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Aristeromycin and neplanocin A are two examples of potent S-adenosylhomocysteine
hydrolase inhibitors. As a consequence, they show significant broad-spectrum antiviral
activity, however, their clinical potential is limited by toxicity, which is associated with
phosphorylation at their 5'-hydroxyl groups. 5'-Noraristeromycin has been found to
exhibit wide-spectrum antiviral activity with reduced toxicity due to its inability to form
the corresponding nucleotide. To explore new antiviral agents retaining aristeromycin-
based activity while reducing undesired toxicity, 5'-fluoro-5'-deoxyaristeromycin (1), 4'-
fluoro-4'-deoxynoraristeromycin ~ (2), 3,7-dideazaaristeromycin  (3) and 3,7-
dideazanoraristeromycin (4) were synthesized. Compounds 1 and 2 showed moderate
activity against measles but were inactive in other antiviral assays. Compounds 3 and 4

exhibited no significant activity against all viruses tested.
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Another member of the adenosine (Ado) set is sinefungin (5), which is a naturally
occurring analog of S-adenosyl-L-homocysteine (AdoHcy) or S-adenosylmethionine
(AdoMet). The wide-spectrum biological activities (anti-fungal, anti-virus, anti-bacteria
and anti-malarial) are associated with its inhibition of AdoMet dependent
methyltransferases. The application of sinefungin is limited by its toxicity. A convenient

synthesis of sinefungin and related compounds (6, 7 and 8) was developed.
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INTRODUCTION

Viruses are small, infectious particles whose growth, reproduction and propagation
depend on hosts. The components of a viral particle, or virion, include genetic material
(DNA or RNA) and a protective shell called a capsid. Many viral sizes and shapes have
evolved. The shapes vary from simple helical to more complex structures with tails or

1
envelopes.

Life Cycle of a Virus

The life cycle of a virus can be separated into several basic stages, i.e. attachment,
entry, replication, assembly, and release, although the details may differ significantly
between species. The attachment of viruses to host cells is achieved by a specific binding
between viral capsid proteins and specific receptors on the host cellular surface, which
determines the site and infectious scope of a virus.”> The attached virus then enters the
host cell by receptor mediated endocytosis or membrane fusion. The viral capsid is
removed and degraded by viral enzymes or host enzymes to release the viral genomic
nucleic acid.*” Replication follows with the synthesis of viral messenger RNA (mRNA,

except for positive sense RNA viruses, where the viral nucleic acid core serves as an



mRNA) leading to viral protein synthesis and viral genome replication.” '*'" The
necessary viral building blocks synthesized in the host cell, including protein
shells,structure units, capsids, segmented genomes are assembled into a progeny virions.
Maturation of the viral proteins often occurs after the assembly of the virus particles. In

some viruses, this maturation occurs after release of virions.'>'*

Viral Disease and Bioterrorism

Virus-induced common human diseases (these diseases are usually self-limiting, but
antiviral therapy is necessary for immune suppressed patients) include the common
cold," the flu,'® and chickenpox.'” Very serious diseases, like Ebola,'® acquired immune
deficiency syndrome (AIDS)," avian influenza® and severe acute respiratory syndrome
(SARS)*! are also caused by viruses. In addition, viruses can induce life-long or chronic
infections where the viruses continue replicating at a certain rate in the body despite the
adaptive or innate immune response. This is usually seen with people who are infected
with hepatitis B virus (HBV)* and hepatitis C virus (HCV)> viruses. These types of
viruses can be transmitted through high-risk intimate interaction between infected and
healthy people such as unprotected body contact and blood transfusion.

An important point to be considered is the lethal threat that might arise from utilizing

- - - 2428
viruses as biological weapons.

The necessity for anti-biological terrorism plans was
evidenced by the anthrax attacks in 2001 in the United States. Although some viruses,

such as smallpox, were eradicated, the possible use of “eradicated” viruses in

bioterrorism must be taken into account.”’ Other viruses, such as those that cause



hemorrhagic fevers, which can be generated in large amounts in cell culture, and then

3033 This threat is

made transmissible in aerosol form, may become weapons of terrorism.
compounded by the fact that currently there are no vaccines or antivirals available for

. 30
such viruses.

Prevention and Antivirus Strategies

Vaccination is a tactic towards combating illness or the spread of virus by intentional
introduction of antigenic material (antigen) to develop immunity to a disease. The antigen
administered can be either live, or weakened forms of viruses, killed or inactivated forms
of viruses, or purified material such as proteins.' Once a proper vaccine is developed and
administered, it is a very good means to prevent viral diseases, however, for people
already infected, the benefit of vaccination is limited. Developing a vaccine for fast
mutating viruses, such as human immunodeficiency virus (HIV) and influeanza, poses
major challenges, due to the high genetic variable nature of these viruses.**>*

Therapeutics agents directly towards viral infections can be broadly categorized as
agents that assist and fortify host immune defenses, or that attack the virus and its
replicative cycle directly.” Stimulation or protection of the immune system is a strategy
to render host immunity as the viral defense, instead of attacking the viruses directly.
Usually, these sorts of agents stimulate the immune system to fight against a range of
pathogens. Interferon is one example of this class. The well-known "interferon alpha" is

22,23
G,

established as a treatment for hepatitis B and and other interferons are also being

. . . . 39 . . e
investigated as treatments for various diseases.” Some viruses, like vaccinia, influenza



40-47 which allow them

virus, Ebola, and Marburg viruses produce interferon antagonists,
to evade the assault of host immune system. Modifying the innate immune response to
fight against specific virus infections is calling forth a need for a deeper understanding of
the interaction between virus and immune response.*’

In principle, any stage of viral replication cycle can be selected for antiviral target
success. To enter the host cell, a virus must go through a sequence of steps. The initial
step is binding to a specific "receptor” on the surface of the host cells. In this regard, the
cell receptors can be selected as antiviral targets that would block that site.**>* Other
strategies include inhibiting uncoating and envelope fusion.>

During viral replication in a host cell, a number of viral or cellular functional

proteins can be targeted.”™

For example, HIV reverse transcriptase has been a widely
investigated viral specific enzyme. Inhibition of this enzyme suppresses the transition of
single-stranded viral RNA into double-stranded proviral DNA (to be integrated into host
chromosome), which, in turn, reduces the HIV replication and the human immunity is
preserved.”’ Another example is blocking the RNA dependent RNA polymerase of
HCV.!

The last step of the virus life cycle is release of progeny virion from the host cell.
Preventing their release is a strategy that has attracted many researchers. One example of
an antiviral agent of this type is oseltamivir (Tamiflu), which has been successfully

introduced to treat influenza. The antiviral mechanism of Tamiflu is through the

inhibition of neuraminidase, which prevents the release of virus from host cell.”



Nucleoside Analogs as Antiviral Agents
Nucleosides (Figure 1) are naturally occurring biomolecules, which serve as

fundamental building blocks for DNA and RNA.
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Figure 1. Naturally Occurring Nucleosides

The distinguishing structural characteristic of natural nucleosides shows a
heterocyclic base moiety bonded to a ribofuranose in the beta configuration. The major
purine base components in these nucleosides are adenine and guanine. The major
pyrimidine base residues are cytosine, uracil (in RNA), and thymine (in DNA).
Nucleosides are involved in a number of important biological metabolisms.”* As a

consequence, nucleoside analogs show a variety of biological activities, including

64-67 168, 69 1 70, 71

medicinal effects of anti-viral,63 anti-cancer, anti-funga and anti-malaria

Particularly relevant to this research are the antiviral activities of nucleoside and
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nuleotide analogs with great clinical potential.””™ Among more than thirty FDA
approved antiviral agents (not including interferons and immunoglobulins), many are
nucleoside/nucleotide analogs. For example, FDA-approved HIV reverse transcriptase
inhibitors zidovudine, didanosine, zalcitabine, stavudine, lamivudine, abacavir,
emtricitabine, and tenofovir disoproxil (Figure 2) are among them.>

These nucleosides are inhibitors of reverse transcriptase after conversion into the
corresponding 5’ triphosphates by cellular or viral kinases. Subsequently, they are
incorporated into the viral DNA chain, leading to viral DNA chain termination by their

lacking a 3’-hydroxyl and inhibition of reverse transcriptase.>®
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Figure 2. FDA-approved NRTI'’s and NtRTI
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AdoHcy Hydrolase as an Antiviral Therapy Target

The symbiotic relationships between viral pathogens and hosts have led to viral
adaptation to host cellular mechanisms for entry, replication, assembly and progeny
releasing. In addition to the viral specifically encoded components, the host cell also
persents possible synthetic targets for developing of antiviral agents. The advantage of
targeting a host process opens the door to development of broad spectrum antiviral agents.
Once a common host pathway is blocked, all pathogens that rely on this pathway will be
inhibited. This is especially useful for fighting against emerging or gene-engineered
bio-pathogens, since valid vaccines or specific antivirals are not already available. A
further advantage of this approach is less likelihood of drug resistance, since there are a
limited number of alternative cellular pa‘[hways.30

S-Adenosyl-L-homocysteine (AdoHcy) hydrolase (EC 3.3.1.1), which is a cellular
enzyme, fits this promise and has been regarded as a target for wide spectrum antiviral

agent development.’” %

AdoHcy hydrolase catalyzes the reversible hydrolysis of
AdoHcy to adenosine (Ado) and homocysteine (Hcy). The reaction is favored in the
synthetic (reverse) direction. However, the fast removal of Ado and Hcy by metabolism
(Ado is removed by Ado deaminase and Ado kinase, and Hcy follows to the cysteine
synthesis and methionine regeneration) moves the reaction forward. The intracellular
AdoHcy level will increase if AdoHcy hydrolase is inhibited. The accumulation of
AdoHcy, in turn, inhibits essential S-adenosylmethionine (AdoMet)-dependent
methylation reactions, where the AdoHcy is both the product and a potent feedback
inhibitor (Figure 3). AdoMet dependent methylation is required for final maturation of

the capped mRNA (Figure 4) from cellular and viral sources. Therefore, by inhibition of

7



AdoHcy hydrolase, the processing and maturation of viral mRNAs may be inhibited. As a
consequence, requisite proteins and enzymes for progeny virion assembly are not

generated.
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Figure 3. Feedback Inhibition of Methyltransferases by AdoHcy
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methylated 5' end of mMRNA (cap 2)

Since the AdoHcy hydrolase inhibitors exert their antiviral activities through

suppressing the methylation of mRNA, it is not surprising that some viruses, like

poliovirus, have polypeptide capped 5’ end of mRNA, which was not methylated,”**® are

intrinsically insensitive to this type of compounds.” On the other hand, because AdoHcy

hydrolase is a cellular enzyme, it might be expected that its inhibition would lead to

general suppression of cellular protein synthesis and subsequent host toxicity. However,

examples exist where this is not a major drawback. For example, the successful treatment

of filovirus by an AdoHcy hydrolase inhibitor without significant toxicity is noteworthy,

and this may be the result of two mechanisms.”’ First, the fast replicative nature of the

virus leads to increased demand for protein synthesis in the virally infected cells

compared to uninfected cells. This would result in a greater demand for viral mRNA
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methylation, which would render the methyltransferase more sensitive to inhibition by
the bio-feedback partner, AdoHcy. Therefore, the elevated AdoHcy levels would
significantly inhibit the activity of methyltransferases. Second, the virally encoded
methyltransferase may have a different binding constant with AdoHcy compared to
cellular methyl transferase. As a consequence, the preferential inhibition of viral
methyltransferase would occur, producing significant antiviral activity with tolerable, or
no toxicity. Undoubtedly, long term inhibition of AdoHcy hydrolase will suppress
general cellular protein synthesis, leading to severe toxicity; Wolfe and Borchardt have
suggested that “a temporary and partial inhibition, while not seriously altering cell
function, may allow phosphatases and ribonucleases to destroy the foreign (that is, viral)
mRNAs. After removal of the AdoHcy hydrolase inhibitor, favorable cellular mRNA cap

methylation could resume and full protein synthesis would ensue”.**

Mechanism of AdoHcy Hydrolase

The mechanism by which AdoHcy hydrolase acts is shown in Figure 5.°"'% The 3’
hydroxyl group of AdoHcy (I, forward direction) or Ado (VII, reverse or synthetic
direction) are first converted to 3'-keto derivatives (Il or VI) via the oxidation by
enzyme-bound NAD". This increases the acidity of 4'-proton and causes it to be
abstracted by an enzyme base. The resulting carbanion species (III or V) facilitates an
elimination of the 5'-substituents, Hey (forward) or water (reverse), to give the central
intermediate 3'-keto-4',5'-dehydroadenosine (IV). A Michael type addition of water
(forward) or Hcy (reverse) to this central intermediate, followed by reduction of

10



corresponding 3'-keto intermediates (II, VI) by the NADH, completes the AdoHcy
hydrolase catalyzed “hydrolysis” (forward) or synthesis (reverse) of AdoHcy, resulting in

the formation of the final product, Ado (VII) or AdoHcy (I).
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Figure 5. Mechanism of AdoHcy Hydrolase
AdoHcy hydrolase contains four identical subunits (denoted as A, B, C, and D).'% "
19121 11 each subunit, there exists three domains: a large N-terminal domain for
substrate-binding, a large cofactor binding domain, and a smaller C-terminal domain. The
small C-terminal domain of A extends to the adjacent subunit B and forms part of the
cofactor-binding site in that subunit. Also, the small C-terminal of B subunit inserts into
A in the same manner and serves as part of cofactor binding domain. The same reciprocal

penetration between A and B subunits also appears in C and D. However, the similar
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linkage is not present between AB and CD. Therefore, the AdoHcy hydrolase can be
regarded as dimer of dimers. A typical crystal structure of AdoHcy hydrolase is shown in
Figure 6, where the substrate binding domain is bound to neplanocin A in its 3’-keto form

( PDB code: 1L14).""

NADH 3'-keto NpcA

Figure 6. Ribbon Structure of AdoHcy Hydrolase
Up to now, ten three dimensional structures of AdoHcy hydrolase from different
sources are available, ' 107 113 114, 116, 118121 py, protein data bank codes are: 1LI4, 1B3R,
1A7A, 1D4F, 1KY4, 1KYS5, 1V8B, 1XWF, 1K0U, and 2H5L. The crystal structures show

that in the absence of substrate, the NAD" binding domain and substrate binding domain

12



114

are quite far from each other. The enzyme is in an “open” state.” ~ Upon binding of
substrate, the enzyme shifts to a “closed” state, where the cofactor binding domain and
substrate binding form come close.'”’” Based on the crystal structure, a detailed catalytic
mechanism is proposed for this enzyme from rat liver, which bears 431 amino acid

"4 19 I this case, Glul55 abstracts the O3-H proton,

residues in each identical subunit.
while the C3-H proton is removed by NAD". General acid-base catalysis is performed by

His54 or Asp130. The oxidation state of the bound NAD" is regulated by Cys194.

Inhibitors of AdoHcy hydrolase

Since inhibition of AdoHcy hydrolase has been targeted for antiviral drugs design, a
number of potent inhibitors have been synthesized and evaluated.* Several examples of
this class are shown in Figure 7, i.e., aristeromycin (Ari), noraristeromycin (Norari),
neplanocin A (NpcA), 3-deazaaristeromycin, 3-deazaneplanocin A, and 2-fluoro and 6'-
methyl derivatives of neplanocin A. Poxviruses (i.e., vaccinia virus), and rhabdoviruses

. . .. . .. 84
(i.e., vesicular stomatitis virus) are very sensitive to these compounds.
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Figure 7. Examples of Potent AdoHcy Hydrolase Inhibitors
Ari and NpcA were two naturally occurring nucleosides. Ari was separated from the
metabolites of Steptomyces citricolor in 1968,'** and NpcA was isolated from
Ampullariella regularis in 1981.'"% '** Ari showed antiviral activity by inhibition of
AdoHcy hydrolase.*” Two mechanisms of NpcA's antiviral activity have been

d'® 2. (1) inhibition of AdoHcy hydrolase and (2) transformation into

propose
S-neplanocylmethionine, which is an AdoMet analog and acts by inhibiting the
methyltransferase directly. In the first case, NpcA anchors to the active site of AdoHcy
hydrolase with a high affinity and is oxidized by enzyme bound NAD" into its 3'-keto
form. This causes the enzyme to enter the closed state and lose catalytic capability.'”’

The cytotoxicity, which was believed to be a result of cellular C5’ phosphorylation,
has limited the further application of Ari and NpcA as broad spectrum antiviral agents.
This phosphorylation by the sequence of adenosine kinase, adenylate kinase and
nucleotide diphosphate kinase convert Ari or NpcA into the 5'-mono/di/triphosphates

127-131

respectively (Figure 8). The monophosphate of Ari can also be converted into the

14



inosine analog by adenosine monophosphate deaminase, and further to the carbocyclic
guanosine monophosphate derivative. Instead of deamination of the monophosphate,
NpcA is directly converted to the inactive inosine form by adenosine deaminase. The

triphosphates of Ari and NpcA, resemble ATP in structure, leading to deleterious

132-134
effects.
NH; NH, NH, NH,
ST 08 ST wde, (U ol 4TV
HO NN ©o-P-0 N N/) Cotp-oh NNF CokP-ok N N7
. o© b’ _ . 0 o
HO  OH HO OH HO OH HO OH
Ari Carbocyclic AMP Carbocyclic ADP Carbocyclic ATP

HO oM HO  OH HO OH HG  OH
NpcA NpcA monophosphate NpcA diphosphate NpcA triphosphate
Figure 8. Phosphorylation of Ari and NpcA by Cellular Kinases

The further design of Ari and NpcA analogs, with the expectation of retaining their
high activities while decreasing toxicity, focused on introducing structure modifications,
which prevent or decrease the tendency of C5’ phosphorylation.

Not surprisingly, much effort has been devoted in this undertaking. Since the
5'-hydroxyl group is the site at which phosphorylation occurs, a number of Ari analogs
with a modified 5’ position were designed and synthesized. This strategy includes (but is
not limited to) (1) removal of the 5" hydroxyl group; (2) increasing the steric hindrance at

the 5’ position; and (3) a change in chain length at the 5’ position (Figure 9).
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NH, NH,
N X
N N NN N B N B
Ho ¢ jl\)\/) < Ho f\N Ho ¢ f\N
v RAL N/) N N/) (Vn N N/)
= Y
HO OH HO OH HO E)H HS %)H
Ari or NpcA R=groups without OH group n=0,1,2, ...

Figure 9. Design of Ari or NpcA Analogs by 5’ Position Modifications
For example, Borchardt's group synthesized truncated analogs of Ari and NpcA, as well

135-138

as their 3-deaza counterparts (Figure 10). These compounds showed potent antiviral

activity, while the associated toxicity was greatly decreased.

NH; NH,
N X N
N NN
< <
N )(‘jJ N )(49
HO OH HO OH
X=N, DHCaA X=N, DHCeA
X=C, c3-DHCaA X=C, c3-DHCeA

Figure 10. Truncated Analog of Ari and NpcA
The Schneller group developed chain-length modified analogs of Ari, as well as a

139-142 . . .
5'-Noraristeromycin (Norari)

sterically encumbered analog of Ari (Figure 11).
showed significant antiviral activity against human cytomegalovirus (HCMV), hepatitis
B virus (HBV), measles, influenza, and vaccinia virus. This compound is much less toxic
than Ari."**"*” Homoaristeromycin showed potent activity towards vaccinia, cowpox, and
monkeypox viruses, with little associated toxicity.'*! Subsequently, targets 1 and 2
(Figure 12), the derivatives of Ari and Norari, where the 5" and 4’ hydroxyl groups were

replaced by fluoride, were designed and synthesized for this dissertation project, since the

fluoride is incapable of phosphorylation.
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N N A ~N

7 N

<A <1 <
HO N~ N N7 N HO N™ °N
W
HO OH HO OH HO OH
Noraristeromycin Homoaristeromycin 5'-methylaristeromycin

Figure 11. Chain-length Modified and Sterically Encumbered Analogs of Ari

NH, NH,
N X N
N N
< <
F N 7 F N 2
HO OH HO OH
5'-Fluoro-5'-deoxyaristeromycin (1) 4'-Fluoro-4'-deoxynoraristeromycin (2)

Figure 12. Targets 1 and 2

A second method to reduce the possibility of phosphorylation was to modify the base
moiety, since it was well known the 3-deazaadenosine is not phosphorylated. The 3-deaza
version of Ari and NpcA were synthesized (Figure 7). As expected, these analogs show
potent antiviral activities and decreased toxicity.'* '*

Examples of other modified base analogs include 2-halopurine, 8-methylpurine,
1-deazapurine, and 7-deazapurine. 7-Deazapurine nucleosides, either naturally occurring
or synthesized, exhibit antibacterial, antifungal, antiviral and anticancer activity (Figure
13).'* While, of course, replacement of a nitrogen atom in the purine ring with a CH

does not change the shape of the base, other properties, such as basicity of the 6-amino

group and hydrogen bonding formation capability in various positions (that is 1, 3, 7),

17



will be different from the purine base. Furthermore, deazapurines make it possible to
attach substituents at the 1, 3 and 7 positions, which is not possible for the parent purine
ring. With this in mind, it is interesting to consider pursuing 3,7-dideazapurine nucleoside
analogs. Therefore, targets 3 and 4 (Figure 14) for this dissertation research (the dideaza

counterparts of Ari and Norari analogs) were sought.

R O
gyji%§Nl 7 \H
/

8 8 l
oN 4J2 N A

HO 0 NT4AN HO o9 N™ 2 NH;
Ao hoAs
HO OH HO  OH
R: H, CN, CONH,, NH, R: H, COOH, etc.
OH, I, etc.

Figure 13. Natural and Synthesized 7-Deazapurine Nucleosides

NH> NH;
8 » s/ || N1
HO IN"4 2 HO ON" 4 Z 2
el :
HO OH HO OH
3,7-dideazaaristeromycin (3) 3,7-dideazanoraristeromycin (4)

Figure 14. Targets 3 and 4

18



Methyl Transferase Inhibitors: Sinefungin and Its Analogs
As mentioned above, the Ado derivatives exert their antiviral activity by inhibition of

AdoHcy hydrolase. Meanwhile, some Ado analogs (like NpcA) are metabolized into

125,126

AdoHcy analogs, which may inhibit cellular methyltransferases as a result of their

effects on AdoHcy hydrolase, or selectively inhibit virally coded methyltransferases.
Another member of the Ado set is sinefungin (SF, or A9145), which is a naturally
occurring analog of AdoHcy or AdoMet (Figure 15). It was isolated from Streptomyces

griseolus (NRRL 3739)"® 7 and showed potent antimalarial,'**'>* antibacterial,'>

154-156 157-160
1 17

antifunga and antivira activities. The bioactivity of sinefungin is associated

154, 161-174

with its inhibition of AdoMet dependent methyltransferases. However,

146-148

sinefungin was limited in application by its toxicity. Thus, the synthesis of

175-185

sinefungin, sinefungin analogs with modification on the side chain or the base,

199, 200 : .
» 77 and biosynthesis

186194 AdoHcy analogs,'””"® carbocyclic sinefungin (analogs),
(effect) of sinefungin®®'?*, have attracted a lot of researchers. An efficient, practical and
diverse synthesis of sinefungin and related compounds has been developed in the
Schneller group. This method has been successfully applied to the total synthesis of

199 . . . . . .
For this dissertation research, an enantioselective, efficient and

carbocyclic sinefungin.
high yielding route to sinefungin that is adaptable to various modified compounds

including modification at C6’ position (Figure 16) was sought.
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OHHO OH

X =H, OH, NH,, N3, F and OMe (R or S)

Figure 16. Target 5: Sinefungin and Related Compounds

Since AdoHcy 1is a potent feedback inhibitor of AdoMet-dependent
methyltransferases, it is interesting to design and synthesize analogs of AdoHcy itself that
highly resemble AdoHcy and can serve as a competing inhibitor of methyltransferases.
The AdoHcy analog may also acts as an alternative substrate for AdoHcy hydrolase,
leading to elevated levels of parent AdoHcy and inhibition of methylation. With these
guidelines, oxa-AdoHcy, an AdoHcy analog, where the side chain sulfur was replaced by
an oxygen, was designed and synthesized (Figure 17) in this project. Simultaneously, the

Ari and NpcA version of oxa-AdoHcy analogs were also investigated (Figure 18).
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NH,

Yoy
H,N

0° OHHO OH
6

Figure 17. Target 6: Oxa-AdoHcy

NH, NH,

Figure 18. Targets 7 and 8: Ari and NpcA Version of Oxa-AdoHcy
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5'-DEOXY-5'-FLUORO ARISTEROMY CIN

Experimental Design and Synthesis

Adenosine, the natural product of AdoHcy “hydrolysis”, is in the D-configuration.
The naturally occurring Ado analogs, Ari and NpcA are D-like analogs. It is not
surprising that most of the high ranking AdoHcy hydrolase inhibitors are of D-like
conﬁguration.84 For example, D-like Noari is much more potent than its L-like

counterpart. 139

As a consequence, in the search for new hydrolase inhibitors, the D-like
Ado analogs are designed and synthesized as a priority.

As mentioned previously, the toxicity of Ari is associated with the
5'-phosphorylation. Thus, Ado analogs incapable of C-5' phosphorylation (or with less
tendency to do so), are worthy targets. In that direction, the D-like

5'-fluoro-5'-deoxyaristeromycin (1) was selected as a synthetic target for this dissertation

research. The initial retrosynthetic plan for this goal is shown in Scheme 1.
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F HO— N~ N = OH
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1 \\\“ 7 o

19 16

|
HO_\QWOH . GO

HO  OH j
D-Ribose
14

Scheme 1. Initial Retrosynthetic Analysis to 1

1

To ensure the D-like configuration, the synthesis was envisioned as starting from
commercially available D-ribose, which has the predefined requisite stereochemistry. The
key intermediate, the D-like cyclopentenone 14, is a common beginning point for various
carbocyclic adenosine analogs. Thus, the large scale synthesis of 14 was sought. In the
Schneller group, a facile synthesis of (4R, 5R)-4,5-O-isopropylidene-2-cyclopentenone
has been developed.”™ Optimization of this pathway to avoid the volatility of the
intermediate aldehyde (2R, 3R)-2,3-O-isopropylidene-pent-4-enal has been achieved in
this dissertation research by shifting the glycol protecting group from isopropylidene to

cyclopentylidene (Scheme 2).

23



Scheme 2. Optimization of Enone Synthesis

o O
S e T i
HO \< o_ 0O

N Volatile intermediate
HO  OH \-
D-Ribose - :\—/:O GO

~ = —_— —

O O N -

w A
\ /7 o f

11 14

As shown in Scheme 3, protection of D-ribose with cyclopentanone and methanol in
the presence of trimethyl orthoformate and a catalytic amount of sulfuric acid gave 9. The

primary alcohol moiety of 9 was substituted with iodine using the combination of

204
0.

triphenylphosphine (TPP), imidazole, and iodine chips to give derivative 1 Reductive

elimination of 10 with activated zinc powder in hot methanol yielded aldehyde 11.%%

Treatment of 11 with vinyl magnesium bromide gave diene 12 as mixture of two
diastereoisomers. Ring closure metathesis of olefin in the presence of Grubbs catalyst (1%

206
3,

generation) gave 1 which was not isolated. Instead, compound 13 was further

17 to provide the key intermediate 14. With 14

oxidized with a modified Swern protoco
in hand, a Michael addition of vinyl magnesium bromide under the catalysis of copper (I)

salt and chlorotrimethylsilane (TMSCI) afforded 15,°® which was not isolated but

transformed into 16 by a Luche reduction.*”’
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Scheme 3. Synthesis of Key Intermediate 16

HO HO I
_@MOH O\ .~OMe O .~OMe
/ Cyclopentanone PhaP, 15

N - N imi 0
HO OH HC(OMe);, MeOH imidazole,89%

H,SO, (cat.),79% O ‘
D-Ribose \\ 7 \\ 7

o

o 10
n-BuLi
-78 °C
i | "105%"
4
OH _ oH B
GM Grubbs cat. ‘\_; VinylMgBr, 84% —\_/—o
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O: iO 4. o s 3
13 12 "

DMSO, SOz-pyridine complex
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@) - o] T ~OH
VinyIMgBr NaBH,,

N CuBr-SMe, Iz CeCl3-7H,0 N
O: i0 TMSCI O: iO 63% O: iO
14 15 16

Introduction of the base moiety was next considered (Scheme 4). The 6-chloropurine

was used as adenine building block. Thus, 6-chloropurine was installed by a Mitsunobu

- 210 211
coupling™ ™

with 16 to give 17 as a mixture with diisopropyl
hydrazine-1,2-dicarboxylate, which was used for next step withouth further purification.
Oxidative cleavage of the double bond of 17 using sodium metaperiodate with a catalytic

212,213

amount of osmium tetroxide resulted in 18. This was not isolated, but reduced with

sodium borohydride to yield 19. The desired fluoro compound 20 could not be achieved
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by various methods of fluorination (for example, combination of N,N-diethylaminosulfur
trifluoride (DAST) and pyridine; conversion of 19 into corresponding “mesylate/tosylate”
and treatment with sodium fluoride). Careful examination of NMR spectrum of the
fluorination products mixture indicated that the 6-chloropurine moiety may interfere with
the transformation of the hydroxyl group into fluoride, since the hydroxyl group was
missing, while the expected fluoromethyl group was not present.

Scheme 4. Initial Attempt to 1

Cl Cl
$ = PhgP, DIAD sz NalOy, 0sO, 5. %
O O g-chioropurine O o Ojo
N 7 58% \ Y
16 17 18
NaBH,
CeClg-7H,0
Cl 41% (from 17 Cl
N
= N
20 19

Realizing the difficulty of introducing fluoride in the presence of 6-chloropurine
moiety, it was decided to introduce the purine base at a later stage, while introducing the

fluorine at an earlier stage. A revised retrosynthetic plan is shown in Scheme 5.
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Scheme 5. Revised Retrosynthetic Analysis towards Synthesis of 1

F— NN F—\OQH HO— OPMB
S B - < ':C
HO OH o__0O 5.«
1 \\\\‘ 7 \ /7
24 22

The execution of this plan is shown in Scheme 6. Protection of the secondary
hydroxyl group of 16 with the para-methoxybenzyl (PMB) group gave 21. Oxidative
cleavage of the double bond of 21 followed by Luche reduction produced 22.
Fluorination of 22 with DAST*'* successfully yielded the desired 23. Removal of the
PMB protecting group of 23 with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) formed
24 in good yield. Subjecting 24 to a Mitsunobu coupling with
9H-6-di(butoxylcarbonyl)aminopurine (Ad(Boc),) provided 25. Acid deprotection of 25

successfully gave 1.
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Scheme 6. Synthesis of Target 1
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4'-DEOXY-4'-FLUORONORARISTEROMYCIN

Experimental Design and Synthesis

D-Noraristeromycin, designed and synthesized by the Schneller group, shows potent
antiviral activity with little associated toxicity."”> Encouraged by this result, similar
compounds were sought. Out of this, 4'-fluoro-4’-deoxynoraristeromycin (2) was sought,
since replacing the 4’-hydroxyl group with fluoride would abolish the potential capability
of undesired 5'-noraristeromycin phosphorylation by a cellular kinase.

A convergent synthetic strategy was planned. The chosen retrosynthetic analysis is
shown in Scheme 7. The basic idea was to build the desired carbocyclic moiety 37, then
couple it with a purine base under Mitsunobu conditions to give desired compound.

Scheme 7. Retrosynthetic Analysis of 2

NH,»
F N Né’l F OH 9F| OPMB

@ _ @ _ Q _ HO@OAC
072 /- /-

37 35 26

O
O
o
O
O
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The synthesis began with (1R,4S)-4-hydroxycyclopent-2-enyl acetate 26, which was
prepared in large scale by a routine method used in the Schneller group.””® Protection of
the secondary hydroxyl group with the tert-butyldimethylsilyl (TBS) group gave 27.

Dihydroxylation®'’

of 27, followed by glycol protection, yielded 28. Removal of the
acetyl group of 28 with ammonia in methanol gave 29. Pyridinium chlorochromate (PCC)
oxidation of 29 yielded 30. Luche reduction of 30 afforded 31. The secondary hydroxyl
group of 31 was protected as a PMB ether furnishing 32. Removal of the silyl group of 32
with tetra-n-butylammonium fluoride (TBAF) formed 33, which was subjected to a PCC
oxidation and the Luche reduction to avail 35. Fluorination of 35 with DAST yielded 36.
The PMB protecting group of 36 was removed by DDQ, producing the key intermediate

37. Mitsunobu coupling of 37 with 6-chloropurine afforded 38. Subsequent amination of

38 led to 39, which was deprotected to give 2.
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Scheme 8. Synthesis of 2
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To elucidate the relative configuration of 2, ge-NOESY, ge-COSY and ge-HMBC

were conducted on Bruker 400 NMR spectrometer. The following correlations were

observed (Figure 19):
NOESY:

HI'—

HS5' beta (weak), H5" alpha (strong), H2', H4', 2’OH, 3'OH

H2'—HS5' beta (strong), H5" alpha (very weak), H3' (strong), 2’OH, 3’'OH

H3'—HS5’ beta (moderate), H2', H4’, 3'OH, 2'OH
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H4'—H1', H5 alpha (strong), H5' beta (moderate), H3' (moderate), H2' (very weak),

2'0OH (moderate), 3'OH (moderate)

H8—HI1’ (strong), H2' strong), H3' (very weak), H5" beta (strong), 2'OH (very

weak), 3'OH (very weak)

HMBC:

H1'—C4 (150.2), C8 (140.2), C2' (73.7), C5" (33.3)

H2—C4 (150.2), C6 (156.0)

H8—C4 (150.2), C5 (119.4)

The dependence of NOE on the inverse of the distance to the sixth power allows for
an estimation of the internuclear distance. According to this principle, a NOE between
H1' and H4' indicates that they are in syn configuration, since the distance between H1'
and H4' is shorter when they are in Syn configuration, compared to anti configuration.
Similarly, the NOE correlations of H8—H?2' and H8—HS5' (beta) supports the conclusion
that adenine is connected to cyclopentane ring in the desired beta configuration. Normal
N’ product was confirmed by three-bond coupling between H1' and C4 (150.2), C8

(140.2).

N
—
y/ NH,

NOESY correlationship HMBC correlationship

Figure 19. NOESY and HMBC Correlationship in DMSO-dg
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3,7-DIDEAZA ARISTEROMY CIN AND NORARISTEROMYCIN

Experimental Design and Synthesis

3-Deaza purine nucleosides show potent antiviral activity. For example, 3-deaza Ari
and 3-deaza NpcA display significant activity, while their associated toxicity (relative to
Ari and NpcA) was greatly reduced.®* Similarly, 7-deazapurine nucleosides demonstrate
a wide range of biological effects.'* Combining these two structural features to create
new modified base analogs of Ari or NpcA with decrease in related toxicity, leads to
investigating 3,7-dideaza adenine as a novel modified purine base.

The synthesis was planned in a convergent strategy (Scheme 9), where the proper
carbocyclic sugar moiety was seen as coupling with 3,7-dideaza-6-chloropurine to give
the desired compounds. The carbocyclic sugar was to be derived from the common
intermediate 26. The modified purine base was foreseen from commercially available

pyrrole-2-carboxaldehyde, by modifying a literature process. *'®
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Scheme 9. Retrosynthetic Analysis of 3 and 4

NH»
~N PGO
HO (/\/C NG ¢
)n N ; SN
 — — + 4 l P
S o0 N
HO OH /- H
3, n=1 3,7-dideaza Ari PG=protecting group 6-ClI-3,7-dideazapurine
4, n=0, 3,7-dideaza Norari LG=leaving group
HO  OAc T
H \ /)
26 1H-pyrrole-2-carbaldehyde

Synthesis of 6-Chloro-3,7-dideazapurine

Synthesis of 6-chloro-3,7-deazapurine started from pyrrole-2-carboxaldehyde
(Scheme 10). Protecting the ring nitrogen of pyrrole-2-carboxaldehyde gave 40. Aldol
condensation of 40 with malonic acid resulted in 41, which spontaneously
decarboxylated to 42. Transformation of the carboxylic acid of 42 into mixed anhydride
afforded 43, which was further treated with sodium azide to provide 44. A thermally

*of 44, followed by a subsequent Friedel-Crafts like

induced Curtius rearrangement
‘acylation’ provided 46. Removal of the benzyl protecting group of 46 with sodium metal

in liquid ammonia furnished 47. Chlorination of 47 gave 48.
34



Scheme 10. Synthesis of 6-Chloro-3,7-dideazapurine
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Synthesis of 3,7-Dideaza Aristeromycin

The synthesis of 3,7-dideaza Ari began with 26 (Schemell), which was transformed
into 49 in moderate scale (up to 20 g) using a methodology developed in Schneller
group.”” A Michael type 1,4-addition of the lithium salt of tert-butyl methyl ether
catalyzed by copper (I) provided 50. Luche reduction of 50 gave 51. Since Mitsunobu
coupling of 48 with various carbocyclic pseudosugars failed to yield desired compounds,
a classical SN2 reaction approach was taken into account. To minimize the possible

accompanying elimination, triflate was selected as the Sy leaving group. Thus, treatment
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of 51 with trifluoromethanesulfonic anhydride in the presence of pyridine in
dichloromethane yielded 52. It must be mentioned that the triflate 52 was not stable for
long storage at room temperature (it became black). Coupling of triflate 52 with the
sodium salt of dideaza base 48 gave 53 in moderate yield. Removal of the isopropylidene
protecting group and tert-butyl group of 53 in strong acid conditions afforded 54. Direct
amination of 54 with ammonia in methanol failed to yield desired product. Therefore, a
two-step, one pot procedure was applied. The chloride in 54 was replaced by hydrazine at
high temperature to produce 55. Reduction of 55 with Raney nickel gave 3 as its

hydrochloride salt.
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Scheme 11. Synthesis of 3,7-Dideaza Ari
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Synthesis of 3,7-Dideaza Noraristeromycin
The synthesis of 4 started from 31, as shown in Scheme 12. Transformation of 31
into the corresponding triflate gave 56, which was coupled with the sodium salt of

6-chloro-3,7-dideazapurine to produce 57. Compound 58 was obtained by removal of the
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protecting groups of 57. Using the aforementioned two-step, one pot procedure, 58 was
converted to the hydrazine derivative 59, which was, in turn, reduced with Raney nickel

to produce 4 as its hydrochloride salt.

Scheme 12. Synthesis of 3,7-Dideaza Norari
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DEVELOPING AN ALTERNATIVE SYNTHESIS OF SINEFUNGIN AND

RELATED COMPOUNDS

Experimental Design and Synthesis

Despite of a number of total syntheses of sinefungin (Figure 15) and related
compounds,' > a high yielding and versatile synthetic method remains to be decribed.
To explore the preparation and activities of sinefungin and its derivatives, a
high-efficiency synthetic pathway was sought in this dissertation research. For this
purpose, the structure of sinefungin was separated into several building blocks: the
terminal amino acid residue, the 6’-amino moiety, the furanose sugar and the adenine base.
A practical and versatile synthesis of sinefungin will require bringing together these

building blocks in the proper order.

Figure 15. Sinefungin
A detailed screening of the literature showed that the amino acid residue can be

introduced by means of a Schollkopf chiral auxiliary (Figure 20),'*** which is an
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O-alkyl ether of a cyclic dipeptide. The stereoselectivity in using this auxiliary comes
from the directing effect of the isopropyl group via masking one surface of the

intermediate (that is the Schollkopf carbanion).

LG
N favored
> 27 "BuLi /@ 27
N X_>
dlsfavored
R=Me or Et X=other functional groups

LG=leaving group
Figure 20. Stereoselectivity of Schollkopf Auxiliary

Since azide is a good synthon for an amino group,”' it was designed to be the source
of the 6-amino group, which, in turn, can be derived from an alcohol substituent. To
build the correct stereochemistry for the 6’ position, a stercoselective addition of
carbanionic species to an aldehyde was considered. Previous reports from the literature
indicated that a Brown asymmetric allylation of an aldehyde would meet this
criterion.””>?* The stereoselectivity of the Brown allylation is achieved by a cyclic
six-membered ring transition state mechanism, in which one face of aldehyde is shielded
by chiral auxiliary (Figure 21).*° The sugar moiety of sinefungin can be derived from
D-ribose, since it has the desired stereochemistry. The adenine base segment follows

from 6-chloropurine.
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Figure 21. Stereoselectivity of Brown Allylation
With these ideas in mind, a retrosynthetic analysis arose (Scheme 13). In this plan,
the furanose sugar segment serves as the scaffold upon which to build the structure. All of
the desired functional groups, i.e., the 6’-amino group, the amino acid residue and the
purine are connected to this scaffold by the methods just described.

Scheme 13. Retrosynthetic Analysis of Sinefungin
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In previous investigations in the Schneller group (Scheme 14), a methyl ether was
selected as the anomeric hydroxyl protecting group, due to its ease of introduction.
However, eventual cleavage of the methyl ether under strong acid conditions gave
intractable products (Scheme 14). Thus, the anomeric hydroxyl group must be protected
by a group that can be removed under mild conditions. To meet this criterion, PMB ether

was considered as a protecting group, since its removal could be achieved conveniently

by DDQ.
Scheme 14. Protection of Anomeric Hydroxyl as Methyl Ether
o. ,OMe
D-ribose strong acid

intractable products

—_—

The synthetic pathway towards sinefungin started from D-ribose (Scheme 15). The
vicinal hydroxyl groups were protected in the isopropylidene framework to give 60. The
anomeric hydroxyl of 60 was protected with PMB group to produce 61. Dimethyl
sulfoxide (DMSO) oxidation of 61 formed 62, which was converted to 63 via a Wittig
reaction. Hydroboration and oxidation of 63 led to 64, which was further treated with
PCC to yield 65. Brown allylation of 65 gave 66. The stercochemistry of 66 was
tentatively assigned according to methodology established in the literature:***** when
(+)-B-methoxydiisopinocamphenylborane ((+)-Ipc,BOMe) is used as chiral auxiliary, the
Re face of the aldehyde is masked (the nucleophile attacks the aldehyde from the Si face).
Mesylation of 66, followed by treatment with sodium azide, provided 67. Double bond

cleavage of 67 was performed by a combination of osmium tetroxide and sodium
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metaperiodate. However, this method resulted in a low yield of the desired compound 68,

together with 69, 70 and intractable materials.

Scheme 15. Synthesis of Compound 68
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A possible pathway to this complication was analyzed via Scheme 16. Compound 67
was converted to 71 by osmium tetroxide. Cleavage of the vicinal hydroxyls of 71 with
sodium metaperiodate gave intermediate 72, which was reduced by NaBH,4 to produce
desired compound 68. The intermediate 72 also tautomerizes to 73. Since 73 bears a

double bond, this can be oxidized to give 74. Compound 74 underwent a dehydration
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reaction to yield 69. Also, 74 can be cleaved by sodium metaperiodate to give 75, which
can tautomerize to 76 and undergo further reactions, leading to intractable products,
making the isolation of 68 difficult. Similar results have been reported in the literature.”*

To circumvent this complication, a three step procedure was used to prepare the
desired 68. Hence, compound 67 was converted to 71 by a combination of osmium
tetroxide and 4-methylmorpholine N-oxide (NMO). The application of the Sharpless
dihydroxylation protocol (AD-mix-alpha or AD-mix-beta) also gave 71. Treatment of 71
with sodium metaperiodate gave 72, which was reduced with sodium borohydride to
provide 68.

Scheme 16. Proposed Side Reactions in Double Bond Cleavage by OsQ4/NalO4

N3 N3 N3 N3
o. ,OPMB HO o. ,OPMB o. ,OPMB o. OP
7 % NaBH MB
\_/ 0s0O, \_ NalO, | o \__/ aBH; o \_/
(576 OH (57/6 (57/53 o_ 0O
67 71 72 68
N3 N3 N3

HO, HO ; ;

o. ,OPMB o. LOPM | ) o_0orve
O/ 0304

b ) HO oH -/ ~—|HO ..

o%o O}ib 6720

69 Ni% 74 73
N3 N3 lNaIO4 N3
HO x
74
o. ,OPMB | o. ,OPMB o. ,OPMB
o} OH OsO4_ intractable
HO L _ ! products
67/6 (576 (57/63
70 75 76

To install the Schollkopf chiral auxiliary, the hydroxyl group of 68 was transformed

into a good leaving group (Scheme 17). Thus, treatment of 68 with imidazole, iodine and
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triphenylphosphine (TPP) gave 77 in moderate yield (30%-60%). The low yield may be
due to involvement of the azido group in an undesired side mechanism, since it is well
known that azido group can be reduced to an amino group by a phosphine species at
room temperature.”>' Consequently, another leaving group was sought. Previous
reports*” indicated that the tosylate would serve this purpose. Converting the hydroxyl of
68 into the tosylate gave 78 in high yield (80%-95%). Compound 77 and 78 were
subjected to coupling with the Schollkopf chiral auxiliary. However, the desired
compound 79 was not obtained. Careful NMR analysis of the products showed that the
azido group and the leaving groups (iodo, tosyl) disappeared, while the desired
dihydropyrazine moiety was not present. The starting materials were not recovered. This

observation indicated that azido group was not compatible with organolithium species in

this case.
Scheme 17. Attempted Synthesis of Compound 79
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To avoid this, introduction of the azido functionality was considered after installation

of the Schollkopf auxiliary (Scheme 18). For this reason, the secondary hydroxyl in 66
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was protected as a silyl ether to provide 80. Conversion of the double bond of 80 into a
hydroxyl yielded 81. Compound 81 was transformed into tosylate 82, which was coupled
with the Schoéllkopf auxiliary to give 83. Removal of the silyl group of 83 by TBAF led
to 84, which was further converted to 85 by another tosylation. Introduction of the azido
group by sodium azide gave 79 in high yield.

Scheme 18. Synthesis of Compound 79
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Upon initial effort, removal of PMB ether was performed using DDQ oxidation
(Scheme 19), however, the desired compound 86 was obtained only in low yield (usually
10-20%). In addition, purification of 86 was complicated with unknown side products.
Other methods, such as oxidation with cerium ammonium nitrate (CAN), catalytic

hydrogenation or strong acid hydrolysis did not give the expected results. Subjecting the
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Schollkopf auxiliary to DDQ or CAN also gave intractable products. These facts pointed
to the necessity of removal of the PMB group prior to introduction of the Schdollkopf
auxiliary.

Scheme 19. Unexpected Result of PMB Ether Cleavage
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A new synthetic pathway, in which the PMB was removed before the Schollkopf
auxiliary installation, was sought (Scheme 20). In this scheme, the base moiety was
added at an earlier stage. Thus, the removal of PMB from 80 produced 87.
6-Chloropurine was introduced by a two-step one-pot procedure (converting the anomeric
hydroxyl of 87 into corresponding chloride followed by an Sn2 reaction with sodium salt
of 6-chloropurine) to provide 88. Double bond cleavage followed by Luche reduction
converted 88 into 89, however, transformation of 89 into 90 was not successful. Instead
of giving the desired compound 90, the reaction formed water soluble products. An

attempt to couple this with the Schollkopf auxiliary failed to form expected compound.
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This indicated that 6-chloropurine moiety is incompatible with a good leaving group
within the same molecule. Accordingly, introducing of 6-chloropurine as base moiety
must be conducted after installation of Schéllkopf auxiliary.

Scheme 20. Attempted Introduction of Base at Early Stage
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Based on the results described above, the best order of introducing functional groups
incorporation was concluded to be (1) the Schollkopf auxiliary, (2) the azido group and (3)
the purine base moiety. For this reason, a new synthetic cascade was designed (Scheme

21).
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Scheme 21 Attempted Synthesis of Compound 93
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Removal of the PMB group of 82 produced 91. The anomeric hydroxyl group was
protected as its pivalate ester to give 92. Installation of the Schollkopf auxiliary on 92
failed to provide 93, indicating that the pivalate is not a suitable protective group for this
purpose.

An alternative pathway to circumvent this complication was planned (Scheme 22).
Compound 81 was converted into 94 by desilylation and tosylation. The PMB ether of 94
was removed and the anomeric hydroxyl was reprotected with tert-butyldimethylsilyl
(TBS) group to afford 95. Introduction of the Schollkopf auxiliary onto 95 gave 96,
which was further transformed into 86 by installation of azido group and desilylation.

Compound 86 was converted to 97 by installation of base moiety.
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Scheme 22. Synthesis of Compound 97
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Transformation of the 6-chloropurine moiety of 97 into the adenine moiety failed to
give desired product. Thus, Ad(Boc), was introduced as base building block on 87

(Scheme 23) to provide 98. An attempt to convert the azido group of 98 under catalytic
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hydrogenation conditions failed to give desired compound 100. Consequently, removal of
protecting groups at earlier stage was considered. Liberation of the amino acid residue
and removal of the isopropylidene of 98 gave 99. However, hydrogenation of 99 did not
afford desired compound.

Scheme 23. Synthesis of Azidosinefungin
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SYNTHESIS OF OXA-ADOHCY AND RELATED COMPOUNDS

Experimental Design and Synthesis

Since AdoHcy is a potent bio-feedback inhibitor of AdoMet dependent
methyltransferases, it is interesting to synthesize compounds resembling AdoHcy to
mimic AdoHcy, which may serve as methyltranferases inhibitors. For this purpose,
oxa-AdoHcy in which the side chain sulfur was replaced by an oxygen was investigated.
Two closely related compounds, the Ari and NpcA versions of oxa-AdoHcy
(Ari-oxa-AdoHcy and NpcA-oxa-AdoHcy) were also in the scope of study. Based on
chemistry developed in synthesis of sinefungin, a retrosynthetic analysis was established

(Scheme 24).
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Scheme 24. Retrosynthetic Analysis of Compounds 6, 7 and 8
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Synthesis of Oxa-AdoHcy

The synthesis of oxa-AdoHcy started from compound 61 (Scheme 25). Allylation of

primary hydroxyl group of 61 afforded 101. Double bond cleavage followed by reduction

converted 101 into 102. Compound 102 was tosylated to give 103. Removal of the

PMB group of 103 led to 104. The anomeric hydroxyl of 104 was protected as a silyl

ether to yield 105, which was coupled with the Schollkopf auxiliary to provide 106.

Desilylation of 106 afforded 107. Installation of the 6-chloropurine was achieved by a
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two-step one pot procedure which converted 107 into 108. However, amination of 108
at elevated temperature gave intractable products. Thus, Ad(Boc), was introduced as base
moiety on 107 to give 109. Global deprotection of 109 finished the synthesis of
oxa-AdoHcy 6.

Scheme 25. Synthesis of Compound 6
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Synthesis of Ari-oxa-AdoHcy

The synthesis begins with 49. After a Michael addition, a subsequent Luche reduction
followed by protecting the hydroxyl as a silyl ether gave 110. Oxidative cleavage of the
double bond of 110 followed by reduction afforded 111, which was allylated at the
primary hydroxyl to provide 112. Compound 112 was converted into 113, which was
transformed into tosylate 114. Coupling of 114 with the Schollkopf auxiliary gave 115.

Removal of the silyl protecting group of 115 afforded 116. Installation of the base moiety
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was achieved by a Mitsunobu reaction on 116 to yield 117. Global deprotection of 117

gave 7.

Scheme 26. Synthesis of Ari-oxa-AdoHcy
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Attempted Synthesis of NpcA-oxa-AdoHcy

Starting from 60, compound 118 was prepared according to the literature (Scheme
27).*" Protection of the secondary hydroxyl as a TBS ether and selectively removal of
the primary silyl protecting group afforded 119. Allylation of 119 provided 120, which
was converted to a primary alcohol 121. Tosylation of 121 gave 122.

Scheme 27. Attempted Synthesis of Compound 8
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BIOLOGICAL RESULTS

The synthesized compounds 1-4 were evaluated against a wide variety of viruses
(Table 1) to determine their antiviral activity. The detailed results were shown in Tables

2-19.

NH,

</N]'é“ ¢ f )
F NN F N “
hogh

Figure 22. Compounds for Antiviral Evaluation
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Table 1. Viruses Used for Bioassay

Virus Family Individual Virus

Adenoviridae Adenovirus

Arenaviridae Pichinde Virus

Bunyaviridae Punta Toro Virus

Coronaviridae Human Coronavirus, Severe Acute Respiratory Syndrome
(SARS) virus

Filoviridae Ebola Virus

Flaviviridae Hepatitis C Virus (HCV), West Nile Virus, Yellow Fever Virus

Hepadnaviridae Hepatitis B Virus (HBV)

Herpesviridae Epstein-Barr Virus (EBV), Human Cytomegalovirus (HCMV),
Varicella-Zoster Virus (VZV), Herpes Simplex Virus (HSV)

Orthomyxoviridae | Influenza A Virus, Influenza B Virus

Paramyxoviridae | Parainfluenza Virus, Measles Virus, Respiratory Syncytial Virus
(RSV)

Piconoviridae Rhinovirus

Poxviridae Cowpox Virus, Vaccinia Virus

Reoviridae Reovirus

Rhabdoviridae Vesicular Stomatitis Virus

Togaviridae Venezuelan Equine Encephalitis Virus (VEE), Sindbis Virus

Table 2. Antiviral Activity Towards HCV*

Compound Activity (% Inh | Cytotoxicity (% | SI
Virus Control ) Cell Control)

1 0.0 104.3 <1

2 0.0 109.8 <1

3 N.D. N.D.

4 N.D. N.D.

* Assay: HCV RNA replicon; Cell type: Huh7ET; Assay type: Single dose (primary);
High test concentration: 20 uM.

N.D.: not determined
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Table 3. Antiviral Activity Towards Influenza in MDCK Cell Cultures

Compound | Minimum EC50b
cytotoxic Influenza A Influenza A Influenza B
concentration” | HIN1 subtype H3N2 subtype
Visual | MTS Visual | MTS Visual | MTS
CPE CPE CPE
score score score
1 100 uM. N.A. N.A. N.A. N.A. N.A. N.A.
2 100 uM. N.A. N.A. N.A. N.A. N.A. N.A.
3 N.D. N.A. N.A. N.A. N.A. N.A. N.A.
4 N.D. N.A. N.A. N.A. N.A. N.A. N.A.

*Minimum compound concentration that causes a microscopically detectable alteration of
cell morphology

® 50% Effective concentration, or concentration producing 50% inhibition of
virus-induced cytopathic effect, as determined by visual scoring of the CPE, or by
measuring the cell viability with the colorimetric formazan-based MTS assay.

MDCK cells: Madin Darby canine kidney cells

N.A.: not active at the highest concentration tested, or at subtoxic concentrations.

Table 4. Anti-Feline Corona Virus (FIPV) Activity and Cytotoxicity in CRFK Cell

Cultures
Compound CCso® (uUM.) ECso” (uM.)
1 >100 >100
2 >100 >100
3 >100 >100
4 >100 >100

*50% Cytotoxic concentration, as determined by measuring the cell viability with the
colorimetric formazan-based MTS assay
b

50% Effective concentration, or concentration producing 50% inhibition of

virus-induced cytopathic effect, as determined by visual scoring of the CPE, or by
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measuring the cell viability with the colorimetric formazan-based MTS assay.

CRFK cells: Crandell-Rees Feline Kidney cells

Table 5. Activity and Cytotoxicity Towards Vesicular Stomatitis Virus, Coxsackie

Virus B4 and Respiratory Syncytial Virus in HeLa Cell Cultures

Compound Minimum ECso(uM)
cytotoxic
concentration | Vesicular Coxsackie virus | Respiratory
(uM) stomatitis virus | B4 syncytial virus
1 >100 100 >100 N.D.
2 >100 >100 >100 N.D.
3 >200 200 >200 >200
4 >200 >200 120 >200

Table 6. Activity and Cytotoxicity Towards Para-influenza 3 Virus, Reovirus-1,

Sindbis Virus, Coxsackie Virus B4 and Punta Toro Virus in Vero Cell Cultures

Compou | Minimum ECso(uM)
nd cytotoxic Para-influenza | Reovirus | Sindbis | Coxsackie | Punta
concentratio | 3 Virus -1 virus virus B4 toro
n (uM) virus
1 >100 >100 >100 >100 >100 >100
2 >100 >100 >100 >100 >100 >100
3 >200 >200 >200 >200 >200 >200
4 >200 >200 >200 >200 >200 >200
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Table 7. Activity and Cytotoxicity Towards Herpes Simplex Virus-1 (KOS), Herpes
Simplex Virus-2 (G), Vaccina Virus, Vesicular Stomatitis Virus, Herpes Simplex

Virus-1 TK’KOS ACV" in IL Cell Cultures

compound | Minimum ECso(uM)
cytotoxic ) Herpes Herpes Vaccina Vesicular | Herpes
concentration simplex simplex | virus stomatitis | simplex
(uM) virus-1 virus-2 virus virus-1

(KOS) (G) TK'KOS
ACV’

1 >100 >100 >100 >100 >100 >100

2 >100 >100 >100 >100 >100 >100

3 >200 >200 >200 >200 >200 >200

4 >200 >200 >200 >200 >200 >200

Table 8. Activity and Cytotoxicity Towards Cowpox and Vaccinia Viruses®

compound | virus ECsg ECoqo CCsg SI ChV CDV ECy
1 Cowpox | >300 >300 >300 0 7.3 58
Vaccinia | >300 >300 >300 0 7.6 12
2 Cowpox | >300 >300 >300 0 7.3 58
Vaccinia | >300 >300 >300 0 7.6 12.1
3 Cowpox | >300 >300 >300 0 N.D. N.D.
Vaccinia | >300 >300 >300 0 N.D. N.D.
4 Cowpox | >300 >300 >300 0 N.D. N.D.
Vaccinia | >300 >300 >300 0 N.D. N.D.
* Assay: CPE; Cell Line: HFF Cells; Drug Unit: pM
Table 9. Activity and Cytotoxicity Towards EBV*
Compound EC50 EC90 CC5() SI ACV EC5()
1 33 14.4 24.1 6.5 24
2 17.5 >20 51.8 3 24
3 N.D. N.D. N.D.
4 N.D. N.D. N.D

* Assay: DNA Hybridation; Cell Line: Akata Cells; Drug Unit: pM
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Table 10. Activity and Cytotoxicity Towards West Nile Virus®

Compound Assay ECs 1Cso SI
1 Neutral Red >100 >100 0
Visual >100 >100 0
2 Neutral Red >100 >100 0
Visual >100 >100 0
3 Neutral Red N.D. N.D.
Visual N.D. N.D.
4 Neutral Red N.D. N.D.
Visual N.D. N.D.

* Vehicle: DMSO; Cell Line: Vero 76; Drug Unit: pg/mL; Virus Strain: New York Isolate

Table 11. Activity and Cytotoxicity Towards Parainfluenza Virus®

Compound Assay ECs 1Cso SI
1 Neutral Red >100 >100 0
Visual >81 81 0
2 Neutral Red >100 >100 0
Visual >100 >100 0
3 Neutral Red >100 >100 0
Visual >100 >100 0
4 Neutral Red >100 >100 0
Visual >100 >100 0

* Vehicle: DMSO; Cell Line: MA-104; Drug Unit: pg/mL; Virus Strain: 14702

Table 12. Activity and Cytotoxicity Towards Adenovirus®

Compound Assay ECs I1Cso SI
1 Neutral Red >58 58 0
Visual >100 >100 0
2 Neutral Red >100 >100 0
Visual >100 >100 0
3 Neutral Red N.D. N.D.
Visual N.D. N.D.
4 Neutral Red N.D. N.D.
Visual N.D. N.D.

* Vehicle: DMSO; Cell Line: A-549; Drug Unit: pg/mL; Virus Strain: 65089/Chicago
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Table 13. Activity and Cytotoxicity Towards Measles”

Compound Assay ECs 1Cso SI
1 Neutral Red 2.8 >100 >35
Visual 13 >100 >7.8
2 Neutral Red 1.2 21 18
Visual 14 36 2.5
3 Neutral Red N.D. N.D.
Visual N.D. N.D.
4 Neutral Red N.D. N.D.
Visual N.D. N.D.

* Vehicle: DMSO; Cell Line: CV-1; Drug Unit: png/mL; Virus Strain: MO6

Table 14. Activity and Cytotoxicity Towards Respiratory Syncytial A Virus®

Compound Assay ECs 1Cso SI
1 Neutral Red >100 >100 0
Visual >100 >100 0
2 Neutral Red >100 >100 0
Visual >100 >100 0
3 Neutral Red >100 >100 0
Visual >100 >100 0
4 Neutral Red >100 >100 0
Visual >100 >100 0

* Vehicle: DMSO; Cell Line: MA-104; Drug Unit: pg/mL; Virus Strain: A2

Table 15. Activity and Cytotoxicity Towards Rhinovirus®

Compound Assay ECs I1Cso SI
1 Neutral Red >100 >100 0
Visual >100 >100 0
2 Neutral Red >100 >100 0
Visual >100 >100 0
3 Neutral Red N.D. N.D.
Visual N.D. N.D.
4 Neutral Red N.D. N.D.
Visual N.D. N.D.

* Vehicle: DMSO; Cell Line: Hela Ohio-1; Drug Unit: pg/mL; Virus Strain: HGP
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Table 16. Activity and Cytotoxicity Towards VZV*

COH’lpOU.I’ld EC50 EC90 CC5() SI
1 N.D. N.D. N.D.
2 N.D. N.D. N.D.
3 >60 >60 214 <3.6
4 >300 >300 >300 0
* Assay: CPE; Cell Line: HFF Cells; Drug Unit: pM
Table 17. Activity and Cytotoxicity Towards HCMV*
COH’lpOU.I’ld EC50 EC90 CC5() SI
1 N.D. N.D. N.D.
2 N.D. N.D. N.D.
3 >60 >60 202 <34
4 >60 >60 269 <4.5

* Assay: CPE; Cell Line: HFF Cells;

Drug Unit: uM

Table 18. Activity and Cytotoxicity Towards HSV-1 and HSV-2 in HFF Cells”

COHIpOU. EC50 ECgo CC50 SI

nd HSV-1 | HSV-2 | HSV-1 | HSV-2 | HSV-1 | HSV-2 | HSV-1 | HSV-2
1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
2 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
3 >60 >60 >60 >60 227 227 <3.8 <3.8

4 >300 |>300 |>300 |[>300 |>300 |>300 |O 0

* Assay: CPE; Cell Line: HFF Cells; Drug Unit: pM

Table 19. Activity and Cytotoxicity Towards Human Corona (SARS) Virus

Compound ECso (uM) CCsp (UM)
1 N.D. N.D.
2 N.D. N.D.
3 >100 >100
4 >100 >100
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Table 20. Activity and Cytotoxicity Towards HBV*

Compound EC50 EC9() CC50
1 N.D. N.D. N.D.
2 N.D. N.D. N.D.
3 >10 >10 >300
4 >10 >10 >300

* Assay: VIR; Drug Unit: pM
Compound 1 and 2 show moderate activity against measles virus. Against most of
tested viruses, compounds 1-4 did not show any activity. The bioassay data for 5, 6, 7 and

8 will be forthcoming as part of future study in the Schneller group.
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CONCLUSIONS

S-Adenosylmethionine (AdoMet)-dependent methylation reactions are essential for
maturation of mRNA (including host and viral mRNA). These reactions are regulated by
S-adenosylhomocysteine (AdoHcy), the product of AdoMet-dependent methylation, via a
biofeedback inhibition mechanism. AdoHcy is “hydrolyzed” by AdoHcy hydrolase into
adenosine and homocysteine. By inhibiting the AdoHcy hydrolase, the cellular AdoHcy
level is elevated, which, in turn, inhibits the biomethylation, including 5'-capping of
mRNA. Aristeromycin is a naturally occurring potent AdoHcy hydrolase inhibitor and
shows significant antiviral activity. However, its clinical potential is limited by its toxicity,
which is associated with phosphorylation at its 5’-hydroxyl.

To avoid or decrease the tendency of phosphorylation at the 5'-hydroxyl center while
retaining the aristeromycin-based antiviral activity, two strategies were sought: (1)
replacing the 5'-hydroxyl of aristreomycin (and the 4'-hydroxyl of noraristeromycin) with
a substituent incapable of phosphorylation and (2) using a modified purine
(3,7-dideazapurine) as the base moiety since some deazapurine nucleosides are not
phosphorylated by the cellular kinases. Compounds 1 and 2 were designed according to
the first strategy. Their synthesis was achieved by a convergent approach in which the

desired carbocyclic pseudo-sugar moieties containing fluoride were coupled with the
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purine precursors (6-chloropurine and 6-di-(tert-butoxylcarbonyl)aminopurine) under the
Mitsunobu conditions. The synthetic design for compounds 3 and 4 occurred by the
second strategy. The key steps in these synthesis were Sy2 reactions between the sodium
salt of 3,7-dideaza-6-chloropurine in N,N-dimethylformamide (DMF) and the triflates
(prepared in situ) of corresponding carbocyclic units.

Compounds 1 and 2 were evaluated against a variety of viruses. They showed
moderate activity against measles, but lacked antiviral activity against the other viruses
tested. No cytotoxicity was observed. This indicated that the replacement of the
5'-hydroxyl of aristeromycin and 4'-hydroxyl of 5'-noraristeromycin with fluoride abolish
the undesired phosphorylation (reduced cytotoxicity) at the expense of losing antiviral
activity. Thus, 5'-hydroxyl of aristeromycin and the 4'-hydroxyl of 5'-noraristeromycin
are necessary for activity and, likely, the inhibition of AdoHcy hydrolase.

Compounds 3 and 4 exhibited no significant activity against all viruses tested. They
also showed no cytotoxicty to host cells. This suggested that the 3,7-dideazapurine
carbocyclic nucleosides were not inhibiting AdoHcy hydrolase.

An alternative strategy to aristeromycin analogs for the inhibition of biomethylations
is to design AdoHcy analogs, since AdoHcy is a natural methyltransferases inhibitor.
Sinefungin is a naturally occurring AdoHcy/AdoMet analog that shows significant
biological activity, including antiviral, antimalarial, antifungal, antibacterial, and
antitumor effects. However, the potential of sinefungin is limited by its toxicity. To
explore structural variations and corresponding activity of AdoHcy/AdoMet analogs
based on sinefungin, chemistry towards compounds 5, 6, 7 and 8 was investigated. A
convenient, diverse and high yield strategy to these analogs was explored. In this
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direction, (1) the stereochemistry at the 6’ position of sinefungin (5) was built by a Brown
allylation procedure, (2) the terminal amino acid moieties of 5-8 were introduced through
the Schollkopf auxiliary and (3) the 6-di-(tert-butoxylcarbonyl)aminopurine served as the

purine precursor for the synthesis of theses analogs.
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EXPERIMENTAL

Materials and Methods
Melting points were recorded on a Meltemp II melting point apparatus and are
uncorrected. 'H and °C NMR were performed on Bruker Avance 250 MHz or 400 MHz
spectrometers. Two dimensional NMR experiments were conducted on the Bruker
Avance 400 MHz spectrometer. NMR spectra were reported in & relative to internal
standard (TMS, 0.00) or solvent (DMSO-ds,2.50; D,0, 4.87). The spin multiplicities are
shown by the symbols s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br
(broad). Elemental analyses were performed by the Atlantic Microlabs, Atlanta, GA.
Reactions were monitored by silica thin layer chromatography (TLC, Whatman® TLC
K6F plates). Flash columns were performed on silica (Silicycle® Siliaflash® F60)
columns.
1-Methoxy-2,3-(cyclopentylidenedioxy)-4-hydroxymethyl Tetrahydrofuran (9).
D-ribose (100g, 0.667 mol), cyclopentanone (200 mL), MeOH (300 mL) and
trimethylorthoformate (200 mL) were added to a 1 L flask. H,SO4 (3.0 mL) was also
added. The mixture was stirred at room temperature for 2 days. Ammonia hydroxide
(29.6%) was added to neutralize the mixture. The solvent was removed under reduced
pressure. The residue was dissolved in EtOAc. The organic layer was washed with brine,
dried over Na,SO4, and concentrated to give 9 as yellow oil (122 g, 79.7%). '"H NMR

(250 MHz, CDCls), 5 4.98 (s, 1H), 4.77 (d, J=6.0 Hz, 1H), 4.53 (d, J=6.0 Hz, 1H),
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4.44 (t, J=2.8 Hz, 1H), 3.67 (m, 2H), 3.44 (s, 3H), 3.29 (dd, J1=9.7 Hz, J2=3.5 Hz, 1H),
1.93 (m, 2H), 1.66 (m, 6H). *C NMR (62 MHz, CDCl;), 3 121.8, 109.8, 88.2, 85.6, 81.5,
64.1, 55.6, 35.8, 35.7, 23.8, 23.3. Anal. Calcd for C;1H;305: C, 57.38; H, 7.88; Found: C,
57.17; H, 7.99.

1-Methoxy-2,3-(cyclopentylidenedioxy)-4-iodomethyl Tetrahydrofuran (10). 9
(122 g, 0.529 mol) was dissolved in MeCN/toluene (1/1, 500 mL). Imidazole (60.0 g,
0.999 mol), triphenylphosphine (TPP) (188 g, 0.701 mol) was added. I, was added in
portions until the solution turned black. The solution was stirred at room temperature for
2 hours. H,O (300 mL), sodium thiosulfate (10 g) were added. The organic layer was
separated, dried over sodium sulfate, concentrated, and purified with column
chromatography (Hex/EtOAc=5/1). The product 10 was isolated as colorless oil (161 g,
89.6%). '"H NMR (250 MHz, CDCls), & 5.06 (s, 1H), 4.72 (d, J=0.7Hz, 1H), 4.69 (d,
J=0.7 Hz, 1H), 4.44 (m, 1H), 3.37 (s, 3H), 3.28 (m, 1H), 3.16 (m, 1H), 1.90 (m, 2H), 1.67
(m, 6H). >C NMR (62 MHz, CDCl3), § 122.1, 109.4, 87.0, 85.1, 82.7, 55.2, 35.8, 35.7,
23.6,23.2, 6.7. Anal. Calcd for C;1H7104: C, 38.84; H, 5.04; Found: C, 39.07; H, 5.05.

2,3-(Cyclopentylidenedioxy)-pent-4-enal (11). 10 (24.8 g, 72.9 mmol) was
dissolved in ether. n-BuLi (38.0 mL, 2.5M in hexanes, 95.0 mmol) was added in portions
over 15 minutes at —78 °C. The solution was stirred at this temperature for 2 hours.
NH4CI (10 g) was added after the reaction mixture was warmed to —40 °C. HO (100 mL)
was added. The mixture was extracted with ether (3x100 mL). The organic layer was
dried over Na,SO., concentrated under reduced pressure to give crude 11 with solvent
(14.0 g, “105%”), which was used immediately without further purification. '"H NMR

(250 MHz, CDCly), & 9.54 (d, J=3.2 Hz, 1H), 5.7 (m, 1H), 5.3-5.5 (m, 2H), 4.75 (m, 1H),
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4.34 (m, 1H), 2.09 (m, 2H), 1.75 (m, 6H). >C NMR (62 MHz, CDCl;), & 200.9, 131.3,
121.2, 120.0, 81.9, 79.4, 36.9, 36.8, 24.1, 23.3.
2,3-(Cyclopentylidenedioxy)-hepta-1,6-dien-3-0l (12). 11 (14.0 g, crude product)
was dissolved in DCM. At —78 °C, vinylmagnesium bromide (120 mL, 1M in THF, 120
mmol) was added. The mixture was warmed to 0 °C. Saturated NH4Cl (40 mL) was
added. The organic layer was separated, dried over sodium sulfate, and concentrated
using a rotavapor (bath temperature 10 °C). The residue was purified with silica gel
column (Hex/EtOAc=5/1) to give 12 as colorless oil (mixture of two diastereomers, 12.9
g, 84.8% from 10). 'H NMR (250 MHz, CDCl3), § 6.13 (m, 1H), 5.79 (m, 1H), 5.20-5.59
(m, 4H), 4.48-4.62 (m, 1H), 4.2 (m, 1H), 4.02 (m, 1H), 2.01 (m, 2H), 1.65 (m, 6H). °C
NMR (62 MHz, CDCls), & 137.7, 136.9, 134.0, 133.9, 119.8, 119.0, 118.7, 117.2, 116.6,
80.7, 80.6, 79.0, 78.7, 71.3, 70.9, 37.1, 37.0, 36.9, 36.6, 24.2, 24.1, 23.4, 23.3.
2,3-(Cyclopentylidenedioxy)-cyclopent-2-enone (14). 12 (1.4 g, 6.6 mmol) was
dissolved in dry DCM (100 mL). N, was bubbled to remove O, for 10 minutes. Grubbs
catalyst (5.3 mg, 0.0060 mmol) was added. The solution was stirred at room temperature
for 12 hours. Dimethyl sulfoxide (DMSO) (5.0 mL) was added. Diisopropylethylamine
(DIPEA) (2.3 mL, 13.3 mmol) was added. The solution was cooled to 0 °C.
SOs-pyrridine complex (2.2 g, 13 mmol) was added portionwise. The mixture was
warmed to room temperature, stirred 2h. Water (20.0 mL) was added. The organic layer
was separated, dried over Na;SO4, concentrated, and purified with column
chromatography (Hexanes/EtOAc=2/1) to give 14 as white needle-like solid (0.92 g,
77%), m.p.: 54-55 °C. '"H NMR (400 MHz, CDCl;), & 7.63 (dd, J1= 4.8 Hz, J2= 2.4 Hz,
1H), 6.28 (d, J= 6.0 Hz, 1H), 5.23 (dd, J1= 5.2 Hz, J2= 2.0 Hz, 1H), 4.40 (d, J= 5.2 Hz,
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1H), 1.86 (m, 2H), 1.66 (m, 6H). °C NMR (100MHz, CDCl3), & 204.0, 159.9, 135.5,
124.3, 78.2, 76.2, 37.9, 37.4, 24.1, 23.3. Anal. Calcd for C;oH1203: C, 66.65; H, 6.71;
Found: C, 66.99; H, 7.08.

2,3-(Cyclopentylidenedioxy)-4-vinyl-cyclopentanol (16). To a suspension of
CuBr-SMe, (1.59 g, 7.73 mmol) in THF was added vinylmagnium bromide (155.0 mL,
0.155 mol) at —78 °C. A solution of 14 (14.23 g, 78.97 mmol), trimethylsilyl chloride
(TMSCI) (19.6 mL, 0.155 mol), hexamethylphosphoramide (HMPA) (13.0 mL, 77.7
mmol) in THF was added dropwise at —78 °C. The mixture was stirred at —78 °C for 2
hours, and then warmed slowly to room temperature. The reaction was quenched with
saturated NH4Cl solution (100 mL). After the removal of solvent, the mixture was
extracted with EtOAc (3x200 mL). The combined organic layer was dried over sodium
sulfate, concentrated to give brown oil. THF (100 mL) was added. At 0 °C, LiAlHy (4.60
g, 121 mmol) was added slowly. The mixture was stirred at room temperature overnight.
The reaction was quenched with water. The mixture was filtered through celite, and then
extracted with EtOAc. The organic layer was dried over sodium sulfate, concentrated,
and purified by silica column chromatography (Hexanes:EtOAc=10:1 to 2:1) to isolate 16
as a colorless oil (10.60 g, 63.84%). 'H NMR (400 MHz, CDCI3), § 5.72 (m, 1H),
5.04-5.10 (m, 2H), 4.39 (m, 2H), 4.07-4.13 (m, 1H), 2.76 (m, 1H), 2.41 (d, J=7.6 Hz, 1H),
1.89-1.96 (m, 4H), 1.7 (m, 6H). °C NMR (100 MHz, CDCl3), §138.2, 121.6, 115.4, 84.4,
79.0, 71.3, 44.3, 36.3, 35.7, 35.5, 24.2, 23.0. Calcd HRMS for C;,H;505: 210.1253;
Found: 210.1256.

6-Chloro-9-(2',3'-(cyclopentylidenedioxy)-4'-vinyl-cyclopentyl)-purine (17). 16
(10.9 g, 51.8 mmol) was dissolved in THF (100 mL). 6-Chloropurine (10.0 g, 64.7 mmol),
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(Ph3)P (17.0g, 64.8 mmol) was added. The solution was cooled to —40 °C. Diisopropyl
azodicarboxylate (DIAD) (12.5 mL, 64.5 mmol) was added dropwise. The mixture was
warmed to room temperature, then heated to 60 °C for 24 hours. The solvent was
removed under reduced pressure. The residue was purified by silica column
(Hex:EtOAc=5:1 to 2:1) to give 17 as organce oil, contaminated with diisopropyl
hydrazine-1,2-dicarboxylate (10.4 g, 57.9%). The mixture was used in next step without
further purification.
6-Chloro-9-(2',3'-(cyclopentylidenedioxy)-4’-hydroxymethyl-cyclopentyl)-purine
(19). 17 (0.73 g, 2.1 mmol) was dissolved in MeOH (50 mL). Water (0.5 mL) was added.
NalOy4 (0.99 g, 4.6 mmol) was added. The mixture was cooled to 0 °C. OsO4 (10 mg,
0.040 mmol, 2% mol) was added. The mixture was stirred at 0 °C for 2 hours. The
mixture was filtered. MeOH was removed by reduced pressure. The residue was
extracted with DCM (3x50 mL). The organic layer was washed with brine, dried over
sodium sulfate, concentrated. The residue was dissolved in methanol (20 mL). NaBH4
(0.10 g, 2.6 mmol) was added portionwise at 0 °C. The mixture as stirred at 0 °C for 1
hour. Saturated NH4Cl solution (20 mL) was added. The mixture was filtered through
Celite. The solvent was removed with reduced pressure. The residue was extracted with
EtOAc (3x20 mL). The combined organic layer was dried over sodium sulfate,
concentrated. The residue was purified by silica column (Hex:EtOAc=1:1 to 1:10) to
provide 19 as a colorless oil (0.30 g, 41%)."H NMR (400 MHz, CDCl3), & 8.74 (s, 1H),
8.28 (s, 1H), 4.99 (m, 1H), 4.91 (m, 1H), 4.66 (m, 1H), 3.87 (m, 2H), 2.93 (t, J=4.8 Hz,
1H), 2.44-2.64 (m, 3H), 2.03 (m, 2H), 1.70 (m, 6H). °*C NMR (100 MHz, CDCls), &

151.8, 151.7, 151.4, 144.9, 132.4, 123.4, 83.8, 82.0, 63.6, 62.7, 45.0, 36.8, 36.6, 33.3,
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23.8, 23.2. Caled HRMS for C;¢H9CIN4O3 (-cyclopentanone):284.0677, Foud: 284.0667.
2',3'-(Cyclopentylidenedioxy)-4'-vinylcyclopentyl 4-Methoxybenzyl Ether (21).
16 (0.70 g, 3.32 mmol) was dissolved in dry DMF (50 mL). The solution was cooled to 0
°C. NaH (147 mg, 60% in mineral oil, 3.67 mmol) was added in one portion. The solution
was stirred for 30 minutes. para-Methoxybenzyl chloride (PMBCI) (0.54 mL, 4.0 mmol)
was added at 0 °C in one portion. The solution was stirred at room temperature for 2
hours. The solvent was removed under reduced pressure. Saturated NH4Cl solution (10
mL) was added. The mixture was extracted with EtOAc (3x50 mL). The combined
organic layer was dried over sodium sulfate, concentrated, and purified by silica gel
column (Hex:EtOAc=20:1) to provide 21 as a colorless oil (0.90g, 81%). '"H NMR (400
MHz, CDCls), & 7.30 (d, J=8.8 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 5.63-5.72 (m, 1H),
4.97-5.01 (m, 2H), 4.51-4.63 (m, 2H), 4.43-4.46 (m, 2H), 4.31 (d, J=5.6 Hz, 1H), 3.80 (s,
3H), 3.76-3.79 (m, 1H) 2.66 (m, 1H), 2.07-2.10 (m, 3H), 1.90-1.93 (m, 1H), 1.78-1.81 (m,
1H), 1.70 (m, 4H). °C NMR (100 MHz, CDCl3), & 159.2, 138.6, 130.5, 129.5, 120.7,
114.8, 113.7, 83.7, 78.2, 77.6, 71.4, 55.2, 43.9, 35.5, 35.3, 31.8, 24.0, 23.0. Anal. Calcd
for Co0H,604: C, 72.70; H, 7.93; Found: C, 72.37; H, 7.87.
2',3"-(Cyclopentylidenedioxy)-4'-hydroxymethylcyclopentyl  4-Methoxybenzyl
Ether (22). 21 (0.90 g, 2.7 mmol) was dissolved in MeOH (50 mL), and cooled to 0 °C.
Water (5 mL) was added. NalO4 (1.45 g, 6.81 mmol) was added. OsO4 (20 mg) was
added. The solution was stirred at 0 °C for 2 hours. The mixture was filtered through
Celite. The solvent was removed under reduced pressure. The residue was extracted with
DCM (3x50 mL). The combined organic layer was washed with brine, dried over sodium

sulfate, and concentrated. The residue was dissolved in MeOH (50 mL), cooled to 0 °C.
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NaBH,4 (0.20 g, 5.4 mmol) was added in portionwise. The mixture was stirred for 2 hours.
Saturated NH4Cl solution (30 mL) was added. MeOH was removed under reduced
pressure. The residue was extracted with EtOAc (3x50 mL). The combined organic layer
was dried over sodium sulfate, concentrated and purified by silica gel column
(Hex:EtOAc=3:1) to give 22 as colorless oil (0.49 g, 53%). '"H NMR (400 MHz, CDCl5),
0 7.30 (d, J=8.8 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 4.52-4.63 (m, 2H), 4.43-4.45 (m, 1H),
4.36 (m, 1H), 3.86 (m, 1H), 3.80 (s, 3H), 3.49-3.52 (m, 1H), 3.41-3.45 (m, 1H), 2.17 (m,
1H), 2.10 (m, 2H), 2.04 (m, 1H), 1.70 (m, 7H). *C NMR (100 MHz, CDCls), & 159.2,
130.5, 129.4, 120.9, 113.7, 81.6, 79.0, 77.9, 71.4, 64.3, 55.2,44.2, 35.7, 35.5, 30.7, 24.01,
23.0. Calcd HRMS for C;9H260s: 334.1780, Found: 334.1777.
2',3"-(Cyclopentylidenedioxy)-4'-fluoromethyl-cyclopentyl 4-Methoxybenzyl
Ether (23). 22 (0.35 g, 1.0 mmol) was dissolved in dry DCM (20 mL), and cooled to —78
°C. Pyridine (0.17 mL, 2.1 mmol), (Diethylamino)sulfur trifluoride (DAST) (0.20 mL,
1.5 mmol) was added. The solution was warmed to room temperature, and then refluxed
under protection of N, for 12 h. the reaction was quenched with saturated Na,CO;
solution (20 mL). The organic layer was separated, washed with brine, dried over sodium
sulfate, concentrated, and purified by silica gel column (Hex:EtOAc=10:1) to provide 23
as a colorless oil (0.27 g, 76%). 'H NMR (400 MHz, CDCl3), & 7.30 (d, J=8.8 Hz, 2H),
6.87 (d, J=8.8 Hz, 2H), 4.51-4.63 (m, 2H), 4.42-4.46 (m, 1.5H), 4.39 (m, 1H), 4.30-4.34
(m, 1H), 4.19-4.22 (m, 0.5H), 3.80-3.86 (m, 1H), 3.80 (s, 3H), 2.15 (dm, J=10 Hz, 1H),
2.05-2.20 (m, 2H), 1.93 (m, 1H), 1.74-1.76 (m, 1H), 1.70 (m, 6H). *C NMR (100 MHz,
CDCl), 6 159.2, 130.4, 129.5, 121.1, 113.7, 85.5 (d, J=168Hz), 81.2 (d, J=6Hz), 79.1,

78.0, 79.0, 71.5, 55.2, 42.6 (d, J=19 Hz), 35.6 (d, J=15 Hz), 30.8, 24.0, 23.0. Calcd
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HRMS for Cy9H»5FO4: 336.1744; Found: 336.1737.

2,3-(Cyclopentylidenedioxy)-4-fluoromethyl-cyclopentanol (24). 23 (0.78 g, 2.3
mmol) was dissolved in 19:1 DCM/H,0 (50 mL). DDQ (0.63 g, 2.8 mmol) was added in
one portion. The mixture was stirred at room temperature for 2 hours. Saturated Na,CO;
solution (30 mL) was added. The organic layer was separated, washed with saturated
Na,COj3 solution (30 mL), brine (30 mL), dried over sodium sulfate, concentrated and
purified by silica gel column (Hex:EtOAc=5:1) to provide 24 as a colorless oil (0.31 g,
60%). 'H NMR (250 MHz, CDCls), § 4.11-4.69 (m, 5H), 2.43-2.46 (m, 2H), 2.30-2.40
(m, 1H), 1.85-2.02 (m, 3H), 1.65-1.75 (m, 6H). *C NMR (62 MHz, CDCl3) § 121.9, 84.9
(d, J=160 Hz), 81.9 (d, J=4.8 Hz), 79.6, 71.3 (d, J=1.8 Hz), 42.6 (d, J=17.4 Hz), 35.5 (d,
J=10.8 Hz), 34.8, 34.7, 23.9, 22.8. Anal. Calcd for C;;H7FOs: C, 61.10; H, 7.92; Found:
C, 60.94; H, 8.00.

5'’-Fluoro-5'-deoxy aristeromycin (1). 24 (0.14 g, 0.65 mmol) was dissolved in dry
THF (50 mL), TPP (0.34 g, 1.3 mmol), 6-di(tert-butoxylcarbonyl)aminopurine
(Ad(Boc); )(0.26 g, 0.78 mmol) was added. The solution was cooled to 0 °C, DIAD (0.20
mL, 0.98 mmol) was added in one portion. The solution was warmed to room
temperature and stirred 5 hours. The solvent was removed under reduced pressure, the
residue was purified by silica gel column (Hex:EtOAc=2:1) to give intermediate 25 as an
orange oil, contaminated with diisopropyl hydrazine-1,2-dicarboxylate (from DIAD).
Without further purification, 25 was dissolved in 3N HCI MeOH solution, stirred at 50 °C
overnight. NaHCOs3 was added to neutralize the solution until it no longer bubbled. The
mixture was filtered. The solvent was removed under reduced pressure, and the residue
was purified by silica gel column (EtOAc:MeOH:NH;3-H,0=4:1:0.3) to provide 1 as a

76



white solid (0.10 g, 58%), mp=168-169 °C. '"H NMR (400 MHz, DMSO), & 8.19 (s, 1H),
8.12 (s, IH), 7.20 (s, 2H), 5.06 (d, J=6.0 Hz, 1H), 4.91 (d, J=4.0 Hz, 1H), 4.70 (m, 1H),
4.58 (m, 1H), 4.45 (m, 1H),4.35 (m, 1H), 3.89 (m, 1H), 2.27 (m, 2H), 1.80 (m, 1H). *C
NMR (100 MHz, DMSO) 6 156.0, 152.1, 149.6, 140.1, 119.3, 84.55(d, J=165 Hz), 74.2,
70.7 (d, J=5.0 Hz), 59.1, 43.4 (d, J=18.0 Hz), 27.8 (d, J=6.0 Hz). Anal. Calcd for
C11H14FN50, (+0.2H,0): C, 48.77; H, 5.35; N, 25.85; Found: C, 48.71; H, 5.47; N, 25.96.
Calcd mass for C11H14FNsO,: 267.1132; Found: 267.1131
(1R,4S5)-4-(tert-Butyldimethylsilyloxy)cyclopent-2-enyl Acetate (27). 26 (5.0 g,
0.035 mol) was dissolved in dry DCM (60 mL). 4-(Dimethylamino)pyridine (DMAP) (20
mg) was added. The solution was treated with imidazole (5.9 g, 0.087 mol), and
tert-butyldimethylsilyl chloride (TBSCI) (6.4 g, 0.042 mol) at 0 °C. The solution was
then warmed to room temperature and stirred for 2 hours. Water (20 mL) was added to
quench the reaction. The organic layer was separated, washed with brine, dried over
sodium sulfate, concentrated under reduced pressure. The residue was purified by silica
column (Hexanes/EtOAc=15:1) to give 27 as a colorless oil (7.3 g, 80%). The NMR
spectra are consistent with the literature.**®
(3aS,4R,6S,6aS5)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydro-3aH-cyc
lopenta[d][1,3]dioxol-4-yl Acetate (28). 27 (7.0 g, 27 mmol) was dissolved in THF (50
mL). 4-Methylmorpholine N-oxide (NMO) (8.8 mL, 50% water solution, 42 mmol) was
added. The solution was cooled to 0 °C. OsO4 (20 mg, 0.078 mmol, 0.28% moles) was
added. The mixture was warmed to room temperature and stirred overnight. Sodium
thiosulfate (2.2 g, 14 mmol) was added and stirred 30 minutes. The solvent was removed

under reduced pressure. The residue was dissolved in EtOAc, dried over sodium sulfate,
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and filtered through a short silica column (5 cm). The filtrate was concentrated. The
resulting oil was dissolved in dry acetone (100 mL). 2,2-dimethoxypropane (30 mL) was
added. p-Toluenesulfonic acid monohydrate (100 mg) was added. The solution was
stirred at room temperature overnight. Ammonium hydroxide (29.6%, 1 mL) was added.
The solution was dried over sodium sulfate and concentrated. The residue was purified by
silica column (hexanes/EtOAc=10:1) to provide 28 as a colorless oil (8.3 g, 85%). The
NMR spectra are consistent with literature.”?’

(3aS,4R,6S,6aS)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydro-3aH-cyc
lopenta[d][1,3]dioxol-4-ol (29). 28 (8.3 g, 25 mmol) was dissolved in methanol (200 mL)
in a high pressure reaction vessel. The solution was cooled to 0 °C and saturated with
ammonia. The reaction vessel was sealed and warmed to room temperature overnight.
The solvent was removed under reduced pressure. The residue was purified by silica
column (hexanes/EtOAc=5:1) to give 29 as a colorless oil (5.0 g, 90%). The NMR
spectra were consistent with literature.’

(3aR,6S,6aS)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-dihydro-3aH-cyclopent
a[d][1,3]dioxol-4(5SH)-one (30). 29 (1.0 g, 3.5mmol) was dissolved in dry DCM (20 mL).
PCC (1.6 g, 6.9 mmol) was added. The solution was stirred at room temperature for 3
hours. The solution was filtered. The filtrate was concentrated under reduced pressure.
The residue was purified by silica column (hexanes/EtOAc=7:1) to give 30 as a colorless
0il (0.85 g, 85%). The NMR spectra were consistent with literature.”*

(1S,2S5,3S,45)-
4-O-(tert-Butyldimethylsilyl)-2,3-O-isopropylidenecyclopentane-1,2,3,4-tetrol  (31).
To a solution of 30 (0.35 g, 1.2 mmol) in MeOH (10 mL) was added CeCl;-7H,0 (0.45 g,
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1.2 mmol). The mixture was cooled to 0 °C. NaBH, (60.0 mg, 1.58 mmol) was added
portion-wise. The mixture was stirred for 30 minutes at 0 °C, then warmed to room
temperature, stirred for 1 hour. The reaction was quenched with saturated NH4Cl solution
(5 mL). The solvent was removed under reduced pressure. The residue was poured to
water and extracted with EtOAc (3x10 mL). The combined organic layer was dried over
sodium sulfate, and concentrated. The residue was purified by silica gel column
(EtOAc/Hexanes=3:1) to produce 31 as a colorless oil (0.34 g, 97%). '"H NMR (400 MHz,
CDCls) 64 .56 (t, J=5.4 Hz,1H), 4.34-4.26 (m, 2H), 4.01 (dd, J1=3.5 Hz, J2=0.4 Hz, 1H),
2.25 (d, J=10.4 Hz, 1H), 1.89-1.93 (m, 1H), 1.68-1.75(m, 1H), 1.46 (s, 3H), 1.34 (s, 3H),
0.86 (s, 9H), 0.05 (s, 6H); °C NMR (100 MHz, CDCl;) 8111.3, 85.8, 78.6, 73.4, 72.0,
39.3, 26.1, 25.9, 24.4, 18.1, -4.6, -4.7. Anal. Calcd for C;4H2304Si: C, 58.29; H, 9.78;
Found: C, 58.34; H, 9.85.
tert-Butyl((3aS,4S,6S,6aS)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahydro-3a

H-cyclopenta[d][1,3]dioxol-4-yloxy)dimethylsilane (32). 31 (7.56 g, 26.2 mmol) was
dissolved in dry DMF (100 mL). The solution was cooled to 0 °C, NaH (1.26 g, 60.0% in
mineral oil, 31.4 mmol) was added portionwise. The solution was stirred at 0 °C for 30
minutes. PMBCI (4.30 mL, 31.4 mmol) was added in one portion. The solution was
warmed to room temperature, stirred for 3 hours. The solvent was removed under reduced
pressure. The residue was quenched with water, and extracted by EtOAc. The organic
layer was dried over sodium sulfate, concentrated, and purified with a silica column (Hex:
EtOAc=10:1) to provide 32 as a colorless oil (9.00 g, 84.1%). 'H NMR (400 MHz,
CDCl3), 6 7.29 (d, J=8.4 Hz, 2H), 6.87 (d, J=8.4 Hz, 2H), 4.61 (m, 1H), 4.45-4.58 (m,
2H), 4.25 (dd, J1=5.6 Hz, J2=1.6 Hz, 1H), 4.02-4.05 (m, 1H), 3.94 (d, J=4.0 Hz, 1H),
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3.79 (s, 3H), 1.90-1.94 (m, 1H), 1.75-1.76 (m, 1H), 1.48 (s, 3H), 1.30 (s, 3H), 0.83 (s,
9H), 0.03 (s, 3H), 0.01 (s, 3H). *C NMR (100 MHz, CDCls), & 159.2, 130.4, 129.7,
113.7, 110.9, 85.7, 77.7, 77.5, 73.4, 71.5, 55.2, 35.7, 26.1, 25.7, 24.0, 17.9, -4.8. Anal.
Calcd for C»,H3605S1: C, 64.67; H, 8.88; Found: C, 64.99; H, 8.64.
(3aR,4S,6S,6aS)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydro-3aH-cyclope
nta[d][1,3]dioxol-4-0l (33). 32 (9.00 g, 22.0 mmol) was dissolve in THF (100mL).
Tetrabutylammonium fluoride (TBAF) (33.0 mL, 1.0M in THF, 33.0 mmol) was added.
The mixture was stirred at room temperature for one hour. The mixture was quenched
with water, extracted with EtOAc (3x300 mL). Combined organic layer was dried over
sodium sulfate, concentrated, and purified with a silica column (Hex:EtOAc=5:1 to 1:1)
to give 33 as a colorless oil (5.80 g, 89.6%)."H NMR (400 MHz, CDCls), & 7.31 (d, J=8.8
Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 4.52-4.66 (m, 3H), 4.32 (dd, J1=5.6 Hz, J2=1.2 Hz, 1H),
4.04-4.09 (m, 2H), 3.80 (s, 3H), 2.00-2.07(m, 1H), 1.83-1.88 (m, 1H), 1.58 (s, 3H), 1.32
(s, 3H). °C NMR (100 MHz, CDCl3), § 171.4, 159.4, 130.5, 129.7, 113.9, 111.3, 85.5,
77.9, 73.4, 71.7, 55.4, 35.8, 26.3, 24.2. Anal. Calcd for C;¢H,,05: C, 65.29; H, 7.53;
Found: C, 65.03; H, 7.62.
(3aS,6S,6aS)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-dihydro-3aH-cyclopenta[d] [
1,3]dioxol-4(5H)-one (34). 33 (5.80 g, 19.7 mmol) was dissolved in dry DCM (200 mL).
DMSO (10 mL), N,N-Diisopropylethylamine (DIPEA) (6.95 mL, 39.4 mmol) was added.
The solution was cooled to 0 °C. SO3Py complex (6.25 g, 39.4 mmol) was added
portionwise. The solution was stirred at 0 °C for 1 hour. The mixture was quenched with
ice cold water (200 mL). The organic layer was separated, washed with saturated
NaHCOj; and brine, and concentrated. the residue was purified by silica gel column (Hex:
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EtOAc=5:1 to 1:1) to give 34 as a colorless oil (4.71 g, 81.8%). 'H NMR (400 MHz,
CDCl), ¢ 7.31 (d, J=8.8 Hz, 2H), 6.89 (d, J=8.8 Hz, 2H), 4.80 (t, J=4.2 Hz, 1H),
4.60-4.68 (m, 2H), 4.18 (dt, J1=4.8 Hz, J2=1.2 Hz, 1H), 4.05-4.11 (m, 1H), 3.81(s, 3H),
2.68-2.76 (m, 1H), 2.47-2.53 (m, 1H), 1.48 (s, 3H), 1.38 (s, 3H). °C NMR (100 MHz,
CDCl), 6 211.0, 159.6, 129.7, 129.2, 113.9, 113.5, 80.5, 77.6, 71.4, 70.0, 55.3, 39.8, 26.9,
25.2. Anal. Caled for C;sH»00s: C, 65.74; H, 6.90. Found: C, 65.60; H, 6.91.
(3aR,4R,6S,6aS)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydro-3aH-cyclope
nta[d][1,3]dioxol-4-0l (35). 34 (0.27 g, 0.92 mmol) was dissolved in dry THF (20 mL).
LiAlH, (52.3 mg, 1.38 mmol) was added portionwise at 0 °C. The mixture was stirred at
0 °C for 3 hours. The mixture was quenched with water, and filtered through celite. The
filtrate was extracted with EtOAc (3x50 mL). The combined organic layer was dried over
sodium sulfate and concentrated to give 35 as colorless oil (0.22 g, 81%). '"H NMR (400
MHz, CDCls), & 7.28 (d, J=8.8 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 4.52-4.59 (m, 3H), 4.40
(t, J=5.6 Hz, 1H), 3.80 (s, 3H), 3.69-3.78 (m, 1H), 3.45-3.51 (m, 1H), 2.41 (d, J=10.8 Hz,
1H), 2.10-2.15(m, 1H), 1.72-1.80 (m, 1H), 1.56 (s, 3H), 1.37 (s, 3H). *C NMR (100
MHz, CDCly), 6 159.5, 130.1, 129.7, 114.0, 111.5, 78.4, 78.0, 73.7, 71.3, 68.5, 55.4, 34.7,
25.9, 24.4. Anal. Calcd for CiH»,0s: C, 65.29; H, 7.53; Found: C, 65.13; H, 7.53.
(3aS,45,6S,6aS)-4-Fluoro-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahydro-3aH

-cyclopenta[d][1,3]dioxole (36). 35 (4.70 g, 15.9 mmol) was dissolved in dry DCM (100
mL). Pyridine (2.5 mL, 31 mmol) was added at 0 °C. DAST (4.1 mL, 31 mmol) was
added through a syringe at 0 °C. The mixture was warmed to room temperature, then
refluxed 2 days under protection of nitrogen. The mixture was quenched with saturated
NaHCOj solution (100 mL). The organic layer was separated, dried over sodium sulfate,
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concentrated, and purified with a silica column (Hex: EtOAc=5:1) to give 36 as a
colorless oil (3.27 g, 69.4%). '"H NMR (400 MHz, CDCl3), & 7.3 (d, J=8.8 Hz, 2H), 6.88
(d, J=8.8 Hz, 2H), 4.47-4.81 (m, 5H), 4.00-4.05 (m, 1H), 3.81 (s, 3H), 2.04-2.14 (m, 2H),
1.48 (s, 3H), 1.32 (s, 3H). °C NMR (100 MHz, CDCl3), § 159.6, 130.2, 129.8, 114.1,
111.8, 94.4 (d, J=174.5 Hz), 82.82(d, J=33.4 Hz), 77.8, 77.1, 71.9, 55.5, 33.7 (d, J=20.1
Hz), 26.3, 24.2. Anal. Calcd for C;¢H2FO4: C, 64.85; H, 7.14. Found: C, 64.72; H, 7.19.
(3aS,4S,6S,6aS)-6-Fluoro-2,2-dimethyl-tetrahydro-3aH-cyclopenta[d][1,3]dioxol
-4-0l (37). 36 (0.98 g, 3.3 mmol) was dissolved in DCM/H,0 mixture (100 mL DCM, 5
mL H,0). DDQ (0.90 g, 4.0 mmol) was added. The mixture was stirred at room
temperature for 1 hour. Saturated NaHCO; (20 mL) was added to quench the reaction.
The organic layer was separated, washed with brine, dried over sodium sulfate,
concentrated, and purified by silica chromatography (Hex:EtOAc=5:1) to give 37 as
white solid (0.49 g, 86%). Mp=51~52°C. 'H NMR (400 MHz, CDCl3/D,0), § 4.68 (dd,
J1=46.0 Hz, J2=3.6 Hz, 1H), 4.56-4.60 (m, 2H), 4.26-4.32 (m, 1H), 2.26-2.32 (td,
J1=15.2 Hz, J2= 5.6Hz, 1H), 1.83 (dddd, J1=44.4 Hz, J2=14.4 Hz, J3=10.8 Hz, J4=3.6
Hz, 1H), 1.47 (s, 3H), 1.35 (s, 3H). *C NMR (100 MHz, CDCl3), & 111.7, 93.8 (d,
J=172.3 Hz), 82.4 (d, J=33.2 Hz), 78.2, 71.4, 36.8 (d, J=20.8 Hz), 25.9, 24.1.
6-Chloro-9-((3aS,4R,65,6aS)-6-fluoro-2,2-dimethyl-tetrahydro-3aH-cyclopenta|
d]-[1,3]dioxol-4-yl)-9H-purine (38). 37 (0.73 g, 4.1 mmol) was dissolved in dry THF
(50 mL). TPP (1.30 g, 4.96 mmol), 6-chloropurine (0.76 g, 4.9 mmol) were added. The
mixture was cooled to 0 °C. DIAD (0.95 mL, 4.9 mmol) was added. The mixture was
warmed to room temperature, then heated and stirred at 50 °C overnight. The solvent was
removed under reduced pressure. The residue was purified by silica column to give 38
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with diisopropyl hydrazine-1,2-dicarboxylate (0.40 g, 30%). This product was used
directly without further purification.
9-((3aS,4R,6S,6aS)-6-Fluoro-2,2-dimethyl-tetrahydro-3aH-cyclopenta[d][1,3]dio
xo0l-4-yl)-9H-purin-6-amine (39). In a higher pressure reaction vessel, 38 (0.50 g, 1.6
mmol) was dissolved in dry MeOH (100 mL). The solution was cooled to 0 °C, and
saturated with NH;. The solution was sealed, and heated to 120 °C overnight. The solvent
was removed under reduced pressure, and the residue was purified by silica column to
give 39 as white solid (0.37 g, 83%).mp=158-160 °C. 'H NMR (250 MHz, DMSO), 3
8.16 (s, 1H), 8.10 (s, 1H), 7.25(br, 2H), 4.8-5.2 (m, 4H), 2.55-2.80 (m, 2H), 1.45 (s, 3H),
1.28 (s, 3H). °C NMR (62.8 MHz, DMSO0), & 156.0, 152.4, 149.4, 139.1 (d, J=6.5 Hz),
118.8, 111.4, 96.9 (d, J=177.6 Hz), 83.5 (d, J=23.1 Hz), 83.2, 58.6, 35.1(d, J=20.3 Hz),
26.2, 24.1. Anal. Calcd for C3H (NsFO,: C, 53.24; H, 5.50; N, 23.88; Found: C, 53.05;
H, 5.47; N, 23.74.
(1S,25,3R,55)-3-(6-Amino-9H-purin-9-yl)-5-fluorocyclopentane-1,2-diol (2). 39
(0.40 g, 1.4 mmol) was dissolved in 0.5 M HCI MeOH solution (100 mL). The mixture
was stirred at room temperature overnight. The mixture was neutralized with Amberlite®™
IRA-67 (commercially available from Aldrich) ion exchange resin. The mixture was
filtered, concentrated and purified by silica chromatography ( EtOAc:MeOH:NH,OH
(29.6%)=3:1:0.2) to give 2 as a white solid (0.32 g, 93%). Mp=218-220 °C (sample
recrystalized from MeOH/H,0) . 'H NMR (250 MHz, DMSO), & 8.16 (s, 1H), 8.12 (s,
1H), 7.22 (s, 2H), 5.36 (d, J=4.2 Hz, 1H), 5.25 (d, J=6.5 Hz, 1H), 4.59-4.97 (m, 2H),
4.58-4.63 (m, 1H), 4.04 (dm, J=12.0 Hz, 1H), 2.68-2.76 (m, 1H), 2.20-2.34 (m, 1H). °C

NMR (62 MHz, DMSO), § 156.0, 152.2, 149.6, 140.2, 119.4, 95.1 (d, J=177.7 Hz), 73.7
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(d, J=10.5 Hz), 73.4, 57.8 (d, J=3.1 Hz), 33.3 (d, J=22.6 Hz). Anal. Calcd for
CioH12FNsO»: C, 47.43; H, 4.78; N, 27.66; Found: C, 47.28; H, 4.86; N, 27.36.

1-Benzyl-1H-pyrrole-2-carbaldehyde (40). Pyrrole-2-carboxaldehyde (25 g, 0.27
mol), benzene (125 mL), NaOH solution (50%, 125 mL), tetrabutylammonium iodide
(TBAI) (1.0 g) were mixed and refluxed over 24 hours. The mixture was cooled to room
temperature. The organic layer was separated, washed with water (3x100mL), dried over
sodium sulfate, and concentrated to give crude 40 as a yellow oil (43 g, 82%), which was
used without further purification.

3-(1-Benzyl-1H-pyrrol-2-yl)acrylic Acid (42). 40 (43 g, 0.23 mol) was dissolved
in dry ethanol (200 mL). Malonic acid (26 g, 0.25 mol), aniline (23 g, 0.25 mol) were
added. The mixture was refluxed until white solid formed. The flask was cooled with
ice-water. The precipitate was filtered, and washed with benzene. The solid was dried
under vacuum to give 42 as white solid (37 g, 72%). The NMR spectra are consistent
with literature.*'°

3-(1-Benzyl-1H-pyrrol-2-yl)acryloyl Azide (44). 42 (10.0 g, 44.0 mmol) was
dissolved in dry acetone (200 mL). Triethylamine (TEA) (5.8 g, 57 mmol) was added.
Chloroethyl formate (6.2 mL, 66 mmol) was added dropwise via a syringe at 0 °C. The
solution was stirred at the same temperature for 1 hour. Sodiam azide (4.4 g, 66 mmol) in
minimum water was added dropwise. The mixture was warmed to room temperature and
stirred 1 hour. The solvent was removed under reduced pressure. Water was added. The
mixture was extracted with EtOAc (200 mL). The organic layer was separated, washed
with brine, dried over sodium sulfate, and concentrated to give 44 as yellow oil (11 g,
6

96%). The NMR spectra were consistent with literature.”’
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1-Benzyl-1H-pyrrolo|[3,2-C|pyridin-4-ol (46). 44 (10.6 g, 42.0 mmol) in diphenyl
ether (20 mL, 60 °C) was added dropwise to a solution of n-BuzN (2.0 mL) in diphenyl
ether (30 mL) at 220 °C (maintaining this temperature during addition of 44). The
solution was stirred at same temperature for 15 minutes. The solvent was removed under
reduced pressure. The residue was purified with silica column (EtOAc/MeOH=5:1) to
give 46 as a yellow solid (3.80 g, 40.4%). The NMR spectra are consistent with
literature.*'®

1H-Pyrrolo[3,2-c]pyridin-4-ol (47). 46 (7.6 g, 34 mmol) was dissolved in liquid
ammonia at -78 °C (about 100 mL). Sodium metal (in small pieces) was added until the
solution remained blue for 5 minutes. Ammonium chloride (15 g) was added to quench
the reaction. The mixture was warmed to room temperature. The mixture was purified
by silica column (EtOAc/MeOH=3:1) to give 47 as white solid (3.1 g, 70%). The NMR
spectra are consistent with literature.*'°

4-Chloro-1H-pyrrolo[3,2-C]pyridine (48). 47 (3.1 g, 25 mmol) was dissolved in
POCI; (20 mL) in high pressure reaction vessel. The mixture was heated to 170 °C
overnight. The POCl; was removed under reduced pressure. The residue was poured to
ice-water. The resulting mixture was extracted with EtOAc (4x100 mL). The combined
organic layer was washed with brine (3x20 mL), dried over sodium sulfate, and
concentrated. The residue was purified with silica column (EtOAc) to give 48 as white
solid (2.3 g, 60%). The NMR spectra are consistent with literature.*°

(3aR,6R,6aR)-6-(tert-Butoxymethyl)-2,2-dimethyl-dihydro-3aH-cyclopenta[d]-[1,
3]dioxol-4(5H)-one (50). tert-BuOMe (10 mL), tert-BuOK (2.0 g, 17 mmol) was
dissolved in dry THF (30 mL) and cooled to -78 °C. sec-BuLi (16 mL, 1.4 M in hexane,
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22 mmol) was added dropwise. The mixture was stirred at -78 °C for 2 hours. LiBr (2.9 g,
34 mmol) in THF (10 mL) was added over 10 min at -70 °C. The mixture was warmed to
-30 °C, stirred 30 minutes. The mixture was recooled to -78 °C. CuBr-SMe; (1.8 g, 8.7
mmol), SMe, (10 mL) in THF (10 mL) was added dropwise over 5 minutes. 49 (0.70 g,
4.5 mmol) in THF (5 mL) was added dropwise at the same temperature. The mixture was
warmed to -30 °C and stirred 30 minutes. MeOH (15 mL), saturated NH4C1 solution (15
mL) were added. The mixture was extracted with diethyl ether (3x100 mL). The
combined organic layer was washed with brine (30 mL), dried over sodium sulfate, and
concentrated. The residue was purified by silica column (hexanes/EtOAc=10:1) to give
50 as a colorless oil (0.84 g, 77%). The NMR spectra were consistent with literature.”"
(3aS,4S,6R,6aR)-6-(tert-Butoxymethyl)-2,2-dimethyl-tetrahydro-3aH-cyclopenta
[d]-[1,3]dioxo0l-4-0l (51). 50 (0.30 g, 1.2 mmol) was dissolved in MeOH (10mL) at 0 °C.
CeCl3'7H,O (0.46 g, 1.2 mmol) was added. NaBH, (0.12 g, 2.4 mmol) was added
portionwise, and stirred 30 minutes. Saturated NH4Cl solution (3 mL) was added. The
solvent was removed under reduced pressure. The residue was extracted with EtOAc
(3%x30 mL). The combined organic layer was washed with brine (20 mL), dried over
sodium sulfate and concentrated. The residue was purified with silica column
(hexanes/EtOAc=5:1) to give 51 as colorless oil (0.25 g, 83%). The NMR spectra were
consistent with the literature.*°
1-((3aS,4R,6R,6aR)-6-(tert-Butoxymethyl)-2,2-dimethyl-tetrahydro-3aH-cyclope
nta[d]-[1,3]dioxol-4-yl)-4-chloro-1H-pyrrolo[3,2-C]pyridine (53). To a chilled (-20 °C)
solution of 51 (0.9 0g, 3.7 mmol) and pyridine (0.59 mL, 7.4 mmol) in dry CH,Cl, (30
mL) was added dropwise trifluoromethansulfonic anhydride (0.93 mL, 5.5 mmol). The
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mixture was placed in an ice/water bath, and stirred for 1 hour. Ice cold water was added
to quench the reaction. The organic layer was washed with ice cold water (3%x10 mL). The
organic layer was separated and dried by Na,SO,. The solvent was removed at reduced
pressure to give an orange oil (1.2 g, 84%). The resulting oil was dissolved in anhydrous
DMF (20 mL) and cooled to —20 °C. The resulting solution was added to pre-prepared
sodium salt of 48 in DMF (by addting NaH (0.22 g, 60% in mineral oil, 5.5 mmol) to a
solution of 48 (0.84 g, 5.5 mmol) in DMF at romm temperature) at —40 °C. The mixture
was stirred at room temperature for 2 days. The solvent was removed under reduced
pressure. The residue was dissolved in water, extract with EtOAc (3x10 mL). The
combined organic layer was dried over Na,SOs, filtered, and concentrated. The residue
was purified by silica gel column (Hexanes/EtOAc=5:1) to give 53 as a colorless oil
(0.60 g, 43%)."H NMR (400 MHz, CDCl3) & 8.09 (d, J=9.4 Hz, 1H), 7.46 (d, J=9.6 Hz,
1H), 7.31 (d, J=5.6 Hz, 1H), 6.68 (d, J=5.4 Hz, 1H), 84.74 (m, 1H), 4.60 (m, 2H), 3.54 (m,
2H), 2.51 (m, 2H), 2.33 (m, 1H), 1.64 (s, 3H), 1.33 (s, 3H), 1.25 (s, 9H). *C NMR (100
MHz, CDCL) & 144.1, 141.1, 139.9, 126.1, 123.9, 113.3, 105.6, 101.5, 85.5, 81.3, 77.2,
72.9, 63.2, 61.6, 43.9, 33.2, 27.6, 27.5, 27.0, 25.1. Anal. Calcd for CyyH»7CIN,Os: C,
63.40; H, 7.18; Cl1, 9.36; N, 7.39; Found: C, 63.63; H, 7.27; Cl, 9.06; N, 7.14.
3-(4-Chloro-pyrrolo[3,2-C]pyridin-1-yl)-5-hydroxymethyl-cyclopentane-1,2-diol

(54). 53 (0.40 g, 1.06 mmol) was dissolved in CF;COOH/H,0=2:1 (30 mL). The mixture
was refluxed under N, overnight. The solvent was removed at reduced pressure, and the
residue was neutralized with saturated NaHCOj solution. The solvent was removed under
reduced pressure. The residue was purified with a silica gel column ( CH,Cl,/MeOH=8:1)
to give 54 as a yellow solid (0.25 g, 83%), mp=194-196 °C.'H NMR (400 MHz, MeOD)
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0 7.96 (d, J=6.0 Hz, 1H), 7.66 (d, J=3.6 Hz, 1H), 7.60 (d, J=6.0 Hz, 1H), 6.71 (d, J=3.6
Hz, 1H), 4.8 (m, 1H), 4.21 (m, 1H), 3.98 (m, 1H), 3.68 (m, 2H), 2.40 (m, 1H), 2.24 (m,
1H), 1.80 (m, 1H). >C NMR (100 MHz, MeOD) § 144.1, 143.3, 139.6, 128.7, 124.9,
107.2, 102.5, 77.9, 73.8, 64.3, 62.6, 46.7, 30.2. Anal. Calcd for C;3H;5CIN,053-0.5H,0: C,
53.52; H, 5.52; Cl, 12.15; N, 9.60; Found: C, 53.75; H, 5.44; Cl, 12.26; N, 9.39.
3-(4-Amino-pyrrolo[3,2-C]pyridin-1-yl)-5-hydroxymethyl-cyclopentane-1,2-diol
Hydrochloride Salt Monohydrate (3). 54 (1.0 g, 3.7 mmol) was dissolved in 2-methoxy
ethanol (30 mL). The solution was degassed with N, for 10 minutes. Hydrazine
monohydrate (20 mL) was added in one portion. The mixture was heated to reflux under
N, overnight. The solvent was removed under reduced pressure, co-evaporated with
ethanol three times (20 mL each). Water (30 mL) was added. The solution was degassed
with N; for 10 minutes. Raney®™ 2800 Nickel (3.0 g in water suspension) was added. The
mixture was refluxed under N, overnight. The mixture was filtered, concentrated. The
residue was purified by silica gel column (EtOAc/MeOH/NH4OH (29.6%)=3:1:0.1) to
give 3 as gel. Recrystallization from MeOH/EtOAc give 3 as white solid (as hydrochloric
acid salt, 0.40 g, 41%). m.p.: decomposed above 200 °C."H NMR (400 MHz, MeOD) &
7.61 (d, J=3.2 Hz, 1H), 7.46 (d, J=7.2 Hz, 1H), 7.22 (d, J= 7.2 Hz, 1H), 67.00 (d, J=3.2
Hz, 1H), 4.81 (m, 1H), 4.18 (m, 1H), 3.98 (m, 1H), 3.68 (m, 2H), 2.38 (m, 1H), 2.24 (m,
1H), 1.80 (m, 1H). *C NMR (100 MHz, MeOD) 8151.1, 142.1, 127.4, 127.1, 111.1,
104.5, 100.8, 78.1, 73.8, 64.3, 62.6, 46.7, 30.4. Anal. Calcd for C,3H;3CIN3O3 (+H,0): C,
49.14; H, 6.34; Cl, 11.16; N, 13.22; Found: C, 49.26; H, 6.28; Cl, 11.17; N, 13.09.
1-[6-(tert-Butyl-dimethyl-silanyloxy)-2,2-dimethyl-tetrahydro-cyclopenta[1,3]dio
x0l-4-yl]-4-chloro-1H-pyrrolo[3,2-c]pyridine (57). To a chilled (-20 °C) solution of 31
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(2.6 g, 9.0 mmol) and pyridine (0.76 mL, 9.1 mmol) in dry CH,Cl, (30 mL) was added
dropwise trifluoromethansulfonic anhydride (1.5 mL, 9.1 mmol). The mixture was placed
in an ice/water bath, and stirred for 1 hour. Ice chilled water (5 mL) was added to quench
the reaction. The organic layer was washed with ice cold water (3x10 mL). The organic
layer was separated and dried by Na,SO4. The solvent was removed at reduced pressure
to give 56 as orange oil. The resulting 56 was dissolved in anhydrous DMF (20 mL) and
cooled to —20 °C. The resulting solution was added to sodium salt of 48 in DMF solution
(prepared by addition of NaH (0.54 g, 60% dispersion in mineral oil, 13 mmol) to a
solution of 48 (2.1 g, 13 mmol) in DMF) at —40 °C. The mixture was stirred at room
temperature for 2 days. The solvent was removed under reduced pressure. The residue
was dissolved in water, extracted with EtOAc (3x50 mL). The combined organic layer
was dried over Na,SOy, filtered, and concentrated. The residue was purified by silica gel
column (Hexanes/EtOAc=2:1) to give 57 as yellow oil (1.4 g, 46%)."H NMR (400 MHz,
CDCls) 6 8.08 (d, J=10.6 Hz, 1H), 7.55 (d, J=3.3 Hz, 1H), 7.32 (d, J=5.8 Hz, 1H), 6.60 (d,
J=3.3 Hz, 1H), 4.81 (d, J=8.3 Hz, 1H), 4.71(d, J=5.7 Hz, 1H), 4.55 (d, J=5.8 Hz, 1H),
443 (m, 1H), 2.75 (m, 1H), 2.18 (d, J=2.5 Hz, 1H), 1.54 (s, 3H), 1.26 (s, 3H), 0.91 (s,
9H), 0.14 (s, 3H), 0.09 (s, 3H); °C NMR (100 MHz, CDCl3) & 114.1, 140.0, 128.1,
111.84, 105.2, 101.0, 87.6, 86.6, 63.1, 37.9, 32.4, 27.0, 26.0, 24.5, 23.0, 18.2, 14.5, -4.6,
-4.7. Anal. Calcd for C,1H3,CIN,OsSi: C, 59.62; H, 7.39; Cl, 8.38; N, 6.62; Found: C,
59.69; H, 7.38; Cl, 8.08; N, 6.33.
4-(4-Chloro-pyrrolo[3,2-C]pyridin-1-yl)-cyclopentane-1,2,3-triol (58). 57 (1.2 g,
2.8 mmol) was dissolved in 0.5 N HCI methanol solution (20 mL). The mixture was
stirred at room temperature for 24 hours. The mixture was neutralized with ammonium
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hydroxide (29.6%). The solvent was removed under reduced pressure. The residue was
purified by silica gel column (EtOAc/MeOH=10:1) to give 58 as white solid (0.70 g,
92%). m.p.: 173-175 °C. "H NMR (400 MHz, DMSO) & 7.97 (d, J=5.8 Hz, 1H), 7.68-7.66
(m, 2H), 6.62 (d, J=3.1 Hz, 1H), 5.27 (s, 1H), 4.98 (s, 2H), 4.78-4.72 (m, 1H), 4.32-4.29
(m, 1H), 3.96 (d, J=5.9 Hz, 1H), 3.75 (d, J=3.6 Hz, 1H), 2.72-2.64 (m, 1H), 1.75-1.69(m,
1H). >C NMR (100 MHz, DMSO) & 142.3, 140.7, 139.0, 128.9, 122.9, 106.3, 100.2, 76.8,
76.7, 73.5, 60.7, 36.5. Anal. Calcd for C;,H3CIN,Os: C, 53.64; H, 4.88; Cl, 13.19; N,
10.43; Found: C, 53.58; H, 4.79; CI, 13.39; N, 10.21.
4-(4-Amino-pyrrolo[3,2-C]pyridin-1-yl)-cyclopentane-1,2,3-triol Hydrochloride
Salt (4). 58 (0.40g, 1.5 mmol) was dissolved in 2-methoxyethanol (20 mL). The solution
was degassed by N, for 10 minutes. Hydrazine monohydrate (20 mL) was added in one
portion. The mixture was heated to reflux under N, overnight. The solvent was removed
under reduced pressure, co-evaporated with ethanol three times (30 mL each). Water (30
mL) was added. The solution was degassed with N, for 10 minutes. Raney 2800 Nickel
(2.0 g in water suspension) was added. The mixture was refluxed under N, overnight. The
mixture was filtered, and concentrated. The residue was purified by silica gel column
(EtOAc/MeOH/NH4OH (29.6%)=3:1:0.1) to give 4 as gel. Recrystallization from
MeOH/EtOAc give 4 as white solid (as hydrochloride salt, 0.20 g, 53%). Mp=218-219 °C.
'H NMR (400 MHz, MeOD) & 7.60 (d, J=3.4 Hz, 1H), 7.46 (d, J=7.2 Hz, 1H), 7.26 (d,
J=6.7 Hz, 1H), 7.01 (d, J=3.6 Hz, 1H), 4.84 (m, 1H), 4.44 (m, 1H), 4.13 (m, 1H), 3.93 (m,
1H), 2.81-2.87 (m, 1H), 1.84-1.87 (m, 1H). °C NMR (100 MHz, DMSO) & 149.4, 139.5,
126.9, 126.6, 109.3, 103.5, 99.2, 77.3, 76.6, 73.5, 60.7, 36.7; Anal. Calcd for
C12H16CIN3O3: C, 50.44; H, 5.64; Cl, 12.41; N, 14.71; Found: C, 50.35; H, 5.67; CI,
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12.44; N, 14.44.
(3aR,4R,6R,6aR)-6-(Hydroxymethyl)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dio
xol-4-o0l (60). D-Ribose (123 g, 0.823 mol), dry acetone (500 mL) and sulfuric acid (1
mL) were mixed and stirred at room temperature overnight. Ammonium hydroxide
(29.6% water solution) was added to neutralize the solution. The solution was dried over
Na,SO4 and directly filtered through a silica column. The column was rinsed with
acetone/THF mixture. The combined filtrate was concentrated, and coevaporated with
dry THF (3x50 mL) to give 60 as gel-like foam (103 g, 69.3%). The NMR spectra are
consistent with literature.*’
((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro[3,4-d]-|
1,3]dioxol-4-yl)methanol (61). 60 (2.98 g, 16.6mmol) was dissolved in DMF. The
solution was cooled to 0 °C. NaH (0.68 g, 60% in mineral oil, 17 mmol) was added in
portionwise. The mixture was stirred at same temperature for 1 hour. PMBCI (2.76 mL,
20.4 mmol) was added. The solution was warmed to room temperature, stirred overnight.
The solvent was removed under reduced pressure. The residue was partitioned between
water and EtOAc. The aqueous phase was extracted with EtOAc (3%x30 mL). The
combined organic layer was washed with brine, dried over sodium sulfate, and
concentrated. The residue was purified with silica column (hexanse/EtOAc=2:1) to give
61 as colorless oil contaminated with para-methoxybenzyl alcohol (PMBOH) (3.38 g,
65.6%). "H NMR (400 MHz, CDCls) & 7.26 (m, 2H), 6.89 (m, 2H), 5.16 (s, 1H), 4.83 (d,
J=6.0 Hz, 1H), 4.69 (d, J=11.2 Hz, 1H), 4.62 (m, 2H), 4.50 (d, J=11.2 Hz, 1H), 4.43 (m,
1H), 3.80 (s, 3H), 3.68 (m, 2H), 1.47 (s, 3H), 1.30 (s, 3H); *C NMR (100 MHz, CDCl;)
0 159.7, 130.0, 128.6, 114.1, 112.1, 107.7, 88.4, 86.0, 81.5, 69.9, 55.3, 26.4, 24.7. Calcd
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HRMS for Ci¢H2,06: 310.1416; Found: 310.1409.
(3aR,4R,6R,6aR)-4-(4-Methoxybenzyloxy)-2,2-dimethyl-6-vinyl-tetrahydrofuro|
3,4-d]-[1,3]dioxole (63). 61 (50 g, 0.16 mol) was dissolved in DCM (300 mL). DIPEA
(33 mL, 0.19 mol), SOs-Py (31 g, 0.19 mol) were added in portion. The mixture was
stirred at the same temperature for 2 hours. Ice chilled water (50 mL) was added. The
organic layer was separated, washed with ice water (3x50 mL) and brine (50 mL), dried
over sodium sulfate, and concentrated. The residue was filtered through a short silica
column. The filtrate was concentrated to give intermediate 62, which was directly used in
next step. (Ph);PMeBr (70 g, 0.20 mol) was suspended in THF (300 mL). tert-BuOK (23
g, 0.20 mol) was added portionwise at 0 °C. The mixture was warmed to room
temperature and stirred 3 hours. The solution was recooled to -78 °C. 62 in THF (100 mL)
was added dropwise. The mixture was warmed to room temperature and stirred overnight.
Water (50 mL) was added to quech the reaction. The solvent was removed under reduced
pressure. The residue was extracted with EtOAc (3x200 mL). The combined organic
layer was washed with water (100 mL), brine (100 mL), dried over sodium sulfate, and
concentrated. The residue was purified by silica column (hexanse/EtOAc=10:1) to give
63 as a colorless oil (30 g, 60%). 'H NMR (CDCls, 400 MHz) & 7.29 (d, J=8.8 Hz, 2H),
6.93 (d, J=1.8 Hz, 2H), 6.03 (m, 1H), 5.36 (d, J=17.6 Hz, 1H), 5.23 (d, J=17.6 Hz, 1H),
5.20 (s, 1H), 4.18 (m, 2H), 4.50 (s, 2H), 4.46 (d, J=12.0 Hz, 1H), 3.84 (s, 3H), 1.53 (3H),
1.35 (s, 3H); °C NMR (100 MHz, CDCl3) & 159.4, 137.2, 129.8, 129.3, 117.5, 130.4,
112.3,106.9, 88.7, 85.7, 84.6, 68.5, 55.3, 26.5, 24.9.
2-((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro[3,4-d]

-[1,3]dioxol-4-yl)ethanol (64). To a solution of 63 (4.6 g, 15 mmol) in dry THF (20 mL)
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at 0 °C was added 9-borabicyclo[3.3.1]nonane (9-BBN) (36 mL, 0.5M in THF, 18 mmol)
dropwise. The reaction mixture was stirred at room temperature for overnight and MeOH
(10 mL), NaOH (3N aq, 20 mL) and H,O, (20 mL, 30% aq. solution) were added
dropwise sequentially. The resulting mixture was evaporated after 4 hours at room
temperature and extracted with EtOAc (3x50 mL). The combined organic layers were
dried (Na;SOy), filtered, concentrated, and purified by column chromatography. Elution
with hexane-EtOAc (1:1) gave 64 (4.3 g, 88%). 'H NMR (CDCls, 400 MHz) & 7.28 (d,
J=8.8 Hz, 2H), 6.86 (d, J=8.8 Hz, 2H), 5.17 (s, 1H), 4.72-4.64 (m, 3H), 4.54 (t, J=7.6 Hz,
2H), 3.85 (m, 2H), 3.83 (s, 3H), 2.07 (br, 1H), 1.98 (m, 1H), 1.87 (m, 1H), 1.53 (s, 3H),
1.32 (s, 3H); °C NMR (CDCls, 100 MHz) & 159.4, 129.7, 129.3, 113.9, 112.4, 107.5,
85.6, 85.4, 84.5, 69.2, 60.4, 55.3, 37.4, 26.5, 25.0; Anal. Cald for C;7H240¢: C, 62.95; H,
7.46; Found: C, 63.13; H, 7.52.
2-((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro[3,4-d]
-[1,3]dioxol-4-yl)acetaldehyde (65). To a solution of 64 (3.8 g, 12 mmol), DMSO (20
mL) and DIPEA (5 mL) in CH,Cl, (100 mL) was added dropwise a solution of SO;-Py
(3.7 g, 23 mmol) in DMSO (20 mL) at 0 °C. The reaction was then warmed to room
temperature and stirred for 2 hours. The reaction mixture was then diluted with CH,Cl,
(200 mL), washed with water (20 mL), saturated NaHCO; (30 mL) and brine (30 mL).
The mixture was dried (Na,SO,), filtered, concentrated, and purified by column
chromatography. Elution with hexane-EtOAc (5:1) gave 65 (3.4 g, 93%) as a white solid.
MP=87-88 °C. '"H NMR (CDCl;, 400 MHz) & 9.83 (dd, J=2.4, 1.2 Hz, 1H), 7.29 (d, J=8.8
Hz, 2H), 6.92 (d, J=8.8 Hz, 2H), 5.17 (s, 1H), 4.80 (dd. J=8.8, 6.4 Hz, 1H), 4.74 (d,

J=6.0 Hz, 1H), 4.64 (dd, J=8.0, 6.0 Hz, 2H), 4.41 (d, J=11.2 Hz, 1H), 3.83 (s, 3H), 2.94
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(ddd, J=16.8, 8.8, 2.4 Hz, 1H), 2.76 (ddd, 16.8, 6.4, 1.2 Hz, 1H), 1.51 (s, 3H), 1.33 (s,
3H); *C NMR (CDCls, 100 MHz) & 199.9, 159.4, 129.9, 128.9, 113.9, 112.7, 107.5, 85.6,
84.1, 81.7, 69.1, 55.3, 48.9, 26.5, 25.0; Anal. Cald for C;7H20¢: C, 63.34; H, 6.88;
Found: C, 63.55; H, 7.01.
(R)-1-((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro|3,
4-d]-[1,3]dioxol-4-yl)pent-4-en-2-0l (66). Allyl magnesiumbromide (18 mL, 1M in
diethyl ether, 18 mmol) was added dropwise to solution of (+)-B-methoxy
diisopinocampheylborane ((+)-Ipc;BOMe) (5.7 g, 18 mmol) in diethyl ether (100 mL) at
0 °C. The reaction mixture stirred at room temperature for 1 hour to give a white
suspension. This suspension was cooled to -78 °C and 65 (3.4 g, 11 mmol) in THF (30
mL) was then added dropwise. The new reaction mixture was then stirred at the same
temperature for 3 hours and allowed to warm to room temperature in 2 hours. MeOH (10
mL), followed by NaOH aqueous solution (3M, 25 mL) and H,0, (25 mL) was added
into reaction mixture. The suspension was then stirred at room temperature for another 4
hours and concentrated. The residue was diluted with EtOAc (200 mL), washed with
water (50 mL) and brine (50 ml), dried over Na,SQOy, filtered, concentrated in vacuo, and
purified by column chromatography. Elution with hexane-EtOAc (10:1 to 5:1) gave 66
(3.2 g, 74 %) as colorless oil. '"H NMR (CDCls, 400 MHz) & 7.30 (d, J=8.8 Hz, 2H), 6.91
(d, J=8.8 Hz, 2H), 5.87 (m, 1H), 5.17 (m, 3H), 4.74 (d, J=10.8, 1H), 4.69 (d, J=6.0 Hz,
1H), 4.62 (d, J=6.0 Hz, 1H), 4.46 (m, 2H), 3.93 (s, 1H), 3.83 (s, 3H), 2.76 (s, 1H), 2.33
(m, 2H), 1.91-1.76 (m, 2H), 1.51 (s, 3H), 1.33 (s, 3H); °C NMR (CDCl;, 100 MHz) &
159.4, 134.5, 129.9, 129.2, 118.1, 113.9, 112.5, 107.6, 86.6, 85.5, 84.4, 69.7, 69.4, 55.3,

41.8, 41.1, 26.5, 25.0; Anal. Calcd for CyoH,30¢: C, 65.91; H, 7.74; Found: C, 65.48; H,
94



7.72.
(3aR,4R,6R,6aR)-4-((S)-2-Azidopent-4-enyl)-6-(4-methoxybenzyloxy)-2,2-dimeth
yl-tetrahydrofuro[3,4-d][1,3]dioxole (67). To a solution of 66 (2.7 g, 7.4 mmol) and
triethylamine (3 mL) in anhydrous CH,Cl, (20 mL) was added MsCl (0.84 mL, 15 mmol)
at 0°C. The reaction mixture became a yellow solution after stirring for 1 hour at room
temperature. It was then diluted with CH,Cl, (20 mL) and washed with icy water (20
mL), dried (Na,SO4) and filtered. Evaporation of filtrate provided a sticky yellow oil
which was directly used for the next step. A suspension of above oil in dry DMF (20 mL)
was added NaN; (2.0 g, 30.8 mmol). The mixture was stirred at 100 °C overnight. The
solvents was evaporated, quenched with water (10 mL), extracted with EtOAc (3x20 mL)
and dried (Na;SOy). The organic layers was filtered and concentrated to give yellow oil.
The residue was purified by column chromatography with hexances-EtOAc (5:1) to give
67 (2.0 g, 89 %) as colorless 0il%), '"H NMR (CDCls, 400 MHz) & 7.30 (d, J=8.8 Hz, 2H),
6.92 (d, J=8.8 Hz, 2H), 5.82 (m, 1H), 5.18 (m, 3H), 4.70 (d, J=6.4 Hz, 1H) 4.66 (d,
J=11.6 Hz, 1H), 4.61 (d, J=6.0 Hz, 1H), 4.49 (m, 2H), 3.83 (s, 3H), 3.67 (m, 1H), 2.38 (m,
2H), 1.87(m, 1H),1.61 (m, 1H), 1.51 (s, 3H), 1.34 (s, 3H); °C NMR (CDCls, 100 MHz) &
159.4, 133.4, 129.4, 129.2, 118.7, 113.9, 112.4, 107.9, 85.7, 84.4, 84.0, 69.5, 69.4, 59.4,
55.3,39.4, 26.5, 25.0; Anal. Calcd for C,0H»7N30s5: C, 61.68; H, 6.99; N, 10.79; Found: C,
61.91; 7.02; N, 10.65.
(S)-3-Azido-4-((3aR,4R,6R,6aR)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahydr
ofuro(3,4-d][1,3]dioxol-4-yl)butan-1-o0l (68). Method A: 67 (2.3 g, 6.0 mmol) was
dissolved in MeOH/H,O (2:1) (50 mL) at 0 °C. NalOy4 (3.2 g, 15 mmol) was added. OsO4

(20 mg, 0.078 mmol) was added. The mixture was stirred at 0 °C for 2 hours. The mixture
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was filtered. The filtrate was concentrated under reduced pressure and extracted with
DCM (3x100 mL). The combined organic layer was washed with water (50 mL), brine
(30 mL), dried over Na,SO, and concentrated. The residue was dissolved in MeOH (30
mL) at 0 °C. NaBH4 (0.45 g, 12 mmol) was added portionwise. The mixture was stirred at
same temperature for 30 minutes. Saturated NH4Cl solution (30 mL) was added. The
mixture was filtered through a celite pad. The solvent was removed under reduced
pressure. The residue was purified by silica column (hexanes/EtOAc=3:1 to 1:1) to give
68 (oil, 0.50 g, 20%), 69 (oil, 0.20 g, 10%), 70 (oil, 0.10 g, 5%) and a lot of intractable
products. 68: 'H NMR (CDCls, 400 MHz) & 7.28 (d, J=8.8 Hz, 2H), 6.90 (d, J=8.8 Hz,
2H), 5.18 (s, 1H), 4.72 (d, J=6.0 Hz, 1H), 4.67 (d, J=11.6Hz, 1H), 4.61 (d, J=6.0Hz, 1H),
4.48 (m, 2H), 3.84 (m, 1H), 3.83 (s, 3H), 3.76 (q, J=6.0 Hz, 2H), 2.02 (s, 1H), 1.88(ddd,
J=14.0, 11.2, 3.2 Hz, 1H), 1.77 (m, 2H), 1.68 (ddd, J=14.0, 11.2, 3.6 Hz, 1H), 1.61 (m,
1H), 1.51 (s, 3H), 1.34 (s, 3H); °C NMR (CDCls, 100 MHz) & 159.4, 129.5, 129.3, 113.9,
112.4, 107.9, 85.6, 84.4, 84.0, 69.5, 59.2, 57.2, 55.3, 40.0, 37.5, 26.5, 25.0; Anal. Calcd
for C1oH27N306: C, 58.00; H, 6.92: N, 10.68; Found: C, 58.27; H, 7.14; N, 10.45; 69: 'H
NMR (CDCls, 400 MHz) 6  9.55 (d, J=8.0 Hz, 1H), 7.23 (m, 2H), 6.89 (m, 2H), 6.23 (m,
1H), 5.12 (s, 1H), 4.72 (d, J=6.0 Hz, 1H), 4.60-4.65 (m, 2H), 4.38-4.46 (m, 2H), 3.82 (s,
3H), 2.76 (m, 1H), 2.65 (m, 1H), 1.50 (s, 3H), 1.33 (s, 3H); °C NMR (CDCls, 100 MHz)
S 193.7, 159.5, 153.6, 134.8, 129.6, 128.9, 113.9, 112.6, 107.5, 85.5, 85.4, 83.7, 69.3,
55.3, 38.4, 26.4, 24.9; 70: 'H NMR (CDCl;, 400 MHz) & 7.23 (m, 2H), 6.89 (m, 2H),
5.72-5.74 (m, 2H), 5.13 (s, 1H), 4.64-4.69 (m, 2H), 4.58 (m, 1H), 4.40 (m, 1H), 4.25 (m,
1H), 4.12 (m, 2H), 3.80 (s, 3H), 2.50 (m, 1H), 2.35 (m, 1H). 1.47 (s, 3H), 1.30 (s, 3H).

BC NMR 8159.4, 132.2, 129.7, 129.3, 128.2, 113.9, 112.3, 86.8, 85.7, 83.5, 68.9, 63.6,
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55.3,37.9,26.5, 24.9.

Method B: 67 (1.9 g, 5.2 mmol) was dissolved in THF (50 mL). NMO (2.4 mL, 50% in
water, 10 mmol) was added. OsO4 (5 mg, 0.020 mmol) was added. The mixture was
stirred at room temperature overnight. Sodium thiosulfate (5 g) was added to quench the
reaction. The mixture was stirred for another 2 hours. The mixture was filtered through a
short silica column (5 cm). The column was rinsed with EtOAc. The combined organic
liquid was concentrated. The residue was dissolved in DCM/H,O (1:1, 30 mL). NalO4
(3.2 g, 15 mmol) was added at room temperature. The mixture was stirred 3 hours. The
organic layer was diluted with DCM (100 mL), separated, washed with water (20 mL),
dried over sodium sulfate and concentrated. The residue was dissolved in MeOH (30 mL)
at 0 °C. NaBH,4 (450 mg, 12 mmol) was added portionwise. The mixture was stirred at
same temperature for 30 minutes. Saturated NH4Cl solution (30 mL) was added. The
mixture was filtered through a celite pad. The solvent was removed under reduced
pressure. The residue was purified by silica column (hexanes/EtOAc=3:1 to 1:1) to give
68 exclusively as colorless oil (1.7 g, 89%)

Method C: 67 (1.0 g, 2.6 mmol) was dissolved in tert-BuOH/H,O (1:1 30 mL).
AD-mix-beta (3.6 g) was added at room temperature. The mixture was stirred at room
temperature overnight. Sodium thiosulfate (5 g) was added. The mixture was stirred for
another 2 hours. The mixture was filtered through celite pad. The pad was rinsed with
tert-BuOH. The organic layer was sperated. NalO4 (0.80 g, 7.6 mmol) in water (10 mL)
was added at room temperature. The mixture was stirred 3 hours. The mixture was
filtered to remove precipitate. NaBH4 (0.10 mg, 2.7 mmol) was added portionwise. The
mixture was stirred at same temperature for 30 minutes. Saturated NH4Cl solution (30
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mL) was added. The mixture was filtered through a celite pad. The solvent was removed
under reduced pressure. The residue was extracted with EtOAc (3x50 mL). The
combined organic layer was washed with water (10 mL), brine (50 mL), dried over
sodium sulfate. The residue was purified by silica column (hexanes/EtOAc=3:1 to 1:1) to
give 68 exclusively as a colorless oil (0.72 g, 72%)
(3aR,4R,6R,6aR)-4-((R)-2-Azido-4-iodobutyl)-6-(4-methoxybenzyloxy)-2,2-dimet
hyl-tetrahydrofuro[3,4-d][1,3]dioxole (77). 68 (1.4 g, 3.5 mmol) was dissolved in
PhMe/MeCN (1:1, 50 mL). PhsP (1.0 g, 3.8 mmol), imidazole (1.2 g, 18 mmol) were
added. I, chip was added until the solution turned purple. The mixture was stirred at room
temperature for 2 hours. Water (10 mL), sodium thiosulfate (1 g) was added. The organic
layer was separated. The aqueous phase was extracted with EtOAc (50 mL). The
combined organic layer was dried over sodium sulfate and concentrated. The residue was
purified with silica column (hexanes/EtOAc=10:1) to give 77 as white solid (1.1 g, 60%).
MP= 99-100 °C; '"H NMR (CDCls, 400 MHz) & 7.29 (d, J=8.4 Hz, 2H), 6.93 (d, J=8.4 Hz,
2H), 5.20 (s, 1H), 4.74 (m, 2H), 4.69 (d, J=6.0 Hz, 1H), 4.61 (d, J=11.2 Hz, 1H), 4.48 (dd,
J=11.2, 2.8 Hz, 1H), 3.84 (s, 3H), 3.73 (m, 1H), 3.28 (m, 2H), 1.97 (m, 2H), 1.87(dt,
J=14.0, 2.7Hz, 1H), 1.70 (m, 1H), 1.51 (s, 3H), 1.34 (s, 3H); °C NMR (CDCls, 100 MHz)
0 159.4, 129.5, 129.2, 114.0, 112.5, 107.9, 85.6, 84.4, 83.8, 69.6, 60.4, 55.3, 39.9, 39.0,
26.5, 25.0, 1.63; Anal. Cald for C;9HycIN3;05-0.6EtOAc: C, 46.17; H, 5.41; N, 7.55;
Found: C, 46.12; H, 5.19; N, 7.42.
(S)-3-Azido-4-((3aR,4R,6R,6aR)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahydr

ofuro[3,4-d][1,3]dioxol-4-yl)butyl 4-Methylbenzenesulfonate (78). 68 (0.25 g, 0.64

mmol) was dissolved in DCM (10 mL). Triethylamine (TEA) (0.5 mL), p-toluenesulfonyl
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chloride (TsCl) (0.24 g, 1.2 mmol), and 1,4-diazabicyclo[2.2.2]octane (DABCO) (20 mg)
were added at room temperature. The mixture was stirred at room temperature for 30
minutes. Water (10 mL) was added. The mixture was stirred for 30 minutes. The organic
layer was separated, washed with brine (5 mL), dried over sodium sulfate and
concentrated. The residue was purified by silica column (hexanse/EtOAc=5:1) to give 78
as yellow oil (0.28 g, 79%). '"H NMR (CDCls, 400 MHz) & 7.78 (m, 2H), 7.32 (m, 2H),
7.21 (m, 2H), 6.89 (m, 2H), 5.15 (s, 1H), 4.67 (d, J=6.0 Hz, 1H), 4.57 (d, J=11.6 Hz, 1H),
4.53 (d, J=6.0 Hz, 1H), 4.38 (d, J=11.6 Hz, 1H), 4.37 (dd, J=11.2, 3.6 Hz, 1H), 4.12 (m,
2H), 3.80 (s, 3H), 3.71 (m, 1H), 2.43 (s, 3H), 1.65-1.84 (m, 4H), 1.48 (s, 3H), 1.30 (s,
3H). *C NMR (CDCl;, 100 MHz) & 159.6, 145.3, 132.9, 130.2, 129.7, 128.1, 114.2,
112.7,108.1, 85.8, 84.6, 83.9, 69.8, 66.8, 56.6, 55.5, 52.3, 40.5, 34.6, 26.6, 25.1, 21.8.
tert-Butyl((R)-1-((3aR,4R,6R,6aR)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahy
drofuro[3,4-d][1,3]dioxol-4-yl)pent-4-en-2-yloxy)dimethylsilane (80). 66 (2.9 g, 8.1
mmol) was dissolved in DCM (50 mL). The solution was treated with imidazole (1.0 g,
15 mmol), TBSCI (1.8 g, 12 mmol) and DMAP (20 mg). The mixture was stirred at room
temperature overnight. Water (10 mL) was added. The organic layer was separated,
washed with brine (20 mL), dried over sodium sulfate, and concentrated. The residue was
purified with silica column (hexanes/EtOAc=20:1) to give 80 as colorless oil
contaminated with tert-butyldimethylsilanol (TBSOH) (3.6 g, 93%). 'H NMR (CDCls,
400 MHz) 6 7.20 (m, 2H), 6.82 (m, 2H), 5.78 (m, 1H), 5.04 (m, 3H), 4.6 (m, 2H), 4.56
(m, 1H), 4.35 (m, 2H), 3.85 (m, 1H), 3.76 (s, 3H), 2.27 (m, 2H), 1.82 (m, 1H), 1.73 (m,
1H), 1.42 (s, 3H), 1.25 (s, 3H), 0.87 (s, 9H), 0.06 (s, 6H); °C NMR (CDCl;, 100 MHz) &

159.5, 134.8, 129.9, 117.5, 114.0, 112.3, 107.2, 85.9, 84.5, 69.4, 68.9, 66.1, 55.5, 41.9,
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41.7,26.7,26.2,,25.8,25.2,18.2, 18.1, 15.5, -3.4, -3.5.

(R)-3-(tert-Butyldimethylsilyloxy)-4-((3aR,4R,6R,6aR)-6-(4-methoxybenzyloxy)-2
,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)butan-1-ol (81). 80 (1.1 g, 2.3 mmol)
was dissolved in THF (50 mL). NMO (2.4 mL, 50% in water, 10.4 mmol) was added.
Os0y (5 mg) was added. The mixture was stirred at room temperature overnight. Sodium
thiosulfate (5 g) was added. The mixture was stirred for another 2 hours. The mixture was
filtered through a short silica column (5 cm). The column was rinsed with EtOAc. The
combined organic liquid was concentrated. The residue was dissolved in DCM/H,0 (1:1,
30 mL). NalO4 (1.0 g, 4.7 mmol) was added at room temperature. The mixture was
stirred vigorously 3 hours. The organic layer was diluted with DCM (100 mL), separated,
washed with water (20 mL), dried over sodium sulfate, and concentrated. The residue
was dissolved in MeOH (30 mL) at 0 °C. NaBH,4 (0.24 mg, 6.5 mmol) was added
portionwise. The mixture was stirred at same temperature for 30 minutes. Saturated
NH4CI solution (30 mL) was added. The mixture was filtered through celite. The solvent
was removed under reduced pressure. The residue was purified by silica column
(hexanes/EtOAc=3:1 to 1:1) to give 81 exclusively as a colorless oil (0.75 g, 68%). 'H
NMR (CDCls, 400 MHz) & 7.25 (m, 2H), 6.87 (m, 2H), 5.09 (s, 1H), 4.64-4.67 (m, 2H),
4.58-4.60 (m, 1H), 4.42 (d, J=11.6 Hz, 1H), 4.3 (m, 1H), 4.12 (m, 2H), 3.80 (s, 3H), 3.75
(m, 1H), 2.22 (m, 1H), 1.83-1.95 (m, 2H), 1.45-1.79 (m, 2H), 1.45 (s, 3H), 1.29 (s, 3H),
0.87 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H); °C NMR (CDCls, 100 MHz) & 159.4, 129.5,
129.3, 113.9, 112.3, 107.3, 85.7, 84.5, 84.2, 69.1, 68.9, 59.9, 55.3, 41.9, 37.7, 26.5, 25.8,
25.0,17.9, -4.4, -4.6.

(R)-3-(tert-Butyldimethylsilyloxy)-4-((3aR,4R,6R,6aR)-6-(4-methoxybenzyloxy)-2
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,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)butyl 4-Methylbenzenesulfonate
(82). 81 (2.0 g, 4.2 mmol) was dissolved in DCM (50 mL). TEA (2 mL), TsC1 (1.2 g, 6.3
mmol), DABCO (20 mg) were added. The mixture was stirred at room temperature 30
minutes. Water (10 mL) was added. The mixture was stirred at room temperature 1 hour.
The organic layer was separated, washed with brine (10 mL), dried over sodium sulfate,
and concentrated. The residue was purified with silica column (hexanes/EtOAc=5:1) to
give 82 as orange oil (2.4 g, 90%). "H NMR (CDCl;, 400 MHz) & 7.78 (m, 2H), 7.33 (m,
2H), 7.21 (m, 2H), 6.88 (m, 2H), 5.07 (s, 1H), 4.53-4.63 (m, 3H), 4.39 (d, J=11.6 Hz, 1H),
4.29 (m, 1H), 4.13 (m, 2H), 3.95 (m, 1H), 3.80 (s, 3H), 2.43 (s, 3H), 1.81-1.91 (m, 3H),
1.66-1.71 (m, 1H), 1.44 (s, 3H), 1.28 (s, 3H), 0.81 (s, 9H), 0.01 (s, 3H), -0.01 (s, 3H); °C
NMR (CDCls, 100 MHz) 6 159.4, 144.7, 133.1, 129.8, 129.6, 129.3, 127.9, 113.9, 112.3,
107.2, 85.6, 84.5, 83.7, 69.0, 67.4, 66.1, 65.8, 55.3, 42.1, 35.6, 26.5, 25.7, 25.0, 21.6, 17.9,
15.3,-4.3,-4.8.
(2S,5R)-2-((R)-3-(tert-Butyldimethylsilyloxy)-4-((3aR,4R,6R,6aR)-6-(4-methoxyb

enzyloxy)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)butyl)-3,6-diethoxy-5-i
sopropyl-2,5-dihydropyrazine (83). (R)-3,6-Diethoxy-2-isopropyl-2,5-dihydropyrazine
(1.2 mL, 5.7 mmol) was dissolved in THF (2 mL). The solution was cooled to -78 °C.
n-BuLi (2.4 mL, 2.5 M in hexanes, 6.0 mmol) was added dropwise. The mixture was
stirred at -78 °C 1 hour. 82 (2.4 g, 3.8 mmol) was dissolved in THF (5 mL) was added
dropwise via syringe. The mixture was slowly warmed up to -30 °C and kept 2 hours, and
then warmed to room temperature, stirred overnight. Water (10 mL) was added to quench
the reaction. The mixture was extracted with ethyl ether (3x50 mL). The combined

organic layer was washed with brine (30 mL), dried over sodium sulfate, and
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concentrated. The residue was purified with silica column (hexanes/EtOAc=10:1) to give
83 as colorless oil (2.2 g, 84%). '"H NMR (CDCls;, 400 MHz) & 7.25 (m, 2H), 6.86 (m,
2H), 5.08 (m, 1H), 4.60-4.66 (m, 3H), 4.38-4.40 (m, 2H), 4.09-4.13 (m, 6H), 3.98 (m,
1H), 3.89 (m, 1H), 3.82 (m, 1H), 3.79 (s, 3H), 2.25 (m, 1H), 1.83-1.88 (m, 2H), 1.72-1.78
(m, 2H), 1.45 (s, 3H), 1.23-1.28 (m, 9H), 1.04 (d, J=6.8 Hz, 3H), 0.88 (s, 9H), 0.71 (d,
J=6.8 Hz, 3H), 0.03 (s, 3H), 0.01 (s, 3H); °C NMR (CDCls, 100 MHz) & 163.16, 163.14,
159.32, 141.6, 129.7, 129.4, 113.9, 112.1, 106.9, 85.8, 84.4, 84.3, 69.6, 68.7, 60.53, 60.49,
60.40, 55.3, 55.2, 41.8,31.9, 31.5, 29.6, 26.5, 26.0, 25.9, 25.0, 19.1, 18.1, 16.6, 14.4, 14.2,
-4.4,-45.
(R)-4-((2S,5R)-3,6-Diethoxy-5-isopropyl-2,5-dihydropyrazin-2-yl)-1-((3aR,4R,6R
,6aR)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro[3,4-d]-[1,3]dioxol-4-yl)b
utan-2-ol (84). 83 (1.5 g, 2.2 mmol) was dissolved in THF (5 mL). TBAF (5 mL, 1.0M
in THF, 5% water content) was added. The mixture was heated to 60 °C for 1 hour. The
solvent was removed under reduced pressure. The residue was purified by silica column
(hexanes/EtOAc=5:1) to give 84 as colorless oil (1.1 g, 89%). 'H NMR (CDCl;, 400
MHz) § 7.26 (m, 2H), 6.86 (m, 2H), 5.14 (s, 1H), 4.66-4.70 (m, 2H), 4.58-4.61 (m, 1H),
4.37-4.40 (m, 2H), 4.05-4.20 (m, 5H), 3.88-3.97 (m, 4H), 3.79 (s, 3H), 2.26 (m, 1H), 2.08
(m, 1H), 1.89 (m, 1H), 1.71 (m, 2H), 1.47 (s, 3H), 1.28 (m, 9H), 1.03 (d, J=6.8 Hz, 3H),
0.73 (d, J=6.8 Hz, 3H); °C NMR (CDCls, 100 MHz) & 163.8, 163.0, 159.4, 129.0, 129.3,
113.9, 112.4, 107.4, 86.2, 85.6, 84.4, 69.4, 69.2, 65.9, 61.0, 60.98, 55.3, 55.2, 41.8, 33.1,
32.1,29.9,26.5,24.9,19.1, 16.8, 14.4, 14.3;
(R)-4-((2S,5R)-3,6-Diethoxy-5-isopropyl-2,5-dihydropyrazin-2-yl)-1-((3aR,4R,6R

,6aR)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro[3,4-d]-[1,3]dioxol-4-yl)b
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utan-2-yl 4-Methylbenzenesulfonate (85). 84 (0.19 g, 0.36 mmol) was dissolved in
DCM (50 mL). TEA (2.0 mL), TsC1 (0.12 g, 0.63 mmol), DABCO (20 mg) were added.
The mixture was stirred at room temperature 30 minutes. Water (10 mL) was added to
quench the reaction. The mixture was stirred at room temperature 1 hour. The organic
layer was separated, washed with brine (10 mL), dried over sodium sulfate, and
concentrated. The residue was purified with silica column (hexanes/EtOAc=5:1) to give
85 as orange oil (0.24 g, 93%). '"H NMR (CDCls, 400 MHz) & 7.78 (m, 2H), 7.24-7.28 (m,
4H), 6.85 (m, 2H), 5.06 (s, 1H), 4.83 (m, 1H), 4.58-4.62 (m, 2H), 4.51 (m, 1H), 4.35 (d,
J=11.6 Hz, 1H), 4.05-4.20 (m, 7H), 3.90 (m, 1H), 3.86 (m, 1H), 3.79 (s, 3H), 2.40 (s, 3H),
2.23 (m, 1H), 2.13 (m, 1H), 1.95 (m, 1H), 1.72-1.85 (m, 2H), 1.42 (s, 3H), 1.27 (m, 9H),
0.88 (d, J=6.8 Hz, 3H), 0.69 (d, ]=6.8 Hz, 3H). *C NMR (CDCl;, 100 MHz) & 163.5,
162.7, 159.4, 144.4, 134.5, 129.8, 129.7, 129.3, 127.7, 113.9, 112.3, 107.2, 85.5, 84.4,
83.6, 81.4, 69.0, 65.9, 60.9, 60.5, 55.3, 54.9, 39.3, 31.9, 28.9, 28.7, 26.4, 24.9, 21.62, 19.1,
16.7,15.3, 14.4;
(2S,5R)-2-((S)-3-Azido-4-((3aR,4R,6R,6aR)-6-(4-methoxybenzyloxy)-2,2-dimethy
I-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)butyl)-3,6-diethoxy-5-isopropyl-2,5-dihydrop
yrazine (79). 85 (6.0 g, 8.4 mmol) was dissolved in DMF. NaNj (1.3 g, 20 mmol) was
added. The mixture was heated to 80 °C overnight. The solvent was removed under
reduced pressure. Water (20 mL) was added to the residue. The mixture was extracted
with EtOAc (3x100 mL). The combined organic layer was washed with water (50 mL),
brine (50 mL), dried over sodium sulfate, and concentrated. The residue was purified
with silica column (hexanes/EtOAc=10:1) to give 79 as white solid (3.9 g, 78%).

MP=65-67 °C. '"H NMR (CDCls, 400 MHz) § 7.22 (m, 2H), 6.87 (m, 2H), 5.13 (m, 1H),
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4.67 (d, J=6.0 Hz, 1H), 4.55-4.57 (m, 2H), 4.43-4.47 (m, 2H), 4.05-4.21 (m, 4H),
3.92-3.97 (m, 1H), 3.88-3.91 (m, 1H), 3.79 (s, 3H), 3.51-3.58 (m, 1H), 2.23-2.28 (m, 1H),
1.76-1.95 (m, 3H), 1.52-1.65 (m, 3H), 1.47 (s, 3H), 1.25 (m, 9H), 1.03 (d, J=6.8 Hz, 3H),
0.71 (d, J=6.8 Hz, 3H); >C NMR (CDCls, 100 MHz) & 163.4, 162.7, 159.4, 129.5, 129.2,
113.9, 112.4, 107.7, 85.6, 84.4, 84.2, 69.4, 60.9, 60.7, 60.6, 59.9, 55.2, 54.9, 39.9, 32.0,
30.5, 30.0, 26.5, 24.9, 19.1, 16.7, 14.4, 14.3;
(3aR,4R,6R,6aR)-6-((R)-2-(tert-Butyldimethylsilyloxy)pent-4-enyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-0l (87). 80 (1.2 g, 2.5 mmol) was dissolved in
DCM/H;0 (20:1, 30 mL). 2,3-Dichloro-5,6-dicyano-p-benzoquinone (DDQ) (0.63 g, 2.7
mmol) was added. The mixture was stirred vigorously at room temperature 3 hours. The
precipitate was removed by filtration. The filtrate was diluted with DCM (100 mL) and
washed with saturated NaHCO; solution (3%x30 mL). The organic layer was dried over
sodium sulfate and concentrated. The residue was purified by a very careful silica column
(hexanes/EtOAc=20:1) to give 87 as colorless oil (mixture of f and a isomers, B:0=6:1,
0.68 g, 76%). "H NMR (CDCls, 400 MHz) & 5.81 (m, 1H), 5.41 (d, J=2.4 Hz, 1H), 5.08
(d, J=6.0 Hz, 1H), 5.04 (m, 1H), 4.61 (m, 2H), 4.33 (t, J=8.4 Hz, 1H), 3.90 (m, 1H), 2.76
(d, J=2.4 Hz, 1H), 2.31-2.34 (m, 1H), 2.25-2.26 (m, 1H), 1.85 (m, 1H), 1.75 (m, 1H),
1.47 (s, 3H), 1.31 (s, 3H), 0.88 (s, 9H), 0.07 (s, 6H); *C NMR (CDCls, 100 MHz) &
134.7, 117.3, 112.3, 130.2, 86.2, 84.8, 84.4, 69.3, 42.0, 41.2, 26.5, 25.8, 24.9, 18.0, -4.4,
-4.5.
9-((3aR,4R,6R,6aR)-6-((R)-2-(tert-Butyldimethylsilyloxy)pent-4-enyl)-2,2-dimeth

yl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-6-chloro-9H-purine (88). 87 (0.20 g, 0.56

mmol) was dissolve in THF (10 mL). CCly (0.06 mL, 0.7 mmol) was added. At -78 °C,
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hexamethylphosphorous triamide (HMPT) (0.1 mL, 0.7 mmol) was added dropwise. The
mixture was stirred at same temperature for 1 hour then warmed to 0 °C, stirred 1 hour.
The solution was recooled to -78 °C. Sodium salt of 6-chloropurine in DMF (10 mL)
(prepared by addition of 40 mg 60% NaH in mineral oil to 0.15 g 6-chloropurine in 10
mL DMF) was added dropwise. The mixture was warmed to room temperature. Water
(20 mL) was added to quench the reaction. The mixture was extracted with EtOAc (3x50
mL). The combined organic layer was washed with brine (30 mL), dried over sodium
sulfate, and concentrated. The residue was purified with silica column
(hexanes/EtOAc=10:1) to give 88 as yellow oil (0.16 g, 60%). '"H NMR (CDCl;, 400
MHz) & 8.80 (s, 1H), 8.26 (s, 1H), 6.14 (d, J=2.4 Hz, 1H), 5.72-8.85 (m, 1H), 5.50 (m,
1H), 5.03-5.15 (m, 2H), 4.94 (m, 1H), 4.45 (m, 1H), 3.82 (m, 1H), 2.28 (m, 2H), 1.86 (m,
2H), 1.65 (s, 3H), 1.42 (s, 3H), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H); °C NMR (CDCl;,
100 MHz) 6 152.1, 151.6, 150.9, 144.5, 134.3, 117.5, 114.8, 112.2, 103.3, 90.7, 84.7,
84.4,68.91,41.2,40.4,27.1,25.9, 25.8,25.4,24.9, 18.1, -4.4, -4.8.
(R)-3-(tert-Butyldimethylsilyloxy)-4-((3aR,4R,6R,6aR)-6-(6-chloro-9H-purin-9-yl
)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)butan-1-ol (89). 88 (0.90 g, 1.9
mmol) was dissolved in tert-BuOH/H,O (1:1, 20 mL). AD-mix-beta (2.8 g) was added.
The mixture was stirred at room temperature overnight. Sodium thiosulfate (2 g) was
added and stirred 1 hour. The mixture was extracted with EtOAc (3%x30 mL). The organic
layer was passed through a short silica pad (5 cm), concentrated, and dissolved in
MeOH/H,0 (1:1, 50 mL). NalO4 (089 g, 4.2 mmol) was added. The mixture was stirred
vigorously at room temperature for 1 hour. The precipitate was removed by filtration. The

solvent was removed at reduce pressure. The residue was extracted with EtOAc (3%30
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mL). The combined organic layer was concentrated, and dissolved in MeOH. NaBH4
(0.15 g, 4.1 mmol) was added portionwise at 0 °C. The mixture was stirred at same
temperature for 30 minutes. Saturated NH4Cl solution (10 mL) was added. The mixture
was filtered through celite. The solvent was removed at reduced pressure. The residue as
extracted with EtOAc (3%x50 mL). The combined organic layer was washed with brine
(30 mL), dried over sodium sulfate, and concentrated. The residue was purified with
silica column (hexanes/EtOAc=10:1) to give 89 as yellow oil (0.78 g, 87%). '"H NMR
(CDCl3, 400 MHz) 6 8.88 (s, 1H), 8.31 (s, 1H), 6.18 (d, J=2.4 Hz, 1H), 5.54 (dd, J=6.4
Hz, 2.4 Hz, 1H), 5.02 (dd, J=6.4 Hz, 2.4 Hz, 1H), 4.42 (m, 1H), 4.07 (m, 1H), 3.82 (m,
2H), 2.03-2.14 (m, 3H), 1.90 (m, 1H), 1.80 (m, 1H), 1.71 (s, 3H), 1.48 (s, 3H), 0.93 (s,
9H), 0.10 (s, 3H), 0.07 (s, 3H); >C NMR (CDCl3, 100 MHz) & 152.2, 151.6, 150.9, 144.5,
132.5, 115.0, 90.7, 84.6, 84.4, 83.9, 68.3, 59.8, 40.9, 37.7, 27.2, 25.7, 25.4, 17.9, -4.8,
-4.9.
(R)-3-(tert-Butyldimethylsilyloxy)-4-((3aR,4R,6R,6aR)-6-hydroxy-2,2-dimethyl-t

etrahydrofuro|3,4-d][1,3]dioxol-4-yl)butyl 4-Methylbenzenesulfonate (91). 82 (0.20 g,
0.31 mmol) was dissolved in DCM/H,0 (20:1, 30 mL). DDQ (0.11 g, 0.48 mmol) was
added. The mixture was stirred vigorously at room temperature 3 hour. The precipitate
was removed by filtration. The filtrate was diluted with DCM (100 mL) and washed with
saturated NaHCOs solution (3%x30 mL). The organic layer was dried over sodium
sulfate and concentrated. The residue was purified by a silica column
(hexanes/EtOAc=3:1) to give 91 as organge oil (mixture of B and a isomers, B:o=5:1,
0.12 g, 75%). "H NMR (CDCls, 400 MHz) & 7.80 (m, 2H), 7.35 (m, 2H), 5.42 (s, 1H),

4.53-4.63 (m, 2H), 4.25 (m, 1H), 4.15 (m, 2H), 3.95 (m, 1H), 2.68 (d, J=2.8 Hz, 1H),
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245 (s, 3H), 1.85-1.95 (m, 2H), 1.75-1.82 (m, 1H), 1.62-1.67 (m, 1H), 1.46 (s, 3H),
1.30 (s, 3H), 0.82 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H); *C NMR (CDCls, 100 MHz) &
144.7, 133.1, 129.8, 127.9, 112.4, 103.2, 86.1, 84.9, 83.7, 67.6, 66.1, 42.4, 35.3, 26.5,
25.7,24.9,21.6,17.9, -4.4, -4.8.
(3aR,4S,6R,6aR)-6-((R)-2-(tert-Butyldimethylsilyloxy)-4-(tosyloxy)butyl)-2,2-dim
ethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl Pivalate (92). 91 (1.5 g, 2.9 mmol) was
dissolved in DCM (50 mL). Pivaloyl chloride (PivCl) (0.54 mL, 4.4 mmol), DABCO
(0.50 g, 4.5 mmol) were added. The mixture was stirred at room temperature overnight.
Water (20 mL) was added and stirred 1 hour to quench the reaction. The organic layer
was separated, washed with brine (20 mL), dried over sodium sulfate, and concentrated.
The residue was purified with silica column (hexanes/EtOAc=10:1) to give 92 as orange
oil (1.2 g, 69%). '"H NMR (CDCl;, 250 MHz) & 7.80 (m, 2H), 7.35 (m, 2H), 6.07 (d,
J=4.8 Hz, 1H), 4.80 (m, 1H), 4.40 (m, 2H), 4.21 (m, 1H), 4.10 (m, 1H), 3.95 (m, 1H),
2.45 (s, 3H), 1.85 (m, 2H), 1.73 (m, 2H), 1.53 (s, 3H), 1.34 (s, 3H), 1.25 (s, 9H), 0.82 (s,
9H), 0.03 (s, 3H), -0.01 (s, 3H); *C NMR (CDCls, 60 MHz) & 177.3, 144.7, 133.0, 129.8,
127.9, 116.6, 95.6, 83.8, 80.3, 79.8, 67.4, 65.7, 40.2, 38.9, 35.8, 27.1, 26.4, 25.7, 25.3,
21.6,17.9,-4.4,-4.5;
(R)-4-((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro|3,
4-d][1,3]dioxol-4-yl)butane-1,3-diyl bis(4-Methylbenzenesulfonate) (94). A solution of
81 (5.0 g, 10 mmmol) was treated with TBAF (13 mL, 1M in THF, 5% water content, 13
mmol) at room temperature, stirred 1 hour. Water (10 mL) was added to quench the
reaction. The mixture was extracted with EtOAc (3x50 mL). The combined organic layer

was washed with brine (2x20 mL), dried over sodium sulfate and concentrated. The
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residue was filtered through a short silica column (10 cm, elute with hexanes/EtOAc=2:1).
The fluorescent fraction was collected, concentrated and dissolved in DCM (50 mL).
TEA (10 mL), TsClI (6.0 g, 32 mmol), DABCO (50 mg) were added. The mixture was
stirred at room temperature 1 hour and quenched with water (10 mL). The organic layer
was separated, washed with brine (10 mL), dried over sodium sulfate and concentrated.
The residue was purified by silica column (hexanse/EtOAc=5:1) to give 94 as orange gel
(4.7 g, 70%). "H NMR (CDCl3, 400 MHz) & 7.75 (m, 4H), 7.33 (m, 6H), 6.88 (m, 2H),
5.05 (s, 1H), 4.86 (m, 1H), 4.61 (m, 2H), 4.46 (m, 1H), 4.37 (m, 1H), 4.12 (m, 2H), 3.95
(m, 1H), 3.80 (s, 3H), 2.44 (s, 3H), 2.42 (s, 3H), 2.05 (m, 3H), 1.86 (m, 1H), 1.42 (s, 3H),
1.27 (s, 3H); °C NMR (CDCls;, 100 MHz) § 171.1, 159.4, 144.9, 133.7, 132.9, 130.0,
129.9, 129.7, 129.2, 127.9, 127.8, 113.9, 112.4, 107.4, 85.4, 84.3, 83.1, 69.2, 65.9, 55.3,
52.2,45.9,39.5,33.1,26.5,24.9, 21.7.
(R)-4-((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydrofu
ro[3,4-d]-[1,3]dioxol-4-yl)butane-1,3-diyl bis(4-Methylbenzenesulfonate) (95). 94 (2.0
g, 3.2 mmol) was dissolved in DCM/H,0 (20:1, 30 mL). DDQ (1.1 g, 4.8 mmol) was
added. The mixture was stirred vigorously at room temperature 3 hour. The precipitate
was removed by filtration. The filtrate was diluted with DCM (100 mL) and washed with
saturated NaHCOs solution (3%x30 mL). The organic layer was dried over sodium
sulfate and concentrated. The residue was purified by a silica column
(hexanes/EtOAc=3:1) to give the intermediate as orange oil. This intermediate was
dissolved in dry DCM (50 mL) and treated with imidazole (0.42 g, 6.4 mmol), DMAP
(20 mg) and TBSCI (0.72 g, 4.8 mmol) at room temperature. The mixture was stirred

overnight. Water (10 mL) was added to quench the reaction. The organic layer was

108



separated, washed with brine (20 mL), dried over sodium sulfate, and concentrated. The
residue was purified by silica column (hexanes/EtOAc=10:1) to give 95 as an orange oil
(1.2 g, 56%). '"H NMR (CDCl3, 400 MHz) § 7.74 (m, 4H), 7.33 (m, 4H), 5.29 (s, 1H),
4.81 (m, 1H), 4.47 (m, 2H), 4.10 (m, 1H), 4.05 (m, 1H), 3.94 (m, 1H), 2.45 (s, 3H), 2.44
(s, 3H), 1.97-2.04 (m, 4H), 1.43 (s, 3H), 1.29 (s, 3H), 0.87 (s, 9H), 0.10 (s, 3H), 0.07 (s,
3H); °C NMR (CDCls;, 100 MHz) & 145.1, 145.0, 133.8, 132.9, 130.1, 130.0, 128.0,
127.9, 112.6, 103.6, 87.5, 84.5, 82.7, 77.1, 66.2, 39.6, 33.6, 26.7, 25.8, 25.2, 21.8, 18.1,
-4.2,-5.3.
(R)-1-((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydrofu

ro-[3,4-d][1,3]-dioxol-4-yl)-4-((2S,5R)-3,6-diethoxy-5-isopropyl-2,5-dihydropyrazin-2
-yl)-butan-2-yl 4-Methylbenzenesulfonate (96).
(R)-3,6-diethoxy-2-isopropyl-2,5-dihydropyrazine (0.96 mL, 4.5 mmol) was dissolved in
THF (2 mL). The solution was cooled to -78 °C. n-BuLi (2.0 mL, 2.5 M in hexanes, 6.0
mmol) was added in dropwise. The mixture was stirred at -78 °C 1 hour. 95 (2.4 g, 3.8
mmol) was dissolved in THF (5 mL) was added dropwise via syringe. The mixture was
slowly warmed up to -30 °C and kept 2 hours, and then warmed to room temperature,
stirred overnight. Water (10 mL) was added. The mixture was extracted with ethyl ether
(3x50 mL). The combined organic layer was washed with brine (30 mL), dried over
sodium sulfate, and concentrated. The residue was purified with silica column
(hexanes/EtOAc=10:1) to give 96 as orange oil (2.0 g, 62%). 'H NMR (CDCls, 400 MHz)
d 7.80 (m, 2H), 7.30 (m, 2H), 5.30 (s, 1H), 4.75 (m, 1H), 4.55 (m, 1H), 4.45 (m, 1H),
4.05-4.18 (m, 5H), 3.85-3.95 (m, 2H), 2.42 (s, 3H), 2.24 (m, 1H), 1.95-2.05 (m, 2H),

1.65-1.72 (m, 4H), 1.45 (s, 3H), 1.25 (m, 9H), 1.03 (d, J=6.8 Hz, 3H), 0.88 (s, 9H), 0.68
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(d, J=6.8 Hz, 3H), 0.11 (s, 3H), 0.09 (s, 3H); °C NMR (CDCls, 100 MHz) § 163.4, 162.7,
1443, 134.5, 129.7, 127.7, 112.3, 103.4, 87.5, 84.3, 83.1, 81.2, 60.8, 60.6, 60.5, 60.3,
54.7,69.5,31.9, 26.5, 25.7, 25.0, 21.6, 21.0, 19.0, 17.9, 16.7, 14.4, 14.3, -4.25, -5.3.
(3aR,4R,6R,6aR)-6-((S)-2-Azido-4-((2S,5R)-3,6-diethoxy-5-isopropyl-2,5-dihydro
pyrazin-2-yl)butyl)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-0l (86). 96 (1.2 g,
1.7 mmol) was dissolved in DMF (10 mL). NaN;3 (0.50 g, 7.7 mmol) was added. The
mixture was stirred at 80 °C overnight. The solvent was removed at reduced pressure.
TBAF (5.0 mL, 1.0M in THF, 5% water content, 5.0 mmol) was added. The mixture was
heated to 60 °C for 2 hour. The solvent was removed under reduced pressure. The residue
was purified with silica column (hexanes/EtOAc=5:1) to give 86 as colorless oil (mixture
of two isomers, beta:alpha=3:1, 0.66 g, 83%). 'H NMR (mixture of two isomers, CDCls,
250 MHz) 6 5.44 (m, 1H), 4.57-4.65 (m, 2H), 4.33-4.38 (m, 2H), 4.05-4.20 (m, SH), 3.92
(m, 2H), 2.45 (m, 1H), 2.25 (m, 1H), 1.87 (m, 2H), 1.6 (m, 3H), 1.48 (s, 3H), 1.3 (m, 9H),
1.02 (d, J=6.8 Hz, 3H), 0.70 (d, J=6.8 Hz, 3H); °C NMR (mixture of two isomers, CDCls,
62 MHz) 6 163.7, 163.5, 162.9, 162.8, 114.9, 112.4, 103.3, 95.6, 86.1, 85.0, 84.7, 84.5,
84.3, 84.0, 79.3, 77.2, 68.5, 67.7, 60.9, 60.8, 60.76, 60.70, 60.4, 59.4, 54.8, 54.6, 53.7,
39.8,37.6,32.0,31.9, 30.4, 30.2, 30.0, 27.8, 26.5, 25.0, 24.9, 23.9, 22.2, 20.8, 19.1, 16.8.
9-((3aR,4R,6R,6aR)-6-((S)-2-Azido-4-((2S,5R)-3,6-diethoxy-5-isopropyl-2,5-dihy
dropyrazin-2-yl)butyl)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-6-chloro-
9H-purine (97). 86 (0.17 g, 0.36 mmol) was dissolve in THF (10 mL). CCly (0.04 mL,
0.4 mmol) was added. At -78 °C, HMPT (0.08 mL, 0.4 mmol) was added dropwise. The
mixture was stirred at same temperature for 1 hour then warmed to 0 °C, stirred 1 hour.

The solution was recooled to -78 °C. Sodium salt of 6-chloropurine in DMF (10 mL)
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(prepared by addition of 40 mg 60% NaH in mineral oil to 0.15 g 6-chloropurine in 10
mL DMF) was added dropwise. The mixture was warmed up to room temperature. Water
(20 mL) was added to quench the reaction. The mixture was extracted with EtOAc (3x50
mL). The combined organic layer was washed with brine (30 mL), dried over sodium
sulfate and concentrated. The residue was purified with silica column
(hexanes/EtOAc=10:1) to give 97 as yellow oil (0.13 g, 60%). '"H NMR (CDCl;, 250
MHz) & 8.89 (s, 1H), 8.63 (s, 1H), 6.61 (d, J=4.3 Hz, 1H), 5.05 (m, 1H), 4.73 (m, 2H),
4.05-4.25 (m, 4H), 3.92 (m, 1H), 3.62 (m, 1H), 2.26 (m, 2H), 1.91 (m, 2H), 1.64-1.73 (m,
4H), 1.26-1.33 (m, 12H), 1.03 (d, J=6.8 Hz, 3H), 0.72 (d, J=6.8 Hz, 3H). °C NMR
(CDCl3, 62 MHz) & 163.8, 163.8, 152.5, 147.9, 142.5, 121.9, 114.7, 87.4, 84.6, 81.1, 80.5,
61.1, 60.9, 60.8, 60.6, 59.2, 54.8, 37.2, 32.2, 30.5, 30.0, 25.7, 24.6, 19.2, 16.9, 14.5, 14.4.
9-((3aR,4R,6R,6aR)-6-((S)-2-Azido-4-((2S,5R)-3,6-diethoxy-5-isopropyl-2,5-dihy

dropyrazin-2-yl)butyl)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin
-6-bis(tert-butoxylcarbobyl)amine (98). 86 (0.80 g, 1.8 mmol) was dissolve in THF (10
mL). CCly (0.21 mL, 2.2 mmol) was added. At -78 °C, HMPT (0.40 mL, 2.3 mmol) was
added dropwise. The mixture was stirred at same temperature for 1 hour then warmed to
0 °C, stirred 1 hour. The solution was recooled to -78 °C. Sodium salt of Ad(Boc), in
DMF (10 mL) (prepared by addition of 200 mg 60% NaH in mineral oil to 1.5 g
Ad(Boc), in 10 mL DMF) was added dropwise. The mixture was warmed to room
temperature. Water (20 mL) was added to quench the reaction. The mixture was
extracted with EtOAc (3x50 mL). The combined organic layer was washed with brine
(30 mL), dried over sodium sulfate and concentrated. The residue was purified with silica

column (hexanes/EtOAc=10:1) to give 98 as yellow oil (1.3 g, 60%). 'H NMR (CDCl;,
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250 MHz) 6 8.86 (s, 1H), 8.14 (s, 1H), 6.08 (d, J=2.5 Hz, 1H), 5.46 (m, 1H), 4.92 (m,
1H), 4.38-4.42 (m, 1H), 4.05-4.15 (m, 4H), 3.92 (m, 1H), 3.35 (m, 1H), 2.25 (m, 2H),
1.75-1.90 (m, 6H), 1.47 (s, 21H), 1.39 (s, 3H), 1.25 (m, 6H), 1.03 (d, J=6.8 Hz, 3H), 0.69
(d, J=6.8 Hz, 3H). *C NMR (CDCls, 62 MHz) & 163.6, 162.9, 152.5, 152.4, 150.9, 150.6,
144.3, 129.8, 115.2, 90.7, 84.4, 84.1, 84.0, 83.9, 60.8, 60.7, 60.6, 59.5, 54.9, 38.4, 32.2,
30.4,30.1,27.9,27.4,25.6,19.2,16.9, 14.5, 14.4.
(2S,55)-2-Amino-6-((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy-tet
rahydrofuran-2-yl)-5-azidohexanoic Acid (99). 98 (0.20 g, 0.34 mmol) was dissolved
in TFA/H,O (2:1, 2 mL) at -20 °C. The solution was stirred at 0 °C 6h. IRA-67 ion
exchange resin was added until pH=7. The solvent was removed at reduce pressure. The
residue was dissolved in MeOH/H,0 (2:1, 2 mL). K,CO; (0.10 g, 0.72 mmol) was added.
The mixture was stirred at room temperature for 5 hours. The solvent was removed at
reduce pressure. The residue was purified with silica column (EtOAc/MeOH/NH4OH
(29.6%) =2:1:0.5) to give 99 as white solid (0.10 g, 78%). Mp>200 °C (decomposed). 'H
NMR (D,0, 400 MHz) 6 8.32 (s, 1H), 8.27 (s, 1H), 6.07 (d, J=5.2 Hz, 1H), 4.85 (m, 1H),
433 (m, 1H), 4.15 (m, 1H), 3.80 (m, 1H), 3.65 (m, 1H), 2.00-2.10 (m, 6H). °C NMR
(D20, 250 MHz) 6 174.4, 155.2, 152.2, 149.0, 140.8, 119.2, 88.2, 81.5, 73.7, 73.6, 69.8,
54.7,37.5,29.4,27.3.
(3aR,4R,6R,6aR)-4-(Allyloxymethyl)-6-(4-methoxybenzyloxy)-2,2-dimethyl-tetra

hydrofuro[3,4-d][1,3]dioxole (101). 61 (10.02 g, 32.32 mmol) was dissolved in DMF
(50 mL). NaH (1.54 g, 38.5 mmol, 60% in mineral oil) was added in portions. AllylBr
(5.50 mL, 64.1 mmol) was added dropwise via a syringe. The mixture was stirred at room

temperature 12 hours. Water (10 mL) was added to quench the reaction. The mixture was
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extracted with ethyl ether (3x100 mL). The combined organic layer was washed with
water (3x20 mL), brine (50 mL), dried over sodium sulfate, and concentrated. The
residue was purified by silica column (hexanes/EtOAc=20:1) to give 101 as colorless oil
(8.97 g, 79.5%). '"H NMR (CDCl3, 250 MHz) & 7.22 (m, 2H), 6.89 (m, 2H), 5.85-5.92 (m,
1H), 5.13-5.31 (m, 3H), 4.61-4.68 (m, 3H), 4.37-4.46 (m, 2H), 4.02 (m, 2H), 3.82 (s, 3H),
3.50 (m, 2H), 1.48 (s, 3H), 1.30 (s, 3H); °C NMR (CDCls, 62 MHz) & 159.4, 134.6,
129.8, 129.2, 117.3, 113.8, 112.3, 106.9, 85.3, 85.2, 82.2, 72.2, 71.0, 68.8, 55.3, 26.4,
24.9; Calcd HRMS for Ci9H2606 (M-CH3): 335.1499; Found: 335.1445.
2-(((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro|[3,4-d
1-[1,3]dioxol-4-yl)methoxy)ethanol (102). 101 (7.11 g, 20.31 mmol) was dissolved in
THF (50 mL). NMO (7.20 mL, 50% in water, 31.2 mmol) was added. OsO4 (20 mg,
0.078 mmol) was added. The mixture was stirred at room temperature overnight. Sodium
thiosulfate (10 g) was added. The mixture was stirred for another 2 hours. The mixture
was filtered through a short silica column (5 cm). The column was rinsed with EtOAc.
The combined organic liquid was concentrated. The residue was dissolved in DCM/H,0
(1:1, 30 mL). NalO4 (6.40 g, 30.0 mmol) was added at room temperature. The mixture
was stirred 3 hours. The organic layer was diluted with DCM (100 mL), separated,
washed with water (20 mL), dried over sodium sulfate, and concentrated. The residue
was dissolved in MeOH (30 mL) at 0 °C. NaBH, (1.80 g, 48.6 mmol) was added
portionwise. The mixture was stirred at same temperature for 30 minutes. Saturated
NH4CI solution (30 mL) was added. The mixture was filtered through celite. The solvent
was removed under reduced pressure. The residue was purified by silica column

(hexanes/EtOAc=3:1 to 1:1) to give 102 exclusively as a colorless oil (5.41 g, 75.2%). 'H
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NMR (CDCls, 400 MHz) & 7.25 (m, 2H), 6.88 (m, 2H), 5.14 (s, 1H), 4.69 (d, J=6.0 Hz,
1H), 4.62-4.65 (m, 2H), 4.36-4.40 (m, 2H), 3.80 (s, 3H), 3.72 (m, 2H), 3.54-3.60 (m, 4H),
2.38 (m, 1H), 1.47 (s, 3H), 1.31 (s, 3H); >C NMR (CDCls, 100 MHz) & 159.6, 129.9,
129.3, 114.1, 112.6, 107.5, 85.7, 85.5, 82.3, 72.6, 72.4, 69.2, 61.9, 55.5, 26.7, 25.2; Calcd
HRMS for CigH»607 (M-CH3): 339.1444; Found: 339.1444.
2-(((3aR,4R,6R,6aR)-6-(4-Methoxybenzyloxy)-2,2-dimethyl-tetrahydrofuro|[3,4-d
1-[1,3]dioxol-4-yl)methoxy)ethyl 4-Methylbenzenesulfonate (103). 102 (6.05 g, 17.0
mmol), TEA (20 mL), TsClI (3.90 g, 20.5 mmol), DABCO (50 mg) were mixed in DCM
(100 mL) and stirred at room temperature 30 minutes. Water (10 mL) was added. The
organic layer was separated, washed with brine (20 mL), dried over sodium sulfate and
concentrated. The residue was purified by silica column (hexanse/EtOAc=5:1) to give
103 as organe oil (7.15 g, 82.3%). 'H NMR (CDCls, 400 MHz) & 7.80 (m, 2H), 7.31 (m,
2H), 7.22 (m, 2H), 6.87 (m, 2H), 5.10 (s, 1H), 4.55-4.60 (m, 3H), 4.37 (d, J=11.6 Hz, 1H),
4.24 (m, 1H), 4.09-4.16 (m, 2H), 3.80 (s, 3H), 3.67 (m, 2H), 3.43 (m, 2H), 2.43 (s, 3H),
1.47 (s, 3H), 1.30 (s, 3H); °C NMR (CDCls, 100 MHz) & 159.6, 145.0, 133.2, 130.0,
129.9, 129.4, 128.2, 114.1, 112.6, 107.2, 85.5, 85.1, 82.3, 72.4, 69.3, 69.0, 68.9, 55.5,
26.6,25.1, 21.8; Calcd HRMS for C,5H3,06S: 508.1767; Found: 508.1774.
2-(((3aR,4R,6R,6aR)-6-Hydroxy-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4
-y)methoxy)ethyl 4-Methylbenzenesulfonate (104). 103 (4.87 g, 9.59 mmol) was
dissolved in DCM/H,0 (20:1, 30 mL). DDQ (1.10 g, 4.85 mmol) was added. The mixture
was stirred vigorously at room temperature 3 hours. The precipitate was removed by
filtration. The filtrate was diluted with DCM (100 mL) and washed with saturated

NaHCOj; solution (3x30 mL). The organic layer was dried over sodium sulfate and
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concentrated. The residue was purified by a silica column (hexanes/EtOAc=3:1) to give
104 as orange oil (B:0=6:1, 2.88 g, 77.4%). '"H NMR (CDCl;, 400 MHz) & 7.82 (m, 2H),
7.37 (m, 2H), 5.27 (d, J=10.8 Hz, 1H), 4.71 (m, 1H), 4.45 (d, J=5.6 Hz, 1H), 4.32 (m,
1H), 4.11-4.20 (m, 3H), 3.72-3.78 (m, 2H), 3.55-3.65 (m, 2H), 2.45 (s, 3H), 1.48 (s, 3H),
1.31 (s, 3H); °C NMR (CDCls;, 100 MHz) & 145.2, 132.6, 129.9, 128.0, 112.1, 103.9,
87.2,85.3, 81.8, 72.6, 69.1, 68.2, 26.4, 24.8, 21.7; Calcd HRMS for C;7H2405S (M+NHy):
406.1537; Found: 406.1536.
2-(((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methoxy)ethyl 4-Methylbenzenesulfonate (105). 104 (1.54 g,
3.97 mmol) was dissolved in dry DCM (60 mL). DMAP (20 mg) was added. The solution
was treated with imidazole (0.68 g, 10.4 mmol), and TBSCI (1.21 g, 8.07 mmol) at 0 °C.
The solution was then warmed to room temperature and stirred for 2 hours. Water (20 mL)
was added to quench the reaction. The organic layer was separated, washed with brine,
dried over sodium sulfate, concentrated under reduce pressure. The residue was purified
by silica column (hexanes/EtOAc=5:1) to give 105 as a colorless oil (1.32 g, 66.2%). 'H
NMR (CDCls, 400 MHz) 6 7.79 (m, 2H), 7.35 (m, 2H), 5.34 (s, 1H), 4.65 (dd, J=6.0, 0.4
Hz, 1H), 4.49 (d, J=6.0 Hz, 1H), 4.13 (m, 3H), 3.66 (m, 2H), 3.43 (m, 2H), 2.45 (s, 3H),
1.47 (s, 3H), 1.32 (s, 3H), 0.87 (s, 9H), 0.10 (s, 3H), 0.06 (s, 3H); *C NMR (CDCls, 100
MHz) 6 144.8, 132.9, 129.9, 128.0, 112.3, 103.3, 87.2, 84.9, 82.5, 72.6, 69.1, 68.7, 26.5,
25.7, 25.1,21.7, 17.9, -4.3, -5.4; Calcd HRMS for C,3H3305SSi (M+NH4): 520.2406;
Found: 520.2400.
(2S,5R)-2-(2-(((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetra

hydrofuro|[3,4-d][1,3]dioxol-4-yl)methoxy)ethyl)-3,6-diethoxy-5-isopropyl-2,5-dihydr
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opyrazine (106). (R)-3,6-Diethoxy-2-isopropyl-2,5-dihydropyrazine (1.50 mL, 7.04
mmol) was dissolved in THF (3 mL). The solution was cooled to -78 °C. n-BuLi (3.00
mL, 2.5 M in hexanes, 7.50 mmol) was added in dropwise. The mixture was stirred at -78
°C for 1 hour. 105 (2.76 g, 5.49 mmol) was dissolved in THF (5 mL) was added dropwise
via syringe. The mixture was slowly warmed up to -30 °C and kept 2 hours, and then
warmed to room temperature, stirred overnight. Water (10 mL) was added to quench the
reaction. The mixture was extracted with ethyl ether (3x50 mL). The combined organic
layer was washed with brine (30 mL), dried over sodium sulfate, and concentrated. The
residue was purified with silica column (hexanes/EtOAc=10:1) to give 106 as orange oil,
which contaminated with (R)-3,6-diethoxy-2-isopropyl-2,5-dihydropyrazine (2.03 g,
“68.4%). This product was used directly in next step without further purification. 'H
NMR (CDCls, 400 MHz) 6 5.35 (s, 1H), 4.72 (m, 1H), 4.51 (m, 1H), 3.85-4.25 (m, 6H),
3.42-3.65 (m, 4H), 2.25 (m, 2H), 2.15 (m, 1H), 1.85 (m, 1H), 1.47 (s, 3H), 1.25 (m, 9H),
1.03 (d, J= 6.8 Hz, 3H), 0.89 (s, 9H), 0.77 (d, J= 6.8 Hz, 3H), 0.11 (s, 3H), 0.09 (s, 3H);
C NMR (CDCls;, 100 MHz) & 164.2, 163.4, 163.1, 161.8, 112.1, 103.3, 87.3, 85.1, 82.7,
72.0, 67.7, 61.0, 60.7, 60.6, 60.5, 52.6, 46.7, 34.1, 32.6, 31.9, 26.5, 25.6, 25.0, 19.1, 19.0,
17.8, 17.0, 16.7, 14.3, -4.3, -5.5. Caled HRMS for C,7H50N,O;Si: 542.3387; Found:
542.3379.
(3aR,4R,6R,6aR)-6-((2-((2S,5R)-3,6-Diethoxy-5-isopropyl-2,5-dihydropyrazin-2-

yl)ethoxy)methyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-0l (107). 106 (1.72
g mixture, “3.17” mmol) was dissolved in THF (5 mL). TBAF (10.0 mL, 1M in THF)
was added. The mixture was stirred at room temperature for 1 hour. The solvent was

removed under reduced pressure. The residue was purified by silica column
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(hexanes/EtOAc=3:1) to give 107 as colorless oil (0.81 g, 59.7%). "H NMR (CDCl;, 250
MHz) § 5.28 (d, J=11.0 Hz, 1H), 4.95 (d, J=11.0 Hz, 1H), 4.75 (d, J=6.0 Hz, 1H), 4.37 (m,
1H), 4.00-4.22 (m, 5H), 3.85-3.95 (m, 1H), 3.55-3.72 (m, 4H), 2.35-2.45 (m, 1H),
2.15-2.30 (m, 2H), 1.78-1.90 (m, 1H), 1.48 (s, 3H), 1.28 (m, 9H), 1.03 (d, J=6.8 Hz, 3H),
0.71 (d, J=6.8 Hz, 3H); °C NMR (CDCls;, 60 MHz) & 163.6, 162.9, 111.9, 103.8, 87.5,
85.6,81.9,71.9, 68.8, 60.8, 53.9, 52.3, 33.6, 29.2, 26.4, 24.8, 20.8, 19.1, 16.8, 14.4, 14.3;
Calcd HRMS for C,1H36N,O7: 428.2523; Found: 425.2518.
6-Chloro-9-((3aR,4R,6R,6aR)-6-((2-((2S,5R)-3,6-diethoxy-5-isopropyl-2,5-dihydr
opyrazin-2-yl)ethoxy)methyl)-2,2-dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9
H-purine (108). 107 (0.18 g, 0.42 mmol) was dissolve in THF (2 mL). CCls (0.15 mL,
1.56 mmol) was added. At -78 °C, HMPT (0.09 mL, 0.50 mmol) was added dropwise.
The mixture was stirred at same temperature for 1 hour then warmed to 0 °C, stirred 1
hour. The solution was recooled to -78 °C. Sodium salt of 6-chloropurine in DMF (10 mL)
(prepared by addition of 260 mg 60% NaH in mineral oil to 1.00 g 6-chloropurine in 10
mL DMF) was added dropwise. The mixture was warmed to room temperature. Water
(20 mL) was added to quench the reaction. The mixture was extracted with EtOAc (3x50
mL). The combined organic layer was washed with brine (3%30 mL), dried over sodium
sulfate, and concentrated. The residue was purified with silica column
(hexanes/EtOAc=3:1) to give 108 as yellow oil (0.07 g, 28%). 'H NMR (CDCl;, 400
MHz) & 8.72 (s, 1H), 8.41 (s, 1H), 6.64 (m, 1H), 4.91 (m, 1H), 4.51 (m, 1H), 4.05-4.21
(m, 6H), 3.90 (m, 1H), 3.60-3.72 (m, 4H), 2.18-2.25 (m, 2H), 1.90 (m, 1H), 1.43 (s, 3H),
1.28 (m, 9H), 1.03 (d, J=7.2 Hz, 3H), 0.71 (d, J=7.2 Hz, 3H); "°C NMR (CDCl;, 100

MHz) & 163.4, 163.0, 151.9, 151.1, 150.7, 145.1, 131.5, 113.4, 86.5, 82.5, 82.2, 79.8,

117



72.7, 68.8, 60.8, 52.7, 34.1, 31.9, 25.7, 24.0, 19.1, 16.7, 14.4, 14.3, 14.2, 14.1; Calcd
HRMS for Cy6H37CINgOs: 564.2463; Found: 564.2448.
9-((3aR,4R,6R,6aR)-6-((2-((2S,5R)-3,6-Diethoxy-5-isopropyl-2,5-dihydropyrazin-
2-yl)ethoxy)methyl)-2,2-dimethyl-tetrahydrofuro|[3,4-d][1,3]dioxol-4-yl)-9H-6-bis(ter
t-butoxylcarboxyl)aminopurine (109). 107 (0.61 g, 1.43 mmol) was dissolve in THF
(10 mL). CCly (0.20 mL, 2.0 mmol) was added. At -78 °C, HMPT (0.35 mL, 2.0 mmol)
was added dropwise. The mixture was stirred at same temperature for 1 hour then
warmed to 0 °C, stirred 1 hour. The solution was recooled to -78 °C. Sodium salt of
Ad(Boc); in DMF (10 mL) (prepared by addition of 260 mg 60% NaH in mineral oil to
1.80 g Ad(Boc), in 10 mL DMF) was added dropwise. The mixture was warmed to room
temperature and stirred overnight. Water (20 mL) was added to quench the reaction.
The mixture was extracted with EtOAc (3x50 mL). The combined organic layer was
washed with brine (3x30 mL), dried over sodium sulfate and concentrated. The residue
was purified with silica column (hexanes/EtOAc=3:1) to give 109 as yellow oil (0.23 g,
25%). "H NMR (CDCls, 400 MHz) & 8.88 (s, 1H), 8.38 (s, 1H), 6.28 (d, J=2.8 Hz, 1H),
5.23 (m, 1H), 4.95 (m, 1H), 4.52 (m, 1H), 3.95-4.23 (m, 6H), 3.55-3.65 (m, 4H), 2.25 (m,
1H), 2.28 (m, 1H), 1.82 (m, 1H), 1.65 (s, 3H), 1.38-1.48 (m, 27H), 1.02 (d, J=7.2 Hz, 3H),
0.70 (d, J=7.2 Hz, 3H); °C NMR (CDCls, 100 MHz) & 163.3, 163.0, 152.9, 152.3, 150.4,
150.3, 143.4, 133.6, 137.0, 129.3, 114.2, 91.4, 85.8, 85.1, 83.7, 81.8, 70.9, 68.4, 60.75,
60.71, 60.62, 60.56, 52.6, 33.8, 31.9, 27.8, 27.3, 25.3, 19.1, 14.4, 14.3; Calcd HRMS for
C36HssN7O10: 745.4010; Found: 740.3993.
(S)-2-Amino-4-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy-tetrah

ydrofuran-2-yl)methoxy)butanoic Acid (6). 109 (0.10 g, 0.92 mmol) was dissolved in
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TFA/H,O (2:1, 2 mL) at -20 °C. The solution was stirred at 0 °C for 6 hours. IRA-67 ion
exchange resin was added to neutralize the mixture. The resin was removed by filtration.
The solvent was removed at reduce pressure. The residue was dissolved in MeOH/H,0O
(2:1, 2 mL). K,COs (0.20 g, 1.4 mmol) was added. The mixture was stirred at room
temperature for 5 hours. The solvent was removed under reduced pressure. The residue
was purified with silica column (EtOAc/MeOH/NH4OH (29.6%) =1:1:1) to give 6 as
white foam (0.030 g, 61%). m.p.>210 °C (decomposed). 'H NMR (D,0, 250 MHz) &
8.35 (s, 1H), 8.22 (s, 1H), 6.07 (d, J=5.0 Hz, 1H), 4.78 (m, 2H), 4.43 (m, 1H), 4.32 (m,
1H), 3.65-3.85 (m, 4H), 2.15-2.25 (m, 2H). °C NMR (D,0, 62 MHz) & 175.3, 155.8,
152.8, 140.7, 88.3, 83.7, 74.2, 71.0, 70.8, 68.8, 54.0, 30.6. Calcd HRMS for Ci4H20NsO¢
(M+H): 369.1522; Found: 369.1525.
tert-Butyl((3aR,4S,6R,6aR)-2,2-dimethyl-6-vinyl-tetrahydro-3aH-cyclopenta-[d]-
[1,3]dioxol-4-yloxy)dimethylsilane (110). VinylMgBr (25 mL, 1.0 M in THF, 25 mmol)
was added to a suspension of CuBr-SMe; (0.41 g, 2.0 mmol) in THF (30 mL) at -78 °C.
The mixture was stirred at this temperature for 1 hour. Compound 49 (3.0 g, 19 mmol),
HMPA (10 mL), TMSCI (3.2 mL, 25 mmol) in THF (30 mL) was added dropwise at -78
°C. The mixture was warmed to room temperature and stirred overnight. Saturated NH4Cl
solution (30 mL) was added to quench the reaction. The mixture was exctracted with
ethyl ether (3x100 mL). The combined organic layer was washed with bine (100 mL),
dried over sodium sulfate, and concentrated. The residue was dissolved in MeOH (100
mL). CeCl3-7H,0 (7.4 g, 20 mmol) was added at 0 °C. NaBH, (0.74 g, 20 mmol) was
added portionwise. The mixture was stirred at this temperature for 1 hour. Saturated

NH4CI solution (20 mL) was added to quench the reaction. The mixture was filtered
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through celite. The filtrated was concentrated. The residue was extrated with ethyl ether
(3x100 mL). The combined organic layer was dried over sodium sulfate, and filtered
through a short silica column (10 cm). The filtrate was concentrated. The residue was
dissolved in DCM (100 mL). TBSCI (3.0 g, 20 mmol), imidazole (2.0 g, 31 mmol) were
added at room temperature. The mixture was stirred 3 hours. Water (10 mL) was added to
quench the reaction. The organic layer was sperated, washed with water (20 mL), dried
over sodium sulfate, and concentrated. The residu was purified by silica column
(Hexanes/EtOAc=20:1) to give 110 as a colorless oil (2.5 g, 43%). '"H NMR (CDCls, 400
MHz) 6 5.76 (m, 1H), 5.02-5.08 (m, 2H), 4.37 (m, 2H), 4.07 (m, 1H), 2.66 (m, 1H), 2.03
(m, 1H), 1.73 (m, 1H), 1.49 (s, 3H), 1.31 (s, 3H), 0.91 (s, 9H), 0.09 (s, 6H); °C NMR
(CDCl3, 100 MHz) 6 139.1, 114.7, 111.3, 84.1, 80.1, 72.5, 44.3, 35.6, 26.3, 25.7, 24.7
18.4, -4.4, -4.7. Cacld HRMS for C6H3003S1 (M+H): 299.2042; Found: 299.2043.
((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydro-3aH-cy
clopenta[d][1,3]dioxol-4-yl)methanol (111). 110 (2.5 g, 8.4 mmol) was dissolved in
THF (50 mL). NMO (3.6 mL, 50% in water, 16 mmol) was added. OsO4 (20 mg, 0.078
mmol) was added. The mixture was stirred at room temperature overnight. Sodium
thiosulfate (5 g) was added. The mixture was stirred for another 2 hours. The mixture was
filtered through a short silica column (5 cm). The column was rinsed with EtOAc. The
combined organic liquid was concentrated. The residue was dissolved in DCM/H,O (1:1,
30 mL). NalO4 (2.1 g, 9.9 mmol) was added at room temperature. The mixture was
stirred 3 hours. The organic layer was diluted with DCM (90 mL), separated, washed
with water (20 mL), dried over sodium sulfate, and concentrated. The residue was

dissolved in MeOH (30 mL) at 0 °C. NaBH4 (0.30 g, 6.4 mmol) was added portionwise.
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The mixture was stirred at same temperature for 30 minutes. Saturated NH4ClI solution
(30 mL) was added. The mixture was filtered through celite. The solvent was removed
under reduced pressure. The residue was purified by silica column (hexanes/EtOAc=3:1
to 1:1) to give 111 exclusively as a colorless oil (2.1 g, 84%). The NMR spectra are
consistent with the literature.”**
((3aR,4S,6R,6aR)-6-(Allyloxymethyl)-2,2-dimethyl-tetrahydro-3aH-cyclopenta--
[d][1,3]dioxol-4-yloxy)(tert-butyl)dimethylsilane (112). Compound 111 (1.6 g, 5.3
mmol) was dissolved in DMF (50 mL). NaH (0.25 g, 6.3 mmol, 60% in mineral oil) was
added in portions. AllylBr (1.1 mL, 12 mmol) was added dropwise via a syringe. The
mixture was stirred at room temperature 12 hours. Water (10 mL) was added to quench
the reaction. The mixture was extracted with ethyl ether (3x100 mL). The combined
organic layer was washed with water (320 mL), brine (50 mL), dried over sodium
sulfate, and concentrated. The residue was purified by silica column
(hexanes/EtOAc=20:1) to give 112 as a colorless oil (1.6 g, 83%). 'H NMR (CDCl;, 400
MHz) 6 5.89 (m, 1H), 5.14-5.26 (m, 2H), 4.38 (m, 2H), 4.19 (m, 1H), 3.94 (m, 2H), 3.37
(m, 1H), 3.30 (m, 1H), 2.24 (m, 1H), 2.05 (m, 1H), 1.68 (m, 1H), 1.48 (s, 3H), 1.31 (s,
3H), 0.91 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H); °C NMR (CDCls, 100 MHz) & 134.8, 116.7,
111.3, 82.5, 80.9, 77.3, 72.9, 72.0, 42.3, 34.8, 26.6, 26.1, 24.9, 18.5, -4.4, -4.7. Calcd
HRMS for C3H3404S1 (M+H): 343.2305; Found: 343.2312.
2-(((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydro-3aH
-cyclopenta[d][1,3]dioxol-4-yl)methoxy)ethanol (113). Compound 113 was prepared
from 112 by the same procedure used in synthesis of 111. '"H NMR (CDCl;, 400 MHz) &

4.38 (m, 2H), 4.14 (m, 1H), 3.72 (m, 2H), 3.55 (m, 2H), 3.42 (m, 1H), 3.35 (m, 1H), 2.29
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(br, 1H), 2.03 (m, 2H), 1.62 (m, 1H), 1.49 (s, 3H), 1.31 (s, 3H), 0.91 (s, 9H), 0.10 (s, 3H),
0.09 (s, 3H); °C NMR (CDCls, 100 MHz) & 111.6, 82.3, 80.9, 73.0, 72.9, 72.2, 61.8, 42 4,
34.6, 26.5, 26.0, 24.9, 18.5, -4.4, -4.8. Calcd HRMS for C7H3405S1 (M+H): 347.2254;
Found: 347.2249.
2-(((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetrahydro-3aH
-cyclopenta[d][1,3]dioxol-4-yl)methoxy)ethyl =~ 4-Methylbenzenesulfonate  (114).
Compound 114 was prepared from 113 by the same procedure used in synthesis of 103.
'H NMR (CDCls, 400 MHz) & 7.80 (m, 2H), 7.33 (m, 2H), 4.31 (m, 2H), 4.13 (m, 3H),
3.62 (m, 2H), 3.37 (m, 1H), 3.28 (m, 1H), 2.45 (s, 3H), 2.18 (m, 1H), 2.05 (m, 1H), 1.53
(m, 1H), 1.47 (s, 3H), 1.30 (s, 3H), 0.90 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H); *C NMR
(CDCl3, 100 MHz) & 144.9, 133.0, 129.9, 127.9, 111.4, 82.2, 80.9, 77.2, 73.2, 72.9, 69.1,
68.5, 68.0, 42.2, 34.6, 26.6, 25.6, 249, 21.7, 18.5, -4.4, -4.7. Caled HRMS for
C24H4007SS1 (M+H): 501.2342; Found: 501.2338.
(2S,5R)-2-(2-(((3aR,4R,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-tetra
hydro-3aH-cyclopenta[d][1,3]dioxol-4-yl)methoxy)ethyl)-3,6-diethoxy-5-isopropyl-2,
5-dihydropyrazine (115). Compound 115 was prepared from 114 by the same procedure
used in synthesis of 106. '"H NMR (CDCls, 400 MHz) & 4.28-4.38 (m, 3H), 4.15 (m, 2H),
4.10 (m, 2H), 4.05 (m, 1H), 3.87 (m, 1H), 3.55 (m, 1H), 3.45 (m, 1H), 3.25-3.35 (m, 2H),
2.25 (m, 1H), 2.17 (m, 2H), 2.05 (m, 1H), 1.77 (m, 1H), 1.62 (m, 1H), 1.48 (s, 3H),
1.25-1.32 (m, 9H), 1.03 (d, J=6.8 Hz, 3H), 0.91 (s, 9H), 0.72 (d, J=6.8 Hz, 3H), 0.09 (s,
3H), 0.08 (s, 3H); *C NMR (CDCls, 100 MHz) & 163.4, 163.0, 111.1, 82.5, 81.1, 73.1,
72.7,67.7,61.9, 61.8, 60.6, 60.5, 52.6, 42.3, 31.9, 29.2, 26.6, 26.1, 24.8, 19.1, 18.5, 16.7,

14.7,14.4, -4.4, -4.77. Calcd HRMS for C,3Hs,N,06S1: 540.3595; Found: 540.3584.
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(3aS,4S,6R,6aR)-6-((2-((2S,5R)-3,6-Diethoxy-5-isopropyl-2,5-dihydropyrazin-2-y
I)ethoxy)methyl)-2,2-dimethyl-tetrahydro-3aH-cyclopenta[d][1,3]dioxol-4-0l  (116).
Compound 116 was prepared from 115 by the same procedure used in synthesis of 107.
'H NMR (CDCls, 400 MHz) & 4.49 (m, 1H), 4.45 (m, 1H), 4.08-4.21 (m, 5H), 3.96 (m,
1H), 3.87 (m, 1H), 3.53 (m, 1H), 3.45 (m, 1H), 3.35 (m, 1H), 3.25 (m, 1H), 2.40 (d, J=8.4
Hz, 1H), 2.25 (m, 2H), 2.12 (m, 1H), 1.82 (m, 3H), 1.49 (s, 3H), 1.34 (s, 3H), 1.25-1.28
(m, 6H), 1.03 (d, J=6.8 Hz, 3H), 0.72 (d, J=6.8 Hz, 3H); *C NMR (CDCl;, 100 MHz) &
163.2, 163.1, 111.2, 83.1, 79.6, 76.3, 72.2, 67.8, 60.69, 60.65, 60.57, 60.51, 52.7, 42.0,
35.5,34.2,31.9, 26.2, 26.1, 14.4, 14.3. Calcd HRMS for C,,H3sN>Og: 426.2730; Found:
426.2733.

9-((3aS,4R,6R,6aR)-6-((2-((2S,5R)-3,6-Diethoxy-5-isopropyl-2,5-dihydropyrazin-
2-yl)ethoxy)methyl)-2,2-dimethyl-tetrahydro-3aH-cyclopenta[d][1,3]dioxol-4-yl)-9H-
purin-6-di(tert-butoxylcarbonyl)amine (117). Comound 116 (0.14 g, 0.33 mmol) was
dissolved in THF. PhsP (0.17 g, 0.66 mmol), Ad(Boc), (0.22 g, 0.66 mmol) were added.
DIAD (0.13 mL, 0.66 mmol) was added portionwise via a syringe at 0 °C. The mixture
was warmed to room temperature and stirred overnight. The solvent was removed under
reduced pressure. The residu was purified with a silica column to give 117 as an organge
0il (0.14 g, 57%). "H NMR (CDCl3, 400 MHz) & 8.85 (s, 1H), 8.21 (s, 1H), 5.09 (m, 1H),
4.95 (m, 1H), 4.85 (m, 1H), 4.63 (m, 1H), 4.05-4.21 (m, 6H), 3.85 (m, 1H), 3.55 (m, 3H),
2.45 (m, 2H), 2.25 (m, 1H), 2.15 (m, 1H), 1.90 (m, 1H), 1.55 (s, 3H), 1.47 (s, 18H), 1.35
(s, 3H), 1.27 (m, 6H), 1.03 (d, J=6.8 Hz, 3H), 0.70 (d, J=6.8 Hz, 3H); °C NMR (CDCl;,
100 MHz) & 163.4, 163.2, 153.5, 151.8, 150.6, 150.4, 143.9, 129.4, 113.7, 83.7, 71.8,

67.9,61.9, 60.6, 60.5, 59.6, 52.7,43.8, 33.9, 33.7, 31.9, 27.9, 27.8, 27.7, 25.1, 21.9, 21.8,
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19.2,16.8, 14.4, 14.2. Caled HRMS for C37Hs57N709: 743.4218; Found: 743.4208.
(S)-2-Amino-4-(((1R,2R,3S,4R)-4-(6-amino-9H-purin-9-yl)-2,3-dihydroxycyclope
ntyl)methoxy)butanoic Acid (7). Compound 7 was prepared from 117 by the same
procedure used in synthesis of 6. "H NMR (D,0/MeOD, 400 MHz) & 8.24 (s, 1H), 8.17 (s,
1H), 4.75 (m, 1H), 4.50 (m, 1H), 4.09 (m, 2H), 3.85 (m, 1H), 3.65 (m, 2H), 3.55 (m, 2H),
2.40 (m, 2H), 2.25 (m, 1H), 2.15 (m, 1H); °C NMR (D,0/MeOD, 100 MHz) & 173 .4,
155.4, 152.0, 149.1, 140.5, 118.7, 74.7, 72.5, 72.2, 67.9, 59.6, 53.7, 42.8, 29.9, 28.9.
Calcd HRMS for C5sH»,N¢Os (M+H): 367.1730; Found: 367.1740.
((3aR,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-6,6a-dihydro-3aH-cyc

lopenta[d][1,3]dioxol-4-yl)methanol (119). Compound 118 (0.85 g, 2.8 mmol) was
dissolve in DCM (30 mL). TBSCI (0.85 g, 5.6 mmol), imidazole (0.36 g, 5.6 mmol) were
added at room temperature. The mixture was stirred at room temperature for 5 hours.
Water (10 mL) was added to quench the reaction. The organic layer was separated, dried
over sodium sulfate, and filtered through a short silica column. The filtrate was
concentrated under reduce pressure (water bath temperature: 80 °C). The resulting
colorless o0il was dissolved in THF and cooled to -78 °C. TBAF (2.8 mL, 1.0 M in THF,
2.8 mmol) was added. The solution was slowly warmed to room temperature. Saturated
NH4CI solution (10 mL) was added. The mixture was extracted with EtOAc (3x50 mL).
The combined organic layer was washed with brine (3%x20 mL), dried over sodium sulfate,
and concentrated. The residue was purified with silica column (hexanes/EtOAc=2:1) to
give 119 as a colorless oil (0.54 g, 63%). 'H NMR (CDCls, 400 MHz) & 5.67 (m, 1H),
4.89 (m, 1H), 4.64-4.67 (m, 2H), 4.30-4.38 (m, 2H), 2.05 (br, 1H), 1.42 (s, 3H), 1.37 (s,

3H), 0.92 (s, 9H), 0.14 (s, 3H), 0.12 (s, 3H); °C NMR (CDCls, 100 MHz) & 143.7, 130.5,
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112.4,83.2,79.1,74.5, 60.2, 27.4, 26.7, 25.9, 18.5, -4.4, -4.7.
((3aR,4S,6aR)-6-(Allyloxymethyl)-2,2-dimethyl-4,6a-dihydro-3aH-cyclopenta[d] [
1,3]dioxol-4-yloxy)(tert-butyl)dimethylsilane (120). Compound 120 was prepared from
119 by the same procedure used in synthesis of 101. "H NMR (CDCl;, 400 MHz) &
5.85-5.95 (m, 1H), 5.70 (m, 1H), 5.26 (dm, J=17.2 Hz, 1H), 5.19 (dm, J= 10.4 Hz, 1H),
4.88 (d, J=4.8 Hz, 1H), 4.65 (m, 2H), 4.13 (m, 2H), 4.03 (m, 2H), 1.39 (s, 3H), 1.37 (s,
3H), 0.91 (s, 9H), 0.12 (s, 6H); >C NMR (CDCls, 100 MHz) & 141.8, 134.6, 131.6, 117.2,
112.2, 82.8,78.9,74.6, 71.9, 66.5, 27.5, 26.8, 25.9, 18.5, -4.4, -4.7.
2-(((3aR,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-6,6a-dihydro-3aH-
cyclopenta[d][1,3]dioxol-4-yl)methoxy)ethanol (121). Compound 120 (0.35 g, 1.0
mmol) was dissolved in tert-BuOH/H,O (1:1, 10 mL). AD-mix-beta (1.4 g) was added.
The mixture was stirred at room temperature for 24 hours. Sodium thiosulfate (2.0 g) was
added to quench the reaction. The mixture was extracted with EtOAc (3x50 mL). The
combined organic layer was washed with brine (30 mL), dried over sodium sulfate, and
concentrated. The residue was dissolved in MeOH/H,O (1:1, 10 mL). NalO4 (0.26 g, 1.2
mmol) was added. The mixture was stirred at room temperature for 3 hours. NaBH, (0.24
g, 5.1 mmol) was added portionwise. The mixture was stirred at room temperature for 30
minutes. Saturated NH4Cl solution (10 mL) was added to quench the reaction. The
mixture was extracted with EtOAc (3%x100 mL). The combined organic layer was washed
with brine (30 mL), dried over sodium sulfate, and concentrated. The residue was
purified by a silica column (Hexanes/EtOAc=2:1) to produce 121 as colorless oil (0.34 g,
96%). "H NMR (CDCls, 400 MHz) & 5.69 (m, 1H), 4.89 (d, J=5.2 Hz, 1H), 4.65 (m, 2H),

4.19 (m, 2H), 3.75 (m, 2H), 3.59 (m, 2H), 1.41 (s, 3H), 1.37 (s, 3H), 0.92 (s, 9H), 0.14 (s,
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3H), 0.13 (s, 3H); °C NMR (CDCl;, 100 MHz) & 141.6, 131.9, 112.3, 82.9, 78.9, 74.5,
71.9,67.5,61.8,27.4,26.7,25.9, 18.5, -4.4, -4.7.
2-(((3aR,6S,6aR)-6-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-6,6a-dihydro-3aH-

cyclopenta[d][1,3]dioxol-4-yl)methoxy)ethyl 4-Methylbenzenesulfonate (122).
Compound 122 was prepared from 121 by the same procedure used in synthesis of 103.
'H NMR (CDCls, 400 MHz) & 7.80 (dm, J=8.4 Hz, 2H), 7.34 (dm, J=8.4 Hz, 2H), 5.64 (d,
J=1.2 Hz, 1H), 4.80 (d, J=4.0 Hz, 1H), 4.63 (m, 2H), 4.08-4.18 (m, 4H), 3.64-3.67 (m,
2H), 2.44 (s, 3H), 1.37 (s, 3H), 1.36 (s, 3H), 0.92 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H); °C
NMR (CDCls, 100 MHz) 6 144.8, 141.2, 133.0, 132.0, 129.9, 128.0, 112.2, 82.7, 78.9,

74.5,69.1, 68.2,67.6,27.4,26.8,25.9,21.7,18.2,-4.4, -4.7.

126



REFERENCES

(1) Flint, S. J.; Enquist, L. W.; Krug, R. M.; Racaniello, V. R.; Skalka, A. M.
Principles of virology: molecular biology, pathogenesis, and control. 2000, ASM
Press, ISBN 1-55581-127-2.

(2)  Weiss, R. A.; Tailor, C. S. Cell 1995, 82, 531-533.

(3) Norkin, L. C. Clin. Microbiol. Rev. 1995, 293-315.

(4)  Harrison, S. C. Curr. Opin. Struct. Biol. 1995, 5, 157-164.

(5) Evans, D. J.; Almond, J. W. Trends Microbiol. 1998, 6, 198-202.

(6) Marsh, M.; Helenius, A. Cell, 2006, 124, 729-740.

(7)  Duncan, M. J.; Shin, J.; Abrham, S. N. Cell. Microbiol, 2002, 4, 783-791.

(8)  Blumenthal, R.; Clague, M. J.; Durell, S. R.; Epand, R. M. Chem. Rev. 2003, 103,
53-69.

(9) Smith, A. E.; Helenius, A. Science, 2004, 304, 237-242.

(10) Kolakofsky, D.; Pelet, T.; Garcin, D.; Hausmann, S.; Curran, J.; Roux, L. J. Virol.
1998, 891-899.

(11) Nagy, P. D.; Simon, A. E. Virology, 1997, 235, 1-9

127



(12)
(13)

(14)

(15)
(16)
(17)
(18)
(19)
(20)
21
(22)

(23)

(24)
(25)
(26)
27
(28)

(29)

D’Halluin, J. C. Curr. Top. Microbiol. Immunol. 1995, 199, 47-66.

Greber, U. F. Rev. Med. Virol. 1998, 8, 213-2.

Garoff, H.; Hewson, R.; Opstelten, D. E. Microbiol. Mol. Biol. Rev. 1998,
1171-1190.

Patick, A. K. Antivir. Res. 2006, 71, 391-39.

Hayden, F. G. Antivir. Res. 2006, 71, 372-378.

Quiinlivan, M.; Breuer, J. Rev. Med. Virol. 2006, 16, 225-250.

Ute, S.; Heinz, F. Expert Opin. Inv. Drug. 2006, 15, 1523-1535.

Butler, 1. F.; Pandrea, 1.; Marx, P. A.; Apetrei, C. Curr. HIV Res. 2007, 5, 23-45.
Oxford, J. S. Influ. Other Respir. Viruses, 2007, 1, 27-34.

Haagmans, B. L.; Osterhaus, A. D. Antivir. Res. 2006, 71, 397-403.

Lewin, S.; Walters, T.; Locarnini, S. Antivir. Res. 2002, 55, 381-396.

Medina, J.; Garcia-Buey, L.; Moreno-Menteagudo, J. A.; Traper-Marugan, M.;
Moreno-Otero, R. Antivir. Res. 2003, 60, 135-143.

Jahrling, P. B.; Frits, E. A.; Hensley, L. E. Curr. Mol. Med. 2005, 5, 817-826.

Goft, A. J.; Paragas, J. Antivir. Chem. Chemother. 2005, 16, 283-294.

Bronze, M. S.; Greenfield, R. A. Drug Discov. Today 2003, 8, 740-745.

Bronze, M. S.; Greenfield, R. A. Curr. Opin. Invest. Drug. 2003, 4, 172-178.
Whitley, R. J. Antivir. Res. 2003, 57, 7-12.

Berche, P. Trends Microbiol. 2001, 9, 15-18.

128



(30)

€2))
(32)

(33)

(34)
(35)
(36)
(37)
(3%)
(39)
(40)

(41)

(42)

Burnett, J. C.; Hechal, E. A.; Schmaljohn, A. L.; Bavari, S. Nat. Rev. Drug Discov.
2005, 4, 281-297.

Krug, R. M. Antivir. Res. 2003, 57, 147-150.

Bray, M. Antivir. Res. 2003, 57, 53-60.

Borio, L.; Inglesby, T.; Peters, C. J.; Schmaljohn, A. L.; Hughes, J. M.; Jahrling, P.
B.; Ksiazek, T.; Johnson, K. M.; Meyerhoff, A.; O’Toole, T.; Ascher, M. S;
Bartlett, J.; Breman, J. G; Eitzen, E. M.; Hamburg, M.; Hauer, J.; Henderson, D.
A.; Johnson, R. T.; Kwik, G;; Layton, M.; Lillibridge, S.; Nabel, G. J.; Osterholm,
M. T.; Perl, T. M.; Russell, P.; Tonat, K.; J. Am. Med. Assoc. 2002, 287, 2391-2405.
McMichael, A. J. Annu. Rev. Immunol. 2006, 24, 227-255.

Brander, C.; Frahm, N.; Walker, B. D. Curr. Opin. Immunol. 2006, 18, 430-437.
Duerr, A.; Wasserheit, J. N.; Corey, L. Clin. Infect. Dis. 2006, 43, 500-511.

Carrat, F.; Flahault, A. Vaccine, 2007, 25, 6852-6862.

Singh, M. Virol. J. 2006, 3, 60.

Ank, N.; West, H.; Paludan, S. R. J. Interf. Cytok. Res. 2006, 26, 373-379.
Mohmadzadeh, M.; Luftig, R. J. Immun. Based Ther. Vaccines 2004, 2.

Chang, H.; Watson, J. C.; Jacobs, B. L. Proc. Natl. Acad. Sci. USA, 1992, 89,
4825-4829.

Basler, C. F.; Wang, X.; Muhlberger, E.; Volchkov, V.; Paragas, J.; Klenk, H.;

Garcia-Sastre, A.; Palese, P. Proc. Natl. Acad. Sci. USA, 2000, 97, 12289-12294.

129



(43) Warfield, K. L.; Bosio, C. M.; Welcher, B. C.; Deal, E. M.; Mohamadzadeh, M.;
Schmaljohn, A.; Aman, M. J. Bavari, S. Proc. Natl. Acad. Sci. USA, 2003, 100,
15889-15894.

(44) Bosio, C. M.; Aman, M. J.; Grogan, C.; Hogan, R.; Ruthel, G;; Negley, D.;
Mohamadzadeh, M.; Bavari, S.; Schmaljohn, A. J. Infect. Dis. 2003, 188,
1630-1638.

(45) Lucas, A.; MacPherson, G. Nat. Immunol. 2002, 3, 1125-1126.

(46) Capobianchi, M. R.; Abbate, 1.; Cappiello, G.; Solmone, M. Cell Death Differ.
2003, 10, S22-S24.

(47) Seet, B. T.; Johnston, J. B.; Brunetti, C. R.; Barrett, J. W.; Everett, H.; Cameron, C.;
Sypula, J. Hazarian, S. H.; Lucas, A.; McFadden, G. Annu. Rev. Immunol. 2003, 21,
377-423.

(48) Poumbourios, P.; Drummer, H. E. Antivir. Chem. Chemother. 2007, 18, 169-189.

(49) Ray, N.; Doms, R. W. Curr. Top. Microbiol. Immunol. 2006, 303, 97-120.

(50) Schols. D. Curr. Top. Med. Chem. 2004, 4, 883-893.

(51) Lindenbach, B. D.; Rice, C. M. Nature 2005, 436, 933-938.

(52) Skehel, J. J.; Wiley, D. C. Annu. Rev. Biochem. 2000, 69, 531-569.

(53) Schramm, B.; Penn, M. L.; Speck, R. F.; Chan, S. Y.; De Clercq, E.; Schols, D.;
Connor, R. I.; Goldsmith, M. A. J. Virol. 2000, 74, 184-192.

(54) Lentz, T. L. J. Gen. Virol. 1990, 71, 751-766.

130



(55)

(56)
(57)
(58)
(39)
(60)
(61)
(62)
(63)
(64)
(65)
(66)

(67)

(68)

(69)

(70)

(71)

Magden, J.; Kaariainen, L.; Ahola, T. Appl. Microbiol. Biotechnol. 2005, 66,
612-621.

De Clercq, E. J. Clin. Virol. 2004, 30, 115-133.

De Clercq, E. J. Pharmacol. Exp. Ther. 2001, 297, 1-10.

Kwong, A. D.; Rao, B. G.; Jeang, K. Nat. Rev. Drug Discov. 2005, 4, 845-853.
De Clercq, E. J. Clin. Virol. 2001, 22, 73-89.

Jonckbeere, H.; Anne. J. De Clercq. E. Med. Res. Rev. 2000, 20, 129-154.
Walker, M. P.; Hong, Z. Curr. Opin. Pharmacol. 2002, 2, 534-540.

Voet, D; Voet, J. G. Biochemistry 1995, J. Wiley & Sons, ISBN 047158651X.
Simons, C.; Wu, Q.; Htar, T. T. Curr. Top. Med. Chem. 2005, 5, 1191-1203.
Matsuda, A.; Sasaki, T. Cancer Sci. 2004, 95, 105-111.

Miura, S.; Izuta, S. Curr. Drug Targets 2004, 5, 191-195.

Secrist I11, J. A. Nucleic Acids Symp. Ser. 2005, 49, 15-16.

Damaraju, V. L.; Damaraju, S.; Young, J. D.; Baldwin, S. A.; Mackey, J.; Sawyer,
M. B.; Cass, C. E. Oncogene 2003, 22, 7524-7536.

Andriole, V. T. J. Antimicrob. Chemother. 1999, 44, 151-162.

Rapp, R. P. Pharmacother. 2004, 24, 4S-28S.

Vangapandu, S.; Jain, M.; Kaur, K.; Patil, P.; Patel, S. R.; Jain, R. Med. Res. Rev.
2007, 27, 65-107.

Whittingham, J. L.; Leal, I.; Nguyen, C.; Kasinathan, G.; Bell, E.; Jones, A. F.;

131



Berry, C.; Benito, A.; Turkenburg, J. P.; Dodson, E. J.; Ruiz Perez, L. M.;
Wikinson, A. J.; Johansson, N. G.; Brun, R.; Gilbert, I. H.; Pacanowska, D. G;
Wilson, K. S. Structure, 2005, 13, 329-338.

(72) De Clercq, E. Nat. Rev. Drug Discov. 2007, 6, 1001-1018.

(73) De Clercq, E. Nat. Rev. Drug Discov. 2005, 5, 1015-1025.

(74) De Clercq, E. Antivir. Res. 2005, 67, 56-75.

(75) De Clercq, E. Curr. Opin. Microbiol. 2005, 8, 552-560.

(76) De Clercq, E.; Field, H. J. Br. J. Pharmacol. 2006, 147, 1-11.

(77) De Clercq, E.; Holy, A. Nat. Rev. Drug Discov. 2005, 4, 928-940.

(78) De Clercq, E. Int. J. Biochem. Cell Biol. 2004, 36, 1800-1822.

(79) Mathe, C.; Gosselin, G. Antivir. Res. 2006, 71, 276-281.

(80) Gumina, G.; Song, G.; Chu, C. K. FEMS Microbil. Lett. 2001, 202, 9-15.

(81) De Clercq, E. Nucleos., Nucleot. Nucl. , 2004, 23, 457-470.

(82) Wolfe, M. S.; Borchardt, R. T. J. Med. Chem. 1991, 34, 1521-1530.

(83) Wnuk, S. F. Mini Rev. Med. Chem. 2001, 1, 307-316.

(84) De Clercq, E. Nucleos. Nucleot. Nucl. 2005, 24, 1395-1415.

(85) De Clercq, E. Biochem. Pharmacol. 1987, 36, 2567-2575.

(86) De Clercq, E. Clin. Micribiol. Rev. 1997, 674-693.

(87) Chiang, P. K. Pharmacol. Ther. 1998, 77, 115-134.

(88) Yuan, C.; Saso, Y.; Lazarides, E.; Borchardt, R. T.; Robins, M. J. Expert Opin. Ther.

132



(89)

(90)

C2))

92)

(93)

(94)

(95)

(96)

97)

(98)

(99)

Patents 1999, 9, 1197-1206.

Yin, D.; Yang, X.; Borchardt, R. T.; Yuan, C. Biomedical Chemistry: Applying
Chemical Principles to the Understanding and Treatment of Disease, Chapter 2,
2000, 41-71.

Montegomery, J. A.; Clayton, S. J.; Thomas, H. J.; Shannon, W. M.; Arnett, G.;
Bodner, A. J.; Kion, I.; Cantoni, G. L.; Chiang, P. K. J. Med. Chem. 1982, 25,
626-629.

Im, Y. S.; Chiang, P. K.; Cantoni, G. L. J. Biol. Chem. 1979, 254, 11047-11050.
Venkatesan, S.; Gershowitz, A.; Moss, B. J. Biol. Chem. 1980, 255, 903-908.
Both, G. W.; Banerjee, A. K.; Shatkin, A. J. Proc. Natl. Acad. Sci. USA 1975, 72,
1189-1193.

Lee, Y. F.; Nomoto, A.; Detjen, B. M.; Wimmer, E. Proc. Natl. Acad. Sci. USA
1977, 74, 59-63.

Flanegan, J. B.; Pettersson, R. F.; Ambros, V.; Hewlett, M. J.; Baltimore, D. Proc.
Natl. Acad. Sci. USA 1977, 74, 961-965.

Rafeal. F.; Uri, L.; J. Virol. 1977, 21, 820-824.

Schneller, S. W.; Yang, M. Antiviral Drug Discovery for Emerging Diseases and
Bioterrorism Threats, 2005, 139-152.

Borchardt, R. T. J. Med. Chem. 1980, 23, 347-357.

Palmer, J. L.; Abeles, R. H. J. Biol. Chem. 1976, 251, 5817-5819.

133



(100) Palmer, J. L.; Abeles, R. H. J. Biol. Chem. 1979, 254, 1217-1226.

(101) Fujikoda, M.; Takata, Y. J. Biol. Chem. 1981, 256, 1631-1635.

(102) Eloranta, T. O.; Kajander, E. O. Biochem. J. 1984, 224, 137-144.

(103) Poter, D. J.; Boyd, F. L. J. Biol. Chem. 1991, 266, 21616-21625.

(104) Poter, D. J.; Boyd, F. L. J. Biol. Chem. 1991, 267, 3205-3213.

(105) Poter, D. J. T. J. Biol. Chem. 1993, 268, 66-73.

(106) Takata, Y.; Yamada, T.; Huang, Y.; Komoto, J.; Gomi, T.; Ogawa, H.; Fujioka, M.;
Takusagawa, T. J. Biol. Chem. 2002, 277, 22670-22676.

(107) Yang, X.; Hu, Y.; Yin, D. H.; Turner, M. A.; Wang, M.; Borchardt, R. T.; Howell, P.
L.; Kuczera, K.; Schowen, R. L. Biochem. 2003, 42, 1900-1909.

(108) Cantoni, G. L. J. Am. Chem. Soc. 1954, 76, 4744.

(109) Richards, H. H.; Chiang, P. K.; Cantoni, G. L. J. Biol. Chem. 1978, 253,
4476-4480.

(110) De Clercq, E. Mini Rev. Med. Chem. 2002, 2, 163-175.

(111) Gomi, T.; Ishiguro, Y.; Fujioka, M. J. Biol. Chem. 1985, 260, 2789-2793.

(112) Turner, M. A.; Dole, K.; Yuan, C.; Hershfield, M. S.; Borchardt, R. T.; Howell, P. L.
Acta Cryst. 1997, D53, 339-341.

(113) Turner, M. A.; Yuan, C.; Borchardt, R. T.; Hershfield, M. S.; Smith, G. D.; Howell,
P. L. Nat. Struct. Biol. 1998, 5, 369.

(114) Hu, Y.; Komoto, J.; Huang, Y.; Gomi, T.; Ogawa, H.; Takata, Y.; Fujioka, M.;

134



Takusagawa, F. Biochem. 1999, 38, 8323-8333.

(115) Turner, M. A.; Yang, X.; Yin, D.; Kuczera, K.; Boarchardt, R. T.; Howell, P. L.
Stuct. Biol. Biochem. 2000, 33, 101-125.

(116) Komoto, J.; Huang, Y.; Gomi, T.; Ogawa, H.; Takata, Y.; Fujioka, M.; Takusagawa,
F. J. Biol. Chem. 2000, 275, 32147-32156.

(117) Tanaka, N.; Nakanish, M.; Kusakabe, Y.; Shiraiwa, K.; Yabe, S.; Ito, Y.; Kitade, Y.;
Nakamura, K. T. Nucleic Acids Sym. Ser. 2004, 48, 281-282.

(118) Tanaka, N.; Nakanish, M.; Kusakabe, Y.; Shiraiwa, K.; Yabe, S.; Ito, Y.; Kitade, Y.;
Nakamura, K. T. J. Mol. Biol. 2004, 343, 1007-1017.

(119) Yamada, T.; Takata, Y.; Komota, J.; Gomi, T.; Ogawa, H.; Fujioka, M.;
Takusagawa, F. Int. J. Biochem. Cell Biol. 2005, 37, 2417-2435.

(120) Huang, Y.; Komoto, J.; Takata, Y.; Powell, D. R.; Gomi, T.; Ogawa, H.; Fujioka,
M.; Takusagawa, F. J. Biol. Chem. 2002, 277, 7477-7482.

(121) Yamada, T.; Komoto, J.; Lou, K.; Ueki, A.; Hua, D. H.; Sugiyama, K.; Takata, Y.;
Ogawa, H.; Takusagawa, F. Biochem. Pharmacol. 2007, 73, 981-989.

(122) Kusuka, T.; Yamamoto, H.; Shibata, M.; Muroi, M.; Kishi, T.; Mizuno, K. J.
Antibiot. 1968, 21, 255-263.

(123) Yaginuma, S.; Muto, N.; Tsujino, M.; Sudate, Y.; Hayashi, M.; Otani, M. J.
Antibiot. 1981, 34, 359-366.

(124) Hayshi, M.; Yaginuma, S.; Yoshioka, H.; Nakatsu, K. J. Antibiot. 1981, 34,

135



675-680.

(125) Borchardt, R. T.; Keller, B. T.; Patel-Thombre, U. J. Biol. Chem. 1984, 259,
4353-4358.

(126) Keller, B. T.; Borchardt, R. R. Biochem. Biophys. Res. Commun. 1984, 120,
131-137.

(127) Saunders, P. P.; Tan, M. T.; Robins, R. K. Biochem. Pharmacol. 1985, 34,
2749-2754.

(128) Glazer, R. I.; Knode, M. C. J. Biol. Chem. 1984, 259, 12964-129609.

(129) Whaun, J. M.; Miura, G. A.; Brown, N. D.; Gordon, R. K.; Chiang, P. K. J.
Pharmacol. Exp. Ther. 1986, 236, 277-283.

(130) Bennett, L. L.; Allan, P. W.; Hill, D. L. Mol. Pharmacol. 1968, 4, 208-217.

(131) Ault-Riche, D. B.; Lee, Y.; Yuan, C. S.; Hasobe, M.; Wolfe, M. S.; Borcherding, D.
R.; Borchardt, R. T. Mol. Pharmacol. 1993, 43, 989-997.

(132) Hill, D. L.; Straight, S.; Allan, P. W.; Bennett, L. L. Mol. Pharmacol. 1971, 7,
375-380.

(133) Bennett, L. L.; Brockman, R. W.; Rose, L. M.; Allan, P. W.; Shaddix, S. C.; Shealy,
Y. F.; Clayton, J. D. Mol. Pharmacol. 1985, 27, 666-675.

(134) Bennett, L. L.; Allan, P. W.; Rose, L. M.; Comber, R. N.; Secrist, J. A. Mol.
Pharmacol. 1986, 29, 383-390.

(135) De Clercq, E.; Cools, M.; Balzarini, J.; Marquez, V. E.; Borcherding, D. R.;

136



Borchardt, R. T.; Drach, J. C.; Kitaoka, S.; Konno, T. Antimicrob. Agents Ch. 1989,
33, 1291-1297.

(136) Borcherding, D. R.; Scholtz, S. A.; Borchardt, R. T. J. Org. Chem. 1987, 52,
5457-5461.

(137) Hasobe, M.; Mckee, J. G;; Borcherding, D. R.; Borchardt, R. T. Mol. Pharmacol.
1988, 33, 713-720.

(138) Wolfe, M. S.; Lee, Y.; Bartlett, W.; Borcherding, D. R.; Borchardt, R. T. J. Med.
Chem. 1992, 35, 1782-1791.

(139) Siddiqi, S. M.; Chen, X.; Schneller, S. W. J. Med. Chem. 1994, 37, 551-554.

(140) Patil, S. D.; Schneller, S. W. J. Med. Chem. 1992, 35, 3372-3377.

(141) Yang, M.; Schneller, S. W. Bioorg. Med. Chem. Lett. 2005, 15, 149-151.

(142) Ye, W.; Schneller, S. W. J. Org. Chem. 2006, 71, 8641-8643.

(143) Tseng, C. K.; Marquez, V. E.; Fuller, R. W.; Goldstein, B. M.; Haines, D. R.;
McPherson, H.; Parsons, J. L.; Shannon, W. M.; Arnett, G.; Hollingshead, M.;
Driscoll, J. S. J. Med. Chem. 1989, 32, 1442-1446.

(144) De Clercq, E.; Montgomery, J. A. Antivir. Res. 1983, 3, 17-24.

(145) Seela, F.; Peng, X.; Curr. Top. Med. Chem. 2006, 6, 867-892.

(146) Hamill, R. L.; Hoehn, M. M. J. Antibiot. 1973, 26, 463-465.

(147) Gordee, R. S.; Butler, T. F. J. Antibiot. 1973, 26, 466-470.

(148) Zweygarth, E.; Schillinger, D.; Kaufmann, W.; Roettcher, D. Trop. Med. Parasitol.

137



1986, 37, 255-257.

(149) Brasseur, P.; Lemeteil, D.; Ballet, J. Antimicrob. Agents Ch. 1993, 37, 889-892.

(150) Paolantonacci, P.; Lawrence, F.; Robert-Gero, M. Antimicrob. Agents Ch. 1985, 28,
528-531.

(151) Moulay, L.; Robert-Gero, M.; Brown, S.; Gendron, M.; Tournier, F. Exp. Cell Res.
1996, 226, 283-291.

(152) Trager, W.; Tershakovec, M.; Chiang, P. K.; Cantoni, G. L. Exp. Parasitol. 1980,
50, 83-89.

(153) Yebra, M. J.; Sanchez, J.; Martin, C. G.; Hardisson, C.; Barbes, C. J. Antibiot. 1991,
44, 1141-1147.

(154) Zheng, S.; Hausmann, S.; Liu, Q.; Ghosh, A.; Schwer, B.; Lima, C. D.; Shuman, S.
J. Biol. Chem. 2006, 47, 35904-35913.

(155) Li, A. W.; Singer, R. A.; Johnston, G. C. Arch. Biochem. Biophys. 1985, 240,
613-620.

(156) Li, A. W.; Singer, R. A.; Johnston, G. C. FEMS Microbiol. Lett. 1984, 23, 243-247.

(157) Li, J.; Chorba, J. S.; Whelan, S. P. J. J. Virol. 2007, 81, 4104-4115.

(158) Nagaraian, R. U. S. Patent 4,158,056, 1979.

(159) Vedel, M.; Lawrence, F.; Robert-Gero, M.; Lederer, E. Biochem. Biophys. Res.
Commun. 1978, 85, 371-376.

(160) Vede, M.; Robert-Gero, M.; FEBS Lett. 1981, 128, 87-89.

138



(161) Pugh, C. S. G.; Borchardt, R. T.; Stone, H. O. J. Biol. Chem. 1978, 253, 4075-4077.

(162) Hausmann, S.; Zheng, S.; Gabrega, C.; Schneller, S. W.; Lima, C. D.; Shuman, S.;
J. Biol. Chem. 2005, 280, 20404-20412.

(163) Chrebet, G. L.; Wisniewski, D.; Perkis, A. L.; Deng, Q.; Kurtz, M. B.; Marcy, A.;
Parent, S. A. J. Biomol. Screen. 2005, 10, 355-364.

(164) Schluckebier, G.; Kozak, M.; Bleimling, N.; Weinhold, E.; Saenger, W. J. Mol. Biol.
1997, 265, 56-67.

(165) Nolan, L. L. Antimicrob. Agents Ch. 1987, 31, 1542-1548.

(166) Ferenz, H.; Peter, M. G.; Berg, D. Agric. Biol. Chem. 1986, 50, 1003-1008.

(167) Borchardt, R. T.; Eiden, L. E.; Wu, B.; Rutledge, C. O. Biochem. Biophys. Res.
Commun. 1979, 89, 919-924.

(168) Zheng, S.; Shuman, S.; Schwer, B. Nucleic Acids Res. 2007, 35, 6895-6903.

(169) Smith, D. D.; Norton, S. J. Biochem. Biophys. Res. Commun. 1980, 94, 1458-1462.

(170) Paolantonacci, P.; Lawrence, F.; Nolan, L. L.; Robert-Gero, M. Biochem.
Pharmacol. 1987, 36, 2813-2820.

(171) Barbes, C.; Sanchez, J.; Yebra, M. J.; Robet-Gero, M.; Hardisson, C. FEMS
Microbiol. Lett. 1990, 69, 239-243.

(172) Ferenz, H. J.; Peter, M. G. Insect Biochem. 1987, 17, 1119-1122.

(173) Amur, S. G.; Shanker, G.; Cochran, J. M.; Ved, H. S.; Pieringer, R. A. J. Neurosci.

Res. 1986, 16, 367-376.

139



(174) Kim. B. R.; Yang, K. H. Toxicol. Lett. 1991, 59, 109-116.

(175) Geze, M.; Blanchard, P.; Fourrey, J. L.; Robert-Gero, M. J. Am. Chem. Soc. 1983,
105, 7638-7640.

(176) Mizuno, Y.; Tsuchida, K.; Tampo, H.; Chem. Pharmaceu. Bull. 1984, 32,
2915-2924.

(177) Lederer, E.; Geze, M.; Blanchard, P.; Fourrey, J. L.; Robert-Gero, M. Fr. Demande
1985, FR 2548190 A1 19850104, patent written in French.

(178) Mock, G. A.; Moffatt, J. G. Nucleic Acids Res. 1982, 10, 6223-6234.

(179) Mizuno, Y.; Tsuchida, K.; Tampo, H. Nucleic Acids Sym. Ser.1982, 11, 45-48.

(180) Buchanan, J. G.; Flinn, A.; Mundill, P. H. C.; Wightman, R. H. Nucleos. Nucleot.
1986, 5, 313-323.

(181) Maguire, M. P.; Feldman, P. L.; Rapoport, H. J. Org. Chem. 1990, 55, 948-955.

(182) Ghosh, A. K.; Wang, Y. J. Chem. Soc. Perk. T. 1, 1999, 3597-3601.

(183) Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M. J. Chem. Soc. Perk. T.
1, 1991, 981-985.

(184) Ghosh, A. K.; Liu, W. J. Org. Chem. 1996, 61, 6175-6182.

(185) Barton, D. H. R.; Gero, S. D.; Negron, G.; Quiclet-Sire, B.; Samadi, M.; Vincent, C.
Nucleos. Nuceot. 1995, 14, 1619-1630.

(186) Moorman, A. R.; Martin, T.; Borchardt, R. T. Carbohyd. Res. 1983, 113, 233-239.

(187) Lyga,J. W.; Secrist 111, J. A. J. Org. Chem. 1983, 48, 1982-1988.

140



(188) Craig, G. W.; Sternberg, E. D.; Jones, G. H.; Moffatt, J. G. J. Org. Chem. 1986, 51,
1258-1264.

(189) Mouna, A. M.; Blanchard, P.; Fourrey, J.; Robert-Gero, M. Tetrahedron Lett. 1990,
31, 7003-7006.

(190) Secrist, J. A. III; Talekar, R. R.; Nuceos. Nucleot. 1990, 9, 619-627.

(191) Maria, E. J.; Silva, A. D.; Fourrey, J. Eur. J. Org. Chem. 2000, 627-631.

(192) Blanchard, P.; Dodic, N.; Fourrey, J.; Lawrence, F.; Mouna, A. M.; Robert-Gero, M.
J. Med. Chem. 1991, 34, 2798-2803.

(193) Barton, D. H. R.; Gero, S. D.; Lawrence, F.; Robert-Gero, M.; Quiclet-Sire, B.;
Samadi, M. J. Med. Chem. 1992, 35, 63-67.

(194) Peterli-Roth, P.; Maguire, M. P.; Leon, E.; Rapoport, H. J. Org. Chem. 1994, 59,
4186-4193.

(195) Coward, J. K.; Slisz, E. P. J. Med. Chem. 1973, 16, 460-463.

(196) Borchardt, R. T.; Wu, Y. J. Med. Chem. 1976, 19, 197-198.

(197) Chiang, P. K.; Richards, H. H.; Cantoni, G. L. Mol. Pharmacol. 1977, 13, 939-947.

(198) Andrei, D.; Wnuk, S. F. Org. Lett. 2006, 8, 5093-5096.

(199) Yin, X.; Zhao, G.; Schneller, S. W. Tetrahedron Lett. 2007, 48, 4809-4811.

(200) Jiang, M. X.; Jin, Bo, Gage, J. L.; Priour, A.; Savela, G.; Miller, M. J. J. Org. Chem.
2006, 71, 4146-4149.

(201) Parry, R. J.; Ju, S. Tetrahedron, 1991, 47, 6069-6078.

141



(202) Pearce, C. J.; West, R. R.; Carter, G. T. Tetrahedron Lett. 1995, 36, 1809-1812.

(203) Yin, X.; Rajappan, V. P.; Roy, A.; Schneller, S. W. Synth. Commun. 2003, 33,
1477-1481.

(204) Classon, B.; Liu, Z. J. Org. Chem. 1988, 53, 6126-6130.

(205) Paquette, L. A.; Bailey, S. J. Org. Chem, 1995, 60, 7849-7856.

(206) Grubbs, R. H.; Miller, S. J.; Fu, G. C. Acc. Chem. Res. 1995, 28, 446-452.

(207) Parikh, J. R.; Doering W. von E. J. Am. Chem. Soc. 1967, 89, 5505-5507.

(208) Yang, M.; Ye, W.; Schneller, S. W. J. Org. chem. 2004, 69, 3993-3996.

(209) Luche, J. L. J. Am. Chem. Soc. 1978, 100, 2226-2227.

(210) Jenny, T. F.; Previsani, N.; Benner, S. A. Tetrahedron Lett. 1991, 32, 7029-7032.

(211) Peterson, M. L.; Vince, R. J. Med. Chem. 1991, 34, 2787-2797.

(212) Pappo, R.; Allen, D. S.; Lemieux, R. U.; Johnson, W. S. J. Org. Chem. 1956, 21,
478-479.

(213) Yu, W.; Mei, Y.; Kang, Y.; Hua, Z.; Jin, Z. Org. Lett. 2004, 6, 3217-3219.

(214) Middleton, W. J. J. Org. Chem. 1975, 40, 574-578.

(215) VanRheenen, V.; Kelly, R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 23, 1973-1976.

(216) Ducrocq, C.; Bisagni, E.; Lhoste, J-M.; Mispelter, J.; Defaye, J. Tetrahedron, 1976,
32, 773-780.

(217) Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297-368.

(218) Schollkpf, U.; Groth, U.; Deng, C. Angew. Chem. Int., Ed. Engl. 1981, 20,

142



798-799.

(219) Thomas, N. R.; Schirch, V.; Gani, D. J. Chem. Soc., Chem. Commun. 1990,
400-402.

(220) Ma, C.; Liu, X.; Li, X.; Flippen-Anderson, J.; Yu, S.; Cook, J. M. J. Org. Chem.
2001, 66, 4525-4542.

(221) Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297-368.

(222) Jadhav, P. K.; Bhat, K. S.; Perumal, T.; Brwon, H. C. J. Org. Chem. 1986, 51,
432-439.

(223) Brown, H. C.; Racherla, U. S.; Liao, Y.; Khanna, V. V. J. Org. Chem. 1992, 57,
6608-6614.

(224) Denmark, S. E.; Fu, J. Chem. Rev. 2003, 103, 2763-2793.

(225) Bittner, C.; Busemann, A. S.; Grieshach, U.; Haunert, F.; Krahnert, W.-R.; Modi,
A.; Olschimke, J.; Steck, P. L. Organic Synthesis Workbook 11, 2001, Wiley-VCH
Verlag GmbH, ISBN: 3-527-60013-2.

(226) Yu, W.; Mei, Y.; Kang, J.; Hua, Z.; Jin, Z.; Org. Lett. 2004, 6, 3217-3219.

(227) Choi, W. J.; Moon, H. R.; Kim, H. O.; Yoo, B. N.; Lee, J. A.; Shin, D. H.; Jeong, L.
S. J. Org. Chem. 2004, 69, 2643-2636.

(228) Seley, K. L.; Schneller, S. W. J. Org. Chem. 1997, 62, 5645-5646.

(229) Nakashima, H.; Sato, M.; Taniguchi, T.; Ogasawara, K. Synthesis, 2000, 6,
817-823.

143



(230) Wang, P.; Agrofoglio, L. A.; Newton, M. G.; Chu, C. K. J. Org. Chem. 1999, 64,
4173-4178.

(231) Rauter, A. P.; Ramoa-Ribeiro, F.; Fernandes, A. C.; Figueiredo, J. A. Tetrahedron,
1995, 51, 6529-6540.

(232) Rajappan, V. P.; Yin, X.; Schneller, S. W. Tetrahedron, 2002, 58, 9889-9895.

144



Rightslink Printable License

lof5

https://s100.copyright.com/App/PrintableLicenseFrame. jsp?publisherl...

ELSEVIER LIMITED LICENSE
TERMS AND CONDITIONS

Jul 07, 2008

This is a License Agreement between weikuan li ("You") and Elsevier Limited ("Elsevier
Limited"). The license consists of your order details, the terms and conditions provided by
Elsevier Limited, and the payment terms and conditions.

Supplier

Registered Company Number
Customer name

Customer address

License Number
License date
Licensed content publisher

Licensed content publication

Licensed content title

Licensed content author

Licensed content date

Volume number

Issue number

Pages

Type of Use

Portion

Portion Quantity

Format

You are an author of the Elsevier article
Are you translating?
Purchase order number
Expected publication date
Elsevier VAT number
Permissions price

Value added tax 0.0%

Total

145

Elsevier Limited
The Boulevard,Langford Lane
Kidlington,Oxford, 0X5 1GB,UK

1982084

weikuan li

237 S Gay ST Apt46A
Auburn, AL 36830
1983731054893

Jul 07, 2008

Elsevier Limited

Bioorganic & Medicinal Chemistry
Letters

5’-Fluoro-5'-deoxyaristeromycin

Weikuan Li, Xueqiang Yin and
Stewart W. Schneller

1 January 2008

18

1

3

Thesis / Dissertation
Figures/table/illustration/abstracts
2

Electronic

Yes

No

Aug 2008
GB 494 6272 12

0.00 USD
0.00 USD

0.00 USD

7/7/2008 11:58 AM



	Signature page.pdf
	Dissertation PartA
	Dissertation PartB-V5

