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Abstract

Part | of this dissertation describes the synthesis and biological activity of
novel cyclobutyl nucleoside analogues. The cyclobutane portion of the
analogues was synthesized via a [2+2] ketene cycloaddition and an Sn2 coupling
strategy for glycosylation. The ECsg values in human PBM cell lines ranged from
6.5 to >100 uM with no toxicity in PBM, CEM, and Vero cells up to 100 ygM (with
the exception of the 6-chloropurine derivative, which showed some toxicity). The
guanine derivative was proven as the most active compound in the entire
cyclobutyl series, including the previously synthesized pyrimidine analogues.
Ring-expanded nucleobases, including tricyclic and bicyclic with an extended
chain (fatty), were also explored. None showed significant anti-HIV activity
without an accompanying cytotoxicity.  Certain compounds that showed
significant cytotoxicity were evaluated for anti-cancer activity. Triphosphates of
each class of compounds were synthesized as well, in order to determine if these
derivatives serve as substrates for reverse transcriptase. It was found that the
purine and tricyclic compounds are suitable as nucleoside reverse transcriptase
inhibitors; however, the fatty base analogue was not incorporated into the
elongating DNA chain.

Part Il of this dissertation describes efforts toward the improvement of
regioselective base coupling of purines. A problem often encountered in
glycosylation reactions with purines is the N9 vs N7 competition. This issue was
addressed by synthesizing the purine with a bulky silane group in the C-6

position. This should allow a method of blocking the N7 position to accomplish



selective N9 glycosylation, but also a strategy to create a variety of derivatives
through the easily substituted silyl group. The synthesis of the silyl purine was
explored through a variety of methods, including cross-coupling reactions and
organometallic/halogen exchanges. The product was synthesized, but was not
able to be isolated as the pure silyl purine due to decomposition.

Part Ill of this dissertation depicts the studies performed towards
enantioselectively synthesizing B-D-FDOC and [-D-dioxolane-T. This was
explored in both the glycosylation and lactonization steps of the synthesis. Chiral
auxiliaries on the dioxolane component as well as chiral Lewis acids to induce

enantioselectivity were employed.
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Part I: Synthesis of Cyclobutyl Nucleoside and
Nucleotide Analogues as HIV-1 Reverse Transcriptase
Inhibitors

1.1 Statement of Purpose

The case of the “mysterious disease” that resulted in the death of an
African tribesman in 1959 has been identified as the earliest known account of
AIDS (Acquired Immune Deficiency Syndrome).1 Now, only fifty years later, this
disease has claimed the lives of a staggering 22 million people. It is estimated
that over 42 million people are currently living with AIDS or its causative agent,
HIV (Human Immunodeficiency Virus). Of the 14,000 new infections occurring
daily, 95% are within developing countries with approximately 74% of infected
individuals living in sub-Saharan Africa. An alarming fact is that HIV/AIDS is now
described as a "disease of young people", as half of the 5 million new infections
each year occur among people ages 15 to 24.2

There have been major efforts by public and private organizations to
prevent the spread of this virus, which is transmitted through bodily fluids.
Though a cure for AIDS has not yet been found, there are therapeutic agents that
effectively increase the life span of infected individuals. The currently accepted
regimen involves the co-administration of HIV therapies, and always includes
nucleoside reverse transcriptase inhibitors (NRTIs) as a component.

The effectiveness of NRTIs as anti-HIV agents has been demonstrated
throughout the course of the disease, with the first HIV treatment (AZT)
belonging to this class of compounds. However, there are some limitations

associated with these therapies, including toxicities resulting from long term



usage, poor compliance due to high and frequent dosages, and the development
of viral resistance.®> The M184V/l mutation is one form of viral resistance that has
been intensely studied. Codon 184 is located near the reverse transcriptase
active site and has direct interaction with incoming nucleotides.* Mutations of the
methionine codon at position 184 to B-branched amino acids (namely valine and
isoleucine) result in increased nucleotide discrimination due to steric hindrances.
Both 3TC and FTC (Figure 1) have large oxathiolane rings, and tend to select for
the M184V/l mutation. In fact, the mutation is seen as early as one week after
initiation of 3TC therapy and in almost all patients after three months of

monotherapy.*

0 0
3TC FTC

Figure 1: Structures of 3TC and FTC

The Liotta group has chosen to address this problem of resistance with
the development of cyclobutyl nucleoside analogues. We postulate that these
analogues should be less susceptible to this form of resistance due to a
decrease in size, which should eliminate or reduce steric interactions in the
M184V/l mutants. Pyrimidine cyclobutyl nucleoside analogues previously
developed in our laboratory were inactive against HIV.> Thus, cyclobutyl rings

coupled to larger nucleoside bases will be studied.



1.2 Introduction

1.2.1 Current Status of the HIV/AIDS Pandemic

In 1959, an African tribesman sought treatment at a local clinic for
symptoms similar to those of sickle-cell anemia. A sample of the patient’s blood,
retained by clinic physicians, was genetically tested after forty years. Though a
certain amount of decomposition occurred, researchers were able to identify this
case as the earliest known account of the human immunodeficiency virus type 1
(HIV-1)."

An estimated 33.2 million people are currently living with HIV or AIDS
(Acquired Immune Deficiency Syndrome), which is the most advanced stage of
the virus (Figure 2). Recent epidemiologic studies revealed that on any given
day, over 6,800 people become infected with the virus and over 5,700 people die
from AIDS. In 2007, there were approximately 2.1 million deaths globally, with
76% occurring in sub-Saharan Africa.’

Though these figures are alarming, they do display a reduction in annual
deaths due to AIDS (Figure 3), which is attributed to increased treatment access
and intervention methods. In addition, there was a net decrease in the number of
new infections as well as a decline in prevalence within certain regions.
Nevertheless, AIDS remains a leading cause of death worldwide and is the

primary cause of death in sub-Saharan Africa.
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Figure 2. Adults and children estimated to be living with HIV/AIDS in 2007°

Estimated number of adult and child deaths due to AIDS globally,
1990-2007

Millions

Nurm ber
of adult
and child
deaths due
to AIDS

1990 '91 '92 '93 '94 ‘95 ‘96 '97 98 P9 2000 ‘01 '02 03 '04 ‘05 '0&6 'OF

Year

:[ This bar indicates the range around the estimate.

Figure 3. Global estimates of deaths due to AIDS from 1990 to 2007°



1.2.2 HIV Replication Cycle

HIV mainly infects cells of the immune system, including T-helper
lymphocytes, macrophages, and dendritic cells. Several steps (Figure 4) are
required in order to invade the host cell (early phase) and to produce mature viral

particles that are able to subsequently invade other host cells (late phase).”
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Figure 4: HIV replication cycle™

Early Phase
1. Attachment/Penetration

The first step of the viral invasion process involves the binding of HIV-1
surface glycoprotein 120 (gp120) to a CD4 molecule on the plasma membrane of
the host cell. Following this, the complex interacts with a co-receptor, which

includes different G-protein-coupled receptors. Studies have identified that



CXCR4 is the co-receptor for HIV-1 strains that target T cells, while CCRS5 is the
co-receptor for those strains that infect macrophages. The binding to the co-
receptor results in a conformational change that exposes the transmembrane
protein gp41, enabling fusion of the viral and cellular membranes. This allows
the protein core, which contains the viral genome, to enter the cell.
2. Reverse Transcription

The two RNA copies of the viral genome are released from the capsid into
the cell. Reverse transcriptase (RT) performs three enzymatic roles in converting
single-stranded RNA into double-stranded DNA. Reverse transcriptase acts as
an RNA-dependent DNA polymerase, transcribing single-stranded RNA genome
into single-stranded DNA. As DNA is being made, the RNA genome is degraded
by the ribonuclease H activity of RT. A complementary DNA strand is then
synthesized through reverse transcriptase’s role as a DNA-dependent DNA
polymerase to produce double-stranded DNA, which is able to enter the nucleus
and begin the integration process.
3. Integration

The process of integration begins with the removal of two nucleotides from
each 3’-end of the viral DNA. Following this, integrase cleaves the host DNA.
The modified viral DNA is now able to be joined to the host DNA through a strand

transfer reaction. This process results in formation of the HIV-1 provirus.

Late Phase

4. Transcription



The integrated provirus may then lie dormant, which is referred to as the
latent stage of HIV infection. The presence of cellular transcription factors,
including NF-kB, promotes the production of the active virus. The provirus is
copied into mRNA, which is then spliced into the regulatory proteins Tat, Rev,
and Nef. The accumulation of Rev causes the inhibition of mMRNA splicing, which
results in the translation of unspliced viral mMRNA into the Gag and Gag-Pro-Pol
polyproteins.

5. Assembly/Budding/Maturation

The viral envelope protein (gp160) is cleaved by cellular proteases and
processed into the surface proteins gp120 and gp41. These envelope proteins
are assembled with the viral genomic RNA and polyproteins at the surface of the
infected cell. New virions are released from the surface of the host cell through
budding. Maturation occurs when HIV protease cleaves the polyproteins into
functional HIV proteins and enzymes. The mature virion is then able to infect

other cells and continue the replication cycle.

1.2.3 FDA Approved Anti-HIV Treatments

The U.S. Food and Drug Administration (FDA) has approved several
drugs as anti-HIV therapeutics. These drugs can be divided into five general
classes. Nucleoside reverse transcriptase inhibitors (NRTIs) act as chain
terminators of reverse transcriptase, thus stalling viral reproduction. There are

currently eight approved compounds in this class (Figure 5): zidovudine (AZT),



didanosine (ddl), dideoxycytidine (ddC), stavudine (d4T), lamivudine (3TC),

emtricitabine (FTC), abacavir (ABC), and tenofovir disoproxil fumarate (TDF).
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Figure 5: FDA Approved Nucleoside Reverse Transcriptase Inhibitors

Non-nucleoside reverse transcriptase inhibitors (NNRTIs), are able to
directly bind to reverse transcriptase and disable it. These include nevirapine
(NVP), delavirdine (DLV), efavirenz (EFV), and the newly approved etravirine

(Figure 6).
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Figure 6: FDA Approved Non-Nucleoside Reverse Transcriptase Inhibitors



Protease inhibitors (Pls) are able to disable the protease enzyme that cuts
the viral protein into smaller fragments. There are currently nine approved
protease inhibitors on the market: saquinavir (SQV), indinavir (IDV), ritonavir
(RTV), nelfinavir (NFV), amprenavir (APV), lopinavir (LPV), atazanavir (ATV),

tipranavir (TPV), and darunavir (Figure 7).
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Fusion/entry inhibitors block the entry of HIV into the host cell. There are
currently two approved drugs of this class. Enfuvirtide (Figure 8) was the first
viral entry inhibitor to be approved, and is a peptide that corresponds to amino
acid residues 643-678 of gp160. Maraviroc (Figure 8) acts as a CCRS co-
receptor antagonist and prevents entry of the virus into the cell. The first
integrase inhibitor, raltegravir (Figure 8), was approved in late 2007. It functions

to block the integration of genetic material from the virus into the host cell.
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Researchers have found that the best way to treat the infection is by
employing the highly active anti-retroviral therapy (HAART), which combines
three or more antiviral drugs. This treatment has been shown to significantly

reduce short-term mortality and opportunistic disease."

1.2.4 NRTI Mechanism of Action

Drug design for HIV has been based upon an understanding of the viral
replication cycle.”> The conversion of viral RNA into double-stranded DNA,
catalyzed by reverse transcriptase, is a major target in therapeutic design. This
viral enzyme serves as an attractive target, as no cellular counterpart exists. In
fact, the first FDA approved anti-HIV agent, AZT, is a reverse transcriptase
inhibitor. There are two targets for inhibition on HIV reverse transcriptase: the
allosteric binding site and the deoxynucleotide triphosphate (dNTP) binding site.
NNRTIs are able to directly bind to this allosteric binding site and disable enzyme
activity. NRTIs target the catalytic substrate binding site and act as chain
terminators of the enzyme, thus stalling viral reproduction.>%1213

In order to accomplish inhibition of the RT enzyme, the NRTI must first be
converted into its active metabolite (Figure 9). The 5’-hydroxyl group of the
inhibitor, which is a 2’,3’-dideoxynucleoside analogue, is converted by cellular
kinases into the triphosphate through three distinct phosphorylation steps (note
that only two steps are required for the activation of tenofovir, which is

administered in its monophosphate form). The nucleoside triphosphate, or

nucleotide, is then able to compete with natural nucleotide substrates (dATP,
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dGTP, dCTP, and dTTP) for the catalytic substrate binding site. The lack of the

3’-hydroxyl group, which is necessary to elongate the DNA strand, results in

chain termination.® 12141
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Figure 9: NRTI Mechanism of Action'?

The success of NRTI therapy relies upon two characteristics of reverse
transcriptase. It has a natural affinity for dNTPs, and will readily utilize
chemically altered analogues of these substrates. In addition, the enzyme lacks
formal proofreading ability. This allows the inhibitor to be incorporated into the

DNA chain.'®

1.2.5 Mechanism of NRTI Resistance
Current HAART treatment involves the use of two nucleoside reverse
transcriptase inhibitors with either a protease inhibitor or a non-nucleoside

reverse transcriptase inhibitor.” Studies have shown that combination therapies
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of this type improve the efficacy of the drugs being used and also delay drug

14,17

resistance. The success of the treatment, however, may be compromised

due to insufficient potency, complicated regimens, poor tolerability, and adverse
interactions with other medications.'®%2

The common use of NRTIs in HIV treatment causes issues of resistance
to eventually arise and hinders the long-term efficacy of the therapeutics. In fact,
even under the most favorable treatment conditions, there are several features of
HIV that cause the inevitable development of drug resistance. HIV has a very
high replication rate; it is estimated that in untreated patients at least 10" new
virions are produced daily, with 107 replication cycles occuring per day. The virus
also has a very high mutation rate, as 1 mutation in 10* replications occurs per
cycle. In addition, these drug-resistant mutants can remain latent in resting
CD4+ T cells, monocytes, and macrophages.’®  Thus, incomplete viral
suppression, which may result from non-adherence, pharmacokinetics, or lack of
drug potency, allows for the selection of these drug resistant variants.??

Two mechanisms of resistance to NRTIs have been proposed: excision
and discrimination.?*  Nucleoside excision is the reverse of a normal
polymerization reaction (Figure 10). It involves the nucleophilic attack of a
polyphosphate unit, either ATP or pyrophosphate (PPi), on the phosphodiester
bond between the last two nucleotides of the primer. This results in the removal
of the chain terminating NRTI.*?*%27 Thymidine analogs, such as zidovudine
and stavudine, were found to select for this type of resistance through the

following RT mutants: M41L, D67N, K70R, T215Y/F, and K219Q/E/N.
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Figure 10: Mechanism of Nucleoside Excision®

Nucleoside discrimination is caused by mutations within reverse
transcriptase that allow it to recognize structural differences between the
inhibitors and the natural substrates. This results from changes in those amino
acids of the enzyme that are responsible for positioning the incoming nucleotide.
Mutations that cause this form of resistance include Q151M, L74V, K65R, and
M184V/1.4%32 A well-known example of this type of resistance is the M184V/I
mutation that confers high-level resistance to 3TC (Figure 11). This resistance is
caused by steric interaction between [-branched amino acids and the

oxathiolane ring of 3TC.?*% Natural dNTPs substrates are not affected by this
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mutation and are able to be incorporated at the 3’ end of the extending primer,

thus continuing viral replication and inducing selective pressure of the mutant.*’

fingers

Figure 11: Mechanism of Nucleoside Discrimination (3TC and M184V)19
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1.3 Background

1.3.1 Carbocyclic Oxetanocins as Nucleoside Analogues

The interest in cyclobutyl nucleoside analogues as therapeutic agents was
initiated with the discovery that natural product oxetanocin A displays potent anti-
HIV activity (Figure 12).*% Several analogues of this compound have been
developed with modifications in the carbohydrate and/or base portions of the
molecule. Molecular model studies showed that the cyclobutane ring may serve
as a suitable substitute for the oxetane ring. This led to the development of
cyclobut-A and cyclobut-G, which were both considered as promising anti-viral

).34

agents (Figure 12 This resulted in a surge of interest in cyclobutyl

nucleosides and the development of numerous methods of synthesizing these

analogues.
NH, NH, o}
4 N 4 N J NH
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Oxetanocin A Cyclobut-A Cyclobut-G

Figure 12: Structures of oxetanocin A, cyclobut-A, and cyclobut-G

1.3.2 Synthesis of 2,3-Disubstituted Cyclobutanes as Nucleoside
Analogue Intermediates

Cyclobutanes are highly strained molecules that adopt a puckered
conformation due to 1,3 (non-bonded) carbon-carbon interactions.>® This level of
strain, which has been calculated as 26.4 kcal, allows cyclobutanes to undergo

facile ring openings to acyclic products, enlargements to five or six membered
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rings, and even contractions to cyclopropanes.®* There are many methods that
reliably generate the four-membered carbocyclic ring. The main strategies used
include [2+2] cycloadditions, cyclization of acyclic compounds, ring expansion of
cyclopropanes, and ring contraction of cyclopentanes. In the following sections,
common methods of synthesizing 2,3-disubstituted cyclobutyl rings for use in the
construction of nucleoside analogues are described, with the categorization
based wupon the key intermediate used to generate the nucleoside
(cyclobutanone, cyclobutamine, or cyclobutanol). Methods of synthesizing the
2,3-disubstituted cyclobutanes are highlighted, as these have been most

explored due to their similarities to oxetanocin A.3"3°

Cyclobutanone Derivatives

One of the key intermediates used in the synthesis of cyclobutyl
nucleosides is the cyclobutanone. The cyclobutanone intermediate has been
synthesized by several methods. Notable routes are described below.

In the synthesis of the 2,3-disubstituted ketal 3, diethyl fumarate 2 and
ketene diethylacetal 1 underwent a thermal [2+2] cycloaddition reaction (Scheme

1).4%41 Hydrolysis of the ketal (not shown) afforded the cyclobutanone derivative.

OEt COEt  (BUOH COE! OFt

i ¥ a reflux, 72 h OFt
53%

1 2 3

Scheme 1: Synthesis of 3,3-diethoxy-1,2-cyclobutanedicarboxylate using [2+2]
cycloaddition
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A Lewis acid catalyzed asymmetric [2+2] cycloaddition between ketene
diethylacetal 1 and chiral dimenthyl fumarate 4 provided the cyclobutyl product

5a in high yield (Scheme 2). A diastereomeric excess of >99:1 was obtained

following recrystallization.*?

O(->-Menthol 1. EAICI (-)-Menthol-O.__O Os_O(-)-Menthol
o toluene, -75 °C OEt . EtO
- OEt EtO
o) 2) OEt
< 1

(-)-Menthol- O O~ "O-(-)Menthol  (-)-Menthol-O~ ~O
4 83% 5a >99:1 5b

Scheme 2: Diastereoselective [2+2] cycloaddition using chiral substrate

A [2+2] cycloaddition performed with oxazolidinone 6 and
methylthioethylene 7 produced cyclobutane 8 in 83% yield and greater than 98%

ee (Scheme 3).** The reaction was conducted with a catalytic amount of chiral

titanium Lewis acid.

Ph. O wCPh,OH CO,Me
o o Me><o SMe COMe e
SMe
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MS 4 A 96%
83% 98% ee
6 7 8 9

Scheme 3: Asymmetric [2+2] cycloaddition mediated by chiral Lewis acid

Abbott labs released the synthesis of the chiral cyclobutanone 15 through
an oxaspiropentane rearrangement (Scheme 4).**  Treatment of symmetric
epoxide 11 with sulfonyl 10 afforded 12. Deprotonation with LDA followed by

cyclization gives 13. An elimination induced by TBAF provides the cyclopropyl
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alkene, which is epoxided to form 14. Rearrangement of the oxaspiropentane

results in cyclobutanone 15.

SO,Ph
H 1. n-BuLi or LDA a SiMe, c
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10 1 12
H H BnO.
Bno/j>828'°_:ﬂ 1. TBAF: 91% Bno/j><? cat. Lil, CH,Cl o
iMe; ————— :
2. MCPBA; 95% e 96%
H | |
OBn OBn BnO
13 14 15

Scheme 4: Rearrangement of oxaspiropentane to cyclobutanone

This strategy was modified by the Abbott group using Feist’'s acid 16 as
the starting material (Scheme 5).** Resolution of the racemic acid as its quinine
salt followed by treatment with methanol in acid and diester reduction provided
17. Protection of the alcohols and epoxidation affords a compound (not shown)
similar to 14 from the first approach. Rearrangement of the oxaspiropentane

provides cyclobutanone 18.

H
HO,C HOH,C. G 1.7BDPSCI,  'BDPSO
1. Quinine /E imidazole, 94% o
2. MeOH, cat. H '/’CH OH 2. MCPBA
HO,C H,SOy4; 99% 2 3. cat. Lil, CH,Cl,
16 3DIBALorlAH 47 92% over TBDPSO™ g
° 2 steps

Scheme 5: Second generation synthesis of oxaspiropentane
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Cyclobutamine Derivatives

Another commonly employed cyclobutyl nucleoside building block is the
cyclobutamine. Direct routes of synthesizing this intermediate are listed below.

In a method described by Katagiri, the substituted pyridone 19 was
converted into bicyclic compound 20 through photolysis and catalytic
hydrogenation at the less hindered exo side (Scheme 6).*° Ring opening of the
N-chloroacetylcarbamoy! derivative produced compound 21. Reduction using
calcium borohydride and treatment with acid afforded the free amine 22. It
should be noted that both 21 and 22 are useful intermediates in the synthesis of

cyclobutyl nucleosides.

TBSO NH,

TBSO
TB
1. CICH,CONCO 'B90N in"So 1. Ca(BHy), TBSO NH,

1. hv,300mm 98% EtOH. 90%
2 H,, Pd/C 2. NaOMe MeOH 2. HNOy/H*

50% over CO:Me HO

2 steps

19 21 22

Scheme 6: Synthesis of cyclobutamine through pyridone photolysis

An enantioselective synthesis of cyclobutamine 28 has been developed
that employs an asymmetric [2+3] formation of cyclopentane ring 24 from (-)-
dimenthyl succinate 23 and 3-chloro-2-(chloromethyl)-1-propene (Scheme 7).
A series of transformations provided diazocyclopentanone 26, which then
underwent a Wolff rearrangement to provide 27. Further transformations,
including a Curtius rearrangement of an acylazide to the isocyanate, provided the

desired cyclobutamine 28.
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Scheme 7: Enantioselective cyclobutamine synthesis through asymmetric [2+3]
cycloaddition

The Hegedus group reported the synthesis of the cyclobutamine 33
through the photolysis of chromium carbene complex 29 and reaction with ene-
carbamate 30 (Scheme 8).*” This reaction proceeded in six days and 49% yield.
The cyclobutanone 31 was deoxygenated with inversion of stereochemistry,
methylenated, and converted into the primary alcohol through hydroboration.

Subsequent transformations provided amine 33.

OFt BnO BnO—. -
(OC)sCr 29 \ P 1smhmeoH °°07% OH  TBSO_ .
+ OBn hv,400 Wlamp  EtO! THF, 73% )
Ph’—, ‘Ph CH2C|21 Co 2. CH2|2, Zn >

N__.Ph . N .«Ph
0 : TiCl, 71% O °
Iy 49% #oj, 3. BHy/THF, then §<0J BnO
I . b 22 33

Scheme 8: Synthesis of cyclobutamine through photolysis of chromium carbene
complex
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Cyclobutanol Derivatives

Cyclobutanol intermediates have been used extensively in the synthesis of
cyclobutyl derivatives. Selected methods of synthesizing the cyclobutanol are
described.

Roberts reported the synthesis of cyclobutanol derivative 38 using a
chemoenzymatic method (Scheme 9).** Compound 34, synthesized through the
cycloaddition of cyclopentadiene and diphenylketene, was treated with NBS to
provide isomeric bromohydrins (which were easily separated). Enzymatic
resolution and photolysis provided compound 35. Methanolysis of 35 and

subsequent transformations provided the cyclobutanol 38.

0 Ph

34

Scheme 9: Chemoenzymatic synthesis of cyclobutanol

Jung reported the synthesis of epoxide 43 as an intermediate in the
synthesis of cyclobutyl analogues (Scheme 10).*° The photocycloaddition of
maleic anhydride 39 and acetylene resulted in compound 40. Anhydride opening
with acid and methanol afforded compound 41, which was enzymatically
hydrolyzed. Isomerization to create the trans-monoester and reduction produced
the diol 42. Epoxidation provided compound 43, which provides an intermediate

that can be directly glycosylated with nucleoside bases.
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Scheme 10: Synthesis of cyclobutyl epoxide through enantioselective enzymatic
hydrolysis

A facile method of synthesizing cyclobutyl nucleosides through
photoirradiation was reported by Somekawa (Scheme 11).°° The photoaddition
of maleic anhydride 39 with vinyl acetate followed by treatment with methanol

produced the all cis-methylester 45.

0]
OAc O
[‘é _/ " A MeOH, H,0 9
o) 0 e n
hv, 400 W lamp 44% in 2 OAC
xanthone steps  MeOC Cozﬁ
o o)
39 44 45

Scheme 11: Synthesis of cyclobutanol derivative through photoirradiation

Taguchi synthesized the cyclobutanol intermediate 49 through a ring-
contraction method.”" It was found that treatment of vinylpyrano- or furano-side
derivatives could be converted into cis-vinylcyclopentanol or cis-vinylcyclobutanol
derivatives using zirconocene equivalents. The reaction proceeds
stereoselectively through a chair-like transition state with the Z-allylic zirconium
species. In this particular synthesis, furanose derivative 46 was converted into

vinyl furanoside 47. The zirconium-mediated ring contraction was then
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performed to give 48, which was transformed into compound 49 through
ozonolysis and aldehyde reduction.

= = BnO BzO
\52?\ 1. HCI, MeOH \527_‘0“”6 Cp,ZrCly, BuLi .

(e} 2. CSz, NaH BF3OEt2 OH OH
Bno~ ° Mel, Et,0 _

3. Bu3SnH, toluene BnO 64% BzO
46 60% over 47 48 49
3 steps

Scheme 12: Cyclobutanol synthesis through zirconium-mediated ring contraction

1.3.3 Synthesis of Modified Cyclobutanes as Intermediates for Nucleoside
Reverse Transcriptase Inhibitors

The presence of the 3’-hydroxyl group in the above described nucleosides
allows them to be phosphorylated by cellular kinases. The 2’-hydroxyl motif
enables their incorporation into growing strands of DNA. In order to develop
potential nucleoside reverse transcriptase inhibitors, it is necessary to exclude
the 2’-hydroxyl group. This will allow the analogues to be incorporated into the
DNA chain as the final nucleotide, as elongation will be terminated due to the
missing linker group. This section describes the synthesis of cyclobutyl rings for
analogues that are able to function as NRTIs through the exclusion of the 2’-
hydroxyl group.

Norcarbovir analogues, the cyclobutyl derivatives of carbovir, were
synthesized according to the following procedure.®® The photoaddition product 40
of maleic anhydride and acetylene was reduced to the lactone and reacted with
ammonia to create 51 (Scheme 13). A Hoffman rearrangement led to the cyclic

carbamate, which was Boc protected to form 52. Ring opening produced
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compound 53, which served as a cyclobutamine intermediate for nucleoside

analogue synthesis.

0
OH
o NaBH, o _NH, MeOH " " D\Ai
79% 93% NH; 27Boc,0 N O
o) 0 3 95%
40 50 51 52
OH
LiOH [{
quant. NHBoc

53

Scheme 13: Cyclobutamine synthesis through Hoffman rearrangement

Legraverend and coworkers synthesized a number of cyclobutyl
analogues that lack the 2’-hydroxyl group.>® Each series of analogues employed
the olefin cyclobutane 56, which was then efficiently derivatized. The synthesis
was initiated by a [2+2] cycloaddition between acrylonitrile and allene (Scheme
14).54 Further transformations, including the introduction of the nucleoside base,

gave intermediate 56.

B

H,C=CHCN toluene
HchCHz

54 55 56

Scheme 14: Synthesis of olefin cyclobutane intermediate

Intermediate 56 was then converted into different 3’-substituted
derivatives, including 3’-fluoro-3’-(hydroxymethyl)cyclobutyl,  3’-hydroxy-3’-
(phosphonatomethyl)cyclobutyl, and 3’-fluoro-3’-(phosphonatomethyl)cyclobutyl

compounds. Scheme 15 displays the synthesis of the 3’-fluoro-3’-
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(acetoxymethyl)cyclobutane moiety. Treatment of the 6-chloropurine olefin
cyclobutane with NBS and KOH resulted in a mixture of the cis/trans
bromohydrins. Treatment of the 58 with DAST resulted in fluorination with an
inversion of configuration to give 59. This intermediate was acetylated to afford

compound 60, which was converted into both the adenyl and hypoxanthyl

derivatives.
cl
an ., ﬁ fJ
:<>'|\l N" NBsikoH — QH N _DAST __ _ KOAc
97% TCHCl, cat. 18-crown- e

Scheme 15: Synthesis of 3’-fluoro-3’-(acetoxymethyl)cyclobutane derivative

In 1995, the Reese group described the synthesis of cyclobutyl nucleoside
derivatives through the trans-cyclobutanol 63.%° Allyl chloride was converted into
allyl benzyl ether in high yield, and then underwent a [2+2] cycloaddition with
trichloroacetyl chloride to form the dichloro species 62. Further transformations

rendered 63, which was glycosylated with nucleoside bases.

1. PhCH,OH BnO._Cl ¢l BnO
PhCH,NEt;Cl; 96% j&
= \—Cl 2 ci,ccoc, Pocl, o
61 Zn-Cu couple; 50% 62 63 OH

Scheme 16: Synthesis of trans-3-(benzyloxymethyl)cyclobutanol

The synthesis of unsaturated nucleoside analogues was initiated with the
[2+2] cycloaddition of ethyl acrylate and ketene dimethyl thioacetal.®®

Subsequent transformations produced compound 64, which was methylenated
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under Wittig conditions and brominated to form 65 (Scheme 17). Treatment with
adenine and base yielded the E- and Z-methylenecyclobutane analogues 66 and
67 in low yield. The major products of this transformation were the E/Z-

bromomethylenecyclobutanes, which resulted from HBr elimination.

OBn OBn OBn
1. [PhsPMe]*Br ___ Ade
BuLi, THF, 73% gr adenine, K;COs3 Ade + <E_/
O T e __
2. pyridine-HBr Br o,
70% 3 4.6% OBn
64 65 66 67

Scheme 17: Synthesis of unsaturated nucleoside analogues

Enantioselective syntheses of these cyclobutyl compounds have also
been developed through the use of chiral precursors, such as a-pinene 68.%’
Conversion of a-pinene (both enantiomers have been used) into the cis-pinonic
acid allows the synthesis of cyclobutamines of varying chain lengths.%®

Verbenone 70 has also been used as a chiral building block in the

stereoselective synthesis of analogues.*®

o}
_ % (@]
68 69 70 7

Scheme 18: Pinene and verbenone as chiral building blocks for nucleoside
analogues
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1.3.4 Methods of Synthesizing Carbocyclic Cyclobutyl Nucleoside
Analogues

In the synthesis of nucleosides, glycosylation is typically accomplished
using the Vorbruggen ribosylation method.?® This method, however, is not
applicable in the synthesis of carbocyclic nucleosides due to the replacement of
the oxygen with a methylene group. Thus, alternative coupling methods have

been employed and are described below.

Coupling of Intact Nucleoside Bases

An intact nucleoside base can be directly coupled to the carbocyclic
cyclobutane through a variety of methods. These methods include substitution of
activated cyclobutanols, opening of epoxides, and the Michael addition.

Cyclobutanols can be activated for displacement through conversion into
the mesylate, tosylate, or other suitable leaving groups. Through an S\2
mechanism, the nucleoside base can be introduced while inverting the affected
stereocenter. In the example shown in Scheme 19, the 2-amino-6-iodopurine
tetraalkylammonium salt 72 is coupled to the cyclobutyl ring 73 through
displacement of the triflate.®” This method is reported to regioselectively produce
the desired N9 coupled product 74 over the N7 product. In addition, no

elimination was observed.

|
| PhO,C N—">N
N AL L
SN Bu/N” CHyCl, _ PhO,C N N/ NH
<<_ | /)\ + OTf 76% 2
N™ >N” “NH,
PhO,C
72 73 PhO,C 74

Scheme 19: Coupling of tetrabutylammonium salt of purine to triflate



29

Because elimination is a typical problem experienced in these reactions
that are often performed under harsh conditions, an alternative method using a
Mitsunobu coupling has been used.®? The reaction was employed in the
synthesis of a cyclobutyl adenine analogue reported by Reese.’® The coupling
between trans-3-(benzyloxymethyl)cyclobutanol 63 and the substituted adenine

75 was accomplished in high yield.

Cl cl

; ;: NH,
S BnO 1. 3-CICgH,COzH N~"SN
N B Phs;P, DEAD, THF CHZC|2 < |
N _
BnO.
< + < NT N
/) 88% J 2 NH3; 1,4-dioxane W
N OH

H 58% over
75 63 76 2 steps 77

Scheme 20: Mitsunobu coupling between trans-3-(benzyloxymethyl)cyclobutanol
and substituted adenine

Ring openings of epoxides are another method of introducing nucleoside
bases. This strategy provides the coupled product with an inversion of
stereochemistry at the affected center. However, nucleophillic attack on the
epoxide can occur at both carbon centers of the epoxide. Thus, efforts to control
the regioselectivity have been explored. One such method was described in the
synthesis of a guanine cyclobutyl product 80 (Scheme 21).%® It was anticipated
that nucleophilic attack at the position alpha to the benzyloxymethyl group would
be hindered due to steric interaction. Thus, attack should occur preferentially at
the beta position. This was indeed the outcome, as the beta coupled product 80

was obtained in 52% vyield, while only 5% of the alpha product was isolated.
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OBn
N
BnO 0Bn BnO </ ’ N
N N NaH, 18-crown-6 : N N/k
RReD > e
"l N A sulfolane, 110 °C
| N™ °NH,
H 52% OH
78 79 80

Scheme 21: Regioselective coupling between purine and epoxide

The Michael addition has also been employed in the coupling of
nucleoside bases. The addition of 6-chloropurine 82 to methyl 4,4-
diethoxycyclobut-1-ene-1-carboxylate 81 produced mainly the trans N-9 adduct

83.%* Only a trace amount of the cis isomer was isolated.

o cl

N N
EtO NN\ 7 N
E1O 4 Ii'f DBU, DMF NP

Love N g, EO N

2Me  H EtO
COzMe
81 82 83

Scheme 22: Michael addition between 6-chloropurine 82 and methyl 4,4-
diethoxycyclobut-1-ene-1-carboxylate 81

Construction of nucleoside carbocycles through precursors

The use of cyclobutamines as intermediates in the synthesis of nucleoside
analogues allows the stepwise construction of the nucleoside base. Methods for
constructing both purine and pyrimidine bases have been established, with the
most common method for each detailed below.

Pyrimidines are most often synthesized according to the Shaw and

Warrener method.?>®® The reaction of isocyanate 84 with an amine results in the
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acryloylurea intermediate 85 (Scheme 23). Cyclization under acidic or basic

conditions provides uracil or thymine 86.%°

0 Q Q
X
EtOHC=C—L-N=C=0  RNH, | HN | X NH
x gl PN - L
07 NH “OEE N So
X=H, Me R R
84 85 86

Scheme 23: Construction of pyrimidine bases

Purines have been synthesized through the reaction of 5-amino-4,6-
dichloropyrimidine 87 and an amine (Scheme 24).”° Ring closure is then induced
using triethyl orthoformate to form the 6-chloropurine derivative 89. The 6-
chloropurine nucleobase can be easily derivatized into the adenine or

hypoxanthine analogues through treatment with ammonia or hydroxide.

Cl Cl Cl
HN A, RNH; HoN SN HC(OEt), </N | SN
l > ) > P
) N N N
- RHN™ N )
c N &
87 88 89

Scheme 24: Construction of purine bases

1.3.5 Methods of Synthesizing Nucleoside Triphosphates

Nucleoside triphosphates are often used in research as tools for
understanding biological pathways. However, synthesizing these compounds is
often challenging. This is in part due to the differing nature of the substrate and
reagents. It is necessary to use conditions that will cater to both the lypophilic

substrate as well as the charged ionic reagents. They are also inherently
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unstable, and are reported to decompose over a few days even at low
temperature. The hydrolysis of the triphosphate is accelerated under both acidic
and basic conditions.”’ It has been revealed, however, that under certain
conditions (neutral pH, low temperatures) the trialkylammonium triphosphate
salts can be stable for extended periods.

Several methods have been developed to synthesize these compounds.
None, however, provide a universal procedure for the conversion of all substrates
into their triphosphate forms in high yield.”> The most common and useful

methods that have been developed are described herein.

Triphosphate synthesis using dichlorophosphates

The most widely used method of synthesizing nucleoside triphosphates
involves the nucleophilic attack of pyrophosphate on an activated
monophosphate. In this method, only the activated nucleoside monophosphate
needs to be prepared, as the pyrophosphate salts are commercially available.
One of the most utilized methods for monophosphate synthesis was initially
discovered by Yoshikawa, who discovered that the rate of phosphorylation was
accelerated through trialkylphosphate solvents.”®> These solvents have the
capability of dissolving both the nucleoside and the reagents to give
homogeneous solutions. An attractive component of this method is that isolation
of the monophosphate is not necessary in the synthesis of triphosphates.

Instead, the chlorophosphate intermediate can be reacted directly with the
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pyrophosphate salts, as demonstrated by Ludwig, to provide a one-pot, three-

step method of triphosphorylation (Scheme 25).74

NH,
N N O\\ /
</ ’ N 1. POCl; (MeO);PO A NH,
HO oN N) 0°C, 1.5 hr Os] ile Ny Ets;NHHCO3, H,0
> NN\ J >
2. (HNBuU3),H,P,07, BuN 0 0o N P
25°C, 1 min 0 N
OHOH
90 OHOH |
NH, - 91
N N
4 N
HO.__oO 0 <
P. \P/O\ - /’
o \Oo’ \\o_o/P ol N
OHOH

92

Scheme 25: Yoshikawa/Ludwig “one-pot, three-step” triphosphate synthesis

Triphosphate synthesis using phosphoramidates

The synthesis of triphosphates using nucleoside phosphoramidates is
similar to the above method as it also involves the nucleophilic attack of
pyrophosphate on an activated monophosphate. In this method, the nucleoside
monophosphates are isolated prior to further phosphorylation. Thus, it
addresses the problem of determining the efficiency of monophosphorylation in
one-pot methods.

Initial studies performed to activate nucleoside monophosphates involved
the use of DCC in pyridine. However, it was noted that substantial amounts of
the undesired mono-, di-, and inorganic polyphosphates were also generated.”
This problem was solved with modifications developed by Moffatt (Scheme 26).”

Moffatt employed amines with DCC to form an intermediate phosphoramidate 94,
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and also discontinued the use of pyridine as this promotes disproportionation of
the triphosphates.

NH,

{NfN 0 N \N 1 (HNBU3)2H2P207 BUSN
HO & % - :
‘RO N~y DCC, morpholine N o S _ DMSO, 25 °C, 2-4 d
O O O > / \\O 0) N

tBUOH/H,0, reflux O 2. H,0
6 hr
OHOH OHOH
93 NH, 94
A
i N
HO<._._oO < ,
P> /O\ /O
e} \\O-dp\\o-dp\o N N/I
OHOH
92

Scheme 26: Moffatt triphosphate synthesis using phosphoramidate intermediate

Triphosphate synthesis using activated phosphites

The Ludwig and Eckstein method for developing triphosphates through
activated phosphite intermediates can be applied to a wide variety of nucleoside
derivatives.”” The general nucleoside analogue 96 was reacted with 2-chloro-
4H-1, 3, 2-benzodioxaphosphorin-4-one 95 to form activated phosphite 97. The
phosphite was then reacted with pyrophosphate to form cyclic intermediate 98.

Hydrolysis and oxidation provided triphosphate 99.
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Scheme 27: Ludwig/Eckstein triphosphate synthesis using activated phosphite

1.3.6 Synthesis and anti-HIV activity of 3’-hydroxymethyl cyclobutyl
nucleosides

The synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]-adenine 100 and
guanine 101 was reported by Reese and co-workers (Figure 13).°> They later
reported the synthesis of the pyrimidine analogues: 1-[cis-3-

(hydroxymethyl)cyclobutyl]-uracil 102, —cytosine 103 and -thymine 104 (Figure

14).78
NH, o)
N~"SN N NH
4 4
o, G wol Sl
100 101

Figure 13: Purine cyclobutyl analogues synthesized by Reese
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o) NH, 0

102 103 104

HO

Figure 14: Pyrimidine cyclobutyl analogues synthesized by Reese

It was reported that the adenine analogue 100 showed anti-HIV activity of
0.8 uM and no toxicity up to 1000 uM.>> The guanine analogue 101 displayed
anti-HIV activity of 8 yM and no toxicity up to 1000 uM. None of the pyrimidine
analogues displayed any HIV activity or toxicity.”®

In the Liotta group, 5-fluoro-1-[cis-3-(hydroxymethyl)-cyclobutyl]-cytosine
112 was synthesized according to the Reese procedure.”” The synthesis
featured a cycloaddition reaction between dichloroketene and allyl benzyl ether
105 to construct the cyclobutyl ring (Scheme 28). A Mitsunobu coupling was
performed between the trans-cyclobutanol 63 and the nucleoside base 109 to
form the coupled product 110. Subsequent transformations converted the 5-

fluorouracil analogue into the 5-fluorocytosine analogue 112.
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Scheme 28: Synthesis of 5-fluoro-1-[cis-3-(hydroxymethyl)cyclobutyl]
cytosine 112

The 5-fluorocytosine analogue 112 was evaluated for anti-HIV activity.
Although the analogue was found to be non-toxic, it proved to be inactive up to
100 pM in primary human lymphocytes infected with HIV-1.° Thus, the
triphosphate of 112 was synthesized and tested in efforts of elucidating the
mechanism of nucleotide incorporation into the viral DNA chain. The
triphosphate 116 was prepared according to the procedure by Moffatt using the

activated morpholine intermediate 115.”
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Scheme 29: Synthesis of 5-fluoro-1-[cis-3-(hydroxymethyl)cyclobutyl]
cytosine triphosphate 116

4Bu3NH+

The triphosphate 116 displayed anti-HIV activity comparable to 3TC-TP
against recombinant HIV-RT (ICso = 4.7 uM) and wild-type HIV-RT (ICsy = 6.9
MM). In addition, the triphosphate exhibited high activity against M184I (ICsp =

6.1 uM) and M184V (ICsp = 6.9 uM) mutant RT enzymes (Table 1).

HIV-RT Inhibition of RT Activity (ICso, M)
3TC-TP DLS183-TP
Recombinant
HIV RT (WT) 2.99 0.7 4.74 0.34
HIV RT (WT) 6.53 1.46 6.85 1.79
HIV RT (M/1) >10 6.06 0.75
HIV RT (M/V) >10 6.91 1.50

All the HIV RT used, except the recombinant RT, was obtained from viral lysates
from PBM cells infected with respective HIV.

Table 1: Comparison of inhibition of HIV-RT in cell-free assays

These results suggest that the cyclobutyl nucleotide can be incorporated
into the DNA chains of HIV-RT wild type and M184V/I mutants to terminate DNA

elongation. Thus, the inactivity of nucleoside 113 is likely to be the result of not
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being phosphorylated by cellular kinases. The cellular kinases may not
recognize the cyclobutyl nucleoside analogues due to structural and

conformational differences from the natural nucleoside substrates.®
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1.4 Results and Discussion

1.4.1 Design and Synthesis of Purine Cyclobutyl Nucleosides

Preliminary data performed by the Liotta group (as described in section
1.3.6) revealed that the 5-fluorocytosine cyclobutyl triphosphate analogue 116 is
able to be incorporated into viral DNA. This, along with the fact that none of the
cyclobutyl nucleosides exhibited toxicity, deems this series worthy of further
exploration. Though Reese synthesized and tested the cyclobutyl adenine 100,
guanine 101, uracil 102, cytosine 103, and thymine 104 analogues for anti-HIV
activity, the identities of the cell lines used were not revealed.*>*"®

Though the pyrimidine derivatives were all inactive in these unknown cell
lines, the purine analogues were reported as moderately active in their free
nucleoside forms. In order to determine if these purine analogues are able to acts
as NRTIs and to also gauge the degree of their activity in comparison to current
anti-HIV therapeutics, it is necessary to synthesize these and other compounds.

Thus, the goal of this project became to synthesize several purine analogues

(Figure 15) and assess their anti-HIV activity in known assays.

NH, 0 H

v N ¢ NH g N
HO f HO | o ¢ f\
N//l : N N//kNHQ . N N/)
100 101
cl cl NH,

117
N X N A N XN
.y ST e, T
HO Néj HO N4L‘ HO N NékNH

118 119 120

2

Figure 15: Purine cyclobutyl nucleoside targets
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Synthesis of trans-3-(benzyloxymethyl)cyclobutanol (63)

Each of the analogues shown in Figure 15 were derived from a common
source - trans-3-(benzyloxymethyl)cyclobutanol 63. This compound was
synthesized using the method described by Reese (Scheme 30).°°’® The
reaction of allyl benzyl ether 105 and the dichloroketene (generated in situ from
trichloroacetyl chloride 106 and activated zinc) afforded the [2 + 2] cycloaddition
product 62. Compound 62 was then dechlorinated to give 3-
(benzyloxymethyl)cyclobutanone 107 in 65% yield over two steps. The
cyclobutanone was then reduced with L-Selectride to provide a mixture of
alcohols in a 20:1 ratio favoring the cis-cyclobutanol 108. A Mitsunobu inversion
afforded the trans alcohol 63, which will serve as an intermediate in the synthesis

of each of the cyclobutyl purine nucleosides in Figure 15.

0]

/\/OBn CI>')‘\CI Zn-Cucouple BnO_  Cl cl Zn, AcOH BnO
+ Cl Et,0, 1,2-DME e reflux o)
Cl reflux 65% vield
105 106 62 oyl 107

over 2 steps

BnO. BnO
L-Selectride OH  4-(O,N)CH,CO,H
THF, -78 °C b‘ PhsP, DEAD, THF, RT k}
98% yield 88% yield 0@“’2
108

O 121
BnO

NaOH, aq. dioxane
77% vyield
°y OH

63

Scheme 30: Synthesis of trans-3-(benzyloxymethyl)cyclobutanol 63
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Synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]adenine (100)

A displacement of an activated cyclobutanol was performed in the
synthesis of the cyclobutyl adenine compound. Mesylate 122 was prepared from
cyclobutanol 63, and was then coupled with adenine 123 in the presence of
base. The N9 coupled product 77a was produced selectively over the N7

product 77b in a 5:1 ratio (Scheme 31).

NH,
Ny NH,
BnO BnO <,}l I o N </N I Nﬁ
on CHCl OMs Ko2COs, 18-crown-6 ' N7\ \bl -
63 91% yield 122 DMF, 120 °C 2
60% yield 77a 77b

>5:1 N9 vs. N7

Scheme 31: Synthesis of 9-[cis-3-(benzyloxymethyl)cyclobutylladenine 77a

Attempts to deprotect 77a using hydrogenolysis failed. However, the use

of Lewis acids (both BCIl; and AICI;) provided the desired compound 100

(Scheme 31).
NH, NH,
N N
mo. (A J Bomomch
w N 79% yield W N N/’
77a 100

Scheme 32: Deprotection of 9-[cis-3-(benzyloxymethyl)cyclobutyl]adenine 77a

Synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]guanine (101)
Synthesis of the guanine analogue 101 proved to be more challenging.
Initially, a procedure described by Bissachi and coworkers was used in which the

2-amino-6-iodopurine tetrabutylammonium salt 72 would be coupled to mesylate
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122 (Scheme 33).61 The group reported that the N9 product was formed
selectively over the N7 product. This is in accordance with previously studies
that proved that halogens attached to C6, especially the iodo group, promote
regioselective N9 coupling.80 Following this, treatment of coupled product 125
with sodium methoxide in methanol should afford the 6-methoxy product.
Deprotection using acid would then form the desired product 101. However,
there was no product obtained from the mesylate coupling. The use of the triflate

leaving group on the cyclobutyl ring also failed.

BnO
| n I O

N SN - AN~SN 1. Naom MeOH /N:\,)‘\NH

<<@| /)\ . OR__Bno <Nj’\);k ZaeHCeI HO <N ’ Py

N™ N7 ONH, CH,Cl, b N™ "NH; q b N~ “NH,
125

®Npy, T2 122 R=Ms 101
124; R=Tf

Scheme 33: Attempted guanine coupling via tetrabutylammonium salt

A method described by Slusarchyk and coworkers that used 6-benzyloxy-
2-aminopurine 79, successfully gave the guanine analogue 101.*" The protected
guanine nucleobase 79 was synthesized by treating commercially available 2-
amino-6-chloropurine 126 with benzyl alcohol in the presence of sodium hydride

(Scheme 34).

N
BnOH NaH </ , SN
/k " 1.4-dioxane ,4-dioxane /k
N =
H, 56% yield ) N NH,
H
79

Scheme 34: Synthesis of O°-benzylguanine 79
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Treatment of OPf-benzylguanine 79 with the cyclobutyl mesylate 122
produced a mixture of the N9 and N7 coupled product 127 in an 85% yield, with
the N9 product formed selectively over the N7 product (Scheme 35). It should be
noted that the 11:1 ratio of N9 to N7 product is significantly higher in this coupling
than that of adenine (5:1 N9 to N7). This is due to the blocking effect that the

bulky O-benzyl group presents. The regioisomers were separable.

OBn OBn

N N K2CO3, 18-crown-6 Nf\N
% N %
b ' <Nj’\/> DMF, 120 °C BnO <N | NANH
OMs Lo N ONH, 85% yield b 2

122 79 11:1 NO/N7 127

BnO

Scheme 35: Coupling of trans-3-(benzyloxymethyl)cyclobutyl mesylate 122 and
O°%-benzylguanine 79
Both benzyl groups were then removed using boron trichloride (Scheme
36). This afforded the final product 101 in 51% yield. Alternatively, the
deprotection can be performed by single electron reduction with sodium in liquid
ammonia at -78 °C, which affords the desired product in 34% yield. The product

structure was verified by X-ray crystallography (Figure 16).

OBn o)
BCls, CH,Cl,
- NH
BnO — 4
W N NANHZ 51% yield HOW <N | NANHZ
127 101

Scheme 36: Deprotection of 9-[cis-3-(benzyloxymethyl)cyclobutyl]O°-
benzylguanine 127
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Figure 16: X-ray structure of 9-[cis-3-(hydroxymethyl)cyclobutyl]guanine 101

Synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]purine (117)

Additional purines, including the chloropurine nucleoside analogues were
also synthesized in this series. Initially, the coupling of 6-chloropurine 82 with
cyclobutyl mesylate 122 was attempted in the presence of K,COs;. However,
there was significant decomposition after heating at high temperatures (120 °C)
and no product formation when heating at lower temperature (50 °C). Thus, the
Mitsunobu reaction was employed (Scheme 37). This produced compound 128
in 45% vyield and a 14:1 N9 vs. N7 ratio. Deprotection was accomplished using
the single electron reduction method described previously. However, after
analysis by 'H-NMR, it was suspected that the deprotection reaction may have
caused dechlorination and subsequent protonation of C6 (indicated by an
additional signal in the "H-NMR spectrum at 8.9 ppm). This was confirmed by

mass spectrometry and X-ray crystallography (Figure 17).
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Scheme 37: Synthesis of purine analogue 117

Figure 17: X-ray structure of 9-[cis-3-(hydroxymethyl)cyclobutyl]purine 117

Synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]-6-chloropurine (118)
The deprotection of the 6-chloropurine analogue 128 was attempted again
using the Lewis acid BClz (Scheme 38). This successfully gave the deprotected

product 118.

Cl

BnO &2 f BCl, /Nf\N
b T Bno J " ene, Hojé‘l ’N/I
118

OH  45% 92%
63

14:1 N9 vs. N7

Scheme 38: Synthesis of 6-chloropurine analogue 118
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Synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]-2-amino-6-chloropurine
(119)

The 2-amino-6-chloropurine nucleobase 129 was coupled in a similar
manner using Mitsunobu conditions (Scheme 39). Only N9 coupled product 130
was isolated. The deprotection was performed in a non-compromising method to

the chlorine group with boron trichloride to provide the product in 56% vyield.

N
< /K 129 o
BnO
PRSI I f
_ > n
PhsP, DIAD N N/kNH2 CH,Cl, /k
OH THF 56% yleld 119

63 68% yield 130

Scheme 39: Synthesis of 2-amino-6-chloropurine analogue 119

Synthesis of 9-[cis-3-(hydroxymethyl)cyclobutyl]-2,6-diaminopurine (120)
The diamino analogue 120 was synthesized by treating coupled product
130 with methanolic ammonia at 55 °C (Scheme 40). The 6-halo derivative was
employed due to literature precedents describing regioselective N9 coupling with
these compounds.®"® After deprotection of 131 using sodium in ammonia, very
little compound was obtained. In addition, it was difficult to separate the isolated

product from impurites.

NH> NH,

Cl
N
o {fN NHx : f\ Na/NH3, THF </N I SN
N NANH MeOH, 55°C  BnO /k 78°C HO \ L
2 33% yleld trace : N NH2

130 131 120
Scheme 40: Synthesis of 2,6-diamino analogue 120 using 2-amino-6-
chloropurine precursor 130
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Thus, an alternative method that would efficiently provide the coupled
product was sought. Mesylate 122 was directly coupled with commercially
available 2,6-diaminopurine 132 by treatment with K,CO3 in DMF under refluxing
conditions (Scheme 41). This coupling gave an 8:1 ratio of the N9 to N7 coupled
product. The desired N9 coupled product 131 was isolated in 50% yield.
Following this, compound 131 was deprotected using BCl; to give desired

compound 120 in 75% yield.

NH
2 NH, NH,

BnO <f/,\ 132 ﬁ NN\
b b N NH A, B o <1 1

N
OMs  K,CO3, 18-crown-6 He CH2C|2 b N™ "NH,

122 DM%01/20 °C 131 75% 120
(o]
8:1 N9 vs. N7

Scheme 41: Synthesis of diamino analogue 120 by direct coupling of 2,6-
diaminopurine

1.4.2 Design and Synthesis of Tricyclic Nucleobase Cyclobutyl Analogues
Studies performed by the Reese and Liotta groups have confirmed that
the cyclobutyl purine nucleoside analogues are innately more active than the
cyclobutyl pyrimidine analogues. Examination of these results in terms of steric
reasoning suggests that the active site of HIV-RT may be better suited for larger
bases. The extent of this theory was evaluated through the synthesis and anti-
HIV activity testing of ring-expanded tricyclic bases (Figure 18). These
analogues were chosen in particular due to their resemblances to adenine and
guanine. This may aid in the recognition of these analogues by cellular kinases

and promote cellular phosphorylation of the compounds.
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|
HO N N/)

133
Figure 18: Expanded tricyclic nucleoside adenine 132 and guanine 133
analogues

Upon initial examination of these tricyclic nucleoside analogues, it may
seem unreasonable to expect cellular kinases to recognize structures so
dissimilar. However, the use of these tricyclic compounds in nucleoside
analogues has literature precedence.  Triciribine is a well studied tricyclic
nucleoside that has exhibited potent activity against cancer and viral cells (Figure
19). Studies have shown that this compound is recognized by adenosine kinase
and converted into its monophosphate.?’ In fact, triciribine and its
monophosphate have been involved in advanced clinical trials. Since then,
several tricyclic bases have been coupled to modified sugars as potential

treatments for viral infections and infectious diseases.®?%

HO

OH OH

Figure 19: Structure of triciribine

The synthesis of these compounds can be envisioned by two

disconnection approaches: the late coupling and early coupling methods. The



50

late coupling method involves the synthesis of the intact expanded nucleobase

and the subsequent coupling to the activated cyclobutanol (Scheme 42).

o)
o)
7/ NH
RO /  'NH
i SN >
HO. N L7 ' /7N
N LG N N/)
133 134 Ho s

Scheme 42: Late coupling disconnection approach for synthesis of tricyclic
nucleoside analogues
The early coupling method involves the coupling of a simple precursor of
the expanded base to the cyclobutyl ring. The tricyclic base will then be built
stepwise (Scheme 43). This was the method employed by the Biota corporation

in the synthesis of their tricyclic analogues.?

COzMe
N NH, | Cl
74 | =N — / | SN/
N N/) RO N N/)
136 137
RO | Cl
b + 74 | \)N
N —
LG H N
134 138

Scheme 43: Early coupling disconnection approach for synthesis of tricyclic
nucleoside analogues
The late coupling method was chosen as the ideal strategy, as this
method would allow the facile synthesis of a number of derivatives with different

pseudosugars. Thus, the goal is to synthesize the intact expanded guanine and
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adenine bases. Following this, the bases will be coupled to the cyclobutyl,
oxathiolane, and dioxolane pseudosugars (Figure 20).

HO HO HO

Base Base Base
> o
S (0]
NH> 0
/ N /  “NH
Base:
N N/ N N/

Figure 20: Structures of tricyclic nucleoside analogues

Both tricyclic nucleobases share a common 7-deazapurine precursor 144,
which was synthesized according to a literature procedure (Scheme 44).2°
Bromoacetal 139 and ethyl cyanoacetate were condensed to form the
diethoxycyanoacetate 140. This compound was then cyclized into the pyrimidine
141 using thiourea. Treatment of the cyclized base with acid formed the
deazapurine 142. Desulfurization was performed with Raney nickel to give
intermediate 143, which was then treated with POCI; to produce the 6-chloro-7-

deazapurine 144.

0 S
0 0
NC
B0~ g ~Aorr EtONJ\OEt HzN)kNHz Et0 "
OEt K,COs; Nal OEt CN NaOEt; EtOH o I
145 °C reflux H,N® N° °S
139 71% 140 66% H 141
Cl
0.2 N HCI s Raney Ni /N POCl, i
90% NH4OH | reflux
° N NJ“\S reflux N N) 549, N N/)
H H 54% H H H
142 143 144

Scheme 44: Synthesis of 7-deazapurine backbone of expanded bases
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The late coupling strategy involves the production of intact bases 135 and
152. In order to synthesize these bases, it is necessary to protect the N9
position. Following this, iodination of the C7 position provides the 6-chloro-7-
iodo-7-deazapurine 146. Subsequent amination of the C6 position results in 147,
which is the final common intermediate for both expanded base derivatives.
Cross-coupling with tributylstannyl methyl acrylate or acrylonitrile provides
compounds 148 and 150, respectively. Cyclization will then be induced using
base, which forms the intact expanded adenine 149 and guanine 152 derivatives.
Deprotection will afford the free expanded nucleobases, which can be coupled

with the pseudosugars.

% cl | Cl | NH,
X - NH
(/jf\)N Protection (/TQN ICI / | N Me03H , Vi | N
NN N—~F  CHCl NS ! N A
H b N N7 N 80 °C N7 N
144 145 PG 146 PG 147
CO,Me 0 0
X NH> 7/ NH /  °NH
N DBU X Deprotection X
BussSn,  COMe ¢ || J‘ raoae )N =R T )N
J— ~ - ~
—/ N N ,4-dioxane ’}l N/ H N
PG PG
148 149 135
Pd(0),
Cul, DMF NH, NH,
70 °C {
/ SN 7/ SN
/ | A )N Deprotection Vi | X )N
PG
151 152

Scheme 45: General method of preparing intact expanded adenine 152 and
guanine 135 nucleobases
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Several protecting groups were employed in order to achieve the desired
free expanded nucleobases. However, there were significant problems with most
of these groups undergoing each proposed transformation. Among these was
the inability to remove the protecting group in the final step, which was

experienced when using the benzyl derivatives.

Benzyl derived protecting groups

ns e N e
MeO : MeO : OMe MeO ;
OMe

Benzyl p-Methoxybenzyl 2,4-Dimethoxybenzyl 3,4-Dimethoxybenzyl

Figure 21: Benzyl protecting groups used for tricyclic base synthesis

The benzyl protecting group was employed initially, which was not able to
be deprotected using Lewis acids. It did, however, allow an understanding of the
nature of the 7-deazapurine system, which is dissimilar from the purine system.
Instead, it behaves similarly to pyrroles, indoles, and related heterocycles. This
was displayed with the intention of protecting the N9 position of the deazapurine
using base and benzyl chloride. Instead of obtaining the expected product, a
mixture of N9 and C7 alkylation was found. Poor N-alkylation vs. C-3 alkylation
is a common problem experienced in pyrroles.86 However, this problem has
been solved through a transfer of activation method, in which the benzene
sulfonyl group is used to regioselectively alkylate the N7 position.®” This has

been proposed to occur through a bimolecular reaction, in which a pre-formed
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alkoxide attacks the sulfonamide to provide an alkyl sulfonate and the nitrogen
anion. The nitrogen anion is then able to displace the sulfonate and become
alkylated. This method has also been applied to the 7-deazapurine system, and

produces the N9 benzylated derivative in 62% yield (Scheme 46).%

Cl cl Cl
]
l\lll\ X AN N| X N\ N/lﬁ:% . HO-S=0
- . |
N/ N\ kN/ kN/ N\

Scheme 46: Eissenstat and Weaver transfer of activation mechanism®’

Though the problem of protecting the deazapurine was solved, the
deprotection of benzylated 149 and 152 failed with all attempts. Thus, the para-
methoxybenzyl group was substituted due to its extensive use as a nitrogen
protecting group in many heterocyclic systems, including pyrazoles and

imidazoles.®

In addition, it can be removed under acidic, hydrogenolytic, and
oxidative methods. However, none of these conditions proved effective in
removing this group. The use of this group did, however, allow the development
of alternative reaction conditions. Instead of using the low-yielding iodine
monochloride reagent for the iodination step, NIS was used in its place. This
increased the yield of the iodination reaction from 30 - 45% to 80 — 90%. Also,

the amination step using ammonia in methanol was changed to ammonium

hydroxide in 1,4-dioxane. This was done because the use of ammonia in
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methanol often resulted in the C6-methoxy derivative instead of the expected
aminated derivative. Thus, the ammonium hydroxide conditions were used
instead, which reliably afforded the desired product in high yields.

Because the electron donating effect of the methoxy groups aid in the
formation of the benzyl cation and hence deprotonation, an additional methoxy
group was added in the ortho position of the phenyl ring by using the 2,4-
dimethoxylbenzyl protecting group. This group seemed promising, as it was
successfully deprotected in the synthesis of the natural product rigidin, which is
also a deazapurine derivative.®® However, this group was not suitable for this
method, as deprotection of the system failed using known conditions, including
trifluoroacetic acid in dichloromethane, hydrochloric acid in methanol, and
oxidative removal using DDQ.

A literature procedure describing the synthesis of the antitumor agent
ALIMTA used the 3,4-dimethoxylbenzyl group as a protecting group for the 7-
deazapurine.®’ The use of this group seemed counterintuitive, as a meta-
methoxy group would not add to the electron delocalization needed to form the
benzyl cation. However, it was reported that although the benzyl and PMB
groups failed, this method was able to effectively undergo the deprotection. In
addition, the group has been shown to undergo facile deprotection from
pyrroles.”? Thus, this protecting group was selected and deprotection was
attempted using the reported conditions of TFA and sulfuric acid at room

temperature. Needless to say, these harsh conditions resulted in a small amount



56

of deprotected base, which was detected in the reaction mixture by mass

spectrometry. No product, however, was isolated.

Electron withdrawing protecting groups

Q}i—; H?’CO@; >Lo)o§*

)

Phenylsulfonyl Tosyl Boc

Figure 22: Electron withdrawing protecting groups used for tricyclic base
synthesis

A few electron withdrawing protecting groups were used as well. The
phenylsulfonyl group was used because this analogue was used in order to
achieve the benzyl derivative. Thus, it was brought through the transformation.
However, the electron withdrawing nature of the protecting group hindered the
iodination. Thus, the iodine was installed prior to protecting the deazapurine,
which became a practice that was maintained because of the high yields that
were attained in this step.®® Protection with the group after this step worked well;
however, the group did not survive the amination step. Efforts to circumvent this
problem by reprotecting after amination failed, as very low yields of the protected
base were obtained. Similar outcomes were witnessed with the use of the Boc
and also the tosyl protecting group, which was chosen because of its reported
use in indoles and the 7-deazapurine system and ease of deprotection using

cesium carbonate.*
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Other protecting groups

o w0 O,

t-Butyldiphenylsilyl p-Nitrophenethyl 1-Phenylethyl Methoxymethyl

Figure 23: Other protecting groups used for tricyclic base synthesis

Other protecting groups were tried as well, including the TBDPS group
which is reported to be robust enough to protect a nitrogen group in heterocyclic
compounds.®®  However, this group was lost at the amination step. The p-
nitrophenethyl group was also tried, which was successfully used in the synthesis
of the 7-deazapurine system of 2’-deoxycadeguomycin and other pyrroles.®%’
However, this group produced many side products which resulted in very low
yields. The 1-phenylethyl group was also employed, which was reported to be

98-100

ideal for such systems. However, deprotection failed under acidic

conditions. The MOM group was also tried, which has been used as a protecting

group in the synthesis of 7-deazapurines.'®'1%2

This group underwent the
transformations in moderate yields, and was actually deprotected in the final
step. However, a two step deprotection method was needed in order to
accomplish this. In addition, the product yield was low and it co-eluted with salts.

Thus, it was necessary to choose a similar protecting group, but one with more

options for deprotection.

SEM protecting group
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The SEM group was chosen due to its similarity to the MOM protecting
group. In addition, it has been used in the total synthesis of dapiramycin B,
which contains the 7-deazapurine backbone.'®®  The 7-iodo-6-chloro-7-
deazapurine 138 was protected using sodium hydride and SEMCI. It should be
noted that the transfer of activation needed in the benzyl protection is not needed
in this instance, since the C7 position is substituted. The amination was then
performed to provide 153. A Heck coupling was then used to install the
acrylonitrile component, which produced 155 in a 1:1 E/Z mixture. Cyclization
induced by sodium methoxide formed the tricyclic expanded adenine base 156,

which was then deprotected using Lewis acid to form 152.

| Cl | Cl | NH;

Y HES (T me oy =2

NN ' 93% )N N e EEM N Eon, BME 56
138 0 153 82% 81%; 1:1 E/Z

"

NC SiMe; NH;
' NH
2 NaOMe 7/ SN
DN —_—_—

7 N MeOH, 60 °C SN
N N/) 79% 4 )
) N N/
SEM B

155 156 152

Scheme 47: Synthesis of expanded adenine base 152 using SEM protecting
group
Similarly, the expanded guanine base was synthesized by performing the
Heck coupling with methyl acrylate. It should be noted that this cross-coupling
differs from that originally proposed for the synthesis of the expanded guanine
derivative. The original cross coupling was performed under Stille conditions

using the cis stannane. This is because the researchers noted that in this case,
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only the cis isomer would cyclize. Thus, efforts to make only the cis isomer were
employed. However, isomerization was noted even when using the cis
stannane. Therefore, the cross coupling technique was changed to the Heck,
which would give mixtures of the E and Z isomers as well, but without the difficult
removal of the stannyl reagents. Cyclization was performed using sodium
methoxide, and deprotection accomplished with a Lewis acid to give the

expanded guanine base 135.

COzMe

| NHy __ CO;Me
Vi N NaOMe
| Pd(PhsPLCL, \N MeOH. 60 °C \N
N“ N Cul, Et;N, DMF 55
SEM 70 °C °
154 65%: 1:1.5 E/Z s1E5|\¢ SEM
158
o)
7/ NH
BF3‘OEt2 \N
P 7
CHzClp, 0°C P
N
H
135

Scheme 48: Synthesis of expanded guanine base 135 using SEM protecting
group

The use of the Lewis acids for deprotection resulted in the generation of a
large amount of salts, which made purification difficult. Thus, an alternative
method for deprotection, HCI in refluxing ethanol was explored. After two hours
under these conditions, deprotection of the SEM group and complete conversion
of the protected expanded adenine 156 to the expanded guanine 135 occurred.
This results in a completely convergent method, with the final two bases
diverging only in the final deprotection step. Retention of the expanded base can

be performed using Lewis acids.
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o)
7/ °NH
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80 °C al )
78% ﬁ N
156 135

Scheme 49: Conversion of protected expanded adenine 156 into deprotected
expanded guanine 135
Glycosylation of expanded nucleobases
The coupling of expanded adenine base 152 and the trans-cyclobutanol
ring 63 was attempted using Mitsunobu conditions. This reaction, however,
failed. There are other methods, including the use of the activated cyclobutanol

derivative, to be explored.

/7 N

THE am
Vi |\N + BnO N/)
N
H

152 63 159
Scheme 50: Attempted coupling between expanded adenine 152 and trans-
cyclobutanol 63
The coupling of the expanded guanine base 135 and the oxathiolane
acetate was attempted under Vorbruggen conditions.’® However, the base was
unreactive under these conditions. Thus, the bromide 161 was formed in situ
and reacted with base 135 under solid-liquid phase transfer conditions.'® A
small amount of product was detected by '"H-NMR and mass spectrometry in an

inseparable mixture.
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Scheme 51: Attempted coupling between expanded guanine 135 and
oxathiolane 160

The same coupling was attempted with the expanded guanine base 135

and the dioxolane bromide (Scheme 52). There was no product obtained.

(o) 0] ?
/\/ko 0 /" NH KOH, TDA-1
TMSBr .
Loomone oo Omnir J~r SN CHCN
0_7'“ C  CHyClp OJN | P

N™ >N

H
163 164 135

o
/  NH

Scheme 52: Attempted coupling between expanded guanine 135 and dioxolane
163
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Early coupling strategy

Although the late coupling strategy was able to effectively produce the free
expanded adenine and guanine bases, the coupling techniques used are in need
of further refinement. Thus, the early coupling strategy was employed in order to
synthesize the desired coupled nucleoside analogues.

The 7-deazapurine 144 was coupled to the trans-cyclobutanol 63 using a
Mitsunobu reaction to form 166. lodination using NIS resulted in 167 in 81%
yield over two steps. Amination was accomplished using ammonium hydroxide
and 1,4-dioxane heated to 100 °C to give 168. A Heck coupling was then
employed with acrylonitrile to form 169. Cyclization was then induced using
sodium methoxide, which formed the protected tricyclic analogue 159.

Deprotection of the benzyl group provided 132 in 51% yield (Scheme 53).

BnO cl
ol cl |
63 BN N
ak (T ) s AL
| ) OH, Bno N N/) NIS; DMF __ BnO N—~N7
~
NN PhsP, DIAD ]: 2 steps, 81% b
144 THF 166 CN 167
I NHy X NH,
NH,4OH; dioxane / ___CN SN NaOMe
90% BnO

P L J
N">N Pd(PhsP), BnO N~ N7 MeOH
Cul, Et3N, DMF 88%
j<>‘ 168 64% b 169
NH,

NH,
N

7/ N J NN

/7 __BCk /N

BnO_  W-N\"  CHChL  HOL NP
N

51%
159 132

Scheme 53: Synthesis of expanded adenine cyclobutyl nucleoside analogue 132
using early coupling strategy
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An advantage of the early coupling strategy is that each intermediate can
serve as a potential analogue. Thus, each intermediate was subjected to
deprotection to form the free nucleoside. Intermediate 167 was succesfully
deprotected to form its free cyclobutyl nucleoside analogue which was tested for
anti-HIV activity. This was attempted with the aminated intermediate 168.
However, no product was isolated when deprotection was attempted using Lewis
acids. Hydrogenolysis of 168 resulted in loss of the iodide with no effect on the
benzyl group.

This strategy was also used in the synthesis of the expanded guanine
derivative 133 (Scheme 54). Intermediate 168 was coupled with methyl acrylate
under Heck conditions to form 170 as a 1:1 E/Z mixture. Cyclization using
sodium methoxide was done to give the protected expanded guanine derivative

171 in 60% yield over two steps. Deprotection using BCls was done to give 133

in 79% yield.
COZMe 2
| NH, N, NH /7 NH
/ | XN ___CO,Me / | SN NaOMe / | >N
BnO N N/) Pd(Ph3P),, Cul, BnO N N/) MeOH, 60°C  BnO N N/)
EtsN, DMF, 70 °C : 60% over \b]
168 1:1E/Z 170 two steps
171
o)
7/ "NH
BCl,
78 °C /7 N

Ho L

79% NT N
bl 133

Scheme 54: Synthesis of expanded guanine cyclobutyl nucleoside analogue 133
using early coupling strategy
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The synthesis of the oxathiolane analogue was also attempted using this
strategy. The 7-iodo-6-chloro-7-deazapurine 138 was coupled to the bromo
oxathiolane 161 formed in situ from the oxathiolane acetate 160. The desired 3
coupled product was then aminated using ammonium hydroxide in 1,4-dioxane.
Heck coupling was then performed on 173 using methyl acrylate. There was
product detected in a complex mixture, but was not able to be isolated.
Treatment of the mixture with sodium methoxide did not result in product
formation. Similar outcomes were produced when performing the Heck coupling
with acrylonitrile. Thus, the early coupling method is not suitable for the

synthesis of this analogue.

I Cl

| Cl
N
N
m am
03H7COOL TMsBr  |CsH7COO N N7 55 CoHiCOO N N/)
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Scheme 55: Synthesis of expanded guanine oxathiolane nucleoside analogue
162 using early coupling strategy
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1.4.3 Design and Synthesis of Ring Expanded (“Fat”) Nucleoside
Analogues

An additional mode of attack for nucleoside analogues is to disrupt the
ability of helicases to unwind RNA structures. It is expected that an expanded
“fatty” base will inhibit the unwinding by presenting steric interference in
translocation of the enzyme along the polynucleotide chain.'® In the synthesis of
certain fatty base analogues as inhibitors of the West Nile virus, it was
discovered that the a-anomer 176 displayed more potent and selective activity
than the B-anomer 175 (Figure 24)."°"1% Thus, both the B- (177) and a-anomers
(178) of the dodecylguanidine cyclobutyl analogues were prepared and

submitted for anti-HIV activity testing (Figure 25).

HO
N NH H  (CH,)CH
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Figure 24: Ring-expanded “fatty” nucleoside analogues as West Nile virus
inhibitors

Q N NH
N NH ¢l Py (CHCHs
Ho ¢ />\N/(CH2)11CH3 N N H
:N N H Jd 0
0]
HO
177 178

Figure 25: Ring-expanded “fatty” cyclobutyl nucleoside analogues

The trans-cyclobutanol ring 63 was coupled to the imidazole 179 under

Mitsunobu conditions (Scheme 56). Treatment with dodecylguanidine resulted in
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the fatty base analogue 181. Deprotection using Lewis acid gives the product

177.
gy
O ~
BnO H3C(H2C)11 NH,
ok MeO™ ™y N\> PPha, DIAD, THF N
OH MeO N rt, 48 hours NaOMe; MeOH
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© 16% C
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Scheme 56: Synthesis of 3-anomer of dodecylguanidine cyclobutyl analogue

Similar transformations were employed in the synthesis of the a-anomer
(Scheme 57). Instead of using the trans-cyclobutanol, the cis isomer was
employed for the Mitsunobu coupling.

o NH
OMe H3C(H2C)11\N)k
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H
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—— H
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BnO”™ 483 HO 178

Scheme 57: Synthesis of a-anomer of dodecylguanidine cyclobutyl analogue
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1.4.4 Synthesis of 4’-O-triphosphate of cyclobutyl nucleosides
A triphosphate of each representative class of compounds, purine,
tricyclic, and ring-expanded “fatty” cyclobutyl analogues, was synthesized (Figure

26).
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Figure 26: Synthesized cyclobutyl nucleoside 4’-O-triphosphates

The triphosphates were all synthesized according to the method
developed by Moffatt involving the phosphoramidate intermediate. The synthesis
of the cyclobutyl adenine triphosphate is shown as a representative example
(Scheme 58). The nucleoside 100 was allowed to react with phosphorus
oxytrichloride in trimethyl phosphate and quenched with water, which allowed the
isolation of the monophosphate intermediate 187. The morpholine
phosphoramidate 188 was then prepared, which was allowed to react with bis-
(tri-n-butylammonium)pyrophosphate and quenched with triethylammonium

bicarbonate (TEAB) to obtain the triphosphate 184.



NH,
</N l\
HO NN
100
NH,
o) NN
SRS

_ O/ P\O N N

188

POCl,
OP(OMe);
0°C

HO
N O/P\\O N

187

1) (HNBU3)2H2P207, BU3N
DMSO, 25°C, 4d

2) TEAB, H,0

NH,
</ | ) DCC, morpholine
~ ?
N tBUOH/H,0, reflux
NH,
N BN
Osp-0 o) ¢ /)N
' /P\< \/P\/O\P\/\ N N
0 O0g 040
AELNH )

Scheme 58: Synthesis of 4’-O-triphosphate of 9-[cis-3-
hydroxymethyl)cyclobutyl]ladenine 184
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1.4.5 Biological Activity of Synthesized Compounds
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Figure 27: Structures of tested cyclobutyl nucleosides

Anti-HIV Activity

Compound Activity (PBM) Toxicity (ICso)
ECso (M) ECog (M) | PBM (uM)  CEM (M) Vero (uM)
DLS-205 67.9 > 100 > 100 > 100 > 100
DLS-219 6.5 21.8 > 100 > 100 > 100
DLS-220 > 100 > 100 > 100 > 100 > 100
DLS-235 8.7 55.8 > 100 55.3 > 100
DLS-254 70.1 > 100 > 100 > 100 > 100
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DLS-250 9.1 26.6 11.8 2.1 3.2
DLS-252 24.8 > 100 68.3 >100 27.0
DLS-247 3.2 5.4 1.5 <1.0 1.3
DLS-248 > 100 > 100 > 100 > 100 > 100
DLS-253 46.1 > 100 20.7 88.9 70.1
DLS-233 12.0 40.9 8.9 8.2 6.1
DLS-234 15.1 43.0 13.3 17.0 3.3

Table 2: Anti-HIV activity and toxicity of cyclobutyl nucleosides

The synthesized compounds were tested for anti-HIV activity and cytotoxicity
in PBM, CEM, and Vero cells."® "% The anti-HIV data obtained showed that the
cyclobutyl adenine, guanine, and 2,6 - diamino derivatives were moderately
active against HIV. In fact, the guanine derivative DLS-219 has proven to be the
most active of the cyclobutyl series developed by the Liotta group thus far.
These compounds also displayed no cytotoxicity. The 6-chloropurine analogue
DLS-235 displayed mild activity, but also cytotoxicity in CEM cells. The
expanded bases analogues, including both the tricyclic and fatty bases exhibited
activity, but also cytotoxicity. In fact, the strong toxicity in vero cells displayed
with DLS-234 and DLS-247 suggests that these compounds are highly toxic in
rapidly proliferating cells. Thus, they may be useful as non-specific anti-cancer
agents.

In addition to the evaluation of nucleoside analogs, the effectiveness of
the triphosphates as competitive inhibitors against HIV RT. Thus, triphosphates
184, 185, and 186 were submitted for in vitro testing. It was found that both 184
and 185 are able to adequately be incorporated as adenine analogs by RT-wt

during DNA polymerization (Figures 28 and 29). These compounds are less
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efficient than the natural dATP substrate, however (Table 3). Compounds 184

and 185 are both being explored for activity as guanine mimics as well.

Compound 186 does not serve as a substrate for the enzyme.

It is currently

being examined for activity as a competitive inhibitor of enzyme.
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Figure 28: K, curve for cyclobutyl adenine triphosphate 184
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Figure 29: K4 curve for cyclobutyl expanded adenine triphosphate 185
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Nucleotide kpol (s™) Kq (UM) Efficiency
(s um)
dATP 12.3+1.0 46 +1.6 2.7
RTWT 184 0.232 +0.016 204 +4.6 0.011
185 0.163 = 0.007 224 +28 0.007
186 N/A N/A N/A

Table 3: Summary of in vitro results with triphosphates

Anti-HCV Activity

Certain analogues were also evaluated for anti-HCV activity. The assays
were performed using Huh 7 clone B cells containing HCV replicon RNA.™"
Interesting compounds include the toxic analogues DLS -234 and DLS-247. The
level of toxicity displayed with these analogues in both HCV and HIV assays

prompted the anti-cancer testing of these compounds.

Compound Activity (Huh-7) Toxicity %
ECg (M) Conclusion ICs0 (M) Conclusion Inhibition

DLS-233 >10 Not active >10 Slightly Toxic N/A

DLS-234 >10 Slighly active >10 Toxic 65%

DLS-235 >10 Slightly active >10 Not toxic 50%
DLS-247 <10 Active >10 Toxic 98.9%

DLS-248 >10 Not active >10 Not toxic N/A

Table 4: Anti-HCV activity and toxicity of cyclobutyl nucleosides

Anti-cancer Activity

The anti-cancer testing was performed on a malignant pancreatic cancer
cell line. The compounds were tested to determine their ability to inhibit cell
growth. Gemcitabine was used as the control for this experiment. It is an FDA

approved nucleoside analogue that exhibits significant antitumor activity (Figure
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30). This compound was shown to decrease cell proliferation by 70% after 48
hours. Upon testing the analogues from this series, DLS-234 and DLS-247

decreased proliferation by only 20 and 40%, respectively.

NH,-HCI
SN

LN

N~ ~O

HO
O

OH F

Figure 30: Structure of gemcitabine HCI
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1.5 Conclusion

Several cyclobutyl nucleoside analogues have been synthesized and
evaluated in HIV, HCV, and cancer cell lines. Among the cyclobutyl compounds
synthesized, the cyclobutyl guanine (DLS-219) was the most promising. It
exhibited moderate anti-HIV activity and also was not cytotoxic up to 100 yM in
PBM, CEM, and Vero cell lines. The expanded tricyclic base and fatty base
cyclobutyl analogues all displayed significant cytotoxicity, with the exception of
the expanded adenine analogue DLS-248. The high toxicity of DLS-234 and
DLS-247 in both HIV and HCV assays warranted the further testing in a
pancreatic cancer cell line. However, these compounds were not as effective as

the current nucleoside analogue treatment on the market.

The origin of the cytotoxicity for these compounds, however, is unknown.
Thus, representative triphosphates of these compounds have been synthesized
and will be tested for anti-HIV activity. Upon receipt of positive data for these
compounds, it may be necessary to synthesize phosphonate prodrugs of the
analogues. In addition, different expanded bases should also be explored. The
fact that the expanded adenine base DLS-248 is non-toxic demonstrates the

potential use of this class as HIV-RT inhibitors.
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1.6 Experimental

General: 'H-NMR spectra were recorded at either 400 MHz on an INOVA-400
spectrometer, or at 600 MHz on an INOVA-600 spectrometer. ">*C-NMR spectra
were recorded at either 100 MHz or 150 MHz on the above mentioned
instruments, respectively. NMR samples were prepared in either deuterated
chloroform (CDCls;), methanol (CDs;OD), dimethyl sulfoxide (d®-DMSO), or
deuterium oxide (D,O) with residual solvent peaks serving as the internal
standards. °'P NMR spectra were recorded on a Varian 400 spectrometer.
Chemical shifts (&) are reported in parts per million, and the coupling constants
(J) are reported in Hertz. Mass spectra were obtained on either a VG 70-S Nier
Johnson or JEOL Mass Spectrometer. HPLC analyses were conducted on a
Varian ProStar system. Infrared spectra were recorded on a Thermo Nicolet
Avatar 370 FT-IR spectrometer as neat films. Elemental analyses were
performed by Atlantic Microlab (Norcross, GA). Analytical TLC was performed
on Whatman precoated glass plates (0.25 mm) with silica gel (60 F254). Flash
column chromatography was performed with silica gel 60 (230 — 400 mesh, EM
Science). Anhydrous reactions were performed with anhydrous solvents in
flame-dried, argon-filled glassware. Reagents were obtained from commercial
suppliers and used without further purification. Solvents were purchased as
anhydrous or dried over 4A molecular sieves. Organic extracts were dried over
commercially available anhydrous MgSO, or Na,SO,. Evaporations were
performed under reduced pressure using a Buchi rotary evaporator at 35 °C,

unless otherwise noted.
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3-(Benzyloxymethyl)-2,2-dichlorocyclobutanone (62)

BnO I
Cl
0]

To a dry 3-necked 500 mL round bottomed flask under argon was added 250 mL
of dry diethyl ether followed by 33 mL of 1,2-dimethoxyethane. To this solution
was then added 13.3 g of freshly prepared Zn-Cu couple (J. Org. Chem. 1978,
43, 14, 2879-2882) followed by allyl benzyl ether 105 (10.4 mL, 67.3 mmol). The
mixture was allowed to stir and trichloroacetyl chloride 106 (20.0 mL, 0.178 mol)
was added dropwise. The mixture was gently heated at 30 °C for 68 hours. The
mixture was then vacuum filtered and the zinc residue was washed with diethyl
ether. The washings were concentrated to approximately 50 mL and 100 mL of
petroleum ether was added. The mixture was stirred vigorously for five minutes
and the supernatant was decanted. An additional 40 mL of petroleum ether was
added, the mixture was stirred, and the supernatant was decanted. The
combined layers were washed with saturated aqueous NaHCO; (2 x 200 mL)
and brine (100 mL). The organic layers were dried over anhydrous MgSO,4 and
concentrated to give the crude product (20.5 g) as an orange oil (Rf: 0.35; 9:1
Hex/EtOAc). "H-NMR (CDCls, 400 MHz): ¢ 3.12 — 3.24 (m, 2H), 3.39 — 3.48 (m,
1H), 3.69 — 3.73 (m, 1H), 3.84 — 3.88 (m, 1H), 4.59 (s, 2H), 7.30 — 7.40 (m, 5H).
3C-NMR (CDCls;, 100 Mz): o 45.3, 45.6, 69.1, 73.6, 87.7, 127.9, 128.1, 128.7,
137.7, 192.4. HRMS (APCI): expected for CiH13Cl,O, (M+H)" 259.02871.

Found 259.01029. IR(neat): Vmax 2862, 1807, 1097 cm™.
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3-(Benzyloxymethyl)-cyclobutanone (107)

BnO
oo

Glacial acetic acid (130 mL) was added to the 250 round bottomed flask
containing crude 3-(benzyloxymethyl)-2,2-dichlorocyclobutanone 62 (18.7 g, 72.3
mmol). Zinc dust (28.3 g, 0.434 mol) was added slowly to the solution with
vigorous stirring. Addition of zinc caused the flask to heat and a reflux condenser
was attached. The mixture was allowed to stir for two hours, as the flask slowly
cooled to room temperature. Diethyl ether (100 mL) was added to the cooled
mixture which was then vacuum filtered. The zinc residue was washed with 50
mL of diethyl ether. The filtrate and washings were then concentrated. The
remaining oil was then dissolved in 200 mL of dichloromethane and 50 mL of
saturated aqueous NaHCO3; was added to react with the remaining acetic acid.
The solution was then washed carefully with saturated aqueous NaHCO3; (2 x
200 mL) and water (100 mL). The organic layer was dried over anhydrous
MgSQ,, filtered, and concentrated. Purification by column chromatography (5:1
Hex/EtOAc) gave 8.36 g (65% yield over two steps) of product as a colorless oil
(Rf: 0.23; 9:1 Hex/EtOAc). 'H-NMR (CDCls, 400 MHz): ¢ 2.67 — 2.74 (m, 1H),
2.86 — 2.93 (m, 2H), 3.09 — 3.18 (m, 2 H), 3.60 (d, 2H, J = 6.4 Hz), 4.57 (s, 2H),
7.29 — 7.39 (m, 5H). "*C-NMR (CDCls, 100 Mz): ¢ 23.8, 50.2, 73.0, 73.3, 127.8,
127.9, 128.6, 138.2, 207.7. HRMS (APCI): expected for CiHis02 (M+H)"

191.10666. Found 191.10665. IR(neat): Vmax 2855,1778, 1089 cm™.
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cis-3-(Benzyloxymethyl)cyclobutanol (108)

BnO- j)H

To a 250 mL round bottomed flask under argon containing 8.3 g (43 mmol) of 3-
(benzyloxymethyl)-cyclobutanone 107 was added 100 mL of dry THF. The flask
was cooled to -78°C and 54 mL of an L-selectride solution (1.0 M in THF, 54
mmol) was added dropwise over 30 minutes. After the addition was complete,
the flask was warmed to room temperature and saturated aqueous NaHCO3 (80
mL) was added over 5 minutes. The mixture was then cooled in an ice bath and
30 mL of 30% aqueous hydrogen peroxide was added dropwise (to maintain the
temperature below 28°C). Water (140 mL) was added followed by 345 mL of
ethyl acetate. The organic layer was separated and then washed with water (3 x
175 mL) and brine (100 mL). The organic layer was then dried over anhydrous
MgSO,, filtered, and concentrated to give 8.1 g (98% yield) of product as a
colorless oil (Rf: 0.29; 1:1 Hex/EtOAC). 'H-NMR (CDCls3, 600 MHz): 0 1.66 — 1.70
(m, 2H), 2.05 - 2.10 (m, 1H), 2.41 — 2.46 (m, 2H), 2.78 (s, 1H), 3.44 (d, 2H, J =6
Hz), 4.09 — 4.14 (m, 1H), 4.53 (s, 2H), 7.28 — 7.37 (m, 5H). *C-NMR (CDCls,
150 Mz): o 25.9, 36.6, 64.1, 73.1, 74.5, 127.7, 127.8, 128.5, 138.5. HRMS
(FAB): expected for CqoH170, (M+H)" 193.12231. Found 193.12220. IR(neat):

Vimax 3345, 2929, 1071 cm’™.
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trans-3-(Benzyloxymethyl)cyclobutyl 4-nitrobenzoate (121)

BnO
Vg o

0]

To a dry 500 mL round bottomed flask under argon was added 21.5 g (82.2
mmol) of PhsP, 13.0 g (78.3 mmol) of 4-nitrobenzoic acid, and 7.5 g (38.9 mmol)
of cis-3-(benzyloxymethyl)cyclobutanol 108. The solids and oil were placed
under vacuum overnight and then the flask was refilled with argon. Dry THF (70
mL) was added and the flask was cooled to 0°C. A solution of DIAD (16.2 mL,
82.2 mmol) in 35 mL of dry THF was added dropwise over 20 minutes. The
mixture was allowed to warm to room temperature and was stirred for 7.5 hours.
The reaction mixture was then concentrated to give a viscous yellow oil.
Purification of the crude material by column chromatography (96:4 Hex/EtOAc)
gave 11.6 g (88 % yield) of product as a white flaky solid (Rs 0.41, 3:1
Hex/EtOAc). mp: 69-70 °C. "H-NMR (CDClz, 600 MHz): ¢ 2.38 — 2.45 (m, 4H),
2.65 - 2.69 (m, 1H), 3.55 (d, 2H, J = 7.2 Hz), 4.58 (s, 2H), 5.35 — 5.39 (m, 1H),
7.30 - 7.33 (m, 1H), 7.35 — 7.39 (m, 4H), 8.21 — 8.23 (m, 2H), 8.28 — 8.30 (m,
2H). "®C-NMR (CDCIs, 150 Mz): ¢ 28.7, 32.4, 70.3, 73.3, 73.4, 123.6, 127.8,
128.6, 130.9, 135.9, 138.5, 150.6, 164.3. HRMS (EI"): expected for C19H1gNOs
(M)" 341.1263. Found. 341.1261. IR(neat): vmax 2938, 2854, 1708, 1525, 1277

cm™.
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trans-3(Benzyloxymethyl)cyclobutanol (63)

<

OH

BnO

To a 500 mL round bottomed flask containing 10.6 g (31.1 mmol) of trans-3-
(benzyloxymethyl)cyclobutyl 4-nitrobenzoate 121 was added 225 mL of 1,4-
dioxane. The solution was stirred and 150 mL of 0.4 M NaOH (60.0 mmol) was
added to the solution. The mixture was stirred for 30 minutes and then quenched
with the dropwise addition of 2.68 mL (46.6 mmol) of acetic acid. The solution
was then concentrated to give a white residue. The residue was dissolved in
ethyl acetate (125 mL) and the solution was washed with saturated aqueous
NaHCO; (3 x 125 mL). The organic layers were dried over MgSQy, filtered, and
concentrated to give 4.6 g (77% vyield) of a light yellow oil (Ry 032; 1:1
Hex/EtOAc). "H-NMR (CDCls, 600 MHz): ¢ 2.04 — 2.09 (m, 2H), 2.17 — 2.21 (m,
2H), 2.24 (s, br, 1H), 2.46 — 2.51 (m, 1H), 3.46 (d, 2H, J = 6.6 Hz), 4.35 — 4.40
(m, 1H), 4.54 (s, 1H), 7.27 — 7.38 (m, 5H). "*C-NMR (CDCls, 150 Mz): o 26.9,
35.4, 66.3, 73.1, 74.1, 127.7, 127.8, 128.5, 138.6. HRMS (EI*): expected for
C12H1602 (M)" 192.1150. Found: 192.1154. IR(neat): vmax 3355, 2930, 2852,

1453, 1090 cm™.

trans-3-(Benzyloxymethyl)cyclobutyl methanesulfonate (122)

BnO-

OMs
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To a dry round bottomed flask under argon was added 5.75 g (29.9 mmol) of
trans-3-(benzyloxymethyl)cyclobutanol 63 and 37.5 mg (0.299 mmol) of DMAP.
The oil and solid were dissolved in CH2Cl, (225 mL) and the solution was stirred.
Triethylamine (20.8 mL, 150 mmol) was then added and the solution was cooled
to 0°C. After five minutes of stirring in the ice bath, 2.79 mL (35.9 mmol) of MsCl
was added dropwise. The solution was then allowed to warm to room
temperature and was stirred for 20 hours. The reaction mixture was quenched
with water and was then washed with water (2 x 200 mL) and brine (200 mL).
The organic layers were dried over anhydrous MgSQO., filtered, and concentrated.
The product was purified by column chromatography with 4:1 Hex/EtOAc to give
7.35 g of product as a yellow oil. (Rs: 0.51; 1:1 Hex/EtOAc). 'H-NMR (CDCls, 600
MHz): 0 2.35 — 2.39 (m, 2H), 2.45 — 2.50 (m, 2H), 2.58 — 2.63 (m, 1H), 2.97 (s,
3H), 3.47 (d, 2H, J = 5.4 Hz), 4.55 (s, 2H), 5.11 — 5.16 (m, 1H), 7.27 — 7.38 (m,
5H). "*C-NMR (CDCls, 150 Mz): o 28.2, 33.1, 38.3, 72.9, 73.3, 74.3, 127.8,
127.9, 128.6, 138.4. HRMS (FAB): expected for C13H1904S (M+H)" 271.09986.

Found: 271.09922. IR(neat): vimax 2942, 2856, 1350, 1170 cm™.

9-[cis-3-(Benzyloxymethyl)cyclobutyl]adenine (77)

NH,
N AN
aal N

BnO <N N/)

To a dry 3-necked 100 mL round bottomed flask fitted with a condenser under
argon was added 1.03 g (3.82 mmol) of trans-3-(benzyloxymethyl)cyclobutyl

methanesulfonate 42, 1.01 g (7.47 mmol) of adenine, 1.04 g (7.54 mmol) of
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K2COs3, and 1.04 g (3.96 mmol) of 18-crown-6. The contents of the flask were
dried under high vacuum for five hours to ensure dryness and then the flask was
refilled with argon. Dry DMF (39 mL) was added and the mixture was refluxed at
120°C. After 22 hours of reflux, the flask was cooled to room temperature and
water (100 mL) was added. The solution was extracted with EtOAc (5 x 50 mL)
and the organic layers were washed with brine (2 x 50 mL). The organic layers
were then dried over anhydrous MgSOQy, filtered, and concentrated. Purification
by column chromatography (10:1 CH,Cl,/MeOH) afforded the product in 60%
yield (0.725 g) as yellowish-white crystals. Rg 0.51 (9:1 CH,Cl,/MeOH). mp:
105°C. 'H-NMR (CDCls, 600 MHz): 0 2.44 — 2.55 (m, 3H), 2.68 — 2.73 (m, 2H),
3.55 (d, 2H, J = 4.8), 4.57 (s, 2H), 4.92 —4.98 (m, 1 H), 6.19 (s, 2H), 7.28 — 7.38
(m, 5H), 7.95 (s, 1H), 8.34 (s, 1H). ™C-NMR (CDCls;, 150 Mz): o 28.8, 33.3,
45.1, 72.9, 73.4, 119.9, 127.8, 127.9, 128.6, 138.4, 139.0, 150.1, 152.9, 155.8.
HRMS (FAB): expected for C47HoNsO (M+H)* 310.16624. Found: 310.16495.

IR(neat): Vmax 3323, 3152, 1662, 1595 cm™.

9-[cis-3-Hydroxymethyl)cyclobutyl]adenine (100)

NH,
N AN
al N
HO <N N/)

To the 250 mL round bottomed flask containing 0.65 g (2.11 mmol) of 9-[cis-3-
(benzyloxymethyl)cyclobutylladenine 77 was added 15 mL of dry CH,Cl,. The
solution was cooled to -78°C and 10 mL of boron trichloride (1.0 M in CH,ClI)

was added dropwise. The solution was allowed to stir at -78°C for five hours and
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was then warmed to room temperature. The reaction was quenched with 5 mL of
7N methanolic ammonia and was then concentrated. The crude material was
purified by column chromatography using 9:1 CH,Cl,/MeOH. The product was
then crystallized from EtOAc to give fine white crystals (0.36 g; 79% yield). R
0.16, 9:1 CHyClo/MeOH. mp: 130°C. "H-NMR ([(CD3).SO], 400 MHz): ¢ 2.24 —
2.39 (m, 3H), 2.46 — 2.52 (m, 2H), 3.48 — 3.50 (m, 2H), 4.64 (i, 1H, J = 5.6), 4.77
— 4.89 (m, 1H), 7.21 (br s, 1H), 8.13 (s, 1H), 8.28 (s, 1H). "*C-NMR ([(CDs)2S0],
100 Mz): o 30.3, 32.4, 445, 64.4, 119.0, 139.3, 149.4, 152.3, 156.0. HRMS
(FAB): expected for C1oH14NsO (M+H)" 220.11929. Found: 220.11882. IR(neat):
Vmax 3099, 1594, 1326 cm™. Elemental Analysis for C1qH13NsO-H,O: Found: C,

51.08; H, 6.50; N: 29.09. Calculated: C, 50.62; H, 6.37; N, 29.52.

O°-Benzylguanine (79)
o/\©
N X
e
N N NH,

To a dry 3-necked round bottomed flask under argon was added 530 mg (13.5
mmol) of NaH (60% in mineral oil) followed by 30 mL of dry 1,4-dioxane. To this
mixture was then added benzyl alcohol (1.40 mL, 13.5 mmol) dropwise. The
mixture was allowed to stir at room temperature. After three hours, 2-amino-6-
chloropurine 126 (1.14 g, 6.74 mmol) was added all at once. The mixture was
heated to 105°C and allowed to stir overnight. The solution was then warmed to
room temperature and 100 mL of H,O was added. The solution was filtered and

the pH was adjusted to 6. Overnight refrigeration allowed fine crystals to form
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which were filtered by vacuum. The crude material was then purified by column
chromatography (15:1 CH,Cl,/ MeOH) which gave the product as white crystals
(56% yield). Rg 0.29 (9:1 CHyCl,/MeOH). mp: 198 — 199 °C. 'H-NMR
([(CD3)2S0Q], 400 MHz): o 4.11 (s, br, 1H), 5.48 (s, 1H), 6.30 (s, br, 2H), 7.32 —
7.42 (m, 3H), 7.50 (d, 2H, J = 6.8 Hz), 7.83 (s, 1H). "™C-NMR ([(CD3),S0], 150
Mz): o 48.5, 66.7, 66.8, 108.9, 128.1, 128.3, 128.4, 128.5, 136.8, 137.8, 159.7.
HRMS (FAB): expected for C1,H11NsO (M+H)" 242.10364. Found: 242.10337.

IR(neat): Vmax 3188, 2797, 1589 cm™.

9-[cis-3-(Benzyloxymethyl)cyclobutyl]0®-benzylguanine (127)
Bn
N S
{ f
BnO- N N/)\NHZ

To a dry 100 mL round bottomed flask fitted with a condenser was added 0.56 g
(2.31 mmol) of O°benzylguanine 79, 0.31 g (1.15 mmol) of trans-3-
(benzyloxymethyl)cyclobutyl methanesulfonate 122, 0.33 g (2.39 mmol) of
anhydrous K,COs3;, and 0.33 g (1.23 mmol) of 18-crown-6. The contents of the
flask were placed under high vacuum for six hours to ensure the dryness of the
reagents. The flask was refilled with argon and 13 mL of dry DMF was added.
The mixture was heated to 115 °C for 25 hours. The reaction was then cooled to
room temperature and quenched with 50 mL of water. The product was
extracted using EtOAc (5 x 50 mL) and the organic layers were washed with
brine and concentrated. @ The crude material was purified by column

chromatography (15:1 CH,Cl,/MeOH) to give 0.393 mg (85% yield) of product as
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a yellow oil (Rs; 0.75; 15:1 CH,Clo/MeOH). 'H-NMR (CDCls, 400 MHz): 0 2.40 —
2.50 (m, 3H), 2.62 — 2.68 (m, 2H), 3.54 (d, 2H, J = 4.8 Hz), 4.57 (s, 2H), 4.78 -
4.89 (m, 1H), 5.56 (s, 2H), 7.24 — 7.52 (m, 10 H), 7.76 (s, 1H). "*C-NMR (CDCls,
100 Mz): 0 28.7, 33.4, 44.9, 46.9, 68.1, 73.4, 116.1, 127.8, 127.9, 128.1, 128.4,
128.5, 128.7, 136.7, 138.0, 138.5, 154.2, 159.1, 161.2. HRMS (FAB): expected
for Co4H2sNsO2 (M+H)" 416.20810. Found: 416.20803. IR(neat): Vmax 3329,
3199, 2360, 1579 cm™. Elemental Analysis for C4H25NsO2: Found: C, 70.33; H,

6.71; N, 15.01. Calculated: C, 69.38; H, 6.06; N, 16.86.

9-[cis-3-(Hydroxymethyl)cyclobutyl]guanine (101)

0
N
</f‘\m
HOW N N/)\NHz

To a round bottomed flask containing 0.11 g (0.273 mmol) of 9-[cis-3-
(benzyloxymethyl)cyclobutyl]O®-benzylguanine 127 was added 2.5 mL of dry
CHCl,. The solution was cooled to -78°C and 2.8 mL of boron trichloride (1.0 M
in CH,Cl,) was added dropwise. The solution was allowed to stir at -78°C for five
hours and was then warmed to room temperature. The reaction was quenched
with 3 mL of 7N methanolic ammonia and was then concentrated. The crude
material was purified by column chromatography using 4:1 CH,Cl,/MeOH to give
32.7 mg (51 % yield) of pure product. (Rs: 0.10, 9:1 CH,CIl,/MeOH). mp: 271°C.
'H-NMR ([(CD3),S0], 600 MHz): 0 2.17 — 2.26 (m, 3H), 2.39 — 2.43 (m, 2H), 3.46
(s, 2H), 4.58 — 4.64 (m, 2H), 6.43 (br s, 2H), 7.85 (s, 1H), 10.63 (s, 1H). 'C-

NMR ([(CD3).S0O], 150 Mz): o 30.2, 32.6, 43.8, 64.3, 116.7, 135.5, 150.9, 153.5,
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157.0. HRMS (FAB): expected for CioH14sNsO, (M+H)" 236.11420. Found:

236.11408. IR(neat): Vmax 3392, 3310, 3191, 1627 cm™. Elemental Analysis for

C10H15N503-H-0 : Found: C, 46.61; H, 5.76; N, 27.00. Calculated: C, 47.42; H,

5.97; N, 27.65. The

crystallographic analysis.

relative stereochemistry was established by X-ray

Table 5. Crystal data and structure refinement for Kba68fs.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

kba68fs

C10 H15 N5 O3

253.27

173(2) K

0.71073 A

Monoclinic

P2(1)/c

a=12.486(4) A a= 90°.
b=11.582(3) A b= 101.770(6)°.
c=8.391(3) A g =90°.
1188.0(6) A3

4

1.416 Mg/m3

0.108 mm-1

536

0.42 x 0.22 x 0.12 mm3



Theta range for data collection 1.67 to 28.31°.

Index ranges -16<=h<=16, -15<=k<=15, -11<=I<=11
Reflections collected 16020

Independent reflections 2954 [R(int) = 0.0391]
Completeness to theta = 28.31° 99.9 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9872 and 0.9562

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2954/ 0/ 223

Goodness-of-fit on F2 1.096

Final R indices [I>2sigma(l)] R1 =0.0555, wR2 = 0.1389

R indices (all data) R1 =0.0643, wR2 = 0.1450
Largest diff. peak and hole 0.395 and -0.200 e.A-3

Table 6. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for Kba68fs. U(eq) is defined as one third of the trace of
the orthogonalized Uil tensor.

X y z U(eq)
Cc(1) 1220(1) 8900(1) 4469(2) 24(1)
C(2) 111(1) 7446(1) 2760(2) 24(1)
C(3) 807(1) 6640(1) 3729(2) 23(1)
C4) 1635(1) 7057(1) 4938(2) 23(1)
C(5) 1663(1) 5166(2) 4838(2) 29(1)
C(6) 3119(1) 6129(2) 7009(2) 29(1)
C(7) 4199(1) 6693(2) 6790(2) 32(1)
C(8) 4793(1) 5762(2) 7966(2) 29(1)
C(9) 3745(2) 5010(2) 7505(3) 36(1)
C(10) 5859(2) 5275(2) 7688(2) 33(1)
N(1) 383(1) 8577(1) 3214(2) 24(1)
N(2) 1888(1) 8160(1) 5374(2) 24(1)
N(3) 836(1) 5442(1) 3680(2) 28(1)
N(4) 2193(1) 6105(1) 5641(2) 26(1)
N(5) 1362(1) 10032(1) 4740(2) 32(1)



o(1)
0(2)
o(1W)

-661(1)
6715(1)
7152(1)

7238(1)
6103(1)
7310(1)
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Table 7. Bond lengths [A] and angles [°] for Kba68fs.

C(1)-
C(1)-

N(2
N(
C(1)-N(
O(
N(

5

)

)
)-N(1
C(2)-0(1
C(2)-N(1
C(2)-C(3
C(3)-C(4
C(3)-N(3
C(4)-N(2
C(4)-N(4
C(5)-N(3
C(5)-N(4
C(6)-N(4
C(6)-C(9
C(6)-C(7
C(7)-C(8
C(8)-C(10)
C(8)-C(9)
C(10)-0(2)

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

N(2)-
N(2)-
N(5)-
O(1)-
O(1)-
)-
)-
)-
)-

—_—

N

1

AN AN AN AN o~ o~ AN A~ A~
vvvvvvvvv

N(1
C(4
C(4
N(3

w

OO0 O0OO000O0
w

QQZQQZZZZ

w

1.322(2)
1.337(2)
1.376(2)
1.2415(19)
1.387(2)
1.415(2)
1.380(2)
1.389(2)
1.349(2)
1.371(2)
1.304(2)
1.375(2)
1.454(2)
1.527(2)
1.542(2)
1.546(2)
1.506(3)
1.554(2)
1.424(2)

119.45(15)
123.76(14)
116.78(14)
120.36(14)
127.41(15)
112.22(13)
110.56(14)
118.16(14)
131.26(14)
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N(2)-C(4)-N(4) 125.06(14)
N(2)-C(4)-C(3) 129.07(14)
N(4)-C(4)-C(3) 105.86(14)
N(3)-C(5)-N(4) 113.58(15)
N(4)-C(6)-C(9) 118.64(15)
N(4)-C(6)-C(7) 119.21(15)
C(9)-C(6)-C(7) 88.91(13)
C(6)-C(7)-C(8) 86.90(13)
C(10)-C(8)-C(7) 119.11(16)
C(10)-C(8)-C(9) 118.51(16)
C(7)-C(8)-C(9) 87.81(13)
C(6)-C(9)-C(8) 87.15(13)
0(2)-C(10)-C(8) 110.94(15)
C(1)-N(1)-C(2) 124.91(13)
C(1)-N(2)-C(4) 111.86(13)
C(5)-N(3)-C(3) 104.12(14)
C(4)-N(4)-C(5) 105.86(14)
C(4)-N(4)-C(6) 125.18(14)
C(5)-N(4)-C(6) 128.89(14)

Symmetry transformations used to generate equivalent atoms:

Table 8. Anisotropic displacement parameters (Azx 103)for Kba68fs. The
anisotropic displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... +
2hka*b*U12]

u u22 u33 u23 ul13 ul2
C(1 20(1) 24(1) 26( -1(1) 3(1) 0
21(1) 23(1) 26( -1(1) 2(1)
23(1) 20(1) 26( -2(1) 3(1)
20(1) 24(1) 24( 1(1) 4(1)
31(1) 22(1) 33( 0(1) 0(1)
26(1) 31(1) 26( -2(1) -1(1)
28(1) 23(1) 41( 4(1) -1(1)
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C®)  29(1) 29(1) 28(1) 1(1) 0(1) 1(1)
C(O) 29(1) 32(1) 41(1) 13(1) -2(1) -3(1)
C(10)  29(1) 28(1) 40(1) -2(1) -2(1) 1(1)
N(1)  22(1) 21(1) 26(1) 2(1) -2(1) 2(1)
N2)  21(1) 23(1) 25(1) -2(1) 1(1) 1(1)
N@3)  28(1) 21(1) 33(1) -1(1) 0(1) 2(1)
N@4)  24(1) 23(1) 28(1) 1(1) 0(1) 5(1)
NG5)  29(1) 22(1) 37(1) -2(1) -9(1) 1(1)
o(1)  27(1) 26(1) 35(1) -4(1) -8(1) 1(1)
0(2) 26(1) 37(1) 35(1) 4(1) -2(1) -4(1)
O(1W) 30(1) 38(1) 51(1) 13(1) 1(1) -2(1)

Table 9. Hydrogen coordinates ( x 104) and isotropic displacement parameters
(A2x 103) for Kbab68fs.

X y z U(eq)
H(1) -1(18) 9130(20) 2610(30) 36(5)
H(2) 955(18) 10530(19) 4180(30) 35(6)
H(3) 1886(18) 10212(18) 5590(30) 34(5)
H(4) 1879(16) 4418(18) 5130(20) 29(5)
H(5) 2865(17) 6468(18) 7920(30) 37(6)
H(6) 4342(13) 6551(14) 5730(20) 12(4)
H(7) 4319(19) 7540(20) 7080(30) 45(6)
H(8) 4920(20) 6031(19) 9190(30) 47(6)
H(9) 3496(19) 4500(20) 8280(30) 49(7)
H(10) 3807(15) 4554(17) 6550(20) 25(5)
H(11) 5742(19) 5030(20) 6520(30) 47(6)
H(12) 6061(18) 4600(20) 8380(30) 39(6)
H(13) 6750(20) 6540(20) 7250(30) 54(7)
H(1W) 6910(20) 7810(20) 4790(40) 61(8)
H(2W) 7850(20) 7450(20) 5960(30) 53(7)




Table 10. Torsion angles [°] for Kba68fs.
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O(1)-C(2)-C(3)-C(4)
N(1)-C(2)-C(3)-C(4)
O(1)-C(2)-C(3)-N(3)
N(1)-C(2)-C(3)-N(3)
N(3)-C(3)-C(4)-N(2)
C(2)-C(3)-C(4)-N(2)
N(3)-C(3)-C(4)-N(4)
C(2)-C(3)-C(4)-N(4)
N(4)-C(6)-C(7)-C(8)
C(9)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(10)
C(6)-C(7)-C(8)-C(9)
N(4)-C(6)-C(9)-C(8)
C(7)-C(6)-C(9)-C(8)
C(10)-C(8)-C(9)-C(6)
C(7)-C(8)-C(9)-C(6)
C(7)-C(8)-C(10)-0(2)
C(9)-C(8)-C(10)-O(2)
N(2)-C(1)-N(1)-C(2)
N(5)-C(1)-N(1)-C(2)
O(1)-C(2)-N(1)-C(1)
C(3)-C(2)-N(1)-C(1)
N(5)-C(1)-N(2)-C(4)
N(1)-C(1)-N(2)-C(4)
N(4)-C(4)-N(2)-C(1)
C(3)-C(4)-N(2)-C(1)
N(4)-C(5)-N(3)-C(3)
C(4)-C(3)-N(3)-C(5)
C(2)-C(3)-N(3)-C(5)
N(2)-C(4)-N(4)-C(3)
C(3)-C(4)-N(4)-C(5)
N(2)-C(4)-N(4)-C(6)
C(3)-C(4)-N(4)-C(6)

178.71(16)
-0.5(2)
0.2(3)

-178.97(16)

179.76(15)
1.0(3)
0.51(18)

-178.28(14)
-145.45(15)

-22.86(14)
144.15(16)
22.46(14)
145.82(16)
22.73(14)

-144.91(17)

-22.68(14)
71.7(2)
176.36(15)
1.7(2)

-179.69(15)
-179.99(15)

-0.7(2)

-179.74(15)

-1.2(2)
179.00(15)
-0.1(2)
-0.7(2)
0.11(19)
178.70(17)
179.82(15)
-0.89(18)
2.5(3)

-178.22(15)
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N(3)-C(5)-N(4)-C(4) 1.1(2)
N(3)-C(5)-N(4)-C(6) 178.25(16)
C(9)-C(6)-N(4)-C(4) -171.99(16)
C(7)-C(6)-N(4)-C(4) -65.7(2)
C(9)-C(6)-N(4)-C(5) 11.3(3)
C(7)-C(6)-N(4)-C(5) 117.6(2)

Symmetry transformations used to generate equivalent atoms:

Table 11. Hydrogen bonds for Kba68fs [A and °].

D-H..A d(D-H) dH..A)  d(D..A) <(DHA)
N(1)-H(1)..N(3#1  0.90(2) 2.022)  2.919(2) 177(2)
N(5)-H(2)...0(1)#1  0.84(2) 2.092)  2.858(2) 150(2)
N(5)-H(3)...02#2  0.89(2) 2.14(2)  2.976(2)  157.4(19)
O(2)-H(13)...0(1W)  0.87(3) 1.79(3)  2.648(2) 166(3)
O(1W)-H(1W)...0(2)#30.90(3) 1.89(3)  2.777(2) 168(3)
O(1W)-H(2W)...O0(1)#40.87(3) 1.86(3)  2.738(2) 178(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x,y+1/2,-z+1/2  #2 -x+1,y+1/2,-z+3/2 #3 x,-y+3/2,z-1/2
#4 x+1,-y+3/2,z+1/2

9-[cis-3-(Benzyloxymethyl)cyclobutyl]-6-chloropurine (128)

To a dry 100 mL flask filed with argon was added trans-3-
(benzyloxymethyl)cyclobutanol 63 (0.32 g, 1.67 mmol), triphenylphosphine (0.93

g, 3.5 mmol), and 6-chloropurine 82 (0.52 g, 3.4 mmol). To the reagents was
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added 3 mL of dry THF and the mixture was cooled to 0°C. A solution of
diisopropyl azodicarboxylate (DIAD) (0.69 mL, 3.5 mmol) in 1.4 mL of dry THF
was added dropwise. The mixture was allowed to warm to room temperature
and was stirred for 24 hours before quenching with 10 mL of methanol. The
solution was then concentrated and purified by short column using 3:1 to 1:1
Hex/EtOAc. This yielded 203 mg (45%) of pure product (Ry 0.22, 1:1
Hex/EtOAc). mp: 78-79°C. "H NMR (CDCls, 600 MHz): & 2.57 (3H, m), 2.74 (2H,
m), 3.57 (2H, d, J = 3.6Hz), 4.58 (2H, s), 5.03 (1H, m), 7.27-7.40 (5H, m), 8.29
(1H, s), 8.73 (1H, s); *C NMR (CDCls, 150 MHz): 5 28.8, 32.1, 32.9, 45.9, 72.5,
73.5, 127.8, 128.0, 128.7, 131.9, 138.4, 144.0, 151.1, 151.9, 156.6. HRMS
(ESI): expected for Cq7H1sCINsO (M+H)" 329.11637. Found: 329.11634.
IR(neat): vmax 3304, 2981, 1712, 1225 cm’™. Elemental Analysis for
C17H17CIN4O-H,0: Found: C, 51.43; H, 7.44; N, 14.23. Calculated: C, 53.55; H,

6.06; N, 14.63.

9-[cis-3-(Hydroxymethyl)cyclobutyl]purine (117)

To a flask containing 40 mL of liquid ammonia at -78°C was added sodium metal
until the solution remained a dark blue color. To the blue solution was added 9-
[cis-3-(benzyloxymethyl)cyclobutyl]-6-chloropurine 128 (0.31 mg, 0.93 mmol)

dissolved in 8 mL of THF. The mixture was allowed to stir for 45 minutes and
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ammonium chloride (20 mg) was added to quench the reaction. This caused the
blue color to lighten to a peach colored mixture. The ammonia was evaporated
and the remaining solid was purified by column chromatography (9:1
CH,Cl,/MeQOH). After further purification by HPLC, the product was obtained as
a white solid (53.1 mg, 28%). Mp: 71-73°C. Rf: 0.27 (9:1 CH,Cl,/MeOH). '"H NMR
([(CD3)2S0Q], 600 MHz): & 2.32 — 2.36 (1H, m), 2.39 — 2.44 (2H, m), 2.52 — 2.57
(2H, m), 3.30 (1H, s), 3.51 (2H, t, J = 5.4 Hz), 5.00 (1H, m), 8.75 (1H, s), 8.93
(1H, s), 9.15 (1H, s). "*C NMR ([(CD3)2S0], 150 MHz): & 30.4, 32.2, 44.8, 64.4,
134.0, 145.6, 147.9, 150.9, 151.8. HRMS (ESI): expected for C1oH13N4O (M+H)"
205.10839. Found: 205.10824. IR(neat) Vimax: 3224, 3071, 1601 cm™. Elemental
Analysis for C1oH12N4O-H,O: Found: C, 54.30; H, 5.90; N, 25.10. Calculated: C,
54.04; H, 6.35; N, 25.21. The relative stereochemistry was established by X-ray

crystallographic analysis.

Table 12. Crystal data and structure refinement for KB78.

Identification code kb78

Empirical formula C10 H14 N4 O2
Formula weight 222.25
Temperature 173(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c

Unit cell dimensions a=7.1120(3) A 11=90°.



Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.71°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole
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b =7.0302(14) A 11=95.92(3)°.
c=21.7795(14) A [ =90°.
1083.1(2) A3

4

1.363 Mg/m3

0.099 mm-1

472

0.53 x 0.22 x 0.07 mm3

1.88 to 24.71°.

-8<=h<=8, 0<=k<=8, 0<=I<=25
2225

2226 [R(int) = 0.0659]

98.8 %

Semi-empirical from equivalents
0.9931 and 0.9496

Full-matrix least-squares on F2
2226/ 0/ 146

1.182

R1=0.1195, wR2 = 0.2801

R1 =0.1244, wR2 = 0.2850
0.677 and -0.446 e.A-3

Table 13. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for KB78. U(eq) is defined as one third of the trace of the

orthogonalized Uil tensor.

c(1) 2387(7)
C(2) 2405(7)
C(3) 2402(7)
C(4) 2474(8)
C(5) 2463(6)
C(6) 2623(8)
C(7) 4351(8)
C(8) 3041(8)

o

(@]

N

—
AN N N N N N N N
vvvvgvvv

7 942(2) 25(1)
-2(2) 23(1)

-574(2) 28(1)

-1005(2) 31(1)

6 6(2) 20(1)
8(7 882(2) 28(1)
1344(2) 33(1)

7 1734(2) 30(1)
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C(9) 1342(8) 1381(2) 33(1)
C(10) 3389(7) 2417(2) 29(1)
N(1) 2498(6) -484(2) 27(1)
N(2) 2447(7) -1081(2) 33(1)
N(3) 2472(6) 617(2) 24(1)
N(4) 2378(6) 589(2) 29(1)
o(1) 2039(5) 2704(1) 24(1)
0(1S) 8173(5) 2514(2) 39(1)
Table 14. Bond lengths [A] and angles [°] for KB78.

C(1)-N(4) 1.320(6) C(9)-H(9A) 0.9900
C(1)-N(3) 1.381(6) C(9)-H(9B) 0.9900
C(1)-H(1A) 0.9500 C(10)-0(1) 1.428(6)
C(2)-C(3) 1.378(6) C(10)-H(10A) 0.9900
C(2)-N(4) 1.384(6) C(10)-H(10B) 0.9900
C(2)-C(5) 1.404(6) O(1)-H(1) 0.8400
C(3)-N(2) 1.341(6) O(1S)-H(1S) 1.0079
C(3)-H(3) 0.9500 O(1S)-H(2S) 1.0873
C(4)-N(1) 1.331(6)

C(4)-N(2) 1.335(7) N(4)-C(1)-N(3)  113.2(4)
C(4)-H(4) 0.9500 N(4)-C(1)-H(1A) 123.4
C(5)-N(1) 1.328(6) N(3)-C(1)-H(1A) 123.4
C(5)-N(3) 1.376(6) C(3)-C(2)-N(4)  133.4(4)
C(6)-N(3) 1.462(6) C(3)-C(2)-C(5) 115.7(5)
C(6)-C(9) 1.533(7) N(4)-C(2)-C(5) 110.9(4)
C(6)-C(7) 1.535(7) N(2)-C(3)-C(2)  120.5(5)
C(6)-H(6) 1.0000 N(2)-C(3)-H(3) 119.8
C(7)-C(8) 1.550(7) C(2)-C(3)-H(3) 119.8
C(7)-H(7A) 0.9900 N(1)-C(4)-N(2)  128.8(5)
C(7)-H(7B) 0.9900 N(1)-C(4)-H(4) 115.6
C(8)-C(10) 1.488(6) N(2)-C(4)-H(4) 115.6
C(8)-C(9) 1.546(7) N(1)-C(5)-N(3) 129.0(4)
C(8)-H(8) 1.0000 N(1)-C(5)-C(2) 125.9(5)
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104.3(4)

C(1)-N(4)-C(2)
C(10)-O(1)-H(1) 109.5
H(1S)-0(1S)-H(2S)108
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Symmetry transformations used to generate equivalent atoms:

Table 15. Anisotropic displacement parameters (A2x 103)for KB78. The
anisotropic displacement factor exponent takes the form: -2012[ h2a*2u11 + ... +
2hka*b*U12]

u u22 u33 u23 ul13 ul2
C(1) 30(3) 26(3) 19(2) 5(2) 3(2) 0(2)
C(2) 26(2) 18(2) 26(3) -1(2) 3(2) 1(2)
C@3) 34(3) 20(2) 28(3) -4(2) 1(2) 0(2)
C4) 39(3) 30(3) 24(3) 0(2) 6(2) -2(2)
C(d) 19(2) 20(2) 22(2) -4(2) 4(2) 2(2)
C(6) 53(3) 16(2) 15(2) 0(2) 3(2) 1(2)
C(7) 35(3) 31(3) 34(3) -12(2) 11(2) -17(3)
C8) 47(3) 18(2) 27(3) -4(2) 10(3) -4(2)
C(9) 40(3) 32(3) 26(3) -5(2) 3(2) 18(3)
C(10) 32(3) 31(3) 24(3) -6(2) 2(2) 0(2)
N(1)  34(2) 23(2) 23(2) -2(2) 4(2) 1(2)
N(2)  42(3) 26(2) 30(2) -7(2) 8(2) -1(2)
N(3) 35(2) 21(2) 17(2) 0(2) 6(2) 3(2)
N(4)  44(3) 20(2) 22(2) 0(2) 7(2) 2(2)
o(1) 31(2) 27(2) 15(2) -1(2) 4(2) 2(2)
O(1S) 30(2) 33(2) 54(3) -16(2) 6(2) -1(2)

Table 16. Hydrogen coordinates ( x 104) and isotropic displacement
parameters (A2x 103) for KB78.

X y z U(eq)
H(1A) 2341 9277 1376 30
H(3) 2368 2336 -610 33

H(4) 2477 7372 -1372 37
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H(6) 2513 9893 546 34
H(7A) 5328 10124 1171 39
H(7B) 4916 8198 1554 39
H(8) 3037 11859 1615 37
H(9A) 884 8344 1604 39
H(9B) 285 10306 1233 39
H(10A) 3285 8935 2534 35
H(10B) 4683 10729 2559 35
H(1) 2167 11188 3086 36
H(1S) 8076 -912 2322 58
H(2S) 9621 892 2518 58
Table 17. Torsion angles [°] for KB78.

N(4)-C(2)-C(3)-N(2) -179.6(5)
C(5)-C(2)-C(3)-N(2) -0.2(7)
C(3)-C(2)-C(5)-N(1) 0.6(8)
N(4)-C(2)-C(5)-N(1) -179.9(4)
C(3)-C(2)-C(5)-N(3) -179.4(4)
N(4)-C(2)-C(5)-N(3) 0.1(6)
N(3)-C(6)-C(7)-C(8) -140.2(4)
C(9)-C(6)-C(7)-C(8) -18.1(4)
C(6)-C(7)-C(8)-C(10) 140.5(5)
C(8)-C(7)-C(8)-C(9) 17.9(4)
N(3)-C(6)-C(9)-C(8) 139.0(5)
C(7)-C(6)-C(9)-C(8) 18.1(4)
C(10)-C(8)-C(9)-C(6) -138.0(5)
C(7)-C(8)-C(9)-C(6) -17.9(4)
C(9)-C(8)-C(10)-0O(1) -74.4(6)
C(7)-C(8)-C(10)-0O(1) -178.7(4)
N(3)-C(5)-N(1)-C(4) 180.0(5)
C(2)-C(5)-N(1)-C(4) 0.0(7)
N(2)-C(4)-N(1)-C(5) -1.0(8)
N(1)-C(4)-N(2)-C(3) 1.4(9)
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C(2)-C(3)-N(2)-C(4) -0.6(8)
N(1)-C(5)-N(3)-C(1) 178.9(5)
C(2)-C(5)-N(3)-C(1) -1.0(5)
N(1)-C(5)-N(3)-C(6) -3.4(8)
C(2)-C(5)-N(3)-C(6) 176.6(5)
N(4)-C(1)-N(3)-C(5) 1.8(6)
N(4)-C(1)-N(3)-C(6) -175.9(5)
C(9)-C(6)-N(3)-C(5) 137.2(5)
C(7)-C(6)-N(3)-C(5) 117.7(5)
C(9)-C(6)-N(3)-C(1) -45.6(7)
C(7)-C(6)-N(3)-C(1) 59.5(7)
N(3)-C(1)-N(4)-C(2) -1.7(5)
C(3)-C(2)-N(4)-C(1) -179.6(5)
C(5)-C(2)-N(4)-C(1) 1.0(6)

Symmetry transformations used to generate equivalent atoms:

Table 18. Hydrogen bonds for KB78 [A and °].

D-H..A d(D-H) dH..A)  d(D..A) <(DHA)
O(1)-H(1)...N(2)#1 0.84 1.92 2.752(5) 169.6
O(1S)-H(1S)...0(1)#2  1.01 1.90 2.854(5) 157.3
O(1S)-H(2S)...0(1)#3  1.09 1.76 2.827(5) 165.5

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+3/2,z+1/2  #2 -x+1,y-3/2,-z+1/2 #3 x+1,y-1,z

9-[cis-3-(Hydroxymethyl)cyclobutyl]-6-chloropurine (118)



101

To a 250 mL flask containing 0.32 g of 128 (0.98 mmol) was added 4 mL of dry
CH,Cl,. The solution was cooled to -78 °C and 4.9 mL of BCls (4.9 mmol, 5 eq)
was added dropwise. The mixture was allowed to continue stirring at -78 °C for 7
hours and was then quenched with 3 mL of methanolic ammonia. The mixture
was concentrated and purified by column chromatography using 9:1 CH»CI, as
the eluent. This gave the product as a white solid (0.215 g, 92% yield). Rf: 0.56
(9:1 CH,Clo/MeOH). Mp: 104-106°C. 'H NMR ([(CD3)2SO], 300 MHz): § 2.32
(3H, m), 2.45 (2H, m), 3.46 (2H, d), 4.94 (1H, m), 8.72 (1H, s), 8.79 (1H, s); "°C
NMR ([(CD3),SO], 75 MHz): 5 30.4, 32.2, 45.4, 131.0, 146.0, 148.8, 151.2, 151.5,
192.3. HRMS (ESI): expected for C1oH12CINJO (M+H)" 239.06942. Found:
239.06945. IR(neat): Vmax 3312, 2980, 1596, 1034 cm™. Elemental Analysis for
C10H11CIN4O: Found: C, 49.33; H, 4.68; N: 22.83. Calculated: C, 50.32; H, 4.65;

N, 23.47.

9-[cis-3-(Benzyloxymethyl)cyclobutyl]-2-amino-6-chloropurine (130)
Cl

an

| ;N N/kNH2

To a dry 50 mL flask filed with argon was added 9-[cis-3-

BnO

(benzyloxymethyl)cyclobutyl]-6-chloropurine 63 (0.83 g, 4.4 mmol),
triphenylphosphine (2.4 g, 9.2 mmol), and 2-amino-6-chloropurine 129 (1.49 g,
8.8 mmol). To the reagents was added 8 mL of dry THF and the mixture was

cooled to 0°C. A solution of diisopropyl azodicarboxylate (DIAD) (1.8 mL, 9.1
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mmol) in 3.9 mL of dry THF was added dropwise. The mixture was allowed to
warm to room temperature and was stirred for 52 hours before quenching with 10
mL of methanol. The solution was then concentrated and purified by short
column using 9:1 Hex/EtOAc to 9:1 CH,Cl,/MeOH. This yielded 399 mg (27%) of
130 as a white gum. Rf: 0.55 (9:1 CH,Clo/MeOH). 'H NMR (CDCls, 400 MHz): &
2.48 (3H, m), 2.66 (2H, m), 3.55 (2H, d, J = 4.4 Hz), 4.58 (2H, s), 4.80 (1H, m),
5.02 (2H, br s), 7.29-7.38 (5H, m), 7.92 (1H, s); °C NMR (CDCl;, 100 MHz): &
28.9, 32.9, 51.0, 72.8, 73.5, 124.0, 127.8, 128.0, 128.7, 131.9, 138.4, 144.0,
151.1, 151.9. HRMS (ESI): expected for Cq7H19CINsO (M+H)" 344.12726.
Found: 344.12658. IR(neat): vmax 3328, 3202, 2360, 1611, 1561 cm™. Elemental
Analysis for C47H1gCINsO: Found: C, 61.36; H, 6.00; N: 17.56. Calculated: C,

59.39; H, 5.28; N, 20.37.

9-[cis-3-(Hydroxymethyl)cyclobutyl]-2-amino-6-chloropurine (119)

To a round bottomed flask containing 0.109 g (0.316 mmol) of 9-[cis-3-
(benzyloxymethyl)cyclobutyl]-2-amino-6-chloropurine 130 was added 3.0 mL of
dry CH,Cl,. The solution was cooled to -78°C and 3.2 mL of boron trichloride
(1.0 M in CH2Cl,) was added dropwise. The solution was allowed to stir at -78°C
for six hours. The reaction was quenched with 3 mL of 7N methanolic ammonia

and was then concentrated. The crude material was purified by column
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chromatography using 9:1 CH,Cl,/MeOH to give 40.8 mg (50.9% yield) of
product as a gummy solid. Rf: 0.42 (9:1 CH,Cl/MeOH). Mp: 150-151 °C. 'H
NMR ([(CD3).S0O], 600 MHz): 6 2.21 — 2.31 (m, 3H), 2.44 — 2.48 (m, 2H), 3.48 (t,
2H, J=4.8 Hz), 4.65 (t, 1H, J = 4.8 Hz), 4.69 — 4.75 (m, 1H), 6.87 (br s, 2H), 8.29
(s, 1H). "*C NMR ([(CD3),S0O], 150 MHz): & 30.3, 32.3, 44.5, 64.4, 123.7, 141.6,
149.4, 153.8, 159.7. HRMS (ESI): expected for C1oH13CINsO (M+H)" 254.08031.
Found: 254.07976. IR(neat): vmax 3314, 3200, 2929, 1607, 1557 cm™. Elemental
Analysis for C4oH12CIN5O-0.65EtOAc: Found: C, 48.21; H, 5.46 N: 25.01.

Calculated: C, 47.85; H, 5.65; N, 24.69.

9-[cis-3-(Benzyloxymethyl)cyclobutyl]-2,6-diaminopurine (131)
NH,

¢ TN

; N N//kNHz

To a dry 100 mL flask filled with argon containing 2,6-diaminopurine 132 (0.37 g,

BnO

2.5 mmol), 9-[cis-3-(benzyloxymethyl)cyclobutyl]-6-chloropurine 63 (0.33 g, 1.2
mmol), K;CO3 (0.36 g, 2.6 mmol), and 18-crown-6 (0.36, 1.4 mmol) was added
15 mL of dry DMF. The mixture was heated at 120°C for 15 hours and was then
allowed to cool to room temperature. The reaction was quenched with water (30
mL) and the compound was extracted with EtOAc (5 x 50 mL). The organic
layers were then washed with brine (2 x 50 mL), dried over MgSQy, filtered, and

concentrated. The crude product was purified by column chromatography using
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9:1 CHCl,/MeOH to give the product as an off-white solid (0.20 g, 50%). Rf: 0.36
(9:1 CH2Clo/MeOH). Mp: 140-141°C. 'H NMR (CDCls, 400 MHz): § 2.44 (3H,
m), 2.65 (2H, m), 3.54 (2H, d), 4.57 (2H, s), 4.77 (1H, m), 4.82 (2H, br s), 5.62
(2H, br s), 7.27-7.38 (5H, m), 7.71 (1H, s); *C NMR (CDCls, 100 MHz): & 28.7,
33.4, 448, 731, 73.4, 81.8, 84.5, 127.8, 127.9, 128.7, 137.0, 138.5, 1554,
159.0. HRMS (ESI): expected for C47H21NgO (M+H)" 325.17714. Found:
325.17668. IR(neat) Vmax: 3326, 3186, 1589 cm™. Elemental Analysis for
C17H20N6O: Found: C, 62.99; H, 6.34; N: 25.61. Calculated: C, 62.95; H, 6.21; N,

25.91.

9-[cis-3-(Hydroxymethyl)cyclobutyl]-2,6-diaminopurine (120)

NH,

jé“ N/)\NHZ

To a round bottomed flask containing 0.336 g (1.04 mmol) of 9-[cis-3-
(benzyloxymethyl)cyclobutyl]-2,6-diaminopurine 131 was added 13.5 mL of dry
CH,Cl,. The solution was cooled to -78°C and 6.8 mL of boron trichloride (1.0 M
in CH,Cl,) was added dropwise. The solution was allowed to stir at -78°C for six
hours. The reaction was quenched with 10 mL of 7N methanolic ammonia and
was then concentrated. The crude material was purified by column
chromatography using 9:1 CH,CIl,/MeOH to give 183 mg (75% yield) of pure
product. Rf: 0.30 (4:1 CH,Clo,/MeOH). Mp: 197-198 °C. 'H NMR ([(CD3),SO],
600 MHz): 5 2.23 — 2.27 (3H, m), 2.40 — 2.42 (2H, m), 3.36 (1H, br s), 3.47 (2H,

d, J =3 Hz), 462 — 4.68 (1H, m), 5.77 (2H, br s), 6.70 (2H, br s), 7.89 (1H, s).
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3C NMR ([(CD3)2S0], 150 MHz): & 30.1, 32.5, 43.6, 64.4, 113.9, 135.7, 151.6,
156.0, 160.0. HRMS (ESI): expected for C1oH25NsO (M+H)* 235.13019. Found:
235.12978. IR(neat) Vmax: 3352, 3130, 2928, 1658, 1589, 1402 cm™. Elemental
Analysis for C1oH14NsO-H2O: Found: C, 47.90; H, 6.43; N: 30.78. Calculated: C,

47.61; H, 6.39; N, 33.31.

cis-3-(Benzyloxymethyl)cyclobutyl methanesulfonate

] OMs

To a dry round bottomed flask under argon was added 1.00 g (5.22 mmol) of cis-

BnO

3(benzyloxymethyl)cyclobutanol 108 and 13.3 mg (0.109 mmol) of DMAP. The
oil and solid were dissolved in CH>Cl, (40 mL) and the solution was stirred.
Triethylamine (3.6 mL, 25.8 mmol) was then added and the solution was cooled
to 0°C. After five minutes of stirring in the ice bath, 0.50 mL (6.43 mmol) of MsCl
was added dropwise. The solution was then allowed to warm to room
temperature after the addition and stir for 20 hours. The reaction mixture was
quenched with water and was then washed with water (2 x 100 mL) and brine
(100 mL). The organic layers were dried over anhydrous MgSOQOs., filtered, and
concentrated. Purification was performed by column chromatography (1:1
Hex/EtOAc) to give 1.07 g of product (pale yellow oil). (Rs: 0.51; 1:1 Hex/EtOAc).
'H-NMR (CDCls, 600 MHz): 6 2.11 — 2.22 (m, 3H), 2.52 — 2.56 (m, 2H), 2.98 (s,
3H), 3.47 (d, 2H, J = 6.0 Hz), 4.53 (s, 2H), 4.88 — 4.93 (m, 1H), 7.29 — 7.38 (m,

5H). C-NMR (CDCls, 150 Mz): o 26.7, 34.1, 38.5, 71.2, 73.2, 73.4, 127.8,
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127.9, 128.6, 138.4. HRMS (FAB): expected for Ci3H1904S (M+H)" 271.0926.

Found: 271.0921. IR(neat): Vmax 1350, 1170 cm™.

Ethyl 2-cyano-4,4-diethoxybutanoate (140)

0

EtO
OEt

OEt CN

To a dry 3-necked round bottomed flask fitted with a condenser was added 11.3
g (81.5 mmol) of oven dried K,CO3 and 0.82 g (5.5 mmol) of Nal. The solids
were placed under high vacuum for an hour to ensure dryness. The flask was
refilled with argon and 44.0 mL (0.413 mol) of ethyl cyanoacetate was added
followed by 13.0 mL (83.8 mmol) of bromoacetal 139. The yellow mixture was
heated to 145°C for 4.5 hours and was then cooled to room temperature. The
mixture was dissolved in 100 mL of water and 100 mL of diethyl ether. The
organic layer was separated and the aqueous layer was extracted with an
additional 100 mL of ether. The organic layers were dried over MgSQy, filtered,
and concentrated. The crude material was purified by column chromatography
(9:1 Hex/EtOAC) to give 14.2 g (62.0 mmol, 74% yield) of a light yellow oil. (Rf:
0.53; 1:1 Hex/EtOAc). "H-NMR (CDCl3, 600 MHz): 0 1.18 — 1.22 (m, 6H), 1.31 {(t,
3H,J =7.2 Hz), 216 — 2.21 (m, 1H), 2.24 — 2.29 (m, 1H), 3.49 — 3.55 (m, 2H),
3.64 — 3.71 (m, 3H), 4.24 (q, 2H, J = 7.2 Hz), 4.68 (t, 1H, J = 5.4 Hz). "*C-NMR
(CDCls, 150 Mz): o 14.1, 15.3, 33.7, 62.8, 62.9, 100.1, 116.5, 166.0. HRMS
(FAB): expected for C11HoNO4 (M+H)": 230.13868. Found: 230.13861. IR(neat):

Vimax 2989, 1774 cm™.
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6-Amino-5-(2,2-diethoxyethyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one
(141)

H
SYN 0] OEt
HN. -~ OEt

NH,
To the 250 mL round bottomed flask containing 14.2 g (61.8 mmol) of ethyl 2,2-
diethoxy cyanoacetate 140 was added 110 mL of absolute ethanol followed by
28 mL of sodium ethoxide (21%, 75.0 mmol). Thiourea (5.7 g, 74.5 mmol) was
added all at once and the mixture was heated to 95°C and refluxed overnight.
The mixture was then cooled to room temperature and concentrated. Water (250
mL) was added and the aqueous layer was washed with diethyl ether (3 x 250
mL). The aqueous layer was then neutralized with acetic acid (1 eq.) and the
precipitate was filtered. The yellow solid was dried under vacuum over P,0s
overnight to give 9.2 g (35.5 mmol, 57%) of crude product. 'H-NMR (DMSO, 600
MHz): 0 1.07 (t, 6H, J = 7.2 Hz), 2.43 (d, 2H, J = 5.4 Hz), 3.37 — 3.43 (m, 6H),
3.56 — 3.61 (m, 2H), 4.50 (t, 1H, J = 5.4 Hz), 6.07 (s, 2H), 11.5 (br s, 1H), 11.7 (br
s, 1H). "*C-NMR (DMSO, 150 Mz): ¢ 15.4, 27.9, 61.9, 85.7, 101.7, 151.9, 161.8,
172.9. HRMS (FAB): expected for CioH1sN3O3S (M+H)": 260.10634. Found:

260.10640. IR(neat): Vmax 3342, 3219, 2973, 2879, 1563 cm™".

2-Thioxo-2,3-dihydro-1H-pyrrolo[2,3-d]pyrimidin-4(7H)-one (142)
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To a 500 mL Erlenmeyer flask containing 9.1 g (35.1 mmol) of 6-Amino-5-(2,2-
diethoxyethyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one 141 was added 100 mL
of 0.2N HCI. The orange-yellow mixture was shaken vigorously for 22 hours.
The purple mixture was then filtered under vacuum to give a gray solid. The
solid was dried overnight over P,Os to give 5.3 g (31.6 g) of crude product. 'H-
NMR ([(CD3),S0O], 600 MHz): o 6.33 (s, 1H), 6.72 (s, 1H), 11.28 (s, 1H), 11.86
(s, 1H). ™C-NMR ([(CD3):S0O], 150 Mz): ¢ 102.3, 103.0, 118.4, 138.4, 157.8,
171.8. HRMS (FAB): expected for CeHgN3OS (M+H)": 168.02261. Found:

168.02255. IR(neat): vmax 3534, 3106, 2879, 1669, 1606 cm™.

1H-Pyrrolo[2,3-d]pyrimidin-4(7H)-one (143)

0]
N
fft
HoN

To a 250 mL round bottomed flask was added 6.3 g of 2-thioxo-2,3-dihydro-1H-
pyrrolo[2,3-d]pyrimidin-4(7H)-one 142 followed by 68 mL of H,O. Aqueous
NH4OH (32 mL) was added followed by Raney Nickel. The mixture was stirred
and refluxed for three days. The mixture was then filtered hot over a pad of
celite. The filtrate was concentrated to give 2.7g (20.2 mmol, 54% yield) of
product. "H-NMR ([(CD3),S0O], 600 MHz): ¢ 6.43 (s, 1H), 7.03 (s, 1H), 7.82 (s,
1H), 11.84 (s, 1H). ™C-NMR ([(CD3):S0O], 150 Mz): o 102.0, 103.4, 107.7,
143.0, 148.1, 158.5. HRMS (ESI): expected for CeHgN3O (M+H)": 135.05054.

Found: 136.05038. IR(neat): vimax 3094, 2856, 1661, 1573 cm™.
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4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (144)

7]
N D
H

To the 500 mL round bottomed flask containing 2.5 g (18.6 mmol) of 1H-
pyrrolo[2,3-d]pyrimidin-4(7H)-one 143 was added 46 mL of POCI;. The mixture
was heated to reflux for five hours. The excess POCI3 was removed by vacuum.
Ice was added and allowed to stir was the residue. The aqueous layer was
extracted with diethyl ether until there was no remaining product (as indicated by
TLC). The organic layer was dried over MgSOy, filtered, and concentrated. This
resulted in 1.5 g (10.0 mmol, 54% vyield) of product as an off-white solid. "H-NMR
([(CD3)2S0], 600 MHz): 0 6.61 (t, 1H, J = 3 Hz), 7.70 (t, 1H, J = 3 Hz), 8.59 (s,
1H). ™C-NMR ([(CD3),S0], 150 Mz): c 98.8, 103.4, 116.6, 128.4, 150.3, 151.8.
HRMS (ESI): expected for CeHsCIN; (M+H)™: 154.01665. Found: 154.01644.

IR(neat): Vmax 3119, 2962, 2816, 1553 cm™".

4-Chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (138)

Cl
71 N
@
NN
To a dry 250 mL round bottomed flask under argon was added 1.8 g (11.9 mmol)
of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine 144 and 3.0 g of N-iodosuccinamide (13.1

mmol). The solids were dried under high vacuum for 5 hours and the flask was

refilled with argon. Dry DMF (100 mL) was added and the solution was stirred in
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the dark for 20 hours. The reaction was quenched with methanol and
concentrated. The residue was then diluted with 150 mL of dichloromethane and
washed with water (200 mL), saturated aqueous sodium sulfite (200 mL), and
brine (100 mL). The organic layers were dried over MgSOQ,, filtered, and
concentrated. The column was run using 1:1 Hex/EtOAc as the eluent to give a
white solid (3.1 g, 11.2 mmol, 95% yield). (Rf: 0.22; 1:1 Hex/EtOAc). mp: 195 —
199 °C (decomposition). "H-NMR ([(CD3);SQ], 600 MHz): ¢ 7.94 (s, 1H), 8.59
(s, 1H). *C-NMR ([(CD3),SO], 150 Mz): o 51.7, 115.8, 133.9, 150.4, 150.7,
151.5. HRMS (FAB): expected for CgH3CIN3l (M+H)": 279.91329. Found:
279.91316. IR(neat): Vmax 3061, 2819, 1593, 1158 cm™. Elemental Analysis for
CsH3ClIIN3: Found: C, 26.33; H, 1.13; N: 14.94. Calculated: C, 25.79; H, 1.08; N,

15.04.

4-Chloro-5-iodo-7-((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d]

pyrimidine (153)
| |
77 /)N

N™ °N

[ o

TSi—

To a dry 100 mL round bottomed flask under argon containing 1.1 g (3.8 mmol)
of 4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine 138 was added 0.17 g (4.3 mmol)
of sodium hydride (60% in mineral oil). Dry DMF (38 mL) was added and the
solution was stirred at room temperature for 40 minutes. Then 0.77 mL of

SEMCI was added dropwise and the reaction mixture was allowed to stir to 30
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minutes. The reaction was then quenched with brine and the solution was
diluted with 150 mL dichloromethane and washed with water (3 x 100 mL). The
organic layer was dried over MgSQy, filtered, and concentrated. The column was
run using 9:1 Hex/EtOAc to give 1.3 (3.2 mmol, 86%) of product as a white solid.
(Rf: 0.52; 3:1 Hex/EtOAc). mp: 97 — 98 °C. 'H-NMR (CDCls, 600 MHz): o -0.027
(s, 9H), 0.93 (t, 2H, J = 8.1 Hz), 3.5 (t, 2H, J = 8.1 Hz), 5.63 (s, 2H), 7.55 (s, br,
1H), 8.66 (s, br, 1H). ">*C-NMR (CDCl3, 150 Mz): ¢ -1.3, 17.9, 52.7, 67.3, 73.4,
101.3, 119.5, 134.7, 151.5, 153.1. HRMS (FAB): expected for C12H47CIN3IOSi
(M+H)": 408.99469. Found: 409.99448. IR(neat): vmax 3061, 2916, 1727, 1346,
1196 cm™'. Elemental Analysis for C42H47CIIN3OSi: Found: C, 35.69; H, 4.22; N:

10.21. Calculated: C, 35.18; H, 4.18; N, 10.26.

5-iodo-7-((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (154)
| NH,

SN
724 | )
N™ N
o

/
To a pressure vessel was added 1.3 g (3.2 mmol) of 4-chloro-5-iodo-7-((2-
(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d] pyrimidine 153 in 81 mL of 1,4-
dioxane and 81 mL of ammonium hydroxide. The vessel was sealed and heated
to 100°C for five hours. The solution was cooled to room temperature and then
concentrated. The residue was diluted with 200 mL CH>Cl,. The solution was
washed with water (2 x 100 mL) and brine (100 mL). The organic layer was dried

over MgSOQ., filtered, and concentrated to yield 1.2 g (3.0 mmol) of product as a
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white solid. (Rf: 0.23; 1:1 Hex/EtOAc). mp: 126 - 128 °C. "H-NMR (CDCls, 600
MHz): 0 -0.038 (s, 9H), 0.92 (t, 2H, J = 8.4 Hz), 3.53 (t, 2H, J = 8.4 Hz), 5.53 (s,
2H), 5.75 (s, br, 1H), 7.21 (s, 1H), 8.30 (s, 1H). "*C-NMR (CDCls;, 150 Mz): o -
1.2, 17.9, 50.9, 66.8, 73.0, 104.0, 129.1, 151.1, 152.9, 157.2. HRMS (FAB):
expected for C12Hx0IN4OSi (M+H)": 391.04456. Found: 391.04431. IR(neat): Vmax
3464, 3074, 2951, 2898, 1649, 1556, 1263, 1094 cm™. Elemental Analysis for
C12H19IN4OSi: Found: C, 37.88; H, 5.09; N, 14.05. Calculated: C, 36.93; H, 4.91;

N, 14.35.

3-(4-amino-7-((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d]pyrimidin-5-
yl)acrylonitrile (155)

To the 250 mL round bottomed flask containing 1.2 g (3.0 mmol) of 5-iodo-7-((2-
(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 154 was added
0.17 g (0.92 mmol) of Cul and 27 mL of dry DMF. Then 3.9 mL (59.2 mmol) of
acrylonitrile, 0.84 mL (6.0 mmol) of EtsN, and 0.35 g (0.31 mmol) of Pd(PhsP)4
were added. The dark red solution was heated to 70 °C. After 24 hours, the
solution was cooled to room temperature and stirred for 1 hour with Dowex. The
mixture was filtered and the filtrate was concentrated. The residue was diluted
with 100 mL of CH,Cl, and washed with water (3 x 100 mL). The organic layer

was dried over MgSQ,, filtered, and concentrated. The column was run using
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1:2 Hex/EtOAc (Rf: 0.66; 9:1 CH,Cl,/MeOH) to give a yellow solid as a 1:1
mixture of E:Z isomers (81% yield). mp: 161-163 °C. 'H-NMR (CDCls;, 600
MHz): o -0.038 (s, 9H), 0.94 (t, 2H, J = 8.4 Hz), 3.54 — 3.60 (m, 2H), 5.36 — 5.44
(m, 2H), 5.59 (s, 1H, minor), 5.62 (s, 1H, major), 5.73 (d, 1H, minor, J = 16.2 Hz),
7.32 (d, 1H, major, J = 11.4 Hz), 7.45 (m, 1H, major), 7.57 (m, 1H, minor), 8.15
(s, 1H), 8.37 (s, 2H). *C-NMR (CDCls, 150 Mz): ¢ -1.3, 17.9, 67.1, 73.5, 93.1,
95.5, 100.9, 102.0, 112.1, 118.3, 118.5, 126.2, 127.2, 128.8, 132.3, 139.7, 142.8,
151.9, 153.1, 157.5, 157.6. HRMS (ESI): expected for C4sH2oNsOSi (M+H)":
316.15881. Found: 316.15841. IR(neat): vmax 3477, 3086, 2954, 2203, 1645,
1577 cm™. Elemental Analysis for C45H21NsOSi: Found: C, 58.39; H, 6.71; N,

19.96. Calculated: C, 57.11; H, 6.71; N, 22.20.

7-amino-2-(2-(trimethylsilyl)ethoxy)methyl)-2H-2,3,5,6-tetraazabenzo[cd]
azulene (156)

NH,
72BN

SN

/|/)
N

N
o

—Si—

To a dry 100 mL round bottomed flask under argon was added 0.71 g (2.2 mmol)
of 3-(4-amino-7-((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d]pyrimidin-5-yl)
acrylonitrile 155 and 9.2 mL of 0.5M NaOMe in MeOH. The yellow mixture was
heated to 60 °C and stirred for 20 hours. The mixture was concentrated and the
column was run using 9:1 CH,Cl,/MeOH and then 4:1 CH,Cl,/MeOH. (Rf: 0.23,

9:! CH,Cl,/MeOH). mp: 180°C (decomp). 'H-NMR ([(CD3),SO], 600 MHz): o -
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0.073 (s, 9H), 0.83 (t, 2H, J = 8.4 Hz), 3.51 (t, 2H, J = 8.4 Hz), 5.51 (s, 2H), 5.90
(s, br, 1H), 7.25 (s, br, 1H), 7.69 (s, br, 1H), 8.31 (s, br, 1H). "*C-NMR
([(CDs3).S0O], 150 Mz): o -0.71, 17.8, 66.6, 73.6, 109.6, 126.1, 139.4, 1511,
152.9, 157.2. HRMS (FAB): expected for CisH2oNsOSi (M+H)": 316.15881.
Found: 316.15871. IR(neat): vmax 3325, 2952, 1624, 1081 cm™.  Elemental
Analysis for C15H21N50Si-2H,0: Found: C, 51.09; H, 6.43; N, 19.50. Calculated:

C, 51.26; H, 7.17; N, 19.93.

7-amino-2H-2,3,5,6-tetraazabenzo[cd]azulene (152)

To a dry round bottomed flask containing 0.38 g (1.2 mmol) of 7-amino-2-(2-
(trimethylsilyl)ethoxy)methyl)-2H-2,3,5,6-tetraazabenzo[cd]azulene 156  was
added 36 mL of dry CH,Cl,. The yellow solution was cooled to 0°C and 0.76 mL
(6.1 mmol) of BF3;-OEt, was added dropwise. The yellow mixture was stirred at 0
°C for 30 minutes and then at room temperature for 30 additional minutes. Then
2.2 mL (12.1 mmol) of 5.5M aqueous NaOAc solution was added and the mixture
was heated to reflux. The mixture was refluxed for 45 minutes and cooled to
room temperature and concentrated. A short column was run using 9:1
CH.CI,/MeOH to prevent the elution of boron salts. However, salts did elute with
the extremely polar product, though three separate columns were run. mp:

230°C (decomp). "H-NMR (DMSO, 600 MHz): ¢ 5.89 (d, 1H, J = 11.4 Hz), 7.32
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(d, 1H, J = 11.4 Hz), 7.64 (s, 1H), 8.23 (s, 1H9, 8.86 (s, 1H). '3C-NMR (DMSO,
150 Mz): o 131.2, 141.6, 150.6, 162.5. HRMS (FAB): expected for CoHgNs

(M+H)": 186.07742. Found: 186.07722. IR(neat): Vmax 3118, 1633, 1013 cm™.

Methyl 3-(4-amino-7-((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-
d]pyrimidin-5-yl)acrylate (157)

MeOZC

N

o~

To the 250 mL round bottomed flask containing 0.17 g (0.45 mmol) of 5-iodo-7-
((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine was added
0.03 g (0.3 mmol) of Cul and 6.5 mL of dry DMF. Then 0.81 mL (8.9 mmol) of
methyl acrylate, 0.13 mL (0.90 mmol) of Et;N, and 0.05 g (0.048 mmol) of
Pd(PhsP)s were added. The solution was heated to 70 °C. After 24 hours, the
solution was cooled to room temperature and stirred for 1 hour with Dowex. The
mixture was filtered and the filtrate was concentrated. The residue was diluted
with 100 mL of CH,Cl, and washed with water (3 x 100 mL). The organic layer
was dried over MgSQ,, filtered, and concentrated. The column was run using
1:2 Hex/EtOAc (Rf: 0.34; 9:1 CH»Cl,/MeOH) to give 102 mg (0.29 mmol, 65%) of
product as a yellow gum. mp: 66-68 °C. "H-NMR ([(CD3),SO], 600 MHz): o -
0.076 (s, 9H), 0.89 (t, 2H, J = 7.8 Hz), 3.52 (t, 2H, J = 7.8 Hz), 3.78 (s, 3H), 5.55
(s, 2H), 5.85 (br s, 2H), 6.26 (d, 1H, J = 16.2 Hz), 7.41 (s, 1H), 7.83 (d, 1H, J =

16.2 Hz), 8.30 (s, 1H). *C-NMR ([(CD3),S0], 150 Mz): ¢ -1.2, 17.9, 51.9, 66.9,
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73.1,112.4,117.4, 125.9, 128.6, 132.1, 136.9, 152.5, 157.7, 167.5. HRMS (ESI):
expected for C1gH25N403Si (M+H)™: 349.16904. Found: 349.16910. IR(neat): Vmax
3321, 3152, 2951, 1714, 1629, 1579, 1169 cm™. Elemental Analysis for
C16H24N4O3Si-0.7 EtOAc: Found: C, 55.93; H, 6.83; N, 13.28. Calculated: C,

55.05; H, 7.27; N, 13.66.

2-(2-(Trimethylsilyl)ethoxy)methyl)-2,6-dihydro-7H-2,3,5,6-tetraazabenzo[cd]

azulen-7-one (158)

N
o

T Si—

To a dry 100 mL round bottomed flask under argon was added 0.10 g (0.29
mmol) of methyl 3-(4-amino-7-((2-(trimethylsilyl)ethoxy)methyl)-7H-pyrrolo[2,3d]
pyrimidin-5-yl)acrylate and 13 mL of 0.5M NaOMe in MeOH. The yellow mixture
was heated to 60 °C and stirred for 20 hours. The mixture was concentrated and
the column was run using 9:1 CH2Cl,/MeOH and then 4:1 CH,Cl,/MeOH to give
50 mg (0.16 mmol, 55%) of product as a yellow solid. (Rf: 0.28, 9:1
CH.Cly/MeOH). mp: 165 - 166 °C. 'H-NMR (CDCls, 600 MHz): o -0.078 (s, 9H),
0.82 (t, 2H, J = 8.4 Hz), 3.53 (t, 2H, J = 8.4 Hz), 5.53 (s, 2H), 5.84 (d, 1H, J =
11.4 Hz), 6.91 (d, 1H, J = 12 Hz), 6.65 (s, 1H), 8.49 (d, 1H, J = 5.4 Hz), 7.19 (s,
1H). *C-NMR (CDCls, 150 Mz): ¢ -1.3, 17.6, 66.6, 73.3, 110.3, 119.3, 121.6,
124.6, 133.6, 149.3, 151.5, 152.3, 154.9. HRMS (ESI): expected for

C15H21N4O2Si (M+H)": 317.14283. Found: 317.14220. IR(neat): Vmax 3084, 2895,
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1660, 1615, 1538, 1079 cm™. Elemental Analysis for C1sH20N40,Si: Found: C,

58.82; H, 7.00; N, 14.07. Calculated: C, 56.94; H, 6.37; N, 17.71.

2,6-Dihydro-7H-2,3,5,6-tetraazabenzo[cd]azulen-7-one (135)

To a dry round bottomed flask containing 0.13 g (1.2 mmol) of 7-amino-2-(2-
(trimethylsilyl)ethoxy)methyl)-2H-2,3,5,6-tetraazabenzo[cd]azulene was added 5
mL of EtOH followed by 10 mL of 5N HCI. The yellow solution was heated to
reflux for 1.5 hours. The light yellow solution was then cooled to room
temperature and neutralized with aqueous K;COj;. The mixture was then
concentrated and a short column was run using 9:1 CH2CIl,/MeOH. mp: 240 °C
(decomp). 'H-NMR ([(CD3)2S0], 600 MHz): ¢ 5.60 (d, 1H, J = 11.4 Hz), 7.03 (d,
1H, J = 12 Hz), 7.51 (s, 1H), 8.27 (s, 1H), 10.26 (br s, 1H), 10.52 (s, 1H). *C-
NMR ([(CD3),SO], 150 Mz): o 113.8, 119.8, 123.7, 134.3, 152.1, 152.8, 154.1,
166.7. HRMS (APCI): expected for CgH;N4O (M+H)": 187.06144. Found:

187.06113. IR(neat): vimax 3416, 3106, 2919, 2603, 1629 cm™.

(5-Acetoxy-1,3-oxathiolan-2-yl)methyl butyrate (160)

o o)

/\)\O/\gJ/OAC
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Butyryl chloride 1. O3, CH,Cl,, -78°C
HO OH X~ "" ™" (C,H,CO0 OOCC;H S 22V
N~/ Et,N; DMAP TN S S DMsS

CH,Cl,

O  C4H,CO0 C3H,C00

o .
s L o 1. LIAI[OC(CH3)slsH, }o OAc
2 OH W( 0 -10°
A_ooccat Da 10°C Sf

toluene, reflux S 2. Ac,0O
160

1:1

cis-But-2-ene-1,4-diol dibutyrate

To a dry 500 mL round bottomed flask under argon containing 0.04 g (0.355
mmol) of DMAP was added 210 mL of dry CH.Cl,. To the stirred solution was
then added 2.92 mL (35.5 mmol) of (Z)-but-2-ene-1,4-diol followed by 50 mL
(0.359 mol) of triethylamine. The solution was then cooled to 0°C and 8.9 mL of
butyryl chloride was added dropwise. After the addition, the solution was
warmed to room temperature. After 20 hours of stirring, the tangerine colored
solution was quenched with 50 mL of water and then washed with water (200 mL
x 2) and brine (200 mL). The washings caused the color of the solution to turn
yellow. The organic layers were dried over MgSQ,, filtered, and concentrated.
The crude material was purified by column chromatography using 4:1 Hex/EtOAc
as the eluent to give the product in quantitative yield as a colorless oil (R 0.69;
1:1 Hex/EtOAc). "H-NMR (CDCls, 600 MHz): ¢ 0.94 (t, 6H, J = 7.8), 1.61 — 1.68
(m, 4H), 2.29 (t, 4H, J = 7.8), 4.67 (d, 4H, J = 5.4), 5.71 — 5.76 (m, 2H). "*C-NMR
(CDCl3, 150 Mz): 0 13.8, 18.5, 36.2, 59.9, 128.3, 173.5. HRMS (FAB): expected

for C1oH2104 (M+H)* 229.14344. Found: 229.14296. IR(neat): Vnax 1732 cm™.
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2-Oxoethyl butyrate

/\)(LO/YO

H

To a 250 mL round bottomed flask containing 8.23 g (0.036 mol) of cis-But-2-
ene-1,4-diol dibutyrate was added 75 mL of CH,Cl,. The solution was cooled to -
78°C and was ozonized. Upon completion of the ozonolysis, the solution was
quenched with dimethyl sulfide (8 mL, 0.11 mol) at -78°C and was allowed to stir
at room temperature overnight. The solution was then concentrated and purified
by column chromatography (4:1 Hex/EtOAc) to give 6.0 g (64%) of the product
as a colorless oil. (R 0.43, 1:1 Hex/EtOAc). "H-NMR (CDCls, 400 MHz): o 0.87
—0.99 (m, 6H), 1.57 — 1.74 (m, 2H), 2.37 — 2.44 (m, 2H), 4.62 — 4.67 (m, 2H),
9.59 (s, 1H). >C-NMR (CDCls, 100 Mz): ¢ 13.7, 18.4, 35.7, 68.7, 173.2, 196.1.
HRMS (FAB): expected for CgH1103 (M+H)" 131.07027. Found: 131.07045.

IR(neat): Vmax 1736, 1167 cm™.

(5-oxo0-1,3-oxathiolan-2-yl)methyl butyrate

Q o
o)
/\)\o/\g:/‘é
To a 500 mL round bottomed flask fitted with the Dean Stark apparatus and a
condenser was added 5.0 g (0.038 mol) of 2-oxoethyl butyrate in 155 mL of
toluene. Thioglycolic acid (2.6 mL, 0.038 mol) was added and the flask was

heated to reflux for 5 hours. The solution was cooled to room temperature and

washed with saturated aqueous NaHCOs3;. The aqueous washings were then
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extracted with diethyl ether (2 x 100 mL). The combined extracts were washed
with water (2 x 100 mL), dried over MgSQy, filtered, and concentrated to give 5.4
g (70% yield) of product as a yellow oil. (Rs 0.56; 1:1 Hex/EtOAc). 'H-NMR
(CDCl3, 400 MHz): 0 0.89 — 0.97 (m, 3H), 1.59 — 1.71 (m, 2H), 2.34 (t, 2H, J =
7.2), 3.68 (dd, 2H, J = 15.2, 16.4), 4.27 — 4.39 (m, 2H), 5.63 — 5.66 (m, 1 H).
*C-NMR (CDCl3, 100 Mz): o 13.8, 18.4, 30.9, 36.0, 66.2, 78.4, 172.5, 173.0.
HRMS (FAB): expected for CgH1304S (M+H)" 205.05291. Found: 205.05276.

IR(neat): Vmax 1775, 1736, 1151 cm™.

(5-Acetoxy-1,3-oxathiolan-2-yl)methyl butyrate (160)

To a 250 mL round bottomed flask containing 1.7 g (8.6 mmol) of (5-oxo-1,3-
oxathiolan-2-yl)methyl butyrate was added 40 mL of dry THF. The solution was
cooled to -10°C and 9.5 mL of LIAI[OC(CHs;)s]sH was added dropwise. The
solution was allowed to stir for three hours and then 8.1 mL of Ac,O was added
dropwise. The solution was warmed to room temperature and stirred overnight.
The reaction was quenched with saturate aqueous NaHCO3; and allowed to stir at
room temperature for one hour. The organic layer was washed with 100 mL
water and the aqueous layer was back-extracted with 100 mL diethyl ether. The
combined organic layers were dried over MgSOQy, filtered, and concentrated. The
column was run using 4:1 Hex/EtOAc to give 2.0 g (8.1 mmol, 94%) of product.
'H-NMR (CDCls, 600 MHz): ¢ 0.95 (t, 3H, J = 7.8 Hz), 1.61 — 1.69 (m, 2H), 2.10
(s, 3H), 2.30 — 2.34 (m, 2H), 3.13 (d, 1H, minor, J = 11.4 Hz), 3.19 (d, 1H, major,

J=10.8 Hz), 3.31 (dd, 1H, J = 6, 4.8 Hz), 4.13 (dd, 1H, J = 7.2, 4.8 Hz), 4.26 —



121

4.28 (m, 1H), 4.38 (dd, 1H, major, J = 4.2, 7.8 Hz), 5.50 — 5.54 (m, 1H), 6.60 (d,
1H, minor, J = 4.8 Hz), 6.67 (d, 1H, major, J = 4.8 Hz). "*C-NMR (CDCls, 150
Mz): o 13.8, 18.5, 21.3, 36.1, 67.5, 83.4, 99.3, 119.2, 169.9, 173.3. HRMS
(APCI): expected for C1oH1705S (M+H)" 249.07912. Found: 249.07923. IR(neat):

Vmax 2965, 2876, 1736, 1373, 1221, 1170 cm™.

(4-Acetoxy-1,3-dioxolan-2-yl)methyl butyrate (163)

0
C3H7COO/\(\>/OAC
0

C;3H,CO0 CsH,CO0
HO 1. LIA[OC(CHa)slsH 377
\)J\OH (@) 0 [_10£’C 3)3]3 0 OAc

1,2-dichloroethane (e} 2. Ac,O oj
reflux

0
H)K/OOCC3H7

(4-Oxo0-1,3-dioxolan-2-yl)methyl butyrate
C;H,COO o

Tovo

s

To a flask containing 2.0 g of 2-oxoethyl butyrate was added 25 mL of 1,2-

dichloroethane. Then 0.56 g (7.4 mmol) of glycolic acid was added followed by

54 mg (0.29 mmol) of p-TsOH. The mixture was refluxed for 1.5 hours and then

a Dean-Stark trap was used to reduce the volume by half. An additional 25 mL

of 1,2-dichloroethane was then added and the dark green solution was refluxed

for 45 minutes. The solution was cooled to room temperature and concentrated.
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The residue was dissolved in 100 mL of diethyl ether and the solution was
washed with 50 mL of NaHCO3; and 50 mL of water. The organic layers were
dried over MgSQO,, filtered, and concentrated to give a yellow-orange oil.
Purification by column chromatography using 9:1 Hex/EtOAc provided 0.95 g of
product in 39% vyield as a colorless oil. (Rs: 0.56; 1:1 Hex/EtOAc). ). 'H-NMR
(CDCl3, 400 MHz): ¢ 0.96 (t, 3H, J = 7.6 Hz), 1.59 — 1.72 (m, 2H), 2.36 (t, 2H, J =
7.6 Hz), 4.25 — 4.31 (m, 2H), 4.34 — 4.41 (m, 2H), 5.84 (t, 1H, J = 3.0 Hz). "*C-
NMR (CDClIs, 100 Mz): ¢ 13.8, 18.5, 36.0, 63.5, 63.7, 102.8, 170.7, 172.9. HRMS
(FAB): expected for CgH1305 (M+H)" 189.07575. Found:. IR(neat): Vmax 2968,

2878, 1812, 1743, 1214, 1173 cm™.

(4-Acetoxy-1,3-dioxolan-2-yl)methyl butyrate (163)

To a 250 mL round bottomed flask containing 0.79 g of starting material was
added 10.5 mL of dry THF. The solution was cooled to -10°C. Then 3.0 mL of
LIAI[OC(CHs)s]sH was added dropwise over 20 minutes. The solution was
allowed to continue to stir at -10°C. After 7.5 hours of stirred at -10°C, 2.1 mL of
Ac,O was added dropwise. The solution was allowed to continue stirring
overnight at 0°C. The reaction was quenched by adding 1.8 mL of saturated
aqueous NaHCOs3; and 0.88 g of Na,COg3 at 0°C. The mixture was then stirred at
0°C for one hour. The solution was filtered over silica gel using 4:1 Hex/EtOAc to
wash. The solution was concentrated and the column was run using 6:1
Hex/EtOAc to provide 0.51 g of product. Rf: 0.52 (1:1 Hex/EtOAc). 'H-NMR

(CDCls, 600 MHz): 0 0.92 - 0.96 (m, 3H), 1.62 — 1.69 (m, 2H), 2.09 (s, 3H), 2.29
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—2.34 (m, 2H), 3.96 (dd, 1H, major, J = 7.8, 1.8 Hz), 3.99 (dd, 1H, minor, J = 5.4,
4.2 Hz), 4.16 —4.20 (m, 2H), 4.24 — 4.27 (m, 1H), 5.31 (t, 1H, minor, J = 4.2 Hz),
5.39 (t, 1H, major, J = 4.2 Hz), 5.82 (t, 1H, J = 3.6 Hz), 6.34 (d, 1H, minor, J = 3.6
Hz), 6.38 (dd, 1H, major, J = 2.4, 1.8), . "*C-NMR (CDCls, 150 Mz): o 13.7, 18.4,
20.8, 36.0, 63.4, 70.9, 94.6, 102.7, 170.4, 173.3. HRMS (FAB): expected for
C1oH170s (M+H)* 233.10196. Found: 233.11104. IR(neat): vmax 2966, 2878,

1812, 1737, 1151 cm™,

7-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-
d]pyrimidine (167)

I Cl
77 N
J ‘

To a 100 mL round bottomed flask containing 0.33 g (2.1 mmol) of 4-chloro-7H-

BnO

pyrrolo[2,3-d]pyrimidine was added 0.55 g (2.9 mmol) of trans-cyclobutanol 63
and 1.18 g (4.5 mmol) of PhsP. Then 12 mL of dry DMF was added and the flask
was cooled to 0°C and a solution of DIAD (0.88 mL in 1.9 mL THF) was added
dropwise. The flask was then warmed to room temperature and allowed to stir
overnight. Methanol was added to quench the reaction and it was concentrated.
Then CH,CI, (50 mL) was added and the organic layer was washed with water
and brine, dried over MgSQy, filtered, and concentrated. The column was run
using 4:1 Hex/EtOAc to give 0.71 g (2.1 mmol) of product. To the 250 mL round
bottomed flask containing 0.70 g (2.1 mmol) of 7-((1s,3s)-3-

(benzyloxymethyl)cyclobutyl)-4-chloro-7H-pyrrolo[2,3-d]pyrimidine  was added
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0.54 g (2.4 mmol) of NIS. Then 17.5 mL of dry DMF was added and the reaction
was stirred at room temperature in the dark. After overnight stirring, the solution
was concentrated and 100 mL of CH,Cl, was added. Then the organic layer was
washed twice with 100 mL of saturated aqueous NaHCO3; and then 100 mL of a
sodium sulfite solution. The organic layer was dried over MgSOQ., filtered, and
concentrated. The column was run using 4:1 Hex/EtOAc to give 0.79 g (81%
yield) of product as a white solid. mp: 130°C. 'H-NMR (CDCls, 600 MHz): ¢ 2.37
—2.43 (m, 2H), 2.49 — 2.54 (m, 1H), 2.65 - 2.70 (m, 2H), 3.53 (d, 2H, J = 4.2 Hz),
4.60 (s, 2H), 5.23 (q, 1H, J = 9 Hz), 7.32 — 7.42 (m, 5H), 7.62 (s, 1H), 8.59 (s,
1H). C-NMR (CDCls, 150 Mz): o 28.5, 33.3, 45.6, 51.1, 72.7, 73.5, 109.6,
117.2, 127.8, 128.8, 132.7, 138.5, 150.6, 150.7, 152.7. HRMS (ESI): expected
for C1gH1sCIIN3O (M+H)" 454.01776. Found: 454.01789. IR(neat): Vmax 2941,
2856, 1719, 1575, 1532, 1441, 1214 cm™. Elemental Analysis for C1gH17CIIN3O:

Found: C, 48.60; H, 4.07; N: 8.94. Calculated: C, 47.65; H, 3.78; N, 9.26.

7-((1s,3s)-3-(Benzyloxymethyl)cyclobutyl)-5-iodo-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (168)

To a pressure vessel was added 1.5 g (3.4 mmol) of 7-((1s,3s)-3-

(benzyloxymethyl)cyclobutyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine 168 in
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70 mL of 1,4-dioxane and 70 mL of ammonium hydroxide. The vessel was
sealed and heated to 100°C for five hours. The solution was cooled to room
temperature and then concentrated. The residue was diluted with 200 mL
CH.Cl,. The solution was washed with water (2 x 100 mL) and brine (100 mL).
The organic layer was dried over MgSOQOy, filtered, and concentrated to yield 1.3 g
(3.0 mmol, 88%) of product. mp: 127 - 129°C. 'H-NMR (CDCls, 600 MHz): ¢
2.27 — 2.32 (m, 2H), 2.43 — 2.49 (m, 1H), 2.61 — 2.65 (m, 2H), 3.52 (d, 2H, J =
4.8 Hz), 4.57 (s, 2H), 5.16 (q, 1H, J =9 Hz), 5.88 (br s, 2H), 7.28 — 7.40 (m, 5H),
8.25 (s, 1H). "*C-NMR (CDCls, 150 Mz): o 28.4, 33.7, 45.0, 49.2, 73.1, 73.4,
104.2, 119.3, 126.7, 127.8, 128.5, 128.7, 138.6, 150.1, 152.1, 157.2. HRMS
(ESI): expected for C1gH20IN4O (M+H)" 435.06763. Found: 435.06690. IR(neat):
Vmax 3456, 3296, 2856, 1617, 1578, 1548 cm™'. Elemental Analysis for
C18H19IN4O: Found: C, 50.84; H, 4.75; N: 12.16. Calculated: C, 49.78; H, 4.41;

N, 12.90.

3-(4-Amino-7-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-7H-pyrrolo[2,3-
d]pyrimidin-5-yl)acrylonitrile (169)

CN
Xy NH,
7 \J“
BnO N/

To the 250 mL round bottomed flask containing 0.61 g (1.4 mmol) of 7-((1s,3s)-3-
(benzyloxymethyl)cyclobutyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 168 was
added 0.08 g (0.46 mmol) of Cul and 13.5 mL of dry DMF. Then 1.9 mL (28.1

mmol) of acrylonitrile, 0.40 mL (2.9 mmol) of EtsN, and 0.17 g (0.14 mmol) of
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Pd(PhsP)s were added. The orange solution was heated to 70 °C. After 24
hours, the solution was cooled to room temperature and stirred for 1 hour with
Dowex. The mixture was filtered and the filtrate was concentrated. The residue
was diluted with 100 mL of CH,Cl, and washed with water (3 x 100 mL). The
organic layer was dried over MgSQy, filtered, and concentrated. The column was
run using 1:2 Hex/EtOAc and then 1:3 Hex/EtOAc to give a mixture of cis and
trans isomers as a brown oil to be used directly in the next step (Rf: 0.50; 9:1
CH.Cly/MeOH). 'H-NMR (CDCls, 600 MHz): ¢ 2.31 — 2.46 (m, 3H), 2.49 — 2.53
(m, 2H), 2.66 — 2.70 (m, 2H), 3.58 (d, 2H, J = 3.6 Hz), 4.58 (s, 2H), 5.21 (q, 1H, J
= 9 Hz), 5.29 (d, 1H, minor, J = 11.4 Hz), 5.34 (d, 1H, major, J = 16.2 Hz), 5.56
(brs, 2H), 7.32 — 7.40 (m, 5H), 7.45 — 7,48 (m, 1H, major), 7.54 — 7.57 (m, 1H,
minor), 8.31 (s, 1H). "*C-NMR (CDCls, 150 Mz): ¢ 28.3, 33.0, 33.7, 44.5, 72.7,
73.3, 73.6, 93.9, 119.2, 127.9, 128.1, 128.6, 128.8, 132.2, 141.0, 142.7, 157.2.
HRMS (APCI): expected for Cp1H2oNsO (M+H)™ 360.18189. Found: 360.18143.

IR(neat): vimax 3324, 3186, 2941, 2856, 2209, 1576, 1439 cm™.

7-amino-2-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-2H-2,3,5,6-
tetraazabenzo[cd]azulene (159)

NH,

/ N

o QL
nO N/

To a dry 250 mL round bottomed flask under argon was added 0.37 g (1.0 mmol)

of 3-(4-Amino-7-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-7H-pyrrolo[2,3d]pyrimi -



127

din-5-yl)acrylonitrile and 42 mL of 0.5 M NaOMe in MeOH. The yellow mixture
was heated to 60 °C and stirred for 20 hours. The mixture was concentrated and
the column was run using 9:1 CH,Cl,/MeOH to give an orange solid. (Rf: 0.16,
9:! CH,Cly/MeOH). mp: 104 — 105 °C. 'H-NMR (CDCls, 600 MHz): 0 2.27 — 2.31
(m, 2H), 2.45 (s, 1H), 2.60 — 2.62 (m, 2H), 3.54 (d, 2H, J = 4.2 Hz), 4.56 (s, 2H),
4.89 (q, 1H, J = 8.4 Hz), 5.89 (s, 2H), 6.78 (s, 1H), 7.18 (s, 1H), 7.31 — 7.36 (m,
5H), 8.26 (s, 1H). ">C-NMR (CDCls, 150 Mz): o 28.5, 33.3, 45.4, 73.1, 73.5,
109.0, 109.6, 113.3, 115.3, 128.0, 128.7, 138.5, 140.2, 151.6, 164.1, 167.4,
177.8. HRMS (ESI): expected for CyiHoNsO (M+H)" 360.18189. Found:
360.18087. IR(neat): Vmax 3306, 3182, 2927, 2853, 1623, 1541 cm™". Elemental
Analysis for C21H21Ns0-5H,0: Found: C, 56.12; H, 5.12; N: 15.04. Calculated: C,

56.11; H, 6.95; N, 15.58.

7-amino-2-((1s,3s)-3-(hydroxymethyl)cyclobutyl)-2H-2,3,5,6-
tetraazabenzo[cd]azulene (132)

NH,

/ SN
Zani

HO L

To a dry round bottomed flask containing 0.17 g (0.48 mmol) of 7-amino-2-((1s,
3s)-3-(benzyloxymethyl)cyclobutyl)-2H-2, 3, 5, 6-tetraazabenzo[cd]azulene was
added 7 mL of dry CH,Cl,. The yellow solution was cooled to -78°C and 4.8 mL
of 1.0 M BCl; was added dropwise. The mixture was stirred at -78°C for 6 hours.

Then methanol was added and the solution was concentrated. The column was
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run using 9:1 CH,Cl/MeOH and then 4:1 CH,Cl/MeOH (Rf: 0.1; 9:1
CH,Cl/MeOH). mp: 220 °C. "H-NMR ([(CD5),SO], 600 MHz): ¢ 2.17 — 2.28 (m,
3H), 2.44 — 2.47 (m, 2H), 3.39 (s, 2H), 4.77 (s, 1H), 4.98 (g, 1H, J = 9.0 Hz), 6.08
(d, 1H, J = 11.4 Hz), 7.33 (d, 1H, J = 11.4 Hz), 7.62 (s, 2H), 7.95 (s, 1H), 8.30 (s,
1H). "C-NMR ([(CD3);SO], 150 Mz): o 29.9, 32.4, 45.3, 63.8, 113.9, 152.0,
178.5, 181.1. HRMS (ESI): expected for C14H1sNsO (M+H)* 270.13494. Found:

270.13435. IR(neat): vimax 3361, 3120, 2926, 1617, 1384 cm™.

Methyl 3-(4-amino-7-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-7H-pyrrolo[2,3-
d]pyrimidin-5-yl)acrylate (170)

COzMe
X NH,
7 \)N
BnO N/

To the 100 mL round bottomed flask containing 0.11 g (0.27 mmol) of 7-((1s,3s)-
3-(benzyloxymethyl)cyclobutyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine ~ was
added 15 mg (0.08 mmol) of Cul and 5 mL of dry DMF. Then 0.5 mL (5.5 mmol)
of methyl acrylate, 0.075 mL (0.54 mmol) of Et3;N, and 0.032 g (0.029 mmol) of
Pd(PhsP)s were added. The solution was heated to 70 °C. After 24 hours, the
solution was cooled to room temperature and stirred for 1 hour with Dowex. The
mixture was filtered and the filtrate was concentrated. The residue was diluted
with 50 mL of CH»Cl, and washed with water (3 x 50 mL). The organic layer was
dried over MgSQ,, filtered, and concentrated. The column was run using 1:2

Hex/EtOAc (Rf: 0.50; 9:1 CH.Clo/MeOH). 'H-NMR (CDCls, 600 MHz): ¢ 2.30 —
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2.40 (m, 3H), 2.45 — 2.52 (m, 2H), 3.54 (d, 2H, J = 4.2 Hz), 3.81 (s, 3H), 5.19 (q,
1H, J = 9 Hz), 5.30 (s, 2H), 5.43 (br s, 2H), 6.20 (d, 1H, J = 16.3 Hz), 7.29 — 7.39
(m, 5H), 7.52 (s, 1H), 7.80 (d, 1H, J = 16.2 Hz), 8.31 (s, 1H). "*C-NMR (CDCls,
150 Mz): 0 28.5, 33.4, 44.9, 51.9, 72.9, 73.4, 101.7, 111.4, 116.4, 124.2, 127.8,
127.9, 128.7, 130.7, 137.4, 138.6, 152.7, 155.9, 194.3. HRMS (APCI): expected
for CaoHosN4Os (M+H)* 393.19212. Found: 393.19159. IR(neat): Vmax 3322,

3181, 2948, 2853, 1733, 1627, 1581, 1169 cm™.

2-(1s,3s)-3-(benzyloxymethyl)cyclobutyl)-2,6-dihydro-7H-2,3,5,6-
tetraazabenzo[cd]azulen-7-one (171)

7/ "NH
/7 N
BnO | /)

To a dry 100 mL round bottomed flask under argon was added 0.10 g of methyl
3-(4-amino-7-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-7H-pyrrolo[2,3-d]pyrimidin-

5-yl)acrylate and 13.5 mL of 0.5M NaOMe in MeOH. The yellow mixture was
heated to 60 °C and stirred for 20 hours. The mixture was concentrated and the
column was run using 2.5% MeOH in CH)CI, to give 58 mg (0.16 mmol) of
product. "H-NMR (CDCls, 600 MHz): 0 2.36 — 2.42 (m, 3H), 2.48 — 2.51 (m, 2H),
3.54 (d, 2H, J = 4.8 Hz), 3.54 (d, 2H, J = 4.8 Hz), 4.58 (s, 2H), 5.10 (9, 1H,J =9
Hz), 5.76 (d, 1H, J = 11.4 Hz), 6.75 (d, 1H, J = 12 Hz), 7.24 (s, 1H), 7.30 — 7.36
(m, 5H), 8.40 (s, 1H), 8.55 (br s, 1H). *C-NMR (CDCl3, 150 Mz): o 28.4, 33.2,

451, 72.8, 73.5, 101.8, 117.7, 120.4, 121.8, 122.9, 128.0, 128.7, 132.2, 132.4,
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133.9, 154.6, 171.4. HRMS (ESI): expected for Cp1H21N4O, (M+H)" 361.16590.

Found: 361.16580. IR(neat): Vmax 2987, 2854, 1626 cm™.

2-(1s,3s)-3-(benzyloxymethyl)cyclobutyl)-2,6-dihydro-7H-2,3,5,6-
tetraazabenzo[cd]azulen-7-one (133)

To a dry round bottomed flask containing 58 mg (0.16 mmol) of 2-(1s,3s)-3-
(benzyloxymethyl)cyclobutyl)-2,6-dihydro-7H-2,3,5,6-tetraazabenzo[cd]azulen-7-
one was added 3 mL of dry CH,Cl,. The yellow solution was cooled to -78°C and
1.6 mL of 1.0 M BCl; was added dropwise. The mixture was stirred at -78°C for
6 hours. Then methanol was added and the solution was concentrated. The
column was run using 9:1 CH.Cl/MeOH. mp: 249 — 251 °C. 'H-NMR
([(CD3)2S0Q], 600 MHz): 0 2.19 — 2.28 (m, 3H), 2.44 — 2.48 (m, 2H), 3.47 (t, 2H, J
=4.8 Hz), 4.65 (t, 1H, J = 5.4 Hz), 4.98 (q, 1H, J = 8.4 Hz), 5.63 (d, 1H,J =114
Hz), 7.04 (d, 1H, J = 11.4 Hz), 7.77 (s, 1H), 8.30 (s, 1H), 10.61 (br s, 1H). "*C-
NMR ([(CD3).S0O], 150 Mz): o 30.0, 32.4, 44.8, 64.0, 105.6, 111.8, 120.2, 123.9,
133.8, 151.2, 152.8, 153.9, 166.6. HRMS (ESI): expected for Ci14H15N4O2
(M+H)" 271.11895. Found: 271.11838. IR(neat): vmax 3388, 3071, 2981, 2866,
1624 cm™. Elemental Analysis for C44H15N4O,-0.5MeOH: Found: C, 61.25; H,

5.47; N: 19.10. Calculated: C, 60.83; H, 5.63; N, 19.57.
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1-((1s,3s)-3-(Benzyloxymethyl)cyclobutyl)-6-(dodecylamino)imidazo[4,5-
e][1,3]diazepine-4,8(1H,5H)-dione (181)

)

N NH
% (CH,):,CH
810 ¢ />\N/ 2)11CH3

o
To a dry 3-necked round bottomed flask under argon was added 0.26 g (1.4
mmol) trans-cyclobutanol 63, 0.52 g (2.8 mmol) 1H-imidazole-4,5-dicarboxylic
acid dimethyl ester, and 0.77 g (2.9 mmol) of triphenylphosphine. Dry THF (8
mL) was added and the mixture was cooled to 0°C. A solution of DIAD (0.58 mL
in 1.2 mL of THF) was added dropwise. The yellow mixture was warmed to room
temperature and allowed to stir overnight. After 48 hours of stirring at room
temperature, the mixture was concentrated and purified by column using 2.5%
MeOH in CHyCl,. This yielded 0.30 g (0.83 mmol) of dimethyl1-((1s,3s)-3-
(benzyloxymethyl)cyclobutyl)-1H-imidazole-4,5-dicarboxylate (180) (Rf: 0.44; 9:1
CH,Cl2/MeOH). To a dry 50 mL round bottomed flask under argon was added
0.65 g of dodecylguanidine and 10 mL of dry methanol. The solution was cooled
to 0°C and a solution of NaOMe (13 mL, 0.5 M in MeOH) was added. The
reaction mixture was stirred at 0°C for 30 minutes. The solution was then added
to a flask containing 0.29 g of dimethyl1-((1s,3s)-3-(benzyloxymethyl)cyclobutyl)-
1H-imidazole-4,5-dicarboxylate in 15 mL of dry MeOH. A syringe filter was used
to prevent any salt from entering the flask. The yellow solution was stirred at
room temperature overnight. The solution was then concentrated and the
column was run using 5% MeOH in CH,Cl,. This yielded 0.36 g (0.65 mmol) of

product as a white solid. mp: 144 - 145 °C. "H-NMR (CDCls, 600 MHz): o 0.88 (t,
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3H,J =7.2 Hz), 1.24 — 1.30 (m, 18H), 1.56 (t, 2H, J = 6.6 Hz), 2.34 — 2.38 (m,
3H), 2.48 — 2.50 (m, 2H), 3.43 (t, 2H, J = 6.6 Hz), 3.49 (d, 2H, J = 5.4 Hz), 4.55
(s, 2H), 5.40 (t, 1H, J = 7.8 Hz), 7.29 — 7.37 (m 5H), 7.95 (s, 1H). "*C-NMR
(CDCls, 150 Mz): 0 12.4, 14.3, 22.9, 23.9, 27.1, 28.5, 29.5, 29.8, 32.1, 33.6, 69.6,
72.7,74.3,101.7, 104.3, 127.8, 128.7, 144.8, 161.7. HRMS (ESI): expected for
C30H44Ns03 (M+H)" 522.34387. Found: 522.34351. IR(neat): vmax 3201, 3130,
2926, 2879, 1595, 1306, 1029 cm™. Elemental Analysis for CsoH43N5O3: Found:

C, 63.13; H, 8.43; N: 24.33. Calculated: C, 69.07; H, 8.31; N, 13.42.
6-(Dodecylamino)-1-((1s,3s)-3-(hydroxymethyl)cyclobutyl)imidazo[4,5-

e][1,3]diazepine-4,8(1H,5H)-dione (177)

0
|

/

HO N NH
bo

To the 100 mL round bottomed flask containing 0.33 g of 1-((1s,3s)-3-

NH
~(CH2)11CH3

(benzyloxymethyl)cyclobutyl)-6-(dodecylamino)imidazo[4,5-e][1,3]diazepine- 4, 8
(1H,5H)-dione was added 7.5 mL of CH2Cl,. The solution was cooled to -78°C
and solution of BCl; (6.5 mL; 1.0 M in CH,Cl;) was added dropwise over 10
minutes. The reaction mixture continued to stir at -78°C for 7 hours, and was
then quenched with 3 mL of 7N NHs; in MeOH. The reaction mixture was
concentrated and the column was run using 9:1 CH,Cl,/MeOH and then 6:1
CH.Cly/MeOH. mp: 221 - 222 °C. "H-NMR ([(CD3)2S0], 600 MHz): o 0.84 (t, 3H,

J =6.6 Hz), 1.23 — 1.26 (m, 18H), 1.47 (t, 2H, J = 6.6 Hz), 2.08 — 2.15 (m, 2H),
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219 - 2.23 (m, 1H), 2.42 — 2.51 (m, 2H), 3.19 — 3.22 (m, 2H), 3.38 - 3.42 (m,
2H), 4.60 (t, 1H, J = 5.4 Hz), 5.13 (q, 1H, J = 9.0 Hz), 7.08 (t, 1H, J = 4.8 Hz),
8.27 (s, 1H), 10.40 (s, 1H). "C-NMR ([(CD3).SO], 150 Mz): o 14.0, 22.1, 26.3,
28.3, 28.7, 29.0, 30.1, 31.3, 32.7, 41.1, 47.2, 63.9, 111.3, 131.1, 134.1, 140.2,
147.6, 159.3, 161.8. HRMS (ESI): expected for C3H3sN503 (M+H)" 432.29692.
Found: 432.29598. IR(neat): vmax 3224, 2920, 2851, 1712, 1582, 1494, 1464 cm’
', Elemental Analysis for Cz3H37NsO3: Found: C, 63.08; H, 8.46; N: 16.19.

Calculated: C, 64.01; H, 8.64; N, 16.23.

1-((trans)-3-(Benzyloxymethyl)cyclobutyl)-6-(dodecylamino)imidazo[4,5-
e][1,3]diazepine-4,8(1H,5H)-dione (183)

)

NH
(CH3)11CH3

/
N NN

To a dry 3-necked round bottomed flask under argon was added 0.28 g (1.4
mmol) cis-cyclobutanol 108, 0.55 g (3.0 mmol) 1H-imidazole-4,5-dicarboxylic
acid dimethyl ester, and 0.82 g (3.1 mmol) of triphenylphosphine. Dry THF (8.5
mL) was added and the mixture was cooled to 0°C. A solution of DIAD (0.61 mL
in 1.3 mL of THF) was added dropwise. The yellow mixture was warmed to room
temperature and allowed to stir overnight. After 26 hours of stirring at room
temperature, the mixture was concentrated and purified by column using 2.5%
MeOH in CH.CI, to give dimethyl1-(trans)-3-(benzyloxymethyl)cyclobutyl)-1H-

imidazole-4,5-dicarboxylate (182). To a dry 50 mL round bottomed flask under
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argon was added 0.65 g of dodecylguanidine and 15 mL of dry methanol. The
solution was cooled to 0°C and a solution of NaOMe (30 mL, 0.5 M in MeOH)
was added. The reaction mixture was stirred at 0°C for 30 minutes. The solution
was then added to a flask containing 0.29 g of dimethyl1-((1s,3s)-3-
(benzyloxymethyl)cyclobutyl)-1H-imidazole-4,5-dicarboxylate in 20 mL of dry
MeOH. A syringe filter was used to prevent any salt from entering the flask. The
yellow solution was stirred at room temperature overnight. The solution was then
concentrated and the column was run using 2.5% MeOH in CH,Cl,. This yielded
0.49 g (0.94 mmol) of product. mp: 185 - 188 °C. "H-NMR (CDCls, 600 MHz): o
0.88 (t, 3H, J = 7.2 Hz), 1.24 — 1.29 (m, 18H), 1.55 (t, 2H, J = 6.6 Hz), 2.46 —
2.51 (m, 3H), 2.57 — 2.60 (m, 2H), 3.41 (t, 2H, J = 6.6 Hz), 3.61 (d, 2H, J = 6.6
Hz), 4.57 (s, 2H), 5.57 (q, 1H, J = 7.8 Hz), 7.29 — 7.37 (m 5H), 8.00 (s, 1H). *C-
NMR (CDCls, 150 Mz): o 12.4, 14.3, 22.9, 27.1, 29.0, 29.2, 29.5, 29.8, 32.1,
32.6, 33.0, 42.4, 50.7, 72.9, 73.5, 104.3, 119.2, 119.4, 127.9, 128.6, 138.4,
144.6. HRMS (ESI): expected for CzHs4NsO0; (M+H)" 522.34387. Found:
522.34302. IR(neat): vmax 3202, 3131, 2922, 2850, 1708, 1525 cm™. Elemental
Analysis for C3gH43Ns03: Found: C, 68.74; H, 8.42; N: 12.96. Calculated: C,

69.07; H, 8.31; N, 13.42.

6-(Dodecylamino)-1-((trans)-3-(hydroxymethyl)cyclobutyl)imidazo[4,5-
e][1,3]diazepine-4,8(1H,5H)-dione (178)
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NH
~(CH3)11CH3

N § N
Il
HO

To the 100 mL round bottomed flask containing 0.48 g of 1-((trans)-3-
(benzyloxymethyl)cyclobutyl)-6-(dodecylamino)imidazo[4,5-e][1,3]diazepine- 4, 8
(1H,5H)-dione was added 16 mL of CH,Cl,. The solution was cooled to -78°C
and solution of BCl; (4.6 mL; 1.0 M in CH,Cl;) was added dropwise over 10
minutes. The reaction mixture continued to stir at -78°C for 7 hours, and was
then quenched with 3 mL of 7N NHs; in MeOH. The reaction mixture was
concentrated and the column was run using 9:1 CH,Clo/MeOH to give a white
solid. mp: 234 - 236 °C. "H-NMR ([(CD3),S0], 600 MHz): c 0.84 (t, 3H, J = 6.6
Hz), 1.23 — 1.26 (m, 18H), 1.47 (t, 2H, J = 6.6 Hz), 2.29 — 2.37 (m, 3H), 2.41 —
2.43 (m, 2H), 3.18 — 3.24 (m, 2H), 3.50 (t, 2H, J = 6.0 Hz), 4.73 (t, 1H, J = 5.4
Hz), 5.33 (q, 1H, J = 7.8 Hz), 7.12 (t, 1H, J = 4.8 Hz), 8.40 (s, 1H), 10.4 (s, 1H).
C-NMR ([(CD3),S0], 150 Mz): ¢ 14.0, 22.1, 26.3, 28.3, 28.7, 29.0, 30.2, 31.3,
314, 31.7, 411, 49.2, 63.7, 67.3, 113.9, 1154, 131.2, 134.1, 140.3, 154.9,
159.3, 161.8. HRMS (ESI): expected for Cp3H3gNsO3 (M+H)* 432.29692. Found:
432.29715. IR(neat): Vmax 3211, 3066, 2917, 2849, 1693, 1583, 1525, 1494 cm™.
Elemental Analysis for Cy3H37NsO3-H,O: Found: C, 60.97; H, 8.37; N: 15.70.

Calculated: C, 61.45; H, 8.74; N, 15.58.

4’-O-Triphosphate of 9-[cis-3-hydroxymethyl)cyclobutylladenine (184)
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To a 100 mL flask with 9-[cis-3-hydroxymethyl)cyclobutylladenine 100 (66 mg,
0.25 mmol) was added 2.0 mL of PO(OMe);. The yellow solution was cooled to
0°C and POCI; (0.05 mL, 0.5 mmol) was added dropwise. The solution was
stirred at 0°C for 6 hr. The reaction was quenched with water and refridgerated
overnight. The column was run using HP-20SS resin. To the collected
monophosphate was then added 3 mL of water and 3 mL of t-BuOH. Then 35 uL
of morpholine was added and the solution was heated to gentle reflux. Then a
solution of 82 mg of DCC in 2 mL of t-BuOH was added dropwise. The solution
was allowed to continue heating under reflux for five hours and was then cooled
to room temperature. The mixture was filtered to remove precipitate from the
solution. The filtrate was concentrated to give an aqueous solution, which was
extracted with diethyl ether (3 x 25 mL). The aqueous layer was concentrated to
give a viscous yellow-orange oil which was then triturated to provide a pale
yellow solid. Then 0.29 g of (HNBus3),H2P,07 (0.65 mmol) was added and 4 mL
of dry DMF under argon to give a colorless solution. The solution was stirred at
room temperature for 4 days and was directly applied to the DEAE-sephadex
dianion exchange column (11 mm X 220 mm, eluent from 0.1 M TEAB to 0.6 M
TEAB). After analyzing the fractions by HPLC with C-18 reverse phase column
(250 mm X 4.6 mm), all the fractions containing product were collected and

lyophilized to give the triethylammonium salt of 4’-O-triphosphate of 9-[cis-3-
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hydroxymethyl)cyclobutylladenine (184) as a light yellow sticky solid. 'H NMR
([(CD3)2S0], 400 MHz): & 1.11 (br s, 22H), 2.40 (m, 2H), 2.90 (br s, 15H), 3.86
(m, 1H), 4.87 (q, 1H, J = 8.4 Hz), 7.20 (s, 2H), 8.12 (s, 1H), 8.36 (s, 1H). *'P

NMR ([(CD3).SO], 162 MHz): 5 —7.45 (y), -9.67 (q), -20.55 (B).

4’-O-Triphosphate of 7-amino-2-((1s,3s)-3-(hydroxymethyl)cyclobutyl)-2H-
2,3,5,6-tetraazabenzo[cd]azulene (185)

The triphosphate was synthesized in the same manner as described above to
give a yellow solid as the product. "H NMR ([(CD3),S0], 400 MHz): 5 1.10 — 1.41
(brs, 15 H), 1.51 = 1.70 (br s, 2H), 2.43 — 2.61 (m, 3H), 2.81 — 2.93 (m, 2H), 3.10
(br s, 3H), 3.68 (br s, 6H), 4.10 (m, 1H), 4.80 (s, 1H), 7.82 (s, 1H), 8.26 (s, 1H),

8.40 (s, 1H). LRMS(APCI). Expected for C14H1sNsO10P3: 509.24. Found: 510.1.

4’-O-Triphosphate of 6-(Dodecylamino)-1-((trans)-3-(hydroxymethyl)
cyclobutyl)imidazo[4,5-e][1,3]diazepine-4,8(1H,5H)-dione (186)

The triphosphate was synthesized in the same manner as described above to
give a white sticky solid as the product. 'H NMR ([(CD3)2S0], 400 MHz): © 0.91
(t, 3H, J = 10.8 Hz), 1.19 (m, 6H), 1.28 — 1.34 (m, 2H), 1.59 — 1.63 (m, 2H), 2.52
(s, 6H), 2.97 — 3.08 (m, 21 H), 3.45 - 3.51 (br s, 33H), 3.77 (m, 16H), 9.25 (br s,

1H). LRMS(APCI). Expected for C3H3sN501,P3*: 666.4. Found: 667.5.
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Part Il: Improvement of Glycosylation Regioselectivity in
Purine Nucleoside Analogue Synthesis

2.1 Statement of Purpose

Nucleosides and their analogues have been employed in the treatment of
infectious disease, viral infections, and cancer.’ Many of these FDA approved
nucleoside agents contain purine nucleobases, including acyclovir (used for the
treatment of herpes simplex virus and herpes zoster), didanosine (an anti-HIV
agent) and the anti-cancer agent clofarabine (Figure 1). Thus, in the discovery

efforts for new agents, purine analogues are often explored.

0 o) NH,

N]\)L iy ol Nf I
7 7 2
Holoﬁl\l 'N/)\NHZ HO <N IN/) HO o<N 'NACI
OH F

Acyclovir Didanosine Clofarabine

Figure 1: Representative FDA approved purine nucleoside analogues

While there are several methods that are able to reliably synthesize these
analogues, control of the regioselectivity of these couplings presents a major
challenge. There are existing methods developed that selectively couple to the
N9 position, including the use of purine tetrabutylammonium salts and also the
rearrangement of the N7 product to the N9 coupled product under acidic
conditions.?® These methods, however, are not suitable for all systems.

We have chosen to address this issue in terms of steric discrimination. In

order to improve the N9 vs. N7 selectivity, we envision that a bulky and easily
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removable group is needed on position 6 to block the N7 position. This should
leave only N9 open for glycosylation, which increases the regioselectively as
seen with the O°-benzylguanine coupling (Part 1). Because the benzyloxy group
is much more bulky than the amino group, the regioselectivity increased from 5:1

to 11:1 for the cyclobutyl coupling of adenine vs. O°-benzylguanine, respectively.

BnO
R1 R1
N—_N__R,
N X
</N [N o~ Bo. < f\N + o, < 7“/
N /k K2CO3, 18-crown-6 N NAR N =
LoNR DMF, 120 °C b > L

R1 = NH2, R2 =H >5:1 N9 vs. N7
R;=0Bn,R,=NH, 11:1 N9 vs. N7

Scheme 1: Glycosylation regioselectivity on cyclobutyl coupling with adenine and
O°%-benzylguanine

The substitution of 6-chloropurine with a trisubstituted silyl group in the C6
position should increase the regioselectivity similarly. The silyl group was

chosen due to its ability to be easily derivitized into different purine nucleobases.

N7 position

hindered \i/ #/
N LD L0
Vorbruggen N N
7N N Ribosylation </ | N
¢ J HO N/)
" =
/ S
N9 position
open

Figure 2: Hypothesized N9 vs. N7 glycosylation regioselectivity with 6-silyl
substituted purines
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2.2 Introduction and Background

The regioselective glycosylation of purines at the N9 position is difficult to
accomplish. There are many factors that have been identified which greatly
influence the N9 to N7 glycosylation ratios. Among these are the base, solvent,
and temperature used in the reaction.*® However, the developed regioselective
methods tend to be highly specific for the purine and carbohydrate components
used in the coupling, and are not easily applied to other systems. It has been
previously recognized that the use of large substituents at the C6 position can
result in larger N9 to N7 ratios of the coupled nucleoside analogues.®’ We have
chosen to further explore this method of derivatizing the C6 position of 6-
chloropurine in order to achieve regioselective coupling.

The traditional ways of derivatizing the 6-position of purines involve either
heterocyclization or nucleophilic substitution. The cyclization method requires
multistep procedures and results in low yields of the 6-substituted purine. The
nucleophilic substitution method is limited to only certain types of functional
groups. Thus, efforts have been made in applying organometallic reactions to
the development of 6-substituted purines.® Major methods that have been
employed in this arena involve the use of organometallic purine compounds and
also the cross-coupling reactions between halopurines and organometallics.

The generation of organometallic purine reagents has been used to
reliably synthesize 2-, 6-, and 8-substituted purines. The general method
involves the use of a leaving group on the purine, including halogens and

activated hydroxyl groups, with organometallic compounds based upon Li, Mg,
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Cu, Al, Zn, Sn, and B. In addition, halopurines have been treated with
organometallic reagents in the presence of Pd and Ni catalysts. Both methods
have been used to create alkyl, alkenyl, alkynyl, aryl, and hetaryl derivatives.
The following sections describe selected methods that have been used to

derivatize the C-6 position of purines.

2.2.1 Organolithium Reagents

Purines can be lithiated to form a variety of substituted compounds
depending upon the reaction conditions. It has been found that changing the
temperature when reacting an N9 protected 6-iodopurine with n-BuLi can affect
the regioselectivity of the reaction.”  When reacting the purine with n-BulLi at -
78°C, the more acidic C-8 proton was abstracted to form the 8-lithiopurine
derivative. However, when the temperature was lowered to -130 °C, the lithium
halogen exchange occurred to form the C-6 anion. Warming the reaction to -78
°C resulted in the isomerization of the kinetic 6-lithiopurine intermediate to the

thermodynamic 8-lithio derivative.

BuL| RCOR
) A30°C "
THP

THP
J—78 °C
R N BN
RapIL- ey
HO N7 N
THP THP
4 5

Scheme 2: Regioselectivity in C6 vs. C8 lithiated purine generation
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The silylation of these purines has been reported in both the 2- and 8-
positions of the purine.'®'? This was shown with the reaction of 6-chloropurine
and LTMP. Lithiation of the purine and quenching with R3SiCl resulted in the 2-

silyl product. This was as a result of migration of the silyl group from C-8 to C-2

(Scheme 3).
ol cl Cl
NNy 1. LMPT N~ SN A
N _LUMPT_ H 7 - = N
¢ jl\/: 2. TMSC R3S'%Nj\/: AL
N N L N™ N7 siR,
PG PG PG
6 ! ’
Cl
R-X, Pd cat. «NfN R=aryl, alkenyl
’ .
PG
9

Scheme 3: Silyl group migration in purine derivatization

2.2.2 Organomagnesium Reagents

Organomagnesium reagents can be used for both addition and cross-
coupling reactions with purines. In these reactions between organomagnesium
reagents and halopurines, nickel catalysts tend to be more effective than
palladium (Scheme 4)." It was shown that 9-protected-6-chloropurines could be
reacted with 2.5 eq of a Grignard reagent to give the 6-aryl or 6-alkylpurine in
moderate (60 — 70%) yields. Because Grignard reagents are highly reactive and
have low tolerance to functional groups, their use in cross-coupling reactions with

purines is limited.
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Scheme 4: Purine cross-coupling with organomagnesium reagents

2.2.3 Organozinc Reagents

Knochel and coworkers developed a method of preparing zincated
nucleobases through a zinc dust insertion.” These systems were able to
undergo cross-couplings effectively with a variety of electrophiles. It was also
noted that although organozinc halides do not ordinarily react with TMSCI, the
iodozinc uracil derivative was able to react with TMSCI without the need of

catalyst to provide the silylated product in 78% yield (Scheme 5)."

o) o) o)
| V4 i
\fk /I\Q/Ie _Zndust_ 4N N TMSCI | MesSi " NMe
THF, 70 °C 50°C,4h
N0 3h N/go N/go
Me Me Me
12 13 14

Scheme 5: Silylation of iodozinc uracil

It has also been shown that the 6-iodopurines can be transformed into the
zincated 6-iodopurine though the use of activated zinc metal (Scheme 6). These
purines can then be cross-coupled under Negishi conditions with a variety of aryl

and alkenyl halides to create 6-substituted derivatives.'*"

In addition,
halopurines can be coupled with organozinc compounds. This method has been

used to introduce alkyl, alkenyl, aryl, and hetaryl groups.
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Scheme 6: Use of 6-zincated iodopurine for C6 derivatization

2.2.4 Organostannane Reagents

The Stille coupling remains the most commonly used method for
synthesizing 2-, 6-, and also 8- substituted purines. This is because a wide
variety of derivatives can be created, especially when using alkenyl
tributylstannanes. It has been shown that unprotected 6-chloropurine can be
treated with alkenyl and aryl tributylstannanes to provide the corresponding
alkenyl and aryl purine derivatives (Scheme 7)."®"" A major problem with the use

of organostannane reagents is the toxicity and difficulties in separation.

R
f\) RS”BU3 </N | N N
Pd(PhsP),Cl, P

N™°N

R = aryl, alkenyl "

Scheme 7: Purine cross-coupling with organostannane reagents



155

2.3 Results and Discussion

The synthesis of the 6-silylpurine was explored by a variety of methods.
This includes the generation of organolithium and organomagnesium purines and

also the cross-couplings of halopurines.

2.3.1 Organolithium Generation
Lithium/Halogen Exchange

The generation of an organolithium heterocycle through a lithium/halogen
exchange method is the most common way of performing the desired
transformation.'®?° When applied to this system, a halogenated purine derivative
would be treated with a lithium reagent, and then with a silyl electrophile to
generate the desired product. The initial lithium reagent used in this study was t-
BuLi. This is because studies have been performed previously with n-BulLi,
which gave varying 2-, 6-, and 8-lithiated purines depending upon reaction
conditions. Use of t-BuLi has not been explored, though. Because the C8 proton
is very acidic, it is reasonable that the more nucleophilic n-BuLi reagent would
result in C8 product.” However, the t-BuLi reagent is more likely to undergo
exchange with the halogen. In addition, the commercially available 6-
chloropurine was iodinated to form 6-iodopurine, as the chloro group is not as

readily exchangeable (Scheme 8).2"2?

Cl |
ST - O
N" N N™ N

18 19

Scheme 8: Synthesis of 6-iodopurine
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The purine was refluxed in HMDS with ammonium sulfate in order to
silylate the N9 position (Scheme 9). This increases the solubility of the base in
THF. Following this, t-BuLi was added at —78°C to induce the lithium-halogen
exchange. The TMSCI electrophile was added which should have produced the

silylated base. There was no product formation, however.

| i L] SiMes
P DS, (g0, || Ny | LB THE T </NfN
N N// reflux N N) 2. TMSCI N N)
| | |
H
: 19 L ™S 20 21

Scheme 9: Attempts towards the synthesis of 6-trimethylsilylpurine

The amounts of t-BuLi, TMSCI, and the time lapsed between the addition
of t-BuLi and the silyl electrophile were varied in efforts of synthesizing the
product (Table 1). Initially, it was hypothesized that the lithium-halogen
exchange was not occurring. Thus, the time in between the t-BuLi and TMSCI
addition was varied. Longer reaction times, however, did not give the desired
product. Also, the amounts of t-BuLi and TMSCI were both increased. These
changes did not result in product either. Finally, the electrophile was introduced
into the reaction before the lithium reagent. It was hypothesized that the
organolithium may form rapidly; thus, the electrophile should be added prior to
the reagent to act as a trapping agent. However, this method failed to produce

the silylated nucleobase.
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Time before

t-BulLi (eq) TMSCI (eq) TMSCI (hrs) Temp (°C)
2.0 1.2 1 -78 tort
2.0 1.2 2 -78tort
2.0 1.2 3 -78 tort
3.2 20.0 4 -78tort
3.2 100.0 8 -78tort
5.0 10.0 0 -78 tort

Table 1: Conditions used for 6-iodopurine silylation using t-BuLi

In one instance, a trace amount of the 6-t-butylpurine was detected in the

crude product mixture. In the event that the t-butyl group was competing for C-6

addition, the lithium reagent was changed to LiTMS.?

Thus, if the lithium

counterion added into the C-6 position, it would still produce the desired product.

Again, the amounts of LITMS and TMSCI were varied in these trials, but there

was no product formation.

used; however, this effort failed as well (Table 2).

tried with the LiTBDPS reagent.?*

For the last trial shown, higher temperatures were

These reactions were also

Time before

LiTMS (eq) TMSCI (eq) TMSCI (hrs) Temp (°C)
3.2 100.0 3 -78 tort
3.2 100.0 5 -78 to rt
3.2 20.0 4 -78tort
3.2 3.1 2.5 -78 tort
3.2 3.1 1 -78 tort
3.2 3.1 1 -20t0 0

Table 2: Conditions used for 6-iodopurine silylation using LiTMS

Another trial was done using lithium napthalenide®®, which is a more

hindered base than t-BuLi (Scheme 10). This was done to prevent addition of
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the lithium counter ion. In this case, however, only starting material was

recovered.
| | SiMe;
{NfN HMDS, (NH,),SO0, {Nf\N 1. Li napthalenide, THF, -78°C {Nf\N
\ N) reflux N N) 2. TMSCI N N)
T™S
19 L 20 . 21

Scheme 10: Attempts towards the synthesis of 6-trimethylsilylpurine using Li
napthalenide
It has been reported that because strong bases such as the alkyllithiums
can also act as nucleophiles, it may be necessary to use a weaker base, such as
LTMP, to produce the organolithiate. Lithiation has been accomplished with
LTMP in a number of heteroaromatic systems, including pyrimidines.?®%’

However, the use of this reagent to induce the lithium/halogen exchange and

treatment with electrophile did not result in product.

DABCO and Trimethylammonium Purine

The failure of the above methods to produce the desired 6-silylpurine
derivative was most likely due to the lithium/halogen exchange not occurring.
Thus, it was necessary to employ a readily exchangeable group on the purine. A
method that has been employed previously to displace substituents in the C-6
position of purines is the use of the 6-trimethylammonium intermediate.?®3" It
has been shown that this group undergoes addition-elimination much faster than

chloride. Thus, it was employed in the synthesis of the 6-silylpurine. However,

there was no product formation.
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Scheme 11: Use of trimethylammonium purine for silylation

The DABCO purine was prepared and used, as it has also been reported
to be a better leaving group than chloride in the addition-elimination reaction,
though not as effective as the trimethylammonium. The order of displacement of
groups from the 6-position of purines is MesN > DABCO > ClI (relative rates ca.
100:10:1).% It does, however, have certain benefits over the trimethylammonium
purine. The trimethylammonium purine is prepared through the reaction of 6-
chloropurine with trimethylamine, which is volatile, toxic, and has an unpleasant
odor. In addition, it has been shown that nucleophiles can attack a methyl group
on the trimethylammonium group through an Sp2 displacement that is
competitive with addition-elimination.®> The DABCO purine reagents have been
shown to undergo displacement reactions with a number of alkoxides.??3*3°
However, the reaction failed with the silylation method, using both LiTBDPS and

LITMS (Scheme 12). The in situ trapping method through the early addition of

silyl electrophile did not result in product either.
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Scheme 12: Use of DABCO purine to generate silyl purine

Lithium/Tin Exchange

Organostannyl reagents have been employed extensively in
transmetallation reactions to form organolithium species. This is because these
reagents are stable and easy to handle, and can often be used in the synthesis
of organolithiates that cannot be formed directly.36 The lithium/tin exchange
method has been used with hetarylstannanes, including pyrroles, imidazoles, and
pyrimidines to create the desired lithiated species.*”* This method was applied
to the synthesis of the 6-silylpurines and was able to generate the 6-TBDPS-
purine as a mixture in low yields (Scheme 13). Though this is not an ideal
method due to the low yield and non-reproducibility, it does prove that the silyl

purine derivative is stable enough to be isolated.

Cl SnBug TBDPS
</N | XN BusSnLi /N | N 1. n-BuLi; THF, -78°C < | NN
N7 T aec . _J 2. TBDPSCI \ N/)
H 3% H 18% :
18 25 24

Scheme 13: Use of lithium/tin exchange to prepare silyl purine
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2.3.2 Palladium Catalyzed Cross-Couplings
Stille Coupling

Cross-coupling reactions catalyzed by palladium have been used
extensively in the derivatization of the C-6 position of purines. The Stille coupling
has been used for the C-C bond formation in the 2-, 6-, and 8-positions of the
purine. ***! The Stille coupling was employed to introduce the silyl group to the
C6 position of the base (Scheme 14). In this case, the base was benzylated first
in order to solvate it.*> The purine was treated with the silylstannane, derived
from LDA and tributyltin hydride reacting with trimethylsilyl chloride.**** The

reaction was heated to 70°C for 20 hours; however, only starting material was

recovered.
cl SiMe3
Bu Me /N SN o (Ph3P)2PdCI2> /N I SN
Bu——§n—S|i-Me + <N ’ ) DMF, 70°C N N%’
Bu Me | N é
Bn n

Scheme 14: Stille coupling used for nucleobase silylation

Negishi Coupling

The Negishi coupling has also been employed in the synthesis of 6-
substituted purines, and was thus applied to this system. This method has been
used to create amino acid-nucleobase conjugates by using iodozincalanines and
6-iodopurines.*

The benzylated iodopurine was employed in order to solvate the purine.

Treatment of the purine with TMSZnCI resulted in the formation of minimal
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product. Palladium catalysts were used, with addition occurring at 0 °C and
warming of the reaction mixture after completion of silyl zinc addition. The use
of additives and different palladium catalysts did not assist the coupling.*® The 6-
chloropurine derivative did not react at all. Though this method afforded product,
it is not the method of choice as it is necessary to deprotect the N-9 position.
This will result, of course, in lower yields than that already obtained. With this
additional knowledge that the trimethylsilyl purine is stable, methods to generate

the modified nucleobase without using an N9 protective group were sought.

| SiMe3
(NfN TMSZnCl <}“f*N
N—~.F  Pdcatalyst NN P
' N THF . N
Bn Bn
29 28

Scheme 15: Negishi coupling used for nucleobase silylation

TMSZnCI Pd catalyst Time Temp | Additive Yield
(eq) (hrs) (°C)
1.3 Pd(PhsP).Cl, 20 Otor.t. none 15%
2.5 Pd(PhsP).Cl, 20 Otor.t. none 21%
3.0 Pd(PhsP).Cl, 20 0 to 50 none 11%
3.0 Pd(Ph3P)4 20 0to 50 none 14%
3.0 Pd(dba),/TFP 20 0 to 60 none 8%
1.3 Pd(Ph3P)4 24 Oto75 NMP -
1.3 Pd(PhsP).Cl, 24 0to 75 NMP -
3.0 Pd(PhsP)4 24 0 to 50 Cul -

Table 3: Conditions for Negishi coupling

There are examples in the literature that create the metallated nucleobase

as the nucleophile in the reaction, though this is not commonly done due to the
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difficulties in preparing these species.’ Formation of the 6-iodozinc purine and
subsequent treatment with the TMSCI electrophile did not result in any product

(Scheme 16).

| zZnl SiMes
NfN Zn dust NN [--IMSCL . N A
¢ J e 1 ¢l N | Pd(PH,P 4 N
P THE (PHsP)s ¢ ||
NN \ v \ v
Bn Bn Bn
29 30 28

Scheme 16: Attempted Negishi coupling using iodozinc purine

2.3.3 Halogen/Magnesium Exchange

A different approach for performing the halogen exchange has been
proposed to occur through a purine-derived Grignard reagent. It was
hypothesized that these reagents are more stable than the corresponding lithium
reagents and are more reactive than the zinc reagents.*” The magnesiated
purine was successfully synthesized through an exchange reaction with i-PrMgCl
in THF at -80 °C in less than 30 minutes. It was shown that the benzylated
magnesium purine is stable at this temperature and up to 0 °C. However, slow
decomposition results at temperatures above this. There is no migration of
magnesium to the 8-position, however. The purine was then treated with a
variety of electrophiles, including aldehydes, ketones, esters, and nitriles.
However, only aldehydes reacted with this reagent to give the corresponding

alcohols (Scheme 17).
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| MgCI HO R
i-PrMgCl, THF RCHO, toluene
</N | SN _0°C,15min </NfN 0°C.12h </N | SN
N N/) N N/) N N/)
Bn Bn Bn
29 31 32

Scheme 17: Reaction of aldehydes with 6-magnesiated purines

A modification of this method has been reported by Knochel and
coworkers.”® This method involves the use of MeMgCl to deprotonate the purine,
and lithium chloride to improve the solubility of the reagent and also to assist in
the exchange reaction with i-PrMgCl. The dimagnesiated species can then be
treated with an electrophile (Scheme 18). This method is more attractive than the
initial method in that the purine is protected in situ, thus eliminating two additional
steps from the synthesis. Also, this reagent and its pyrimidine counterpart have
been shown to react with a wider variety of electrophiles, including aldehydes,

alkyl halides, sulfonates, and even TMSCI in the case of pyrimidines.

| MgClI E
</Nj|\)§N 1. MeMgC|L|CI (NfN < oLiCl Electrophile </Nf§N
N N/) 2. iPrMgCI-LiCl \ » N N/)
H N H
MgCI
19 33 34

Scheme 18: Functionalization of unprotected nucleobases using
magnesium/halogen exchange
This reaction was employed for the system of this project. Different silyl
electrophiles were used, including TMSCI, hexamethyldisilane, and

hexamethyldisilazane. No product was isolated in these attempts, even when
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using additives such as Cul, which may have assisted with the transmetallation
(Table 4). Analysis of the reaction mixture shows that the protonated purine is
the major product isolated from this reaction. This proves that the
halogen/magnesium exchange is occurring with the system. Thus, either the

electrophile is not suitable, or the product is not stable enough.

| MgCl SiRs
\ N/J 2. iPrMgCI-LiCl N » N N/J
N NN H
MgCl
i 23 35

Scheme 19: Attempted silylation of magnesiated purine

Electrophile Equivalents Temp (°C) | Time (hrs) | Additive
TMSCI 3.5 -30 to rt 24 -
TMSCI 7.0 -30 to rt 24 -

(SiMe3)2NH 3.3 -30 to 50 24 TMSCI
TMSCI 3.3 -30 to 50 24 Cul
(SiMes)2 3.3 -30 to 50 24 -

TBDPSCI 3.3 -30 to rt 24 -

Table 4: Conditions for halogen/magnesium exchange

The reaction was monitored by mass spectrometry. The crude mixture for
the TBDPSCI reaction showed the presence of product. However, after
purification by column chromatography, no product was detected. The reaction
was then performed again using TMSCI as the silyl electrophile, but with lower
reaction temperatures. It was shown in the earlier halogen/magnesium

exchange methodology that the magnesium species can be formed in 30 minutes
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at -78 °C. Thus, in order to prevent side reactions with the reactive species, the
reaction was performed at -78°C and only warmed to room temperature after
addition of the electrophile. The crude product was analyzed by mass
spectrometry and also NMR, which showed the formation of the 6-
trimethylsilylpurine. Attempts to re-crystallize the crude product failed using
different solvents. The product was then purified by column chromatography,

which resulted in decomposition of the product.
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2.4 Conclusion

The 6-silyl purine was successfully prepared in both the free nucleobase
and N9-benzyl forms. However, these compounds were not able to be isolated
in high yields. Purification of the compounds by column chromatography resulted
in decomposition. In addition, efforts to recrystallize the compound failed. It will
be necessary to develop conditions to efficiently isolate this compound, and then
couple the 6-silylpurine to various pseudosugars and determine the N9 vs N7

regioselective enhancement.
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2.5 Experimental

General: 'H-NMR spectra were recorded at either 400 MHz on an INOVA-400
spectrometer, or at 600 MHz on an INOVA-600 spectrometer. ">*C-NMR spectra
were recorded at either 100 MHz or 150 MHz on the above mentioned
instruments, respectively. NMR samples were prepared in either deuterated
chloroform (CDCIs) or dimethyl sulfoxide (d®-DMSO) with residual solvent peaks
serving as the internal standards. Chemical shifts (&) are reported in parts per
million, and the coupling constants (J) are reported in Hertz. Mass spectra were
obtained on either a VG 70-S Nier Johnson or JEOL Mass Spectrometer. HPLC
analyses were conducted on a Varian ProStar system. Infrared spectra were
recorded on a Thermo Nicolet Avatar 370 FT-IR spectrometer as neat films.
Analytical TLC was performed on Whatman precoated glass plates (0.25 mm)
with silica gel (60 F254). Flash column chromatography was performed with
silica gel 60 (230 — 400 mesh, EM Science). Anhydrous reactions were
performed with anhydrous solvents in flame-dried, argon-filled glassware.
Reagents were obtained from commercial suppliers and used without further
purification. Solvents were purchased as anhydrous or dried over 4A molecular
sieves. Organic extracts were dried over commercially available anhydrous
MgSO4 or Na,SO4. Evaporations were performed under reduced pressure using

a Buchi rotary evaporator at 35 °C, unless otherwise noted.
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9-benzyl-6-chloro-9H-purine (27)

Cl
N \N
y
<N | N/)

To the 250 mL round bottomed flask containing 3.33 g (21.5 mmol) of 6-
chloropurine was added 8.93 g (64.6 mmol) of potassium carbonate. Then 102
mL of dry DMF was added to the flask followed by 3.7 mL (32.1 mmol) of benzyl
chloride. The orange slurry was stirred at room temperature overnight. The
mixture was filtered and the filtrate was diluted with 100 mL of CHxCl,. The
organic layer was washed with water (4 x 150 mL) and brine (100 mL). The
organic layer was dried over MgSQy, filtered, and concentrated. The column was
run using 1:1 Hex/EtOAc to give 3.0 g (12.3 mmol, 57% yield) of a white solid.
(Rf: 0.69; 9:1 CH,Clo/MeOH). Mp: 85-87 °C. (Lit. 86-87 °C).** 'H-NMR (CDCls,
600 MHz): ¢ 5.44 (s, 2H), 7.28 — 7.36 (m, 5H), 8.10 (s, 1H), 8.75 (s, 1H). "*C-
NMR (CDCls, 150 Mz): o 48.0, 128.0, 128.9, 129.3, 131.6, 134.6, 145.1, 151.1,
152.0, 152.2. HRMS (APCI): expected for CiH1oCIN; (M+H)" 245.05885.

Found 245.05826. IR(neat): Vmax 3062, 3031, 1595, 1556, 1445 cm’™".

6-iodo-9H-purine (19)

|
ay,
<H | .
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A 100 mL round bottomed flask containing 30 mL of HI (55%) was cooled to O
°C. Then 3.45 g (22.3 mmol) of 6-chloropurine was added slowly. The slurry
was then stirred at 0 °C for 2 hours. The slurry was filtered and the solid
obtained was added to an Erlenmeyer flask containing 33 mL of cold water. The
solution was neutralized with ammonium hydroxide and the mixture was chilled
for four hours. The mixture was filtered and the solid was added to an
Erlenmeyer flask containing 75 mL of water and 5 mL of ammonium hydroxide.
The pH of the solution was adjusted to 5 with glacial acetic acid. The solid was
filtered and dried under high vacuum to give 3.51 g (14.3 mmol, 64% vyield) of a
yellow solid. (Rf: 0.51; 9:1 CH,CIl,/MeOH). Mp: 160 °C, decomp. (Lit. 165 °C,
decomp).?’ "H-NMR ([(CD3),S0], 600 MHz): o 3.37 (br s, 1H), 8.57 (s, 1H), 8.63
(s, 1H). *C-NMR ([(CD3)2SO], 150 Mz): o 120.8, 137.9, 145.4, 149.9, 152.4.
HRMS (APCI): expected for CsHsINs (M+H)" 246.94752. Found 246.94695.

IR(neat): Vmax 3030, 2940, 2790, 1556 cm™.

9-benzyl-6-iodo-9H-purine (29)

|
o

To the 250 mL round bottomed flask containing 3.48 g (14.2 mmol) of 6-iodo-9H-
purine was added 5.89 g (42.6 mmol) of potassium carbonate. Then 60 mL of
dry DMF was added to the flask followed by 2.5 mL (21.7 mmol) of benzyl

chloride. The orange slurry was stirred at room temperature overnight. The
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mixture was filtered and the filtrate diluted with 150 mL of CH,Cl,. The organic
layer was washed with water (3 x 150 mL) and brine (150 mL). The organic layer
was dried over MgSQ,, filtered, and concentrated. The column was run using
1:1 Hex/EtOAc to give 3.33 g (9.91 mmol, 70% yield) of product as a white solid.
(Rf: 0.24; 1:1 Hex/EtOAc). Mp: 143-144 °C. (Lit. 142 °C).*° (Lit. 152-154 °C)"’
'H-NMR (CDCl3, 600 MHz): ¢ 5.43 (s, 2H), 7.28 — 7.36 (m, 5H), 8.11 (s, 1H),
8.66 (s, 1H). "*C-NMR (CDCls, 150 Mz): o 48.0, 128.0, 129.0, 129.4, 134.7,
138.7, 144.5, 145.1, 148.3, 152.4. HRMS (APCI): expected for C1oH10IN4 (M+H)"

336.99447. Found 336.99408. IR(neat): vmax 3087, 3053, 1550 cm™.

6-iodo-9-(tetrahydro-2H-pyran-2-yl)-9H-purine (1)

|
N A
«Nj\fj
O
To the 100 mL round bottomed flask containing 3.64 g (14.8 mmol) of 6-
iodopurine was added 48 mg of p-TsOH followed by 30 mL of dry THF. The
slurry was stirred at 60 °C for 20 minutes and then 1.75 mL (19.3 mmol) of 3,4-
dihydropyran was added dropwise. The slurry was heated to 60 °C to give an
orange solution. After five hours of stirring, the solution was cooled to room
temperature and 1.4 mL of ammonium hydroxide was added. The resulting
solution was stirred for five minutes, and was then diluted with EtOAc and

washed with water (4 x 50 mL), dried over Na,SQOy, filtered, and concentrated.

The column was run using 1:1 Hex/EtOAc to give 3.57 g (10.8 mmol, 73% yield)
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of yellow solid. (Rf: 0.67; 9:1 CH,Cl/MeOH). Mp: 78-81 °C. 'H-NMR (CDCls,
600 MHz): 0 1.63 — 1.65 (m, 1H), 1.70 — 1.81 (m, 2H), 1.99 — 2.07 (m, 2H), 2.12
—2.15 (m, 1H), 3.73 = 3.77 (m, 1H), 4.14 — 4.16 (m, 1H), 5.73 (dd, 1H, J = 7.8,
2.4), 8.32 (s, 1H), 8.60 (s, 1H). "*C-NMR (CDCls, 150 Mz): o 22.8, 24.9, 31.9,
69.0, 82.6, 122.3, 138.8, 142.5, 147.3, 152.1. HRMS (APCI): expected for
CioH12IN4O (M+H)* 331.00503. Found 331.00464. IR(neat): Vmax 3113, 3051,

2926, 2865, 1549 cm™.
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Part Ill: Enantioselective Synthesis of B-D-Dioxolane-T
and B-D-FDOC

3.1 Statement of Purpose

The stereochemistry of nucleoside analogues has a significant effect on
the anti-viral activity, as shown with FDOC. Initially, the 3-D enantiomer of 2', 3'-
dideoxy-5-fluoro-oxacytidine (FDOC) was not considered as a potential anti-HIV
treatment due to significant toxicity that the analogue displayed. However, it was
discovered that the tested compound contained a small amount (3-5%) of the a-
L-enantiomer.  Separation of the mixture and subsequent testing of the
enantiopure 3-D-FDOC revealed that this analogue is highly potent with very low
toxicity. The toxicity that was initially displayed was due to the presence of the a-
L-enantiomer, which is highly toxic at 1.4 yM. Thus, enantioselective syntheses
of nucleoside analogues are very desirable, as the anti-viral profile differs
significantly between isomers.

There have been methods developed to selectively produce specific
enantiomers, including an enzymatic kinetic resolution method as well as chiral
salt crystallization techniques. However, these methods result in the loss of half
of the material. Thus, methods to enantioselectively synthesize dioxolane
analogues, namely -D-dioxolane-T and B-D-FDOC, will be explored.

The enantioselective synthesis will be explored at two points of the
general scheme. A variety of chiral reagents will be used to induce chirality in
the glycosylation step using racemic acetate. A second approach will be to

determine conditions for the enantioselective lactonization. In this method, efforts
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will also be made to retain this chirality throughout the remainder of the

synthesis.
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3.2 Introduction and Background

Nucleoside analogues in which the 3’-carbon has been replaced by a
heteroatom have been a subject of intense interest over the last 20 years. These
derivatives, which include the oxathiolane (3’-sulfur) and dioxolane (3’-oxygen)
pseudosugars, have had significant clinical success as anti-viral agents. In fact,
there are currently two FDA approved oxathiolane derived analogues (3TC and
FTC) that are used in the treatment of HIV (Figure 1).

NH, i NH>
N NN
HO ENk/go HO \fN\/&O
L L
O O
3TC FTC

Figure 1: Structures of 3TC and FTC

There are also a number of dioxolane derived nucleosides that are in
development or in clinical trials as anti-HIV agents. Among these are DAPD, D-
FDOC, and Dioxolane-T (Figure 2). DAPD, or (-)-B-D-2, 6-diaminopurine
dioxolane, acts as a water soluble prodrug of the guanine dioxolane derivative. It
has displayed positive phase Il clinical trial results when used in combination with
AZT."™ Both enantiomers of 2', 3-dideoxy-5-fluoro-oxacytidine (FDOC) were
synthesized and display drastically different anti-HIV properties.® The L
enantiomer was found to be highly toxic at low levels (1.4 uyM). The D
enantiomer, however, showed excellent potency (ECso = 0.04 uM in primary

human lymphocytes infected with HIV-1.4) and no toxicity up to 100 pM.%®
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Dioxolane-T was synthesized as well and was shown to exhibit modest anti-HIV

acitivity in vivo and no cellular toxicity.*""

NH, NH, o)

HO </:fN\/)\NH HO \[:/lo HOL\f:/IEO
2 0
pe >

DAPD D-FDOC Dioxolane-T

Figure 2: Structures of dioxolane nucleoside analogues

A useful method of synthesizing dioxolane nucleosides developed by the

Liotta group has been applied to a variety of derivatives. (Scheme 1)."2

HO OH Butyryl chloride C5H,CO0 OCOC3H,; 1) O3, CH,Cl,, -78°C
A DMAP, CH,Cl,, 0°C N~

2) DMS
1 92% 2 86%
'
OTMS C;H,COO , 400
o) TMSOTf, CH,Cl, of 2. Ac0O, THF, RT
0 65%
3 72%
4
NHTMS

NH,
N N
0 TiCl3(OiPr) (2eq.), CH,Cly \%(5 Y

0,
5 68% 7a 1:1 70 N2
e N
F. | SN C3H7C00ﬁ N\’/O
Pig Liver Esterase HO N /J\ o * | _N
40% Ly F
0 8 N2 2p
95%ee 90%ee

Scheme 1: Synthesis of FDOC 8 using Vorbriggen ribosylation
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This common method of glycosylation with dioxolanes involves the use of
titanium trichloroisopropoxide to undergo the Vorbruggen ribosylation with a
silylated nucleobase as the key step.'? It has been shown that the use of 2
equivalents of the titanium reagent effectively induces B-selective glycosylation

(B:a >20:1) in moderate yields when reacting with racemic acetate 5 (Scheme

2).13

NHTMS
F
CsH,CO0 J\ 6 \(k 0_7\
Lo OAc OTMS C3H7COO Ao C3H7COO | e
0
5 TiCl(OiPr) , CH,Cly o 7a F b

68% NH,

Scheme 2: B-Selective glycosylation using TiCl3(OiPr)

In efforts of selectively producing each enantiomer of FDOC, the
enantiopure oxolactone (ee > 99%) was subjected to the same process."
However, complete racemization resulted from this method. This is hypothesized
to be due to the complexation of the Lewis acid, which renders the C-O bond

labile and results in racemization of the substrate (Scheme 3).>'%1*

RO RO T|CI3 O|Pr) ase
j(o OAc  TiL,
0 el __ci
R=C3H,CO oyn T|CI3(O|Pr) CI> i
OiPr
5 9 10 1 12

Scheme 3: Mechanism of titanium mediated glycosylation reaction

Less oxaphilic Lewis acids, such as TMSOTf, are able to retain the

chirality of the lactol acetate, but result in 1:1 B:a mixtures. This is due to the
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generation of the oxonium ion 14, which results in no stereocontrol when reacted

with the silylated base (Scheme 4).

NHTMS
F SN
RO ROL o | )\6 RO Base RO
Lo OAc  TMSOTY Lo\ N “OTMS Ly " j((lﬁ
Oj O—> 0O S Base
13 14 12 15

Scheme 4: Generation of oxonium ion with TMSOTf

Enantiomerically pure D-FDOC was finally obtained through the use of a
kinetic enzymatic resolution and chiral salt crystallization technique. This
method, though effective in producing the desired enantiopure dioxolane
analogue, results in loss of half of the glycosylated product.”> Though the L-
FDOC butyrate was recycled through a racemization process while maintaining
the B-selectivity, it is desirable to develop a method that selectively produces the
D-dioxolane analogue directly. Thus, alternative methods, including the use of

chiral Lewis acids and chiral auxiliaries on the dioxolane, will be explored.
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3.3 Results and Discussion

The enantioselective synthesis of and p-D-FDOC and B-D-dioxolane-T
was explored by two methods. The first method involves the use of chiral Lewis
acids to induce stereoselective glycosylation in the Vorbriggen coupling. The
second method entails the use of chiral Lewis acids in the lactonization step, and
the development of conditions to retain the chirality in subsequent reactions.
Though the enantioselective syntheses of both -D-FDOC and B-D-dioxolane-T
were explored using these methods, the following sections will focus on that of 3-

D-FDOC as it was explored most extensively in this methodology.

3.3.1 Asymmetric Glycosylation

The asymmetric glycosylation using chiral Lewis acids was explored as
the initial approach.  The reaction was first explored with 2 equivalents of
titanium trichloroisopropoxide (Scheme 5). The reaction proceeded similarly to
that reported in the literature, producing a 1:1 mixture of D (17a) and L (17b)
isomers in 68% yield. Also, only the B-isomer was detected when using the

silylated thymine in the dioxolane-T synthesis.

NHTMS

i NH,
C4H,CO0 | N PN O
o Ao L e coo—"0="n_o
00_7-OAC N” "OTMS  C,;H,C00 Yo | \[4
> 0 * N
5 TiCl3(OiPr) , CHyCly \%j 7a FY ™ 7
68% NH,

Scheme 5: Glycosylation with racemic dioxolane acetate and silylated 5-
fluorocytosine
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Chiral catalysts were then employed to determine if the ratios of D to L
butyryl dioxolone-T would change. The binaphthol-derived titanium Lewis acid
was explored initially (Figure 3). This species has been shown to be an efficient
catalyst for glyoxylate-ene reactions to provide enantiopure a-hydroxy esters.'
Thus, the TiClx(BINOL) reagent was prepared by reacting TiCly(QiPr), with 1
equivalent of (R)-BINOL. The use of this reagent in the glycosylation reaction
resulted in no product, even with extended reaction times and elevated reaction
temperatures. It was revealed in a subsequent publication that the active
catalyst in the glyoxylate-ene reaction was not the expected TiCly(BINOL)
reagent, but instead the ps-oxo titanium catalyst.”® This was discovered through
the realization that while the reaction proceeds in high enantioselectivity and
yield when performed in the presence of unactivated 4 A MS, the absence or use
of activated sieves both resulted in low yields and enantioselectivities. The study
proved that the TiCl(BINOL) reagent served as a “pre-catalyst” in the reaction,
with the active ps-oxo titanium catalyst resulting after hydrolysis of the titanium
“pre-catalyst” due to H,O donation from the sieves and also the trapping of the
resulting HCI. Thus, the glycosylation was performed in the presence of
unactivated 4 A MS as well to determine if the same psz-oxo titanium species
would induce selectivity. However, there was no reaction in this case either. Itis
possible that the di-oxygenated reagent does not possess enough Lewis acidic
character to mediate the reaction.

Thus, it was decided to use the more Lewis acidic chiral camphor sulfonic

acid reagent, and determine if any chiral induction resulted. The entire series of
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these reagents were prepared including the mono-, di-, tri-, and tetra-CSA
substituted titanium reagent and used in the reaction (Table 1). In all cases, only
the B-glycosylation product was observed. Thus, these ligands do not affect the
coordination of the titanium catalyst to the dioxolane. However, the catalyst was
not able to effectively induce enantioselective formation, with the greatest result
seen with the tri-substituted species, which had an 0.86:1 ratio of D to L isomers
as shown by chiral HPLC. The same study was attempted with camphanic acid.
However, the reagent was difficult to work with and resulted in decomposition of

the reaction mixture.

S9N o
O e) (0]

o & :
O O ©)

R-BINOL (1S)~(+)-Camphor (-)-Camphanic
sulfonic acid acid

Figure 3: Chiral Lewis acid ligands used in asymmetric glycosylation reactions

. NH,
C4H,CO0 | N F\K\N
LO OAc N)\OTMS C3H,CO0 | N/J\O CsH7COo_/(O Y
0 >
5 Lewis acid , CH,Cl, \%(5 7a F 7b
NH,
Scheme 6: Asymmetric glycosylation general reaction

Entry Lewis acid Temp (°C) D:L Yield

1 TiCl3(OiPr) rt 1:1 37%

2 TiCl3(CSA) rt 1:1 24%

3 TiCly(CSA), rt 1:1 44%

4 TiCI(CSA)3 0 0.90:1 10%

5 TiCI(CSA);3 rt; 0 (quench) 0.86:1 21%
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6 TiCI(CSA)s rt; then -78 0.86:1 23%
7 Ti(CSA) rt; 0 (quench) 0.93:1 1%
8 TiCl,(R-BINOL) rt - -
9 TiCl3(CA) rt - -

Note: Each trial used 2 eq of Lewis acid.
Table 1: Attempts at asymmetric glycosylation using chiral Lewis acids

Because the reaction with the chiral Lewis acids was mainly unsuccessful,
it was decided that a chiral auxiliary should be used to see if there would be any
resultant stereoinduction (Scheme 7). The menthol dioxolane acetate 16 was
treated with a variety of Lewis acids to determine the D to L ratios (Table 2).
However, this reaction did not take place in the presence of titanium Lewis acids.
The use of the well-explored TiCl3(OiPr) and TiCls Lewis acids resulted in no
product. The Ti-BINOL derived catalyst also resulted in no yield. The lack of
reactivity of the titanium Lewis acids may be as a result of intense complexation
with the menthol and dioxolane components of the substrate. Thus, a large
excess (5.1 equivalents) of Lewis acid was used to determine if the reaction
would proceed; however, only starting material was recovered from this reaction
as well. When less oxaphilic TMSOTf and SnCl, Lewis acids were employed,
racemic D to L product (17a and 17b) was detected. As expected, there was
also a mixture of the B and a glycosylated products. Thus, the chiral menthol

dioxolane is not suitable for the B-selective glycosylation reactions.

NH,
NHTMS Fe A 0
N
Fa A \f/& *ROJ(OJ\N

0 (0]
*RO N * *_
Lo \f\/)\ 6 RO N 0 . I \Nf OR = /"OJKO'
5 OAc  “N"Sotms LO F7ONF
2 (0]

16 Lewis acid,

CH,Cl, 17a 17b

Scheme 7: Asymmetric glycosylation general reaction with chiral dioxolane
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Entry Lewis acid Eq. D:L Yield
1 TiCl3(QOiPr) 1.0 - -
2 TiCl3(OiPr) 2.0 - -
3 TiCl4 1.2 - -
4 TiCly 2.0 - -
5 TiCly 2.7 - -
6 TiCly 5.1 - -
7 TiCly(R-BINOL) 2.2 - -

Table 2: Attempts at asymmetric glycosylation using menthol dioxolane

3.3.2 Asymmetric Lactonization

The use of chiral substrates and Lewis acids proved ineffective to
enantioselectively enhance the production of D-glycosylated dioxolane; thus, it
was decided that the induction should be focused on another reaction of the
synthesis. The lactonization step is where the first chiral center is produced.
Thus, the enantioselective formation of this center, following by mild conditions
that will allow the retention of the dioxolane chirality for the remainder of the
reaction sequence should result in the desired product. The use of chiral Lewis
acids will be employed in this methodology. The use of the chiral auxiliary on the
dioxolane hindered the glycosylation reaction using titanium catalysts. Thus, the
chiral auxiliary will not be suitable to include in this methodology, as a titanium
catalyst will be needed for B-glycosylation.

The lactonization was first performed using the normal protocol with 0.2
equivalents of TMSOTf at 0 °C. This produced the racemic lactone in 82% vyield.
The use of the Ti-BINOL reagent did not result in product, even with

stoichiometric amounts of Lewis acid and increases in temperature. In order to
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induce the reaction, a catalytic amount of TMSOTf should be added after
allowing the chiral Lewis acid time to complex with the aldehyde. The racemic
product was obtained, which shows that it is likely that TMSOTTf alone produced
the result. The mono-substituted chiral titanium CSA reagent was then used to
undergo the reaction. Product was obtained, but in very low yield. In addition,
there was no enantiomeric selectivity. Employment of the di-substituted catalyst

resulted in a higher yield, with a slight enhancement of the L-dioxolone.

0 o 9
T™
Yoy me ™ ey
> O
MeO O Lewis acid, CH,Cl, MeO Ofo
18 19

Scheme 8: Asymmetric lactonization general reaction with chiral Lewis acid

Entry Lewis acid Eq. Temp (°C) D:L Yield
1 TMSOTf 0.2 0 1:1 82%
2 TiCl(R-BINOL) 0.8 0 - -
3 TiCly(R-BINOL) 1.0 -10tort - -
4 TiClx(R- 0.2/0.2 0 1:1 55%

BINOL)/TMSOTf

5 TiCl3(CSA) 1.0 -40to 0 1:1 7%
6 TiCly(CSA), 2.0 -5 0.9:1 52%

Table 3: Attempts at asymmetric lactonization using chiral Lewis acids
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3.4 Conclusion

The enantioselective enhancement of [(-D-dioxolane-T was explored
through the use of chiral reagents in both asymmetric center forming reactions.
The first method involved the use of chiral Lewis acids and chiral auxiliaries in
the glycosylation step. While no significant enantiomeric selectivity was
displayed, the use of an entire series of chiral titanium camphor sulfonic acid
reagents was explored and proven effective for 3-glycosylation. The use of the
menthol chiral auxiliary on the dioxolane hindered the (3-selective reaction, as no
product was obtained using titanium catalysts. Control of the stereoselectivity in
the lactonization step did not result in enantiomerically enhanced product either.
This shows that the scrambling of racemic starting material is not an effective
approach to synthesizing enantiopure B-D-dioxolane-T. Thus, the focus should
be changed to determining conditions under which the chirality of the substrate
will be retained. The chiral lactone can be obtained through an enzymatic
resolution using Lipase PS." This produces the enantiopure chiral lactone in low
yield (22%), but high ee (95%). Reduction of the lactone and subsequent
acetylation results in the acetate with retention of chirality. Different titanium
Lewis acids should be explored, including the chiral titanium CSA series

described herein, to determine conditions that do not scramble the chiral center.



191

3.5 Experimental

General: 'H-NMR spectra were recorded at either 400 MHz on an INOVA-400
spectrometer, or at 600 MHz on an INOVA-600 spectrometer. >*C-NMR spectra
were recorded at either 100 MHz or 150 MHz on the above mentioned
instruments, respectively. NMR samples were prepared in either deuterated
chloroform (CDCl3) or dimethy! sulfoxide (d°>-DMSO) with residual solvent peaks
serving as the internal standards. Chemical shifts (8) are reported in parts per
million, and the coupling constants (J) are reported in Hertz. Mass spectra were
obtained on either a VG 70-S Nier Johnson or JEOL Mass Spectrometer. HPLC
analyses were conducted on a Varian ProStar system. Infrared spectra were
recorded on a Thermo Nicolet Avatar 370 FT-IR spectrometer as neat films.
Analytical TLC was performed on Whatman precoated glass plates (0.25 mm)
with silica gel (60 F254). Flash column chromatography was performed with
silica gel 60 (230 — 400 mesh, EM Science). Anhydrous reactions were
performed with anhydrous solvents in flame-dried, argon-filled glassware.
Reagents were obtained from commercial suppliers and used without further
purification. Solvents were purchased as anhydrous or dried over 4A molecular
sieves. Organic extracts were dried over commercially available anhydrous
MgSO4 or Na,SO4. Evaporations were performed under reduced pressure using

a Buchi rotary evaporator at 35 °C, unless otherwise noted.
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cis-But-2-ene-1,4-diol dibutyrate (2)

To a dry 500 mL round bottomed flask under argon containing 0.04 g (0.355
mmol) of DMAP was added 210 mL of dry CHxCl,. To the stirred solution was
then added 2.92 mL (35.5 mmol) of (Z)-but-2-ene-1,4-diol 1 followed by 50 mL
(0.359 mol) of triethylamine. The solution was then cooled to 0°C and 8.9 mL of
butyryl chloride was added dropwise. After the addition, the solution was
warmed to room temperature. After 20 hours of stirring, the tangerine colored
solution was quenched with 50 mL of water and then washed with water (200 mL
x 2) and brine (200 mL). The washings caused the color of the solution to turn
yellow. The organic layers were dried over MgSQ,, filtered, and concentrated.
The crude material was purified by column chromatography using 4:1 Hex/EtOAc
as the eluent to give the product in quantitative yield as a colorless oil (R 0.69;
1:1 Hex/EtOAc). "H-NMR (CDCls, 600 MHz): ¢ 0.94 (t, 6H, J = 7.8), 1.61 — 1.68
(m, 4H), 2.29 (t, 4H, J = 7.8), 4.67 (d, 4H, J = 5.4), 5.71 — 5.76 (m, 2H). ">*C-NMR
(CDCl3, 150 Mz): 0 13.8, 18.5, 36.2, 59.9, 128.3, 173.5. HRMS (FAB): expected
for C12H2104 (M+H)" 229.14344. Found: 229.14296. IR(neat): Vimax 2965, 2876,

1732, 1166 cm™.

2-Oxoethyl butyrate (3)

/\)J\O/YO

H
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To a 250 mL round bottomed flask containing 8.23 g (0.036 mol) of cis-but-2-
ene-1,4-diol dibutyrate 2 was added 75 mL of CH,Cl,. The solution was cooled
to -78°C and was ozonized. Upon completion of the ozonolysis, the solution was
quenched with dimethyl sulfide (8 mL, 0.11 mol) at -78°C and was allowed to stir
at room temperature overnight. The solution was then concentrated and purified
by column chromatography (4:1 Hex/EtOAc) to give 6.0 g (64%) of the product
as a colorless oil. (Rs: 0.43, 1:1 Hex/EtOAc). 'H-NMR (CDCls, 400 MHz): ¢ 0.87
- 0.99 (m, 6H), 1.57 — 1.74 (m, 2H), 2.37 — 2.44 (m, 2H), 4.62 — 4.67 (m, 2H),
9.59 (s, 1H). *C-NMR (CDCls, 100 Mz): o 13.7, 18.4, 35.7, 68.7, 173.2, 196.1.
HRMS (FAB): expected for C¢H1103 (M+H)" 131.07027. Found: 131.07045.

IR(neat): vmax 2967, 2878, 1736, 1167 cm™.

(4-Oxo0-1,3-dioxolan-2-yl)methyl butyrate (4)
C3H,CO0

ke

To a 500 mL round bottomed flask containing 6.67 g (0.051 mol) of 2-oxoethyl
butyrate 3 was added 200 mL of CH,Cl,. The solution was cooled to 0°C and
13.0 mL (0.053 mol) of trimethylsilyl (trimethylsilyloxy)acetate was added. The
solution was allowed to stir and then 1.85 mL (0.010 mol) of TMSOTf was added
dropwise. The solution was allowed to stir at 0°C for six hours. The reaction was
then quenched with 200 mL of saturated aqueous NaHCO3; and the mixture was
stirred for 10 minutes. The aqueous layer was separated and extracted with

CHxCl; (3 x 100 mL). The combined organic layers were dried over MgSO4 and

fitered. The solution was then concentrated and purified by column
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chromatography (4:1 Hex/EtOACc) to give 7.1 g (74%) of the product as yellow oil.
(Rr: 0.53, 1:1 Hex/EtOAc). 'H-NMR (CDCls, 400 MHz): 6 0.96 (t, 3H, J = 7.6 Hz),
1.59 — 1.72 (m, 2H), 2.36 (t, 2H, J = 7.6 Hz), 4.25 — 4.31 (m, 2H), 4.34 — 4.41 (m,
2H), 5.84 (t, 1H, J = 3.0 Hz). "*C-NMR (CDCl;, 100 Mz): o 13.8, 18.5, 36.0, 63.5,
63.7, 102.8, 170.7, 172.9. HRMS (FAB): expected for CgH:30s5 (M+H)"

189.07575. Found:. IR(neat): Vmax 2968, 2878, 1812, 1743, 1214, 1173 cm™.

(4-Acetoxy-1,3-dioxolan-2-yl)methyl butyrate (5)
C;H,CO0
\%(b,wOAc
To a 500 mL round bottomed flask containing 7.09 g (37.7 mmol) of (4-oxo-1,3-
dioxolan-2-yl)methyl butyrate 4 was added 185 mL of dry THF. The flask was
cooled to -10 °C and 40.0 mL of LIAI[OC(CHs)s]sH (1.0 M in THF) was added
dropwise. The solution continued to stir at -10 °C for 2 hours, and then 36 mL of
acetic anhydride (381 mmol) was added. The solution was warmed to 0 °C and
stirred overnight. Then 150 mL of saturated aqueous NaHCO; was added and
the mixture was stirred for 1 hour. Then the aqueous layer was separated and
extracted with diethyl ether. The combined organic layers were dried over
MgSO,, filtered, and concentrated. The column was run using 6:1 Hex/EtOAc to
give 5.0 g (21 mmol) of product as a colorless oil. Rf: 0.52 (1:1 Hex/EtOAc). 'H-
NMR (CDCl3, 600 MHz): ¢ 0.92 - 0.96 (m, 3H), 1.62 — 1.69 (m, 2H), 2.09 (s, 3H),
2.29 — 2.34 (m, 2H), 3.96 (dd, 1H, major, J = 7.8, 1.8 Hz), 3.99 (dd, 1H, minor, J
=5.4,42Hz), 416 —4.20 (m, 2H), 4.24 — 4.27 (m, 1H), 5.31 (t, 1H, minor, J =

4.2 Hz), 5.39 (t, 1H, major, J = 4.2 Hz), 5.82 (t, 1H, J = 3.6 Hz), 6.34 (d, 1H,
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minor, J = 3.6 Hz), 6.38 (dd, 1H, major, J = 2.4, 1.8), . BC-NMR (CDCl3, 150
Mz): 0 13.7, 18.4, 20.8, 36.0, 63.4, 70.9, 94.6, 102.7, 170.4, 173.3. HRMS (FAB):
expected for CioH170¢ (M+H)" 233.10196. Found: 233.11104. IR(neat): Vmax

2966, 2878, 1812, 1737, 1151 cm™.

5’-Butyrate-2’, 3’-dideoxy-5-fluoro-cytosine (7a & 7b)

NH,
o
~N
| Ao CsH7COOﬁj\N
N
+

o)
JY\(
N
7a 7b

NH,

F
Lo
(0]

To a dry 25 mL flask containing bis-TMS-5-fluorocytosine 6 (0.469 mmol) was

C3H,C00

added 5 mL anhydrous methylene chloride to give a clear solution. Then, 0.69
mL (0.69 mmol) TiCl3(OiPr) was added dropwise to give a rusty red clear
solution. In a dry round bottomed flask filled with argon was added 5’-butyrate
dioxolane acetate 5 (80.1 mg, 0.35 mmol) and 5 mL anhydrous methylene
chloride. Then the solution of TiCl3(OiPr) and the silylated base was added
dropwise to the solution of 5 at 0 °C to give the same rusty red clear solution.
After overnight stirring, the reaction was quenched with mixture of 12 mL EtOH
(absolute) and 3 mL NH4OH (concentrated) at RT for 30 min, followed by filtration
through a two-inch celite column and solvent removal in vacuo to give a crude
light yellow solid. The crude material was purified by column chromatography
using 9:1 EtOAc/: EtOH to afford the product as a white powder. Mp: 145-146 °C
Yield: 70.2 mg, 68%. 'H NMR (CDCls, 600 MHz): 5 0.94 (t, 3H, J = 7.2 Hz),

1.64-1.70 (m, 2H), 2.36 (t, 2H, J = 7.2 Hz), 4.15 - 4.31 (m, 3H), 4.53 (dd, 1H, J =
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10.8, 2.4 Hz), 5.17 (s, 1H), 6.23 (d, 1H, J = 5.4 Hz), 7.87 (d, 1H, J = 6.6 Hz), 8.60
(br s, 1H). '*C NMR (CDCls, 150 MHz): & 13.7, 18.5, 35.9, 61.6, 72.6, 82.5,
103.2, 125.2, 136.0, 154.3, 158.5, 173.0. HRMS (ESI): expected for
C12H16FN3Os (M+H)"  Found. IR (neat): vmax 3324, 3098, 2965, 1740, 1681,
1504, 1100 cm™. Chiral HPLC analysis: mobile phase: EtOH: hexane=15:85,
flow rate: 1.2 mL/min, Chiralpak AS-10 m, 25 x 4.6 cm, detection at 271 nm. The
retention time for D-butyrate-FDOC is 18.9 min and 21.8 min for L-butyrate-

FDOC.

(Z2)-but-2-ene-1,4-diyl bis((1S,2R,5S)-2-isopropyl-5-methylcyclohexyl)
dicarbonate

To a dry 250 mL round bottomed flask under argon containing 0.02 g (0.175
mmol) of DMAP was added 100 mL of dry CH3CN. To the stirred solution was
then added 1.4 mL (17.0 mmol) of (Z)-but-2-ene-1,4-diol 1 followed by 8.2 mL
(0.101 mol) of pyridine. The solution was then cooled to 0°C and 7.2 mL of
menthyl chloroformate was added dropwise. After the addition, the solution was
warmed to room temperature. After 20 hours of stirring, the pink colored solution
was concentrated. The residue was diluted with 200 mL of CH,CI, and then
washed with water (200 mL x 2). The organic layers were dried over MgSQy,
filtered, and concentrated. @ The crude material was purified by column
chromatography using 9:1 Hex/EtOAc as the eluent to give the product in 81%

yield (6.2 g, 13.7 mmol) as a colorless oil (Ri: 0.81; 1:1 Hex/EtOAc). 'H-NMR
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(CDCls, 600 MHz): 0 0.79 (d, 6H J = 7.2 Hz), 0.89 — 0.93 (m, 12H), 1.02 — 1.09
(m, 4H), 1.38 — 1.43 (m, 2H), 1.46 — 1.52 (m, 2H), 1.68 (d, 4H, J = 12Hz, 1.96
(qd, 2H, J = 4.2, 3 Hz), 2.06 — 2.10 (m, 2H), 4.52 (td, 2H, J = 6.6, 4.8 Hz), 4.70 —
4.77 (m, 4H), 5.81 (t, 2H, J = 4.2 Hz). "*C-NMR (CDCls, 150 Mz): o 20.9, 22.2,
23.5,26.2, 31.6, 40.9, 47.2, 63.1, 78.9, 128.2, 154.9. HRMS (FAB): expected for
CosHas0s (M+H)* 453.32107. Found: 453.32154.  IR(neat): Vmax 2955, 2870,

1740, 1249 cm™.

(1S,2R,5S)-2-isopropyl-5-methylcyclohexyl 2-oxoethyl carbonate

"’O)k O/\fo

H

To a 500 mL round bottomed flask containing 6.19 g (13.7 mmol) of (Z)-but-2-
ene-1,4-diyl bis((1S,2R,5S)-2-isopropyl-5-methylcyclohexyl) dicarbonate was
added 250 mL of CH2Cl,. The solution was cooled to -78°C and was ozonized.
Upon completion of the ozonolysis, the solution was quenched with dimethyl
sulfide (9.5 mL, 0.129 mol) at -78°C and was allowed to stir at room temperature
overnight. The solution was then concentrated and purified by column
chromatography (4:1 Hex/EtOAc) to give 6.4 g (96%) of the product as a
colorless oil. (Ri: 0.77; 1:1 Hex/EtOAc). 'H-NMR (CDCls, 600 MHz): ¢ 0.78 —
0.81 (m, 3H), 0.86 — 1.03 (m, 7H), 1.04 — 1.13 (m, 2H), 1.43 — 1.51 (m, 2H), 1.67
—1.72 (m, 2H), 1.97 — 2.00 (m, 1H), 2.07 — 2.12 (m, 1H), 4.55 — 4.59 (m, 1H),
4.55 — 4.59 (m, 1H), 4.67 (s, 1H), 9.66 (s, 1H). "C-NMR (CDCls, 150 Mz): o

16.5, 20.9, 22.2, 23.6, 26.4, 31.6, 34.2, 40.8, 47.2, 71.2, 79.9, 154.7, 195.9.
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HRMS (FAB): expected for Ci3H2304 (M+H)" 243.15909. Found: 243.15957.

IR(neat): vmax 3468, 2955, 2870, 1740, 1257 cm™.

2-((((1S,2R,5S)-2-isopropyl-5-methylcyclohexyloxy)carbonyloxy)methyl)-
1,3-dioxolan-4-yl acetate (16)

O

)ko
\\(00_7/\“ OAc

To a 100 mL round bottomed flask containing 0.26 g (1.12 mmol) of (1S,2R,5S)-

0

2-isopropyl-5-methylcyclohexyl 2-oxoethyl carbonate was added 20 mL of
CH,Cl,. The solution was cooled to 0°C and 0.28 mL (1.14 mol) of trimethylsilyl
(trimethylsilyloxy)acetate was added. The solution was allowed to stir and then
40 pL (0.22 mmol) of TMSOTf was added dropwise. The solution was allowed to
stir at 0°C for six hours. The reaction was then quenched with saturated
aqueous NaHCO3 and the mixture was stirred for 10 minutes. The aqueous layer
was separated and extracted with CH,Cl, (3 x 200 mL). The combined organic
layers were dried over MgSO,4 and filtered. The solution was then concentrated
to give 0.26 g of the crude lactone. (Rf: 0.74, 1:1 Hex/EtOAc). The material was
dissolved in 4 mL of dry THF and cooled to -10 °C. Then 0.9 mL of
LIAI[OC(CHs)s]sH (1.0 M in THF) was added dropwise. The solution continued to
stir at -10 °C for 2 hours, and then 0.76 mL of acetic anhydride (8.0 mmol) was
added. The solution was warmed to 0 °C and stirred overnight. Then 150 mL of
saturated aqueous NaHCO3; was added and the mixture was stirred for 1 hour.

Then the aqueous layer was separated and extracted with diethyl ether. The
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combined organic layers were dried over MgSOQy, filtered, and concentrated. The
column was run using 4:1 Hex/EtOAc to give 0.21 g (0.62 mmol) of product as a
colorless oil. "H-NMR (CDCI3, 600 MHz): ¢ 0.78 — 0.80 (m, 3H), 0.85 — 0.93 (m,
7H), 1.02 — 1.09 (m, 6H), 1.39 — 1.49 (m, 2H), 1.68 (d, 2H, J = 10.2 Hz), 1.92 -
1.98 (m, 1H), 2.10 (s, 3H), 3.98 (dd, 1H, major, J = 7.8, 1.8 Hz), 4.01 (dd, 1H,
minor, J = 6.0, 3.6 Hz), 4.17 — 4.22 (m, 2H), 4.30 — 4.41 (m, 1H), 4.50 — 4.56 (m,
1H), 5.35 (q, 1H, minor, J = 4.2 Hz), 5.43 (t, 1H, major, J = 4.2 Hz), 5.83 (t, 1H, J
= 3Hz), 6.36 (t, 1H, minor, J = 3Hz), 6.41 (q, 1H, major, J = 1.8 Hz). BC-NMR
(CDCl3, 150 Mz): o 16.4, 20.9, 23.4, 31.6, 34.2, 40.7, 47.1, 63.6, 67.1, 71.0,
102.5, 103.5, 154.7, 170.4. HRMS (FAB): expected for Ci7H07; (M+H)"

345.19078. Found: 345.19109. IR(neat): Vmax 2955, 2871, 1742, 1258 cm™.

(Z2)-but-2-ene-1,4-diyl bis(4-methoxybenzoate)

To a dry 250 mL round bottomed flask under argon containing 0.02 g (0.166
mmol) of DMAP was added 85 mL of dry CH,Cl,. To the stirred solution was
then added 1.25 mL (15.2 mmol) of (Z)-but-2-ene-1,4-diol 1 followed by 21 mL
(0.151 mol) of triethylamine. The solution was then cooled to 0°C and 8.9 mL of
p-methoxybenzoy! chloride was added dropwise. After the addition, the solution

was warmed to room temperature. After overnight stirring, the solution was
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quenched with 50 mL of aqueous NH4CI and then washed with water (200 mL x
2) and brine (200 mL). The washings caused the color of the solution to turn
yellow. The organic layers were dried over MgSQ,, filtered, and concentrated.
The crude material was purified by column chromatography using 9:1 Hex/EtOAc
as the eluent to give the product (4.95 g, 91% yield) as a colorless oil (Rs: 0.69;
1:1 Hex/EtOAc). 'H-NMR (CDCls, 600 MHz): o 3.86 (s, 6H), 4.97 (d, 4H, J = 4.8
Hz), 5.94 (t, 2H, J = 4.8 Hz), 6.91 (d, 4H, J = 9 Hz), 8.00 (d, 4H, J = 9 Hz). **C-
NMR (CDCls;, 150 Mz): o 55.6, 60.5, 113.8, 122.6, 128.6, 131.9, 163.6, 166.3.
HRMS (FAB): expected for CyH210s (M+H)" 357.13326. Found: 357.13340.

IR(neat): vimax 2964, 2843, 1708, 1696, 1605, 1345, 1167 cm™.

2-oxoethyl 4-methoxybenzoate (18)

To a 500 mL round bottomed flask containing 4.93 g (0.014 mol) of (Z)-but-2-
ene-1,4-diyl bis(4-methoxybenzoate) was added 250 mL of CH,Cl,. The solution
was cooled to -78°C and was ozonized. Upon completion of the ozonolysis, the
solution was quenched with dimethyl sulfide (9.5 mL, 0.129 mol) at -78°C and
was allowed to stir at room temperature overnight. The solution was then
concentrated and purified by column chromatography (4:1 Hex/EtOAc) to give
5.2 g (97%) of the product as a colorless oil. "H-NMR (CDCls, 600 MHz): o 3.87
(s, 3H), 4.86 (s, 2H), 6.95 (d, 2H, J = 7.8 Hz), 8.06 (d, 2H, J = 7.8 Hz), 9.72 (s,

1H). ™C-NMR (CDCls, 150 Mz): 0 55.7, 69.0, 114.0, 121.3, 132.2, 164.1, 165.9,
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196.6. HRMS (ESI): expected for CioH{1O4 (M+H)" 195.06519. Found:

195.06550. IR(neat): Vmax 3458, 2937, 2840, 1709, 1604, 1253, 1168 cm™".

(4-oxo0-1,3-dioxolan-2-yl)methyl 4-methoxybenzoate (19)

o)
O
MeO/©/U\ j(oofo

To a 100 mL round bottomed flask containing 0.14 g (0.73 mmol) of 2-oxoethyl
4-methoxybenzoate (18) was added 10 mL of CH,Cl,. The solution was cooled
to 0°C and 0.18 mL (0.74 mmol) of trimethylsilyl (trimethylsilyloxy)acetate was
added. The solution was allowed to stir and then 26 pL (0.14 mmol) of TMSOTf
was added dropwise. The solution was allowed to stir at 0°C overnight. The
reaction was then quenched with saturated aqueous NaHCO3; and the mixture
was stirred for 10 minutes. The aqueous layer was separated and extracted with
CHxCl; (3 x 20 mL). The combined organic layers were dried over MgSO,4 and
fitered. The solution was then concentrated and purified by column
chromatography (9:1 Hex/EtOAc) to give 0.15 g (82%) of the product as colorless
oil. "H-NMR (CDCl3, 600 MHz): o 3.88 (s, 3H), 4.32 (d, 1H, J = 15 Hz), 4.42 (d,
1H, J = 15 Hz), 4.51 (dd, 1H, J = 10.2, 2.4 Hz), 4.56 (dd, 1H, J = 9, 3.6 Hz),
5.96 (t, 1H, J = 3 Hz), 6.94 (d, 2H, J = 8.4 Hz), 7.99 (d, 2H, J = 9 Hz). "*C-NMR
(CDCl3, 150 Mz): o 30.0, 55.8, 63.8, 103.1, 114.1, 121.6, 132.1, 164.1, 165.6,
170.8. HRMS (ESI): expected for Ci2H130s (M+H)" 253.07066. Found:
253.07038. IR(neat): vmax 2919, 1810, 1718, 1606, 1258 cm™. Chiral HPLC

analysis: mobile phase: MeOH (isocratic), flow rate: 0.5 mL/min, Chiralpak AD-
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RH, 15 x 0.46 cm, detection at 280 nm). The retention time for D-dioxolone is

16.6 min and 26.2 min for L-dioxolone.
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