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ABSTRACT:

PSI-352938 is a novel 20-deoxy-20-R-fluoro-20-β-C-methyl 30,50-cyclic phosphate nucleotide prodrug currently under investigation
for the treatment of hepatitis C virus (HCV) infection. PSI-352938 demonstrated superior characteristics in vitro that include broad
genotype coverage, superior resistance profile, and high levels of active triphosphate in vivo in the liver compared to our first and
second generation nucleoside inhibitors of this class. Consequently, PSI-352938 was selected for further development and an
efficient and scalable synthesis was sought to support clinical development. We report an improved, diastereoselective synthesis of a
key 10-β-nucleoside intermediate 13 via SN2 displacement of 1-R-bromo ribofuranose sugar 16 with the potassium salt of 6-chloro-
2-amino purine and an efficient method to prepare cis-Rp cyclic phosphate (PSI-352938) in a highly stereoselective manner without
any chromatographic purification. The 1-R-bromo sugar 16 was stereospecifically prepared from the corresponding 1-β-lactol in
high yield under mild bromination conditions using CBr4/PPh3 (Appel reaction). The desired cis-Rp 30,50-cyclic phosphate
construction was accomplished using isopropyl phosphorodichloridate readily obtained from POCl3 and isopropyl alcohol. The
base combination of Et3N/NMI was identified as a key factor for producing PSI-352938 as the major (>95%) diastereomer (cis-Rp)
in high yield after the final cyclization step. The current route described in this article was successfully used to produce PSI-352938
on multikilogram scale.

’ INTRODUCTION

According to the World Health Organization, an estimated
180 million individuals worldwide are infected with the hepatitis
C virus (HCV).1 Currently there is no vaccine to prevent HCV
infection, and the current standard of care (SOC), the combina-
tion of PEGylated interferon-R and ribavirin, provides less than
a 50% response rate among patients infected with the most
prevalent genotype 1 virus.2 There is an urgent medical need for
more effective and well-tolerated anti-HCV agents to treat HCV
infections across all genotypes.3We have shown that nucleoside/
tide analogues with 20-R-F-20-β-C-methyl substitution represent
an important class of HCV NS5B polymerase inhibitors with
broad genotype coverage.4 This class is represented by the two
clinical candidates: the cytidine analogue RG7128 (1) and the
uridine nucleotide prodrug analogue PSI-79775 (2) (Figure 1).
RG7128 is a 30,50-diisobutyrate ester prodrug of our first genera-
tion nucleoside PSI-6130 (3).4,6 In a four week combination
study with SOC, RG7128 demonstrated efficacy in genotype 1, 2,
and 3 patients7 and was the first direct-acting antiviral to show
pan-genotype coverage in the clinic.8 In a more recent study,
following 28 days of treatment in combination with SOC, our

second generation uridine nucleotide prodrug PSI-7977 exhibited
potent and consistent antiviral activity in HCV genotype 1 infected
patients9 and is currently being studied in HCV genotype 2 and 3
infected patients.

In our continued efforts to identify new and improved agents
for HCV therapy, we investigated purine derivatives of the 20-R-
F-20-β-C-methyl class of nucleosides. We recently described the
discovery of a novel double prodrug of 20-deoxy-20-R-fluoro-20-
β-C-methyl guanosine monophosphate, PSI-352938 (4) with
improved in vitro and in vivo characteristics.10 In addition, PSI-
352938 demonstrated similar anti-HCV potency in both the wild
type and the S282T resistant mutant replicon assays.11 Recently,
PSI-352938 completed phase I multiple ascending dose (MAD)
study in treatment-naïve patients with chronic HCV (genotype 1)
infection. In this 7 day MAD monotherapy study, when PSI-
352938 was administered orally at 200 mg QD, significant
antiviral activity was observed with a median HCV RNA change
from baseline of 4.64 log IU/mL and 5 out of 8 patients achieving
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HCV RNA levels below the limit of detection.12 PSI-352938 was
shown to be generally safe and well tolerated across all doses
studied to date with no serious adverse events and no disconti-
nuations in phase 1 clinical trials.

To support ongoing clinical development, an efficient and
scalable synthesis of PSI-352938 was required. PSI-352938 is a
novel 30,50-cyclic phosphate of a 20-deoxy-20-R-F-20-β-C-methyl
purine nucleoside analogue with five chiral centers including the
phosphorus center (cis-Rp). Two approaches can be considered for
the preparation of PSI-352938: linear or convergent. The linear
synthesis would require modification of the preexisting nucleoside.
In this approach, usually the sugar stereochemistry is established;
however, the synthesis could be lengthy if extensivemodification of
the sugar is required. In addition, reagent compatibility can limit the
linear approach as a result of inherent instability of the nucleoside.
In the convergent synthesis, the sugar portion is synthesized separa-
tely and later coupled to the appropriate base under various
conditions. The original discovery synthesis of 20-deoxy-20-R-F-
20-β-C-methyl purine nucleosides utilized a linear approach starting
from commercially available 2-amino-6-chloro purine riboside 5 as
shown in Scheme 1.4a,13 This route provided direct access to the
purine 8, an advanced intermediate required for making cyclic
phosphate 4, albeit in low yield. Nevertheless, this sequence
involved expensive tetraisopropyldisiloxanyl (TIPDS) and atom-
inefficient trityl protecting groups. Though attempted optimiza-
tion of this route with a range of protecting groups and oxidizing
agents provided some improvements in the early steps, the late-
stage DAST fluorination provided only modest yields. Significant
amounts of undesired elimination (20-exomethylene) and 20-R-
hydroxy byproducts produced in the DAST fluorination reaction
necessitated purification by column chromatography, which
made scale-up using this route unattractive.

Consequently, we investigated a convergent approach to
prepare the nucleoside precursor 8. Recently, we reported an
efficient, convergent and diastereoselective synthesis of 3 that

employs a Vorbr€uggen-type coupling of the base portion of the
molecule and benzoyl protected 2-deoxy-2-fluoro-2-C-methyl
ribonolactol.6 Although the sugar subunit in 4 is identical to that
found in the pyrimidine analogue 3, the base-sugar coupling
method used to prepare the pyrimidine counterpart 3 suffered
from very low yield and poor anomeric stereoselectivity when
applied to the purine series.

In addition to the challenging base-sugar coupling, formation
of the cyclic phosphate portion of PSI-352938 was low-yielding
and required a scale-limiting chromatographic purification. De-
spite significant efforts to prepare the desired cyclic phosphate
using several literature methods,14,15 the only method that gave
reasonable yields of cis/trans mixture was a two-step protocol
that proceeded via a cyclic phosphite intermediate followed by
oxidation.14 However, this sequence used tetrazole in the first
cyclization step and tBuOOH or mCPBA in the final oxidation.
Both are undesired because of safety concerns on scale-up.
Therefore, it was necessary to find a practical synthetic route
for both the purine nucleoside starting material and the cis-cyclic
phosphate prodrug moiety to support clinical development
efforts of PSI-352938 (4). Herein, we report an efficient stereo-
selective synthesis of the 20-deoxy-20-R-F-20-β-C-methyl-6-ethoxy
purine nucleoside and the cis-cyclic phosphate prodrug 4.

’RESULTS AND DISCUSSION

In order to develop a scalable synthesis of 4, first we needed an
efficient synthesis of nucleoside precursor 13 (Scheme 2). Since
we had already developed a scalable synthesis of 9,6 we explored
an alternative convergent approach to nucleoside precursor 13
based onMitsunobu coupling of lactol 10with 2-amino-6-chloro
purine 11.16 Reduction of lactone 9 using hindered reducing
agent lithium tri-tert-butoxyaluminum hydride gave the lactol 10
in about 2:1 β/R anomeric ratio. Further coupling of 11 under
Mitsunobu conditions using DEAD/PPh3 gave 6-chloropurine
analogue 12 as a mixture of R/β anomers in about 1:1 ratio. The
mixture was separated by column chromatography to give pure
β-isomer in only 6�10% yield. Nucleophilic displacement of the
6-chloro group of 12 followed by debenzoylation using sodium

Scheme 1. Early Discovery Synthesis of 20-Deoxy-20-r-F-20-β-C-methyl Purine Nucleosides

Figure 1. 20-Deoxy-20-R-fluoro-20-β-C-methyl nucleoside/tide inhibi-
tors of HCV.

Scheme 2. Early Synthesis of the Nucleoside Precursor 13
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ethoxide in ethanol afforded the nucleoside precursor 13 in 83%
yield. In this step, the 30-hydroxyl group competes with ethanol
to displace the 6-chloro substituent of the base, and thus a
significant amount of the intermolecular 30-O�C-6 bridged
byproduct17 was formed that could only be removed by column
chromatographic purification.

Although the above synthetic route provided enough material
for our initial SAR studies, this method is not amenable to large
scale synthesis due to the number of expensive chromatographic
purifications and the poor yield in the coupling reaction. Alter-
natively, SN2 coupling of 1-R-halo sugar or its equivalent with
a metal salt of a purine base or a silylated pyrimidine base
(Hilbert�Johnson method) could be used to produce the
desired β-isomer enriched mixture.18 However, the success of
this approach would rely on development of an effective method
for preparation of a 1-R-halo sugar. Typically, the preparation of a
1-R-halo riboside requires treatment of a 1-methoxy or acetoxy
sugar with HCl or HBr in acetic acid.19 However, in our case
these methods resulted in an unfavorable anomeric mixture of
products. Treatment of the lactol 10 with phosphorus halides
generated unpredictable anomeric mixtures due to their acidic
nature. Therefore, mild conditions for the stereoselective pro-
duction of the 1-R-halo sugar were explored.

In an attempt to make the 1-chloro sugar using the Appel
reaction20 (N-chlorosuccinimide (NCS)/PPh3), we found that the
1-R-chloro ribofuranose 15 was produced as the major isomer in
about 7:1R/β ratio (Scheme 3). The fact that the Appel reaction is
usually stereospecific prompted us to examine the actual ratio of
ribonolactol precursor 10 used in this reaction. To our surprise, we
found that it was predominately β-lactol 14 (Scheme 3) with only
traces of R-anomer as determined by 1H NMR. The key finding
was that the initial lactol 10was obtained as a 2:1 β/Rmixture after
the reduction with lithium tri-tert-butoxyaluminum hydride, but
isomerized to the thermodynamically stable crystalline β-lactol 14
upon standing, presumably by crystallization induced dynamic
resolution.21 This was an important observation as the β-lactol
14 has the potential to control the stereochemical outcome to
produce the desired β-nucleoside after double inversion via 1-R-
halo sugar. On larger scale, the crystallization induced dynamic
resolution of β-lactol 14 took several days even after seeding with
pure β-isomer as the seeds could not spread evenly due to the
gummy nature of the mixture. Hence, the neat gummy residue was
heated to just below the melting point of the β-anomer (50 �C) to
give an oil and seeded with pure β-lactol 14 to produce a 20:1 β/R
mixture of 14 as a white crystalline solid in 20 h. With the 1-R-
chloro ribofuranose 15 in hand, it was disappointing to find that 15
was not reactive enough with the sodium or potassium salt of the
2-amino-6-chloropurine 11 to produce an acceptable yield of the
desired β-nucleoside 12. However, this transformation provided an
indication of the 1-R-halo sugar’s potential as a precursor for the
SN2-type glycosylation to give the β-nucleoside with high degree of
selectivity.

Therefore, preparation of themore reactive 1-bromo or 1-iodo
sugar was explored using several halogenating agents. Unlike
with NCS, negligible or no stereoselectivity to the desired R-
bromo sugar 16 was observed with N-bromosuccinimide in
combination with PPh3 in various solvents. Also, no reaction
was observed with lactol 14 using bromine/PPh3 in the presence
of imidazole as a base. When base was excluded, the I2/PPh3
reagent system provided no required 1-iodo product and addi-
tion of a base compromised the reaction stereoselectivity. In
addition, no reaction was observed with CI4/PPh3 combination.
Interestingly, treatment of the lactol 14 with PPh3/CBr4 (Appel
reaction) between �20 and �15 �C provided the desired
1-bromo ribofuranose 16 with the best R/β ratio (10:1)
(Scheme 4).18c However, major isomerization at the anomeric
center was observed during the workup at room temperature.
Filtration of the cold reaction mixture through a pad of silica gel
was found to be key for preventing the isomerization. Further
purification of the crude by a quick filtration through silica gel
provided the bromo sugar 16 with improved R/β ratio (20:1) in
81% yield.

To accomplish the SN2 coupling between 16 and 11, we
investigated the coupling reaction using various metal salts of
2-amino-6-chloropurine 11. Treatment of the 2-amino-6-chlor-
opurine 11 with LHMDS in tetrahydrofuran or acetonitrile gave
the lithium salt and further reaction of the lithium salt with 1-R-
bromo ribofuranose 16 at room temperature was found to be
very sluggish resulting in very low conversion after several days.
Higher temperature provided significant undesired N7 regioi-
somer. Similar results were observed when NaH was used as the
base in DMF or acetonitrile. After further investigation, treat-
ment of the 1-R-bromo ribofuranose 16 with the potassium
salt of 2-amino-6-chloro purine 11 (generated in situ using
potassium tert-butoxide in 1:1.5 mixture of tert-butanol and
acetonitrile) gave the required 6-chloro purine analogue 12 in
64% yield (Scheme 5) analogous to purine coupling reported by

Scheme 3. Dynamic Crystallization of β-Lactol 14 and Chlorination

Scheme 4. Preparation of 1-r-Bromo Ribofuranose 16

Scheme 5. SN2-Type Coupling of 1-r-Bromo Ribofuranose
16 with 2-Amino-6-chloro Purine 11
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Bauta et al.18e At room temperature the reaction was very slow
(5days), however, the optimum reaction temperature for this
transformation was found to be 50 �C and required only 22 h to
complete. The solvent combination of tBuOH�CH3CN was
also found to be the key for delivering high yields and minimal
byproducts in the coupling reaction.

The next step in the sequence was ethoxy substitution at the
C-6 position of the base. This was accomplished by converting
the 6-chloropurine 12 to the required 6-ethoxy derivative 13
as shown in Scheme 2. The formation of the intermolecular
30�O-C-6 bridged byproduct17 was minimized by use of excess
sodium ethoxide as it increased the ethoxide to 30-alkoxide ratio.
On larger scale we could eliminate the chromatographic purifica-
tion of 13 with a simple acid�base extraction followed by
crystallization. After completion of the reaction, ethanol was
evaporated and the residue was partitioned between ethyl acetate
and 1N aqueous HCl. The required product 13 was extracted
into the aqueous layer as a hydrochloride salt leaving the ethyl
benzoate byproduct in the organic layer. Basification of the
aqueous layer with aqueous Na2CO3 followed by extraction with
ethyl acetate and crystallization of the crude product from
acetone gave pure 13 as a crystalline solid in 79% yield.

Despite several process improvements, the above sequence
still required some chromatographic purification at all stages
from lactol 14 to 6-chloro purine 13. Hence, we continued to
explore a more facile route for multikilogram scale production of
6-ethoxy purine 13. Interestingly, we were able to overcome this
issue by using the 4-chlorobenzoyl protecting group in place of
the simple benzoyl protecting groups at 30- and 50-hydroxyl
groups (Scheme 6). The lactone 17 was prepared following the
same method described for making the benzoyl lactone 9.6

Reduction of the lactone 17 with lithium tri-tert-butoxyalumi-
num hydride followed by crystallization of the crude product
frommethanol/water mixture gave 1-β-lactol 18 (>95% pure) in
61% yield without any chromatographic purification. Under
similar bromination conditions, lactol 18 gave bromo ribofur-
anose 19. Simple filtration of the cold reaction mixture through a
pad of silica gel followed by crystallization from a mixture of
ether/hexanes gave 1-R-bromo ribofuranose 19 in high purity
(>96%), which was partially contaminated with 2�5% of triphe-
nylphosphine oxide. Treatment of 19 with the potassium salt of
2-amino-6-chloropurine 11 furnished 6-chloro purine 20 in 65%
yield after crystallization from ethanol. 6-Ethoxy purine 13 was
prepared in 92% yield following similar reaction conditions used
for the benzoyl protected nucleoside 12.

The final step in the sequence was formation of the 30,50-cyclic
phosphatemoiety. For our initial SAR studies, we followed a two-
step literature procedure that proceeded via a cyclic phosphite
intermediate followed by oxidation to give the desired cyclic
phosphate as a cis/trans mixture (Scheme 7).14 Thus cyclization
of 6-ethoxy purine 13 with N,N,N0,N0-tetraisopropylphosphor-
odiamidite 21 using 1H-tetrazole as an activator gave cyclic
phosphite intermediate 22 as a mixture of cis/trans isomers. The
cyclic phosphite mixture was further oxidized without isolation
using tBuOOH to give a cis/trans mixture of cyclic phosphates 4
and 23. The mixture was separated by column chromatography
providing pure cis and trans cyclic phosphates (4 and 23) in 9%
and 10% yield, respectively. Of the two diastereomers, the cis-
isomer of the cyclic phosphite 22 was found to be the thermo-
dynamically more stable isomer, similar to an analogous com-
pound reported by Broeders.14a The initial cyclic phosphite
mixture could be equilibrated to cis-22 by heating the reaction
mixture.10 Indeed, after treatment of 6-ethoxy purine 13 with N,
N,N0,N0-tetraisopropylphosphorodiamidite 21 in presence of
1H-tetrazole followed by heating the reaction mixture at 40 �C
for 6 h, the cis/trans ratio of the cyclic phosphite 22 was found to
be 95:5. Further oxidation and column chromatography of the
mixture provided desired cis-cyclic phosphate 4 in 23% yield. Due
to the synthetic accessibility of a single diastereomer, cis-cyclic
phosphate 4 was selected for further development.

Since the target compound 4 has the cis-Rp cyclic phosphate
configuration as determined by single crystal X-ray analysis,10

optimization to produce exclusively the desired cyclic phosphate
configuration was pursued. Since the use of tetrazole on large scale
is undesirable due to safety concerns, we investigated several other
activators for the cyclization step as listed in Table 1. Both
5-(ethylthio)-tetrazole and imidazolium triflate gave unacceptable
yields of the cyclic phosphate 4. Very low conversion was found

Scheme 6. Non-chromatographic Scalable Synthesis of Nucleoside 13

Table 1. Cyclization Using Different Activators

activator conditions % yielda (4)

tetrazole CH3CN, 40 �C, 3 h 23

5-(ethylthio)-tetrazole CH3CN, 0 �C, 3 h 7

4,5-dicyanoimidazole CH3CN, 50 �C, 6 h 41

Py.CF3SO3H CH3CN, 50 �C, 6 h 21

imidazolium triflate CH3CN, 45 �C, 6 h 8

benzimidazolium triflate CH3CN, 45 �C, 6 h NDb

a Isolated yields of 4 after oxidation with tBuOOH. b Less than 5%
conversion by TLC.



3786 dx.doi.org/10.1021/jo200060f |J. Org. Chem. 2011, 76, 3782–3790

The Journal of Organic Chemistry ARTICLE

with benzimidazolium triflate. Pyridinium triflate gave similar yield
to the tetrazole reaction. Intriguingly, 4,5-dicyanoimidazole (DCI)
provided an improved cis/trans ratio (5.6:1) of cyclic phosphites,
which upon heating at 50 �C for 6 h followed by oxidation gave
19:1 mixture of cyclic phosphates 4 and 23, respectively. Further
chromatographic purification of the mixture afforded 41% yield of
the required cis cyclic phosphate 4. Although DCI is known as an
activator in oligonucleotide synthesis,22 this was the first example
where DCI was demonstrated as an activator in cyclic phosphate
synthesis. In the final oxidation, we could successfully replace the
peroxides with the safer Py/I2/H2O reagent system routinely used
in the oligonucleotide synthesis.23

Although the above modified method was successfully used in
a kilo-scale synthesis of 4, it was less amenable tomuch large scale
synthesis because of the chromatographic purification used in the
final step. Consequently, alternative approaches were explored to
prepare cyclic phosphate 4 based on P(V) chemistry. A search of
the literature revealed no relevant precedent for direct 30,50-
cyclicphosphate ester synthesis using alkyl- or aryldichloropho-
sphates. Nevertheless, when the nucleoside 13 was treated with
isopropyldichlorophosphate in presence of N-methylimidazole
(NMI) in dichloromethane at 0 �C, a mixture of cyclic phos-
phates 4 and 23was obtained in approximately 85:15 ratio, albeit
in low yield (12%). The isopropyldichlorophosphate was readily
prepared from POCl3 and isopropyl alcohol. Further optimiza-
tion of the cyclization reaction with various organic bases did
not improve the yield. Surprisingly, there was no reaction when
triethylamine or diisopropylethylamine alone was used as a base
presumably due to poor solubility of the starting nucleoside
under the reaction conditions. Intriguingly, when NMI was
added to the above reactions the desired cis cyclic phosphate 4
was formed as a major product with less than 5% of the trans-
isomer 23 (Scheme 8).24 Further optimization of the reaction
temperature and stoichiometry of isopropyldichlorophosphate
and Et3N/NMI gave cyclic phosphate 4 in 71% yield after

column chromatographic purification or in 52% yield by direct
crystallization of the crude product from ethyl acetate or acetone.
The crystallized material was sufficiently pure (>99.5%) with less
than 0.2% of the trans-cyclic phosphate 23. The new process
has been used successfully on a multikilogram scale to support
ongoing clinical development of 4 (PSI-352938).

’CONCLUSION

We have demonstrated an efficient, diastereoselective and
scalable synthesis of the cyclic phosphate nucleotide prodrug
PSI-352938 (4). The anomeric carbon stereochemistry was first
set by thermal equilibration of the lactol mixture followed by
dynamic crystallization of the 1-β-lactol 14. Double inversion of
the anomeric center of the 1-β-lactol 14 provided the desired
β-nucleoside with high degree of selectivity. This was accomplished
via the 1-R-bromo ribofuranose 16, which was stereospecifically
prepared from the 1-β-lactol 14 in high yield using CBr4/PPh3
and successfully used for the glycosylation via SN2-type coupling
to provide the key intermediate 12. An efficient and non-
chromatographic synthesis of the nucleoside 13 was accom-
plished using 4-chlorobenzoyl protecting groups on the 30- and
50-hydroxyl groups. DCI was used as an activator for the first time
in the synthesis of a 30,50-nucleoside cyclic phosphate to provide
gram scale preclinical material of 4. A highly stereoselective non-
chromatographic method for the synthesis of cis-Rp cyclic
phosphate 4 was developed using inexpensive isopropyldichlor-
ophosphate. This improved process is currently being used to
produce PSI-352938 (4) clinical material on multikilogram scale.

’EXPERIMENTAL SECTION

General Analytical Methods. Reactions were monitored by thin
layer chromatography and visualized by UV light or by charring in 5%
sulfuric acid inmethanol. All solvents and reagents were used as received.
NMR spectra were recorded in CDCl3 or DMSO-d6 as noted. Optical

Scheme 7. Early Synthesis of cis-Cyclic Phosphate 4

Scheme 8. Improved Synthesis of cis-Cyclic Phosphate 4
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rotations were measured at ambient temperature and 589 nm. High
resolution mass spectra were performed using chemical ionization.
Melting points are uncorrected.
((2R,3R,4R,5R)-3-(Benzoyloxy)-4-fluoro-5-hydroxy-4-me-

thyltetrahydrofuran-2-yl)methyl Benzoate (14). To a dry 5 L
three neck round-bottom flask equipped with a mechanical stirrer,
addition funnel and thermometer were added the lactone 9 (379 g,
1.018 mol) and anhydrous THF (1.75 L). The solution was cooled to
�30 �C under a nitrogen atmosphere, and then was added a solution of
lithium tri-tert-butoxyaluminohydride (1.0 M in THF, 1.527 L, 1.527
mol), with stirring, over a period of 1 h. After completion of the addition,
the reaction mixture was allowed slowly to warm to �10 �C over 1 h
15min. The reaction mixture was quenched with ethyl acetate (900mL)
followed by saturated aq NH4Cl (40 mL) below 0 �C. The cloudy
supernant liquid was decanted, and the residue was washed with ethyl
acetate (2 � 200 mL) and decanted. The combined decants were
concentrated under reduced pressure to give an oily residue. The oil was
dissolved in ethyl acetate (2 L) and washed with 3NHCl (600mL). The
aqueous layer was back extracted with ethyl acetate (3� 400 mL). The
combined organic layer was washed with water (3� 800 mL), saturated
aq NaHCO3 (400 mL) and brine (400 mL). The organic layer was dried
over MgSO4, filtered and concentrated under reduced pressure to give a
light brown syrup. The residue was purified by column chromatography
(2.2 KG silica gel) using 5�30% ethyl acetate/hexanes gradient to give
lactol 10 as colorless syrup. The syrup was heated at 50 �C with seeds of
crystalline β-lactol for 20 h to give pure β-lactol 14 as a white solid
(293.8 g, 77%, β/R ratio 20:1). For 14: [R]20D = þ21 (c 1.0, MeOH);
mp 79�80 �C; 1H NMR (DMSO-d6, 400 MHz) δ 7.99 (m, 2 H), 7.93
(m, 2 H), 7.70 (m, 1 H), 7.61 (m, 1 H), 7.55 (m, 2 H), 7.42 (m, 2 H),
7.32 (d, J = 5.2 Hz, 1H), 5.54 (dd, J = 23.6, 7.2 Hz, 1H), 5.20 (dd, J =
10.8, 5.2 Hz, 1H, D2O exchangeable), 4.55�4.50 (m, 1H), 4.46�4.40
(m, 2H), 1.42 (d, J = 22.4 Hz, 3H). 13C NMR (DMSO-d6, 100 MHz) δ
166.4, 166.2, 134.9, 134.3, 130.5, 130.3, 130.2, 129.8, 129.6, 129.6, 101.2
(d, JC�F = 32 Hz), 101.1 (d, JC�F = 180 Hz), 77.1, 75.7 (d, JC�F = 15
Hz), 65.9, 17.6 (d, JC�F = 24 Hz). HRMS-ESI (m/z): calcd for
C20H19FO6 [M þ H]þ 375.1238, found 375.1243.
((2R,3R,4R,5R)-3-((4-Chlorobenzoyl)oxy)-4-fluoro-5-hydr-

oxy-4-methyltetrahydrofuran-2-yl)methyl 4-Chlorobenzoate
(18). Under similar reaction conditions reduction of the lactone 17
(50 g, 113 mmol) followed by crystallization of the crude product from the
mixture of methanol/water (4.5:1) gave lactol 18 as a white solid (30.5 g,
61% yield, β/R ratio 35:1). For 18: [R]20D = þ53 (c 1.0, MeOH); mp
101�104 �C; 1H NMR (DMSO-d6, 400 MHz) δ 7.96�7.93 (m, 2H),
7.92�7.88 (m, 2H), 7.61�7.58 (m, 2H), 7.52�7.48 (m, 2H), 7.31 (dd,
J = 5.2, 0.8 Hz, 1H), 5.50 (dd, J = 24, 7.2 Hz, 1H), 5.19 (dd, J = 10.8, 5.6
Hz, 1H), 4.58�4.54 (m, 1H), 4.45�4.40 (m, 2H), 1.42 (d, J = 22.8 Hz,
3H). 13C NMR (DMSO-d6, 100 MHz) δ 165.5, 165.3, 139.8, 139.3,
132.25, 131.9, 129.9, 129.7, 129.1, 128.4, 101.1 (d, J= 31.8Hz), 101.0 (d,
J = 179.8 Hz), 76.9, 75.9 (d, J = 15.1 Hz), 65.9, 17.6 (d, J = 23.5 Hz).
HRMS-ESI (m/z): calcd for C20H17Cl2FO6 [M þ Na]þ 465.0278,
found 465.0293.
((2R,3R,4R,5S)-3-(Benzoyloxy)-5-chloro-4-fluoro-4-meth-

yltetrahydrofuran-2-yl)methyl Benzoate (15). To a solution of
of the lactol 14 (1.0 g, 2.67 mmol) and PPh3 (1.4 g, 5.34 mmol) in
CH2Cl2 (15 mL) was added N-chlorosuccimide (1.07 g, 8.01 mmol)
portion-wise at 0 �C. Then the resulting mixture was stirred at rt for 1 h
and poured into a silica gel column and eluted with a mixture of EtOAc/
hexanes (1:4). The collected fractions were combined, concentrated
under reduced pressure, coevaporated two times with CH2Cl2 and used
in the next step without further purification (1.0 g, 95%, R/β ratio 7:1).
For major R-isomer 15: 1H NMR (400 MHz, CDCl3) δ 8.12�8.10 (m,
4H, aromatic), 8.04 (m, 4H, aromatic), 7.63�7.56 (m, 2H,
aromatic), 7.50�7.42 (m, 4H, aromatic), 6.00 (broad s, 1H, H-1),
5.27 (dd, 1H, J = 3.6, 5.6 Hz, H-3), 4.87 (m, 1H, H-4), 4.76 (dd, 1H,

J = 3.2, 12.4 Hz, H-5), 4.61 (dd, 1H, J = 4.8, 12.4 Hz, H-50), 1.72 (d,
3H, J = 21.6 Hz, CH3);

13C NMR (100 MHz, CDCl3) δ 166.0, 165.8,
133.7, 133.4, 130.0, 129.7, 129.3, 128.8, 128.6, 128.5, 97.1 (d, J =
22.0 Hz), 94.8 (d, J = 209.3 Hz), 81.2, 73.4 (d, J = 15.9 Hz), 62.7, 22.8
(d, J = 25.8 Hz).
((2R,3R,4R,5R)-3-(Benzoyloxy)-5-bromo-4-fluoro-4-meth-

yltetrahydrofuran-2-yl)methyl Benzoate (16). To a stirred
solution of PPh3 (205.4 g, 0.783 mol) in dichloromethane (5.6 L) was
added the β-lactol 14 (209.4 g, 0.559 mol) below �20 �C under N2

atmosphere. After the mixture stirred for 15 min, CBr4 (278.2 g, 0.839
mol) was added portion-wise while maintaining the reaction tempera-
ture between �25 and �20 �C under N2 flow. After completion of the
addition, the reaction mixture was stirred below �17 �C for 20 min.
Silica gel (230 g) was added to themixture, filtered through a pad of silica
gel (680 g) and washed with dichloromethane. The combined filtrates
were concentrated under reduced pressure at room temperature to give
colorless oil. 1HNMR of a crude sample at this stage indicated 10:1R/β
mixture. The residue was purified by column chromatography (2.1 kg
silica gel) using 0�25% EtOAc/hexanes gradient to give 16 as colorless
oil which solidified upon standing to give waxy solid. (197 g, 81%, R/β
ratio 20:1). For 16: [R]20D = þ136 (c 1.0, CHCl3); mp 59�61 �C; 1H
NMR (CDCl3, 400MHz) δ 8.13 (d, J = 7.2 Hz, 2H), 8.02 (d, J = 7.6 Hz,
2H), 7.63�7.56 (m, 2H), 7.50�7.42 (m, 4H), 6.34 (s, 1H), 5.29 (dd, J =
5.3, 2.8 Hz, 1H), 4.89�4.86 (m, 1H), 4.80�4.76 (m, 1H), 4.65�4.61
(m, 1H), 1.72 (d, J = 21.2 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ
165.9, 165.7, 133.7, 133.4, 130.0, 129.6, 129.2, 128.8, 128.5, 128.5, 94.6
(d, J = 210 Hz), 92.0 (d, J = 23 Hz), 81.9, 73.3 (d, J = 15 Hz), 62.4, 22.8
(d, J = 27 Hz). HRMS-ESI (m/z): calcd for C20H18BrFO5

[M þ H]þ 437.0394, found 437.0393.
(2R,3R,4R,5S)-5-Bromo-2-(((4-chlorobenzoyl)oxy)meth-

yl)-4-fluoro-4-methyltetrahydrofuran-3-yl 4-Chlorobenzo-
ate (19).Under similar reaction conditions lactol 18 (23.5 g, 53 mmol)
gave bromide 19 (21.23 g, 79% yield, R/β ratio 65:1, contaminated with
2% of triphenylphosphine) as a white solid after crystallization of the
crude product from the mixture of ether/hexanes (3.4:1). For 19:
[R]20D = þ133 (c 1.0, CHCl3); mp 122�124 �C; 1H NMR (CDCl3,
400 MHz) δ 8.06�8.03 (m, 2H), 7.96�7.93 (m, 2H), 7.46�7.40 (m,
4H), 6.33 (s, 1H), 5.22 (dd, J = 5.6, 1H), 4.86�4.83 (m, 1H), 4.78�4.74
(m, 1H), 4.64�4.60 (m, 1H), 1.69 (d, J = 21.6 Hz, 3H). 13C NMR
(CDCl3, 100 MHz) δ 165.1, 164.8, 140.3, 140.0, 131.4, 131.0, 127.6,
127.1, 94.5 (d, J = 209.4 Hz), 91.8 (d, J = 23.5 Hz), 81.7, 73.5 (d, J = 15.2
Hz), 62.5, 22.8 (d, J = 26.6 Hz). HRMS-ESI (m/z): calcd for
C20H16BrCl2FO5 [M þ Na]þ 528.9412, found 528.9431.
(2R,3R,4R,5R)-5-(2-Amino-6-chloro-9H-purin-9-yl)-2-(be-

nzoyloxymethyl)-4-fluoro-4-methyltetrahydrofuran-3-yl Be-
nzoate (12). A 12 L three-neck round-bottomed flask was charged
with 6-chloro-2-aminopurine (225.4 g, 1.329 mol) followed by anhy-
drous tBuOH (4.5 L) with stirring with a mechanical stirrer. To the
above stirred solution was added potassium tert-butoxide (151.6 g, 1.35
mol) portion-wise at room temperature under N2 flow. After 30 min, a
solution of 1-R-bromo ribofuranose 16 (197 g, 0.451 mol) in anhydrous
acetonitrile (4 L) was added in one lot over a period of 5 min at room
temperature. The mixture was slowly heated to 50 �C with a heating
mantle at which temperature it was stirred for 22 h. To the reaction
mixture was added solid NH4Cl (75 g) followed by water (200 mL), and
the mixture was filtered through a short pad of Celite and washed with
toluene (3 � 200 mL). The filtrate was neutralized with 6 N HCl and
concentrated under reduced pressure to a volume of 800 mL. The
mixture was filtered through Celite to remove additional salts that were
precipitated during the concentration, washed with toluene (200 mL)
and concentrated. The residue was purified by column chromatography
(1.6 kg silica gel) using 40�45% EtOAc/hexanes gradient to give
6-chloropurine 12 as a white foamy solid (150.7 g, 64% yield, β/R ratio
14:1). A portion of the solid was crystallized from methanol to give pure
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12. For 12: [R]20D = �21 (c 1.0, CHCl3); mp 160�162 �C; 1H NMR
(CDCl3, 400MHz) δ 8.03 (m, 2H), 7.93 (m, 2H), 7.88 (s, 1H), 7.60 (m,
1H), 7.50 (m, 1H), 7.44 (m, 2H), 7.33 (m, 2H), 6.43 (dd, J = 22.8, 9.2
Hz, 1H), 6.12 (d, J = 18Hz, 1H), 5.41 (s, 2H, NH2), 5.00 (dd, J = 12, 4.4
Hz, 1H), 4.75 (m, 1H), 4.59 (dd, J= 12, 5.6Hz, 1H), 1.33 (d, J= 22.4Hz,
3H); 13C NMR (CDCl3, 100 MHz) δ 166.2, 165.5, 159.1, 152.6, 152.1,
140.7, 133.8, 133.3, 130.0, 129.5, 129.2, 128.5, 128.4, 128.4, 125.8, 100.3
(d, J = 185 Hz), 90.3 (d, J = 39 Hz), 77.7, 73.4 (d, J = 16 Hz), 62.9, 17.3
(d, J = 24Hz). HRMS-ESI (m/z): calcd for C25H21ClFN5O5 [MþH]þ

526.1288, found 526.1289.
(2R,3R,4R,5R)-5-(2-Amino-6-chloro-9H-purin-9-yl)-2-(4-ch-

lorobenzoyloxymethyl)-4-fluoro-4-methyltetrahydrofuran-
3-yl 4-Chlorobenzoate (20). Under similar reaction conditions
bromide 19 (2.6 g, 5.14 mmol) gave 6-chloropurine 20 (1.98 g, 65%
yield, β/R ratio 26:1) as a white solid after crystallization from 95%
ethanol. For 20 [R]20D = �26 (c 1.0, CHCl3); mp 171�176 �C; 1H
NMR (CDCl3, 400 MHz) δ 7.92�7.89 (m, 2H), 7.85 (s, 1H),
7.85�7.82 (m, 2H), 7.41�7.38 (m, 2H), 7.29�7.26 (m, 2H), 6.47
(dd, J = 22.8, 9.2 Hz, 1H), 6.09 (d, J = 18 Hz, 1H,), 5.49 (bs, 2H, NH2),
5.06 (dd, J = 11.6, 4.8 Hz, 1H), 4.75�4.70 (m, 1H, 1H), 4.55 (dd, J =
12.0, 5.6 Hz, 1H), 1.32 (d, J = 22.4 Hz, 3H). 13C NMR (CDCl3, 100
MHz) δ 165.3, 164.6, 159.1, 152.5, 152.3, 140.7, 140.5, 139.9, 131.3,
130.9, 128.9, 128.7, 127.6, 126.8, 125.9, 100.3 (d, J = 184.3 Hz), 90.4 (d,
J = 39.4Hz), 77.4, 73.8 (d, J= 15.2Hz), 63.1, 17.2 (d, J= 25Hz). HRMS-
ESI (m/z): calcd for C25H19Cl3FN5O5 [M þ H]þ 594.0509, found
594.0527.
(2R,3R,4R,5R)-5-(2-Amino-6-ethoxy-9H-purin-9-yl)-4-flu-

oro-2-(hydroxymethyl)-4-methyltetrahydrofuran-3-ol (13).
From 12. To a stirred solution of 6-chloropurine 12 (60 g, 114 mmol,
coevaporated with absolute ethanol under reduced pressure) in absolute
ethanol (236 mL) was added a 21 wt % solution of sodium ethoxide
(64 mL, 171 mmol) dropwise at ambient temperature. The cloudy
mixture was stirred at room temperature for 1 h and then heated to reflux
for 30 min under nitrogen atmosphere. The reaction mixture was cooled
to room temperature and neutralized with concentrated HCl (15 mL).
The cloudy mixture was concentrated under reduced pressure to give a
solid residue. The residue was partitioned between 1 N HCl (198 mL)
and dichloromethane (200 mL). The aqueous layer was filtered through
a filter paper, and the filtrate was neutralized with of saturated aqueous
sodium carbonate to pH 8 and extracted with ethyl acetate (4 �
140 mL). The combined organic layer was dried over sodium sulfate,
filtered and concentrated under reduced pressure to give white solid.
The solid was recrystallized from acetone (90 mL), filtered, washed with
acetone (20 mL) to give pure 13 an off-white solid (29.46 g, 79% yield).
For 13 [R]20D = þ21 (c 1.0, MeOH); mp 106�110 �C; 1H NMR
(DMSO-d6, 400 MHz) δ 8.16 (s, 1H), 6.56 (bs, 2H, NH2), 6.05 (d, J =
17.6 Hz, 1H), 5.67 (d, J = 7.2 Hz, 1H, D2O exchangeable), 5.26 (t, J = 5
Hz, 1H, D2O exchangeable), 4.50�4.89 (m, 2H), 4.24�4.13 (m, 1H),
3.92�3.82 (m, 2H), 3.72�3.66 (m, 1H), 1.35 (t, J = 7.2 Hz, 3H), 1.06
(d, J = 22.4 Hz, 3H). 13C NMR (DMSO-d6, 100 MHz) δ 161.6, 161.0,
154.5, 137.8, 114.6, 102.2 (d, J = 180 Hz), 88.6 (d, J = 38 Hz), 83.0, 71.5
(d, J = 17 Hz), 62.6, 60.2, 17.5 (d, J = 25 Hz), 15.5. HRMS-ESI (m/z):
calcd for C13H18FN5O4 [M þ H]þ 328.1416, found 328.1408. From
20: Under similar reaction conditions 6-chloropurine 20 (313.2 g, 526.5
mol) gave 6-ethoxy purine 13 (151.6 g, 92% yield) after direct crystal-
lization of the crude product from acetone. Analytical data of the product
were identical to those of the product obtained from 12.
Isopropyl-N,N,N0,N0-tetraisopropylphosphorodiamidite

(21). Bis(diisopropylamino)chlorophos-phine (250.1 g, 937mmol) was
dissolved in anhydrous ethyl ether (3.6 L), and triethylamine (190 g,
1.87 mol) was introduced. The turbid mixture was cooled to 0 �C, and a
solution of 2-propanol (225 g, 287mL) in ether (200mL) was added via
a funnel. The resulting cloudy mixture was stirred at room temperature
for 5.5 h. The reaction was monitored by 31P NMR (δ = 116.10 ppm, S).

White solid (triethylamine HCl salt) was removed by filtration. The
filtrate was concentrated to furnish 21 as a pale brown liquid (272 g,
quantitative) and used for next step without further purification. Note
that the P(III) reagent 21 can be purified by vacuum distillation (bp
84�86 �C, 5 mmHg) if desired to furnish a colorless clear oil. 1H NMR
(400 MHz, CDCl3) δ 3.91 (m, 1H), 3.51 (m, 4 H), 1.19 (d, 6 H, J = 6
Hz), 1.16 (24 H, m); 31P NMR (CDCl3) δ 116.1.
6-Ethoxy-9-((2R,4aR,6R,7R,7aR)-7-fluoro-2-isopropoxy-7-

methyl-2-oxo-tetrahydro-2λ5-furo[3,2-d][1,3,2]dioxaphos-
phinin-6-yl)-9H-purin-2-ylamine (4) and 6-Ethoxy-9-((2S,
4aR,6R,7R,7aR)-7-fluoro-2-isopropoxy-7-methyl-2-oxo-tet-
rahydro-2λ5-furo[3,2-d][1,3,2]dioxaphosphinin-6-yl)-9H-
purin-2-ylamine (23). To a stirred suspension of (2R,3R,4R,5R)-
5-(2-amino-6-ethoxy-9H-purin-9-yl)-4-fluoro-2-(hydroxymethyl)-4-
methyltetrahydrofuran-3-ol (13, 65.0 g, 0.199 mol) and 4,5-dicyanoi-
midazole (59 g, 496mol) in acetonitrile (1000mL) at 0�5 �Cwas added
P (III)-reagent 21 (62.35 mL, 0.199 mol), dropwise over a period of
20min. The solid was dissolved after the completion of the addition of the
P (III)-reagent 21, and a clear solution was observed. After 30 min, the
solution was warmed to room temperature and stirred for 3 h. The
reaction mixture was then heated at 50 �C (bath) for 6 h (31P NMR of a
small aliquot diluted with an equal volume of CDCl3 indicated less than
5% of the minor trans-isomer 22 at δ 127.91 ppm). The solvent was
evaporated to dryness and the residue was stirred with EtOAc
(500 mL) to form a white solid suspension of the DCI salt. The
solid was removed by filtration and washed with EtOAc (250 mL).
The combined filtrate was concentrated to dryness. To the residue
was added a 0.1 M solution of iodine in 70:28:2 (each in v/v %)
THF/pyridine/H2O (2 L) over a period of 30 min at 5�10 �C. After
2 h, more white DCI salt solid was collected by filtration, and the
filtrate was concentrated under reduced pressure. The residue was
dissolved in ethyl acetate (1 L), washed with a 10% aqueous sodium
thiosulfate (200 mL) and then saturated aqNaHCO3 (3 � 250 mL)
until DCI was mostly removed as judged by TLC (also note that
saturated sodium carbonate solution can remove DCI more
efficiently). The organic layer was washed with water (250 mL),
dried over anhydrous sodium sulfate, filtered and concentrated to
give 86 g of foam. This was combined with similar material from two
additional runs totaling 259 mmol of starting nucleoside. The
combined crude foams were dissolved in a minimum of dichlor-
omethane and subjected to silica gel chromatography using 3 L of
silica gel in a 6 L sintered glass B€uchner funnel with a step gradient of
30�75% EtOAc/hexanes to give 83 g of purified product as a foam as
the primary fraction and 16 g of a secondary partially purified fraction.
The primary fraction was suspended in ethyl ether (250 mL), which
immediately gave a fine granular solid. The solid was collected by
filtration and dried (40 �C, 0.2 mmHg, 17 h) to 73.5 g of slightly off-
white powder containing 20 mol % of ethyl ether. The solid was
coevaporated with acetone (200 mL) and redried in a similar manner
to 71.5 g of 4 as a white solid with 2 mol % of acetone, and HPLC
purity of 98.5%. The secondary contaminated fractions were purified
by chromatography to afford an additional 9.0 g of 4 for a total
recovery of 80.5 g (41% yield) of pure product. A small portion of the
trans-isomer 23 (250 mg) was also isolated as an amorphous white
foam solid. For cis-isomer 4: [R]20D = �80 (c 1.0, MeOH); mp
194�197 �C (dec); 1H NMR (400 MHz, CDCl3) δ 7.60 (s, 1H),
6.02 (br d, J = 19.6 Hz, 1H), 5.46 (br s, 1H), 4.90 (sept, J = 6.4 Hz,
1H), 4.84 (br s, 2H, NH2), 4.69�4.42 (m, 4H), 4.40�4.37 (m, 1H),
1.48�1.33 (m, 9H), 1.35 (d, J = 22 Hz, 3H). 13C NMR (CDCl3, 100
MHz) δ 161.7, 159.3, 152.6, 138.1, 116.8, 97.5 (dd, JC�F = 188, 8.3
Hz), 92.6 (d, J = 35 Hz), 79.8 (d, J = 16.7 Hz), 73.9 (d, J = 5.3 Hz),
70.5, 69.5 (d, J = 9.1 Hz), 63.1, 23.9(d, J = 5.3 Hz), 23.6 (d J = 3.8
Hz), 16.1 (d, J = 25 Hz), 14.5; 19F NMR (376.4 MHz, CDCl3)
δ �160.41; 31P NMR (162 MHz, CDCl3 with respect to an external
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standard of triphenylphosphate in CDCl3 set to �17.80) δ �7.18.
LRMS (ESI) [M þH]þ calculated for C16H24FN5O6P 432.4, found
432.4. Elemental analysis: Calcd: C, 44.15; H, 5.37; N, 16.24. Found:
C, 44.21; H, 5.21; N, 15.90; . For trans-isomer 23: [R]20D = �79
(c 1.0, MeOH); Tg 95�105 �C (glass transition); 1H NMR (400 MHz,
CDCl3) δ 7.58 (s, 1H), 5.98 (br d, J = 20.0 Hz, 1H), 5.78 (br s, 1H), 5.10
(br s, 2H), 4.83 (sept, J= 6.4Hz, 1H), 4.63�4.48 (m, 4H), 4.45�4.38 (m,
1H), 1.47�1.21 (m, 12H). 13C NMR (DMSO-d6, 100 MHz) δ 161.9,
159.8, 152.9, 138.3, 116.7, 98.2 (dd, JC�F = 188, 8.3 Hz), 92.8 (d, J = 37.9
Hz), 79.2 (d, J = 16.6 Hz), 75.8 (d, J = 6.9 Hz), 70.8, 69.2 (d, J = 6.8 Hz),
63.1, 23.9 (d, J = 2.0 Hz), 23.8 (d, J = 3.1 Hz), 16.5 (d, J = 24.3 Hz), 14.7.
31P NMR (162 MHz, CDCl3 with respect to an external standard of
triphenylphosphate in CDCl3 set to �17.80) δ �3.74 (s). LRMS (ESI)
[M þ H]þ calculated for C16H24FN5O6P 432.4, found 432.4.
Preparation of Isopropyl Phoshorodichloridate. A solution

of isopropyl alcohol (38.6 mL, 0.5 mol) and triethylamine (69.83 mL,
0.5mol) in dichloromethane (250mL) was added to a stirred solution of
POCl3 (50.45 mL, 0.551 mol) in DCM (250 mL), dropwise over a
period of 25 min at�5 �C. After the mixture stirred for 1 h, the solvent
was evaporated, and the residue was suspended in diethyl ether
(400 mL). The triethylamine hydrochloride salt was filtered and washed
with ether (100 mL). The filtrate was concentrated, and the residue was
distilled under high vacuum (∼10 mm) with a cow-head fraction
collector at 85 �C (bath temperature). The required product was
collected between 42 and 48 �C (distillation head temperature) as a
colorless liquid (82 g, 92.5% yield). 1H NMR (400 MHz, CDCl3) δ
5.08�4.96 (m, 1H), 1.48 (dd, J = 6.4, 0.8 Hz, 6H); 13C NMR (CDCl3,
100 MHz) δ 79.4 (d, J = 9.1 Hz), 22.9 (d, J = 5.3 Hz); 31P NMR (162
MHz, CDCl3 with respect to an external standard of triphenylphosphate
in CDCl3 set to �17.80) δ 6.77
Stereoselective Synthesis of (2R,4aR,6R,7R,7aR)-6-(2-ami-

no-6-ethoxy-9H-purin-9-yl)-7-fluoro-2-isopropoxy-7-meth-
yltetrahydro-4H-furo[3,2-d][1,3,2]dioxaphosphinine 2-Oxi-
de (4). To a stirred suspension of (2R,3R,4R,5R)-5-(2-amino-6-
ethoxy-9H-purin-9-yl)-4-fluoro-2-(hydroxymethyl)-4-methyltetrahy-
drofuran-3-ol (5.0 g, 15.28 mmol) in dichloromethane (75 mL) was
added triethylamine (8.52 mL, 61.1 mmol) at room temperature. The
reaction mixture was cooled to�20 �C, and then was added isopropyl
phosphorodichloridate (3.51 g, 2.64 mL, 19.9 mmol), dropwise over
a period of 10 min. The mixture was stirred at this temperature for
15 min and then was added NMI (2.54 mL, 32.08 mmol), dropwise
over a period of 15 min. The mixture was stirred between �20 and
�15 �C for 1 h and then slowly warmed to room temperature in 20 h.
The solvent was evaporated, and the residue was dried under high
vacuum to remove traces of triethyl amine and excess reagent. The
residue was suspended in ethyl acetate (150 mL), washed with water
(3 � 20 mL) and brine (20 mL), dried over anhydrous sodium sulfate,
filtered and concentrated to∼75mL of volume. The solutionwas filtered
through a pad of silica gel (15 g) and washed with ethyl acetate two times
with 20mL portions. The filtrate was concentrated to∼10mL of volume
and heated at reflux for 3 h. Themixture was cooled to room temperature
and stirred for 3 h. The white solid was filtered, washed with ethyl acetate
(2 mL) and dried to give pure 4 as a white solid (3.52 g, 52% yield).
Analytical data of the product obtained by this method was identical to
the product from original P(III) method.
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