 (m, 2H),
2.71-2.57 (m, 2H), 2.36-2.30 (m, 1H)3C NMR (125 MHz, CD)-
OD) 6 156.0, 152.3, 149.4, 139.5, 128.9 (dd+ 251.8 and 248.0
Hz), 119.0, 59.1 (dd) = 8.1 and 1.9 Hz), 50.4 (dd, = 7.6 and
4.4 Hz), 41.1 (tJ = 25.8 Hz), 33.0 (d,J = 3.9 Hz). Anal. calcd
for (C11H13F2N50) C, H, N.
(—)-(1S,4R)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-

vacuo, the residue was purified by column chromatography on a methylcyclopent-2-enylladenine (26)Compound22 (60 mg, 0.22

silica gel (EtOAc:hexanes 1:3 to 1:1) to give crudé6 (360 mg)

as a yellow syrup which was directly used for the next step. Crude
compoundl6 (360 mg) was dissolved in 1,4-dioxane (60 mL) and
treated wih 3 N HCI (15 mL) at the refluxed temperature for 2.5

mmol) was converted to adenine derivatR@ (27 mg, 49%) as a
white solid using the same procedure asi8r mp 225°C (dec);
[0]?°p —43.80 (c 0.18, DMSO); UV (MeOH)Anax 261.0 nm €
17931, pH 2), 261.0 nme(17780, pH 7.4), 261.0 nme (18556,

h. After the solvent was removed in vacuo, the residue was purified pH 11);*H NMR (500 MHz, C;OD) ¢ 8.31 (s, 1H), 8.24 (s, 1H),

by column chromatography on a silica gel (MeOH:£CH = 1:50
to 1:20) to givel7 (145 mg, 63%) as a white solid: mp 14042
°C; [a]%p +3.9° (c 0.15, MeOH); UV (HO) Amax 270.0 nm;*H
NMR (400 MHz, CQOD) 6 7.52 (s, 1H), 5.074.98 (m, 1H), 3.76
(ddd,J = 33.2, 10.8 and 5.2 Hz, 2H), 2.62.32 (m, 4H), 1.98
1.89 (m, 4H);:3C NMR (100 MHz, CROD) 6 164.8, 151.4, 137.6,
128.7 (dd,J = 250.8 and 248.5 Hz), 110.6, 58.9 (db= 7.6 and
2.3 Hz), 50.8 (tJ = 6.8 Hz), 39.5 (tJ = 25.1 Hz), 31.3 (dJ =
3.8 Hz), 11.0. Anal. calcd for (GH14F2N2O3) C, H, N.
(+)-(1S,4R)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyllthymine (19).Compound17 (140 mg,
0.54 mmol) was converted to thymine derivatil@(60 mg, 46%)
as a white solid using the same procedure ad&rmp 182-184
°C (dec); p]?%; +23.99 (c 0.26, MeOH); UV (HO) Amax 272.0
nm (e 14258, pH 2), 272.0 nme (14240, pH 7), 271.0 nme (11651,
pH 11);*H NMR (400 MHz, C;OD) ¢ 7.69 (s, 1H), 5.585.53
(m, 1H), 5.15 (s, 1H), 3.69 (ddd,= 121.6, 11.6 and 3.2 Hz, 2H),
2.91-2.90 (m, 1H), 2.782.70 (m, 1H), 1.76-1.70 (m, 1H);1C
NMR (100 MHz, CB;OD) 6 165.2, 166.0 (dJ = 282.7), 151.6,
138.2, 109.7, 103.4 (d) = 13.7 Hz), 59.6 (dJ = 1.5 Hz), 54.7
(d,J=12.2 Hz), 42.7 (dJ = 18.3 Hz), 30.9 (dJ = 6.1 Hz), 11.0.
Anal. calcd for (GiH13FN,O3°0.1H:,0) C, H, N.
(—)-(1S,4R)-9-[2,3-Dideoxy-3,3-difluoro-6-QO-tert-butyldiphen-
ylsilyloxymethyl)-cyclopentanyl]ladenine (21)Triphenylphosphine
(2.12 g, 8.1 mmol) and diisopropyl azodicarboxylate (1.59 mL, 8.1
mmol)) were dissolved in anhydrous THF:1,4-dioxane (14 mL:7
mL) cosolvent and cooled to OC. The resulting yellowish
suspension was further cooled-+@8 °C. 6-Chloropurine (1.25 g,
8.1 mmol) and a solution of alcoh@ (630 mg, 1.61 mmol) in
THF (14 mL) were added successively. The resulting mixture was
kept at—78 °C for 0.5 h and then stirred at room temperature for

5.69-5.64 (m, 1H), 5.44 (s, 1H), 3.75 (ddd,= 126.5, 11.0 and
4.0 Hz, 2H), 3.09-3.04 (m, 1H), 3.02-3.00 (m, 1H), 2.052.00
(m, 1H); 33C NMR (125 MHz, CROD) 6 166.3 (d,J = 283.2
Hz), 156.0, 152.2, 148.8, 139.8, 118.9, 103.2Jds 13.8 Hz),
60.1, 54.0 (dJ) = 12.4 Hz), 43.2 (dJ = 18.6 Hz), 32.2 (dJ = 6.2
Hz). Anal. calcd for (GH1,FNsO) C, H, N.
(—)-(1S,4R)-9-[2,3-Dideoxy-2,2-difluoro-6-hydroxymethylcy-
clopentanyl]lhypoxanthine (23).A crude 6-chloropurine analogue
20 (850 mg) was treated with 85% formic acid (40 mL) at
for 3 h. After the volatile was completely removed in vacuo, the
residue was dissolved in concentrated ammonium hydroxide (35%)
and stirred at room temperature overnight. The solution was
evaporated in vacuo, and the residue was purified by column
chromatography on a silica gel (MeOH:@Bl, = 1:30 to 1:15) to
give 23 (93 mg, 39% fromB) as a white solid: mp 244246 °C;
[a]?% —10.08 (c 0.23, MeOH); UV (MeOH)Amax 248.0 nm;*H
NMR (500 MHz, CB,OD) 6 8.22 (s, 1H), 8.09 (s, 1H), 5.1%.10
(m, 1H), 3.84 (dddJ = 53.5, 11.5 and 6.0 Hz, 2H), 2.92.76
(m, 2H), 2.76-2.58 (m, 2H), 2.36-2.29 (m, 1H);C NMR (125
MHz, CD;OD) 6 157.6, 148.8, 145.0, 139.0, 128.8 (dd+ 251.9
and 248.0 Hz), 124.3, 59.1 (d,= 6.2 Hz), 50.7 (ddJ = 7.1 and
4.2 Hz), 41.3 (tJ = 25.8 Hz), 33.1 (dJ = 4.2 Hz). Anal. calcd
for (C11H12F2N402) C, H, N.
(—)-(1S,4R)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyllhypoxanthine (27)Compound3 (22 mg,
0.081 mmol) was converted to inosine derivatd#&(10 mg, 49%)
as a white solid using the same procedure ad&rmp 226-230
°C; [a]?’p —33.05 (c 0.20 MeOH); UV (HO) Amax 249.0 nm ¢
12220, pH 2), 249.0 nme(12820, pH 7), 255.0 nme(13552, pH
11); *H NMR (500 MHz, C»OD) 6 8.26 (s, 1H), 8.08 (s, 1H),
5.66-5.72 (m, 1H), 5.43 (s, 1H), 3.75 (ddd,= 124.5, 11.5 and

24 h. MeOH was added to quench the reaction, and the mixture 4.0 Hz, 2H), 3.03-3.09 (m, 1H), 2.97 (dtJ = 14.0 and 9.5 Hz,

was evaporated in vacuo. The residue was purified by column
chromatography on a silica gel (EtOAc:hexaresl:10) to give

1H), 2.05-2.00 (m, 1H);13C NMR (125 MHz, CROD) 6 166.4
(d,J = 283.9 Hz), 157.6, 148.4, 145.1, 139.2, 123.9, 103.7 (),

20as a crude product, which was treated with methanolic ammonia 14.8 Hz), 60.0, 54.2 (d] = 12.9 Hz), 43.3 (dJ = 18.6 Hz), 32.4

in a steel bomb at 10%C for 24 h. After evaporation in vacuo, the

(d, J = 5.8 Hz). Anal. calcd for (&H1:FN4O,:0.1H,0) C, H, N.



2',3-Unsaturated 3Fluoro Carbocyclic Nucleosides

(—)-(1S,4R)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyl]guanine (25).A solution of alcohol8 (600 mg, 1.54
mmol), tripheylphosphine (1.61 g, 6.1 mmol), and 6-chlbFe-
isobutyrylpurine (1.47 g, 6.1 mmol) in anhydrous THF (20 mL)
was cooled to C, and then diisopropyl azodicarboxylate (1.2
mL, 6.1 mmol) was slowly added during 2 h. The reaction mixture
was allowed to warm up to room temperature and stirred for 4 h.
The clear yellowish solution was concentrated in vacuo, and the
residue was purified by column chromatography on a silica gel
(EtOAc:hexanes= 1:10 to 1:1) to give the corresponding nucleoside
24 as a crude product, which was treated with 85% formic acid
(30 mL) at 90°C for 4 h. After the volatile was completely
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MeOH); UV (H20) Amax 254.0 nm € 10631, pH 2), 252.0 nme(
11008, pH 7), 256.0 nme(9234, pH 11); mp>250°C; 'H NMR
(500 MHz, CROD) 6 7.83 (s, 1H), 3.79 (ddd] = 51.0, 14.5 and
6.5 Hz, 2H), 2.772.70 (m, 2H), 2.572.54 (m, 2H), 2.32-2.21
(m, 1H); 13C NMR (100 MHz, CRROD) ¢ 158.0, 153.7, 151.8,
136.4, 128.9 (dd) = 251.5 and 246.9 Hz), 116.5, 59.1 (b 8.4
Hz), 49.9 (d,J = 3.8 Hz), 41.0 (tJ = 25.9 Hz), 32.8 (dJ = 3.8
Hz). Anal. calcd for (GH13FNsO»-0.3H,0) C, H, N.
(+)-(1R,49)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyllhypoxanthine (33): mp 227°C; [a]?% +9.97 (c
0.45, MeOH); UV (MeOH)Amax 247.0 nm;*H NMR (500 MHz,

~ CD;OD) 6 8.25 (s, 1H), 8.09 (s, 1H), 5.14 (m, 1H), 3.84 (ddd=

removed, the residue was further treated with methanolic ammoniass 0, 11.5 and 6.0 Hz, 2H), 2.82 (m, 2H), 2.65 (m, 2H), 2.32 (m,

at room temperature for 24 h. After the concentration in vacuo,
the residue was purified by column chromatography on a silica gel
(MeOH:CH,CI, = 1:20 to 1:10) to give25 (80 mg, 18% fromg)
as a white solid: mp: 253C (dec); p]?’4 —9.3C (c 0.25, MeOH);
UV (MeOH) Amax 253.0 nm;*H NMR (500 MHz, CB;OD) 6 7.86
(s, 1H), 3.83 (dddJ = 50.5, 11.5 and 5.5 Hz, 2H), 2.82.72 (m,
2H), 2.61-2.51 (m, 2H), 2.36-2.22 (m, 1H):33C NMR (125 MHz,
CD;0D) 6 158.0, 153.7, 151.8, 136.4, 128.9 (dd= 252.2 and
248.0 Hz), 116.5, 59.1 (dd,= 8.1 and 2.4 Hz), 50.0 (dd,= 7.1
and 3.4 Hz), 41.1 () = 25.8 Hz), 32.8 (dJ = 3.4 Hz). HR-MS
calcd for (GiH13NsF0, + H)* 286.1116, found 286.1137.
(+)-(1S,4R)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyl]guanine (28)To a suspension &5 (70
mg, 0.25 mmol) in anhydrous DMF (8 mL) was added potassium
tert-butoxide (120 mg, 1.0 mmol). The reaction mixture was stirred
at 70°C for 24 h. The yellow suspension was filtered through a
short silica gel pad and the filtrate was concentrated in vacuo. The
residue was purified by column chromatography on a silica gel
(MeOH:CH,CI, = 1:20 to 1:10) to give8 (30 mg, 45%) as a white
solid: mp 224-227°C (dec); 1]?’4 +40.13 (c 0.11, MeOH); UV
(H20) Amax 253.0 nm € 13343, pH 2), 251.0 nm(13635, pH 7),
260.0 and 268.0 nm: (11470 and 11893, respectively, pH 11
NMR (500 MHz, CyOD) ¢ 7.92 (s, 1H), 5.525.46 (m, 1H), 5.37
(s, 1H), 3.74 (dddJ = 114.0, 11.0 and 4.0 Hz, 2H), 3.63.00
(m, 1H), 2.90 (dtJ = 14.0 and 9.0 Hz, 1H), 2.641.96 (m, 1H);
13C NMR (125 MHz, CQOD) 6 165.9 (d,J = 282.9 Hz), 158.0,
153.8, 151.2, 136.6, 116.2, 103.1 (d= 13.9 Hz), 60.1, 53.2 (d,
J=12.9 Hz), 43.2 (dJ = 19.1 Hz), 32.2 (dJ = 5.6 Hz). Anal.
calcd for (GiH12FNsO2-1.1H,0) C, H, N.
(+)-(2S,49)-2-(O-tert-Butyldiphenylsilyloxymethyl)-1,1-difluoro-
4-hydroxy-cyclopentane (29): §]% +14.97 (c 0.83, CHC});
1H NMR (500 MHz, CD,OD)  7.67-7.66 (m, 4H), 74.57.37
(m, 11H), 4.44 (bs, 1H), 3.80 (dd,= 5.0 and 10.5 Hz, 1H), 3.72
(dd,J = 6.0 and 10.5 Hz, 1H), 2.75 (m, 1H), 2.45 (m, 1H), 2.20
(9,3 = 14.0 Hz, 1H), 2.02-1.98 (m, 2H), 1.05 (s, 9H)}:3C NMR
(125 MHz, CBOD) 6 135.6, 133.3 (dJ = 3.9 Hz), 133.2, 131.2,
129.8 (d,J = 1.4 Hz), 129.1, 127.8 (d] = 1.4 Hz), 68.8, 61.5,
46.4 (t,J = 21.4 Hz), 46.0 (t) = 28.1 Hz), 37.1 (dJ = 5.3 Hz),
26.8, 19.3. Anal. calcd for (5H28F20,Si) C, H, N.
(+)-(2S5,4R)-2-(O-tert-Butyldiphenylsilyloxymethyl)-1,1-difluoro-
cyclopentanamine (30): {]%% +10.02 (c 0.68, MeOH)H NMR
(500 MHz, CDC}) 6 7.68-7.37 (m, 10H), 3.863.70 (m, 2H),
3.49-3.39 (m, 1H), 2.52-2.28 (m, 3H), 1.941.79 (m, 1H), 1.45
1.39 (m, 3H), 1.05 (s, 9H}3C NMR (100 MHz, CDC}) 6 135.6
(d,J=2.4 Hz), 133.4, 130.0 (dd,= 253.1 and 249.2 Hz), 129.7,
127.7,61.6 (dd) = 7.7 and 2.3 Hz), 48.1 (m), 48.0 (ddl= 22.9
and 21.3 Hz), 46.1 (1) = 22.9 Hz), 37.3 (dJ = 4.6 Hz) 26.8,
19.2. Anal. calcd for (gH2dF.NOSIi-0.2H,0) C, H, N.
(+)-(1R,49)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyljadenine (31): mp 158-160°C; [a]?% +9.5C° (c 0.33,
MeOH); UV (Hz0) Amax 260.0 (MeOH)!H NMR (500 MHz, CDy-
OD) 6 8.24 (s, 1H), 5.12 (m, 1H), 3.92 (ddd,= 50.0, 11.5 and
5.5 Hz, 2H), 2.85 (m, 2H), 2.65 (m, 2H), 2.32 (m, 1MJC NMR
(125 MHz, CQOD) 6 155.9, 152.3, 149.3, 139.5, 128.7 (dds=
251.6 and 248.0 Hz), 119.0, 59.2 Jt= 5.8 Hz), 50.3, 41.1 (tJ
= 25.8 Hz), 32.9. Anal. calcd for (H13F:NsO) C, H, N.
(+)-(1R,49)-9-[2,3-Dideoxy-3-difluoro-6-hydroxymethylcyclo-
pentanyl]guanine (32): mp 258°C (dec); p]%%; +9.29 (c 0.15,

1H); 13C NMR (125 MHz, CQOD) 6 157.6, 148.8, 145.0, 139.0,
128.7 (dd,J = 251.5 and 247.5 Hz), 124.3, 59.0 (dd= 8.0 and
2.4 Hz), 50.7, 41.3 (t) = 25.9 Hz), 33.1 (dJ = 4.8 Hz). Anal.
calcd for (C11H12F2N402) C, H, N.
(+)-(1R,45)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enylladenine (34): mp218-220 °C (dec);
[0]?% +41.00 (c 0.13, DMSO); UV (MeOH)Amax 260.0 nm €
10925, pH 2), 261.0 nm¢(10807, pH 7), 261.0 nme(11780, pH
11); *H NMR (500 MHz, C»OD) 6 8.31 (s, 1H), 8.24 (s, 1H),
5.66 (br, 1H), 5.44 (s, 1H), 3.75 (ddd= 130.0, 11.0 and 3.5 Hz,
2H), 3.05 (br, 1H), 2.98 (m, 1H), 2.00 (m, 1HYC NMR (125
MHz, CD;OD) 6 166.2 (d,J = 287.5 Hz), 155.9, 152.1, 148.8,
139.8, 118.8, 103.2 (d) = 14.3 Hz), 60.0, 53.9 @ = 12.9 Hz),
43.2 (d,J = 18.6 Hz), 32.2 (dJ = 5.8 Hz); MS: m/z 250 (M +
1). Anal. calcd for (GH1,FNsO) C, H, N.
(—)-(1R,4S9)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyl]lguanine (35)To a suspension &3 (60
mg, 0.21 mmol) in anhydrous DMF (5 mL) was added potassium
tert-butoxide (82 mg, 0.69 mmol). The reaction mixture in the thick-
walled tube was placed in a microwave synthesizer and irradiated
at maximum output power of 300 W with air-cooling at 70 for
10 min. The brown suspension was filtered through a short silica
gel pad, and the filtrate was concentrated in vacuo. The residue
was purified by column chromatography on a silica gel (MeOH:
CH.Cl, = 1:20 to 1:10) to give85 (40 mg, 72%) as a white solid:
mp 220°C (dec); p]?% —44.12 (c 0.11, MeOH); UV (HO) Amax
253.0 nm € 13553, pH 2), 252.0 nme(14393, pH 7), 256.0 nm
and 268.0¢ 11186 and 11829, respectively, pH 11H; NMR (500
MHz, CD;0OD) 6 7.92 (s, 1H), 5.49 (m, 1H), 5.37 (s, 1H), 3.74
(ddd,J = 113.5, 11.5 and 4.0 Hz, 2H), 3.02 (m, 1H), 2.90 @&
14.0 and 9.0 Hz, 1H), 2.661.97 (m, 1H);3C NMR (125 MHz,
CD3;OD) 6 165.9 (d,J = 282.0 Hz), 158.0, 153.8, 151.2, 136.6,
116.2, 103.1 (dJ = 13.7 Hz), 60.0, 53.2 (dJ = 12.9 Hz), 43.2
(d, J = 18.3 Hz), 32.2 (dJ = 5.4 Hz). Anal. calcd for (GHi1-
FN502'0.9HzO) C, H, N.
(+)-(1R,45)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyllhypoxanthine (36): mp 254-256 °C;
[a]?p +34.0T (c 1.51, MeOH); UV (HO) Amax249.0 nm ¢ 10354,
pH 2), 248.5 nm¢ 13925, pH 7), 254.0 nme(10142, pH 11)H
NMR (500 MHz, CQyOD) ¢ 8.15 (s, 1H), 8.08 (s, 1H), 5.68 (m,
1H), 5.44 (s, 1H), 3.86 (dd] = 10.5 and 4.5 Hz, 1H), 3.60 (m,
1H), 2.96-2.85 (m, 2H), 1.97 (m, 1H}:3C NMR (125 MHz, C}-
OD) 6 166.4 (d,J = 283.9 Hz), 157.6, 148.4, 145.1, 139.2, 123.9,
103.1 (d,J = 14.8 Hz), 60.0, 54.2 (d] = 12.9 Hz), 43.3 (d] =
18.6 Hz), 32.4 (dJ = 5.8 Hz). Anal. calcd for (GH1:FN4O;) C,
(—)-(1R,49)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyl]cytosine (37): mp 132-134°C; [a]?% —4.62 (c 0.3,
MeOH); UV (Hz0) Amax 282.0 nm € 16381, pH 2), 274.0 nme(
10363, pH 7), 273.0 nme(11099, pH 11);H NMR (500 MHz,
CD;0D) 6 7.72 (d,J= 7.5 Hz, 1H), 5.95 (dJ = 7.0 Hz, HzH1H),
5.14-5.07 (m, 1H), 3.81 (ddd) = 47.0, 11.5 and 5.5 Hz, 2H),
2.70-2.35 (m, 4H), 1.971.90 (m, 1H);*3C NMR (125 MHz, CD-
OD) 6 165.8, 157.5, 142.2, 128.9 (dd,= 250.9 and 249.0 Hz),
95.2, 59.0 (tJ = 5.6 Hz), 52.0 (tJ = 6.2 Hz), 40.1 (tJ = 25.2
Hz), 32.0 (dJ = 4.4 Hz). Anal. calcd for (GH13F2N30,:0.6H,0)
C, H, N.
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(—)-(1R,49)-9-[2,3-Dideoxy-3,3-difluoro-6-hydroxymethylcy-
clopentanyl]thymine (38): [0]?%; —3.2° (c 0.25, MeOH); mp
142—144°C; UV (H20) Amax 271.0 nm ¢ 8478, pH 2), 271.0 nm
(e 8509, pH 7), 270.0 nme(7587, pH 11);'H NMR (400 MHz,
CD30D) 6 7.56 (s, 1H), 5.085.02 (m, 1H), 3.80 (ddd] = 33.2,
9.2 and 4.8 Hz, 2H), 2.652.37 (m, 4H), 2.0%+1.92 (m, 4H);:*C
NMR (125 MHz, CQxOD) ¢ 164.9, 151.4, 137.7, 128.8 (dd=
250.9 and 248.0 Hz), 110.7, 58.9 (dd+= 8.0 and 2.4 Hz), 50.8 (t,
J = 4.2 Hz), 39.5 (tJ = 23.6 Hz), 31.4 (dJ = 3.8 Hz), 11.0.
Anal. calcd for (GiH14F2N2O3) C, H, N.

(—)-(1R,45)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyl]cytosine (39)Compound37 (60 mg, 0.24
mmol) was converted to cytosine derivati8® (46 mg, 84%) as a
white solid using the same procedure as36r mp 226-230°C;
[0]?®n —124.63 (c 0.33, MeOH); UV (HO) Amax 283.0 nm §
15638, pH 2), 274.0 nme(10805, pH 7), 274.0 nme¢(10512, pH
11);1H NMR (500 MHz, CQ:OD) 6 7.83 (d,J = 7.5 Hz, HzH1H),
5.90 (d,J = 7.5 Hz, 1H), 5.63-5.59 (m, 1H), 5.19 (s, 1H), 3.70
(ddd,J = 132.5, 10.5 and 3.5 Hz, 2H), 2.92.93 (m, 1H), 2.82
(td, J=14.0 and 9.0 Hz, 1H), 1.731.68 (m, 1H);'3C NMR (125
MHz, CD;0D) 6 166.1, 166.0 (dJ = 283.2 Hz), 157.5, 142.6,
103.3 (dJ=13.4 Hz), 94.3,59.8 (d]= 1.9 Hz), 55.9 (dJ = 8.1
Hz), 42.9 (d,J = 18.6 Hz), 31.7 (dJ = 6.1 Hz). Anal. calcd for
(C1oH12FN30y) C, H, N.

(—)-(1R,49)-9-[2,3-Dideoxy-2,3-didehydro-3-fluoro-6-hydroxy-
methylcyclopent-2-enyl]thymine (40): mp 184-186 °C (dec);
[0]%% —24.17 (c 0.15, MeOH); UV (HO) Amax272.0 nm ¢ 15633,
pH 2), 273.0 nm¢ 15750, pH 7), 271.0 nme(12548, pH 11)!H
NMR (400 MHz, CBOD) 6 7.69 (d,J = 1.2 Hz, 1H), 5.57#5.54
(m, 1H), 5.15 (s, 1H), 3.69 (ddd,= 121.6, 11.6 and 3.2 Hz, 2H),
2.93-2.90 (m, 1H), 2.782.70 (td,J = 14.4 and 9.2 Hz, 1H), 1.76
1.70 (m, 1H);®C NMR (100 MHz, CROD) ¢ 165.2, 166.0 (dJ
= 282.7), 151.6, 138.2, 109.7, 103.4 (d= 13.7 Hz), 59.6 (d)
= 2.3 Hz), 54.7 (dJ = 12.2 Hz), 42.7 (dJ = 18.3 Hz), 30.9 (d,
J = 6.1 Hz), 11.0. Anal. calcd for (gH13FN,O3) C, H, N.

Antiviral and Cytotoxicity Assay. HIV drug susceptibility
assays were performed as previously descriBedytotoxicity
assays in PBM, CEM, and Vero cells were conducted as previously
described?

Molecular Modeling Study. (a) Conformational Analysis: The
initial conformations of inhibitors were constructed by builder
module in MACROMODEL, version 8.5 (Schrodinger, Inc.), based
on the crystal structure of carbovir. The Monte Carlo conformational

Wang et al.

energy change from one iteration to the next was less than 0.05
kcal/mol. The annealed enzymihibitor complexes were mini-
mized by using Kollman-All-Atom force field until iteration number
reached 5000.

The structures(-3'-F-C-d4G-TP/HIV-RTyr, D-3'-F-C-d4G-TP/
HIV-RT w1sav, carbovir-TP/HIV-RTyt, carbovir-TP/HIV-R 184y,
GTP/ HIV-RTyr, and GTP/HIV-RTy184v) Were further confirmed
by the molecular dynamics studies using MACROMODEL, version
9.1 (Schrodinger, Inc.). The complex was minimized until there
was no significant movement in atomic coordinates using MMFF94s
force field in the presence of GB/SA continuum water model before
performing molecular dynamics simulations. A conjugate gradient
Polak-Ribiere first derivative method was used for energy
minimization. Molecular dynamics simulations on nucleoside-TP/
RT complex was performed with MMFF94s in the presence of GB/
SA continuum water model on a SGI Origin 300 workstation
running the IRIX 6.5 operating system by heating from 0 to 300 K
over 5 ps and equilibrating at 300 K for an additional 10 ps.
Production dynamics simulations were carried out for 500 ps with
a step size of 1.5 fs at 300 K. A shake algorithm was used to
constrain covalent bonds to hydrogen atoms. A distance constrain
was used to constrained the two magnesium atoms with Asp110,
Vallll, Aspl85, anda- and f-phosphate of nucleotide. For
simulation of the nucleoside-TP/RT complex, the residues further
away than 15 A from the active site were not considered and the
residues from 6 to 15 A were constrained by harmonic constraints.
Only residues inside #6 A sphere from the bound nucleoside-TP
were allowed to move freely.
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