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Abstract
Studies on the discovery and development of small-molecule enzyme inhibitors are continuously
growing due to their application as drugs for essentially every type of human disease, including
cancer, metabolic, cardiovascular, neurodegenerative, and infectious diseases. However, the
design of high affinity and membrane permeable inhibitors for phosphate- or pyrophosphate-
binding enzymes with highly charged and metal-dependent active site pockets, such as the HIV-1
reverse transcriptase (HIV-1 RT) and the human geranylgeranyl pyrophosphate synthase
(hGGPPS), poses a significant challenge in medicinal chemistry. In the past, the problems
associated with this class of biological targets have been overcome with the development of
effective phosphate or pyrophosphate bioisosteres and prodrugs or through the discovery of

allosteric inhibitors.

Guided by several successful incorporations of phosphate and pyrophosphate mimics, our studies
were dedicated to the following: (1) identification and development of bona fide active site
inhibitors of HIV-1 RT with a mechanism of action that is uniquely different from the currently
known anti-HIV/AIDS drugs, and (2) discovery of potent and selective inhibitors of hGGPPS that
can be used as molecular probes to investigate the role of hGGPPS in human diseases. The design,

synthesis, and preliminary biological profiling of these novel compounds will be discussed.



Résumé
Les études portant sur la découverte et le développement de petites molécules jouant le role
d’inhibiteurs enzymatiques ne cessent de s’accroitre en raison de leurs applications en tant que
médicaments pour un large spectre de maladies humaines telles que le cancer ou encore les
maladies métaboliques, cardiovasculaires, neurodégénératives et infectieuses. Cependant, la
conception d’inhibiteurs enzymatiques perméables aux membranes cellulaires ayant une grande
affinité pour le site actif, qui lui-méme est dépendant d’un métal hautement chargé qui est
normalement lié a des substrats comportant des groupements phosphates et pyrophosphates,
représente un défi tres important en chimie médicinale. Nous nous sommes particulierement
intéressés aux inhibiteurs de la transcriptase inverse du VIH-1 (VIH-1 RT) et a la géranylgéranyl
pyrophosphate synthétase humaine (GGPPSh). Dans le passé, les problémes associés a cette classe
de cibles biologiques ont pu étre surmontés soit avec le développement de bioisostéres de type
phosphate ou pyrophosphate, de promédicaments efficaces ou par la découverte d'inhibiteurs

allostériques.

Guidés par plusieurs implémentations a nos inhibiteurs de groupements imitant les groupes
fonctionnels phosphates et pyrophosphates, nos études ont été consacrées a: (1) l'identification et
le développement d’inhibiteurs du site actif du VIH-1 RT bona fide avec un mécanisme d'action
unique en comparaison aux medicaments actuels prescrits pour le traitement VIH/SIDA,; et, (2) la
découverte d'inhibiteurs puissants et sélectifs de GGPPSh qui peuvent étre utilisés comme sondes
moléculaires pour étudier les différents roles de I’enzyme GGPPSh dans le traitement des maladies
humaines. La conception ainsi que la synthése et le profilage biologique préliminaire de ces

nouveaux composés seront discutés dans ce manuscrit de thése de doctorat.
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CHAPTER 1: Introduction

1.1. Phosphate-Binding Enzymes as Therapeutic Targets
Enzymes that bind phosphate,
diphosphate  (also known as
pyrophosphate) or triphosphate
natural substrates are involved in

numerous biological processes.

The active site of these enzymes

Figure 1.1. General representation of the active

pyrophosphate group.

divalent metal cations as their

cofactors that interact with a number of highly conserved acidic residues within the active site
cavity (Fig. 1.1).1® Nucleic acid processing enzymes (e.g. DNA/RNA polymerases, integrase,
Ribonuclease H and other nucleases) belong to this large family of enzymes. For example, DNA
polymerases bind substrates bearing a triphosphate group and catalyze the oligonucleotide
synthesis essential for DNA replication.? * Virally-encoded DNA/RNA polymerases, in particular
are important therapeutic targets for many infectious diseases, including HIV/AIDS,> ¢ influenza,’
and hepatitis.® ® Regulatory enzymes of the mevalonate pathway, such as the human farnesyl
pyrophosphate synthase (hFPPS) and human geranylgeranyl pyrophosphate synthase (hGGPPS)
also interact with their natural substrates bearing a pyrophosphate moiety and control the
biosynthesis of FPP and GGPP, respectively. These human metabolites are essential for the post-
translational modification of small GTPase proteins, which are associated with a plethora of
cellular processes.® 1% 1! Given their important biological roles, a number of human diseases can

result from their dysregulation; therefore, it is not surprising that these enzymes have been targets



for drug discovery for over 30 years with the goal of finding effective therapeutics against cancer,
infectious diseases, cardiovascular, and neurological disorders. However, due to their highly
charged active site cavity, these enzymes are extremely challenging drug targets and are often
labeled as “undruggable” since small molecules with complementary size, shape and electrostatic
surface must also be charged in order to bind tightly and, consequently, suffer from poor drug-like
properties. Nonetheless, several productive advances in targeting the active site have been
reported, particularly by incorporating effective phosphate and pyrophosphate bioisosteres or

prodrugs and also by targeting a catalytically relevant allosteric pocket of these enzymes.

1.2. Phosphate and Pyrophosphate Bioisosteres

Bioisosteres are structural moieties that are able to elicit similar biological effect with the key
pharmacophore due to resemblance in properties (e.g. size, shape, pKa, polarity, electronic
distribution, lipophilicity, etc.). The term was coined by Harris Friedman in 19502 and while it
has broad applications in drug discovery, bioisosteric replacements are typically done in order to
improve the “drug-like” properties of a compound, including its cell-membrane permeability,
pharmacokinetic and toxicity profile.!® Phosphates and pyrophosphates are highly versatile
functional groups that are widespread in biological molecules. However, the application of these
functionalities in drug design is limited due their highly polar and charged nature at physiological

pH* (Fig. 1.2) that render them chemically unstable and unable to cross cell membranes.
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Figure 1.2. lonization states and pKa values for phosphate and pyrophosphate moieties. At

physiological pH, these functionalities are both negatively charged.

As would be expected, there have been significant efforts focusing on the design of effective
phosphate/pyrophosphate bioisosteres with enhanced drug-like physicochemical properties.
Examples of the traditional and more recent mimics that have been explored are shown in Figures
1.3 and 1.5.1%1¢ A phosphonic acid (also referred as phosphonate when in salt form; 1.1, Fig. 1.3)
typically serves as a starting point, as it represents a chemically stable phosphate mimic (where
the oxygen atom that links the phosphate group to the rest of the molecule is replaced with a
carbon) that can be further improved by introduction of a halogen (e.g. fluorine) at the Ca to more
closely match the acidity of the phosphate moiety.'” Carboxylic acids (e.g. oxoacetic acid 1.2)8
are also potentially useful carbon-based phosphate mimics even though their planar trigonal shape
differs from the tetrahedral geometry of the phosphate moiety. Nonetheless, in principle, any

negatively charged group can engage with a basic amino acid residue, such as lysine or arginine



via electrostatic interactions. Sulfur-based mimetics (with their nearly tetrahedral shape in the fully
oxidized state; e.g. N-acyl sulfamate 1.3)!° have the ability to be fully ionized at physiological pH
are also potential replacements of a phosphate. Other examples include cyclic motifs, such as the
isothiazolidinone (1.4)%° scaffold, which was used in the development of protein tyrosine
phosphatase 1B (PTP1B) inhibitors. Isothiazolidinone 1.4 acts as a mimic of phosphotyrosine
(pTyr) and binds competitively to the active site of PTP1B,! an enzyme that is being pursued as
a therapeutic target for obesity and diabetes.?? Successful use of tetramic acids (1.5) in inhibiting
undecaprenyl pyrophosphate synthase (UPPS), a target of potential antibacterial agents has also
been reported.? The design of 1.5 was inspired by the binding mode of the natural substrate,
farnesyl pyrophosphate at the active site of UPPS.2® One major milestone in the metal-chelation
strategy, particularly in the context of HIV-1 integrase (IN) was the incorporation of the
hydroxylated pyrimidinone 1.7 in the drug raltegravir, Isentress® (Fig. 1.5), which has good oral
bioavailability in humans.?* Crystal structure of full-length IN from the prototype foamy virus
(PFV) in complex with raltegravir revealed that the pyrimidinone moiety binds to the aspartate-
rich IN active site via coordination with the two Mg?* ions (Fig. 1.4).% The metal-chelating
pharmacophore (hydroxypyrimidinone moiety 1.7) was designed as a more stable and “drug-like”
substitute of o,y-diketo acids (DKAs; 1.6).2% 2’ DKAs inhibit a variety of viral integrases,
polymerases, and endonucleases by acting as a pyrophosphate mimic.® 12 Since the discovery of
raltegravir and its FDA approval in 2007, several other DKA-like motifs that bind to the active
site of HIV- IN have been investigated. These initiatives led to the development of other HIV- IN
drugs, such as elvitegravir (approved in 2012)?% 2° and dolutegravir (approved in 2013)%® (Fig. 1.5)
and those in different stages of clinical development (e.g. bictegravir, cabotegravir, and MK-

2048).16.31
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Figure 1.3. Examples of phosphates and pyrophosphate bioisosteres.

Figure 1.4. Structure of raltegravir bound to the prototype foamy virus IN via metal-chelation.
The yellow spheres represent Mg?* ions (PDB: 30YA).
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Figure 1.5. Examples of HIV-IN inhibitors (FDA-approved or in clinical trials). The metal-
binding motif for each inhibitor is highlighted in red.

While there have been few successes in the use of phosphate and pyrophosphate bioisosteres, it is
still acknowledged that these functionalities are amongst the most difficult pharmacophores to
mimic when designing biologically active compounds. In situations where phosphates or
phosphonates are the only option in mimicking a specific drug-target interaction, prodrug

strategies have been also explored.



1.3. Phosphate and Phosphonate Prodrugs

Use of a prodrug that incorporates various protecting groups to mask the negative charges of a
phosphate, phosphonate or diphosphate moieties have been developed and investigated.3>3* Over
the past decades, the design and development of effective prodrugs have faced substantial
challenges. A prodrug has to survive the gastrointestinal tract and be absorbed into the systemic
circulation, remain stable until reaching the desired biological target, and when activated, release
by-products that are considered innocuous. Nonetheless, examples of clinically validated
nucleoside mononophosphate and monophosphonate prodrugs with improved oral bioavailability

and cellular uptake for the treatment of viral infections are now known.

The “aryloxyphosphoramidate” approach or ProTide technology developed by Christopher
McGuigan (Cardiff University, UK) in the early 1990s% has been successfully employed for
sofosbuvir® and tenofovir alafenamide (TAF, 1.8a)% (Fig. 1.6). Sofosbuvir (Sovaldi®) was
approved by FDA in 2013 for the treatment of chronic hepatitis C infection. This prodrug is given
orally in combination with other antiviral medicines and metabolized to the active antiviral agent
through the action of enzymes in the human liver.*” TAF was the most recent ProTide approved
by the FDA (November 2015) that is being used as part of a combination therapy to treat HIV-I
infection. TAF was shown to have improved anti-HIV activity and better in vivo stability than the
parent nucleotide drug, tenofovir and can be given at a much lower dose than the other FDA-
approved tenofovir disoproxil prodrug (1.8b).3 It is also under evaluation as a possible treatment
for hepatitis B.3® Other examples of monophosphate ProTides in clinical development include GS-
5734 and NUC-1031 (also known as acelarin) (Fig. 1.6). The C-nucleoside derivative, GS-5734
displayed antiviral activity against Zika virus and other pathogenic RNA viruses, but has shown

more promise against Ebola. In a rhesus monkey model of Ebola virus infection, treatment with



GS-5734 showed significant suppression of viral replication and protected the infected animals
against the fatal disease.*® This prodrug, which is being developed by Gilead Sciences, Inc. is now
in phase | clinical trials. NUC-1031 is the ProTide of the anticancer drug, gemcitabine, which
displayed encouraging clinical efficacy in Phase I/1l studies. For instance, the addition of the
phosphoramidate motif to gemcitabine was reported to not only enhanced its cellular uptake but
also overcame the key cancer resistance mechanisms observed for the parent nucleoside-based
drug.** 42 NUC-1031 has entered phase Ill clinical trials in 2015 as a potential treatment for
pancreatic cancer. Additionally, it is being evaluated in two different combination studies to assess
both safety and potency along with (1) carboplatin (for patients with ovarian cancer) and (2) with

cisplatin (for patients with biliary cancers).*

Aside from the ProTide technology, successful use of alkoxycarbonyloxyalkyl esters (e.g. POC;
Fig. 1.6 ii) and acyloxyalkyl esters (e.g. POM; Fig. 1.6 iii) prodrugs have also been shown to have
clinical value. The first tenofovir prodrug that was developed against HIV-1 infection contains a
bis-POC moiety (1.8b) and marketed under the trade name Viread.* The drug adefovir, on the
other hand, is formulated as a bis-POM prodrug (1.8c) to enhance its oral absorption and is
currently used to treat hepatitis B infection.* In the case of bisphosphonates, tris-POM approach
was applied for squalene synthase (SQS) inhibitor 1.10, which has been shown to reduce plasma
cholesterol levels in rhesus monkeys.*® Tetra-POM modification have also been explored with
several inhibitors of hFPPS*” and hGGPPS.*® 49 The hGGPPS inhibitor 1.9, for instance exhibited
enhanced potency in inhibiting cellular protein geranylgeranylation in comparison to its free acid
(~25-fold);*® however, in contrast to the success of monophosphonate prodrugs, none of the

bisphosphonate prodrugs have been validated clinically.
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Figure 1.6. Examples of clinically-approved and exploratory prodrugs.
The mechanism of activation of aryloxyphosphoramidates involves release of the monophosphate

(e.g. in the case of sofosbuvir) or monophosphonate (e.g. in the case of TAF) species, and has been



proposed to proceed via enzyme-mediated and spontaneous reactions (Scheme 1.1A).34 5051 The
first cleavage is initiated by esterases (e.g. cathepsin A)°2 followed by an intramolecular
cyclization that is accompanied by the release of the phenoxy group. This results in the formation
of a short-lived cyclic mixed anhydride 1.11 that is subject to ring opening via hydrolysis. The
final step, which is the cleavage of the P-N bond of intermediate 1.12 leading to the release of the
monophosphate or monophosphonate analog was proposed to be mediated by intracellular
phosphoramidase-type enzyme®® or through spontaneous hydrolysis due to the acidic pH in the
lysosomes.>* The monophosphate or monophosphonate species then undergo further activation to
exert the desired pharmacological effects. The cleavage of POM and POC-based prodrugs are also
triggered by esterases. In the case of POC, this process is followed by spontaneous fragmentation
to release the parent phosphate or phosphonate, in addition to carbon dioxide and formaldehyde as
by-products (Scheme 1.1B).2* % The POM prodrug undergoes similar cleavage as POC except
that upon release of pivalic acid via the action of esterases, only formaldehyde and the parent

species are generated by the spontaneous cleavage.®

The increasing selection and clinical success of prodrug technology has reignited interest in the
development of phosphate or phosphonate-containing drugs. However, finding the right balance
of achieving good pharmacokinetics, optimal chemical and metabolic stability of the protecting
group, and effective delivery of the parent drug to a particular tissue remains as a highly
challenging task depending on the target. Furthermore, the safety issues of the cleavage by-
products (e.g. phenol, formaldehyde, pivalic acid) especially in long-term treatment and high

dosage of the prodrug constitute another major concerns of this approach.
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Scheme 1.1. Proposed mechanism of activation of (A) ProTides and (B) POC prodrug.

This thesis describes our efforts toward the discovery and development of active site inhibitors of
two important targets belonging to the group of enzymes that bind natural substrates containing a
diphosphate or a triphosphate moiety. Specifically, the first part of the thesis (Chapters 1.4 to 3)
gives a background on HIV and the current antiretroviral therapy used to treat this infection and
our own studies toward the synthesis and evaluation of HIV-1 RT inhibitors with a novel
mechanism of action. The second part (Chapters 4 to 5) provides an overview of the key enzymes
of the mevalonate pathway as drug targets and our efforts toward inhibiting the human GGPPS, a

promising but yet virtually underexplored biological target.
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1.4. The HIV Life Cycle

The human immunodeficiency virus type 1 (HIV-1), the causative agent of the acquired immune
deficiency syndrome (AIDS), remains as a major public health problem worldwide. Since the first
reports of the infection in 1981 and the subsequent discovery and isolation of the virus two years
later, around 35 million people have died of AIDS-related illnesses. As of 2015, approximately
36.7 million people are living with HIV with the number of new infections reaching 2.1 million

globally. %

HIV is a member of the lentivirus family of retroviruses that replicates via reverse transcription.
The viral life cycle (illustrated in Fig. 1.7)> °’ starts by the binding of the HIV virion to the surface
of the host’s immune cell receptors known as CD4. This is followed by membrane fusion, a process
that allows entry of the virion to the cell. Once inside the cell’s cytoplasm, the viral capsid is
uncoated and the reverse transcriptase (RT) enzyme converts the viral genomic RNA into proviral
double-stranded DNA through the action of its polymerase and RNase H catalytic activities. The
proviral DNA then enters the cell’s nucleus and becomes incorporated with the host’s genetic
material through the action of another virally-encoded enzyme, the integrase (IN). The integrated
viral genome then undergoes transcription and translation using the host’s machinery to form long
chains of precursor proteins that are cleaved by HIV protease generating the smaller “immature”
form of the virus. Finally, the smaller HIV virus assemble into mature and infectious particles,

which are later released from the cell via budding.
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Figure 1.7. Representation of the life cycle of HIV-1 (as described in the text) and examples of

drugs currently used to intervene some key steps.

Many of the key steps in the HIV life cycle have been targeted by medicinal chemists. For example,
entry inhibitors, such as maraviroc was developed to prevent the attachment of the HIV virion to
the cell surface receptors and thereby blocks viral multiplication and cell infection.%® %° Another
drug called enfuvirtide (a short peptide originally known as T-20) is a pharmaceutical agent that
disrupts HIV fusion with the host cell and also prevents entry of the virus to the cell.®® The RT
enzyme, on the other hand, is the target of many important therapeutic agents, the nucleoside
(NRTI) drugs that act as substrate mimics and the non-nucleoside (NNRTI) drugs that bind to a
catalytically relevant allosteric pocket of the enzyme.® A more detailed discussion regarding RT
inhibitors is provided in the succeeding sections. Clinically-validated integrase inhibitors that
block the strand-transfer reaction include raltegravir (RAL), elvitegravir (EVG), and dolutegravir
(DTG). The second generation drug DTG was reported to have higher genetic barrier to resistance

selection than RAL and EVG.%! Lastly, inhibitors of the HIV protease enzyme have also been
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developed and marketed since the mid-1990s. One example is lopinavir %2 (approved in September
2000), which is usually administered in combination with another protease inhibitor, the drug
ritonavir. Interestingly, ritonavir inhibits cytochrome P450-3A4 (CYP3A4) enzyme, which is
known to deactivate protease inhibitors; hence, its main value in the treatment of HIV is by

blocking the metabolic breakdown of other drugs, such as lopinavir by acting as a booster drug.5%%4

Drug combinations using three or more inhibitors that target different viral enzymes or stages in
the HIV life cycle (known as the highly active antiretroviral therapy, HAART) turned HIV/AIDS
into a manageable chronic disease.®® However, in spite of the success of the HAART therapy,
HIV/AIDS remains incurable. Additionally, due to the long duration of treatment (that also results
in poor compliance of patients), the current regimen is still plagued with problems, such as the
emergence of drug-resistant viral strains and adverse side effects. Hence, there is a continued
interest in developing new therapeutic agents with different mechanisms of action from those

currently in use that would help address drug resistance and complement the existing regimens.

It is noteworthy that of the nearly 30 antiretrovirals approved for use in HIV therapy, the majority
of these drugs are directed toward HIV-1 reverse transcriptase (HIV-1 RT), underscoring the
importance of this virally-encoded enzyme as an important therapeutic target. The following
sections of this chapter will focus on HIV-1 RT and its polymerase catalytic mechanism as the

target for the development of new therapies against HIV infection.

1.5. HIV-1 RT Structure and Function
RT is a heterodimeric, multifunctional enzyme composed of a 66 kDa (p66) and 51 kDa (p51)
subunit. The p66 accommodates both the catalytically active polymerase and the RNase H domains

whereas the p51 only provides structural support for the enzyme.®® 7 Similar with other nucleic
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acid processing enzymes, the polymerase domain resembles a right hand that traps the nucleic acid
substrate through its fingers, palm, and thumb subdomains.®® The synthesis of proviral DNA is
mediated by both the RNA- and DNA-dependent DNA polymerase activities starting from a viral
genomic RNA as the template. On the other hand, the C-terminal RNase H domain, which is about
60 A away from the polymerase active site catalyzes the specific cleavage of the RNA portion of
the RNA:DNA duplex formed during the reverse transcription process. Both the polymerase and
RNase H active sites are characterized by having a number of highly conserved acidic residues

within their pockets that coordinate two divalent metal cofactors that are critical for catalysis.®%°

The mechanism of DNA polymerization mediated by RT polymerase proceeds in a similar fashion
as with other polymerases. Once RT binds to the primer/template (P/T) hybrid, DNA synthesis
starts by binding of an incoming nucleotide (ANTP) to the nucleotide binding site (N-site) forming
aternary complex (Fig. 1.8). Through a conformational change (via closing of the fingers domain),
a stabilized ternary complex results, which is followed by the catalytic reaction. During catalysis,
two Mg?* ions coordinate to the active site aspartate residues (D110, D185, and D186) and with
the phosphate groups of dNTP, and assist in the correct positioning of the 3’-OH group of the
primer terminus for nucleophilic attack (Fig. 1.9).57° A new phosphodiester bond is formed that
is accompanied by the release of inorganic pyrophosphate (PPi). The final stage is translocation.
When the N-site is occupied, the RT P/T complex is in the pre-translocation conformation and in
order to incorporate the next dNTP, the enzyme must slide by a single nucleotide from the N-site
to the adjacent priming site (P-site) resulting to the post-translocation state. At this stage, the N-

site is available again to accept the next dNTP to continue with the elongation of viral DNA.%"2
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1.6. Examples of Clinically Approved Inhibitors of HIV-1 RT

Approximately half of the currently available drugs for HIV are inhibitors of RT polymerase.
Although some inhibitors of the RNase H function of RT have also been reported, none of these
compounds have reached clinical development. The two main classes of RT antivirals are the
nucleosides/nucleotides (NRTIs) and the non-nucleosides (NNRTIs) drugs; the latter are allosteric
inhibitors of RT. Two NRTIs, in combination with either an NNRTI or inhibitors targeting another
virally-encoded enzyme, such as a protease or integrase inhibitor are the typical compositions of

HAART.

The NRTIs (examples shown in Fig. 1.10) are structural mimics of the natural dNTP substrates
but lack the 3’-hydroxyl group on the sugar ring or differ in conformation from the natural dNTPs.
These compounds are incorporated into the growing viral oligonucleotide chain, but then act as
“chain terminators.” >3 The nucleoside analogs AZT and 3TC are the early members of this class
of RT inhibitors, and more recently, the nucleotide analog, tenofovir was developed (Fig. 1.10).
These NRTIs have to be converted to their corresponding triphosphate derivatives by cellular
kinases in order to inhibit reverse transcription (illustrated in Fig. 1.11).% Tenofovir was designed
to bypass the first kinase phosphorylation, which is believed to be the rate limiting step of the
bioactivation, but has to be administered as a prodrug (as mentioned previously) in order to

improve oral bioavailability and cellular uptake.**

While use of NRTIs is central in HAART, one of the main problems, in addition to drug resistance
is their relatively low selectivity between viral and host polymerase enzymes (e.g. mitochondrial

polymerase ) that can lead to toxic side effects.”
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The second class of RT inhibitors, NNRTIs are more structurally and chemically diverse
compounds (examples are given in Fig. 1.12) that bind to an allosteric pocket of the enzyme (about
10 A away from the polymerase active site) and function as non-competitive inhibitors of the
polymerase activity.” Through crystallographic and modeling studies, the early generation
NNRTIs (e.g. nevirapine; Fig. 1.12) have been proposed to adopt a “butterfly-like” conformation
that interact with the allosteric pocket via hydrophobic, 7 stacking, and H-bonding interactions.’
However, these compounds are more susceptible to inducing drug-resistant mutations, such as
Y181C and Y188C that disrupt their key hydrophobic interactions with the binding pocket. New
generation NNRTIs, such as etravirine have been shown to exhibit an increased barrier to

resistance (i.e. multiple mutations must be present before resistance is observed).”
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Figure 1.12. Examples of NNRTIs that bind at the allosteric pocket in the palm domain.

1.7. NRTI Drug Resistance

Drug resistance, which occurs rapidly with monotheraphy and even during a long-term use of
combination drugs with varied mechanism of action, is one of the major setbacks in the treatment
of HIV infection. The high genetic drift, low proofreading ability, and poor fidelity of RT in

incorporating its substrate contribute to the rapid emergence of viral clones and drug resistance.’”"8
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Resistance to NRTIs can involve two distinct mechanisms: (1) discrimination in substrate binding
and (2) excision.” Discrimination reduces the incorporation of the NRTI drug in favor of the
natural dNTPs. For example, the M1841/V mutation that confers resistance towards 3TC and FTC
has been explained using in silico studies showing that the branched side chain of an isoleucine or
a valine residue inside the binding site and at the location of methionine 184 creates a steric clash
with the sulfur atom of the oxothiolane ring, blocking the binding of the mentioned drugs.®
Similarly, another mutation, K65R also discriminates against the incorporation of NRTIs, such as
tenofovir, abacavir, and 3TC. K65 is believed to interact with the y phosphate of the nucleotide for
proper positioning and incorporation into the growing DNA chain.’! Substitution with arginine at
residue 65 results in restricted conformational adaptability of the polymerase protein (due to the
interaction between R65 and R72) and compromise the positioning and binding of the susceptible
drugs.®? The second mechanism of resistance, known as thymidine analogue mutations (TAMs)
facilitates the phosphorolytic excision of the incorporated drug at the 3’-end of the DNA primer
strand. TAMs confer high-level of resistance to AZT.8 84 The phosphorolysis is thought to be
mediated by PPi®® or a PPi donor, such as ATP®® and occurs when the AZT chain-terminated
primer occupies the N-site or when RT is in the pre-translocated state (illustrated in Fig. 1.13)."47
It has been also reported that the conformation of the sugar moiety (i.e. the pucker preference) of
the nucleotide can influence excision. For example, North-puckered nucleotides prefer to occupy
the P-site and are resistant to excision, whereas South-puckered nucleotides favor the N-site and
are efficiently excised (Fig. 1.14).8 NRTI excision ultimately lead to the rescue of the elongation

of viral DNA.
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Figure 1.13. lllustration of the ATP-mediated excision of the drug AZT leading to the release of
AZT-ATP (5°,5’-adduct) and availability of 3’-OH at the primer terminus to continue with DNA

Base
\FL Base

"North" sugar pucker "South" sugar pucker
(C3"-endo) (C2"-endo)

synthesis.

Prefers the N-site

Prefers the P-site . .
(easily excised)

Figure 1.14. Representation of North and South sugar pucker conformations. DNA primers
containing South-puckered nucleotide at the 3'-terminus tend to occupy the N-site and are

susceptible to undergo phosphorolytic excision.®

1.8. New Class of Active Site Inhibitors Targeting the Translocation of HIV-1 RT
Potent HIVV-1 RT polymerase inhibitors that operate via an alternative mode of inhibition are likely

to evade the current clinically relevant drug-resistant HIV mutants and/or elicit better resistance
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profile, thus providing new therapeutic options in treating this infection. It should be noted that
there are no true polymerase active site inhibitors of HIV-1 RT that are currently approved for
clinical use; NRTIs are substrate mimics that act as chain terminators and are not considered “true”

active site inhibitors of the enzyme.

Chemically distinct compounds have been reported that target the translocation stage of the RT-
catalyzed DNA polymerization cycle and are potential bonafide active site inhibitors. The
pyrophosphate analog, phosphonoformic acid (PFA, foscarnet; Fig. 1.15) is a broad-spectrum
antiviral that has been shown to inhibit the DNA polymerases of herpes viruses and
retroviruses.®”#8 A long time ago, PFA was used to treat cytomegalovirus (CMV) retinitis and viral
diseases caused by herpes simplex viruses (via intravenous administration). However, due to its
poor selectivity and high toxicity, its use as a therapeutic agent has been mainly discontinued. In
extremely exceptional cases, PFA may be used only as part of salvage therapy when all other
alternative forms of treatment are found to be unsuccessful. PFA inhibits DNA polymerases by
acting as a mimic of the pyrophosphate by-product of the nucleotide transfer reaction. The crystal
structure of chimeric human cytomegalovirus (HCMV) polymerase in complex with its nucleic
acid substrates and PFA®® and the recent crystal structure of HIV-1 RT/DNA aptamer in complex
with PFA% corroborate with this type of inhibition. In-depth mechanistic investigations by the
group of Mathias Gotte revealed that PFA inhibits RT by freezing the RT pre-translocation
conformation (via metal-mediated interactions), which prevent the binding of the next dNTP and
consequently, terminate viral DNA synthesis.® Interest in the mechanism of action of PFA stems
from reports indicating that the majority of currently known NRTI and NNRTI mutations do not
alter its efficacy in inhibiting the HIV-1 RT polymerase.®> ®® Moreover, biochemical data have

also shown that mutations leading to PFA resistance diminish the phosphorolytic removal of AZT
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from the 3’-end of the oligonucleotide chain, thus providing therapeutic compensation when PFA
is used in combination with AZT.%* Additionally, bisphosphonate compounds have been also

reported to prevent excision of AZT.99

With the aim of identifying new molecules that exhibit a PFA-like mechanism in inhibiting the
HIV-1 RT polymerase catalytic activity, derivatives of 4-cholorophenylhydrazone of mesoxalic
acid (CPHM; Fig. 1.15) were recently reported.®” Mechanistic investigations with this compound
provided further support for targeting specifically the pre-translocation complex as a novel
mechanism of RT inhibitors. Although CPHM was previously described as an inhibitor of HIV-1
RT associated RNase H activity,*®% later studies found that the observed activity in RNase H was
an indirect consequence of the stable complex that forms when CPHM binds to the polymerase
active site.’”1% In addition, CPHM was reported to exhibit some target selectivity towards HIV-1
RT and was found to be inactive toward inhibiting the human cytomegalovirus (HCMV)
polymerase.®” However, CPHM is also not a “drug-like” compound and lacks chemical stability
and cell-based antiviral activity. Nevertheless, compounds, such as PFA and CPHM have served
as prototype compounds in investigating the mechanism of RT translocation and could be
considered as “hits” for further optimization into highly potent inhibitors with good

biopharmaceutical properties.

Compounds that trap the post-translocated state of RT have also been identified. The
indolopyridone-based compound, INDOPY-1 (Fig 1.15) discovered in 2006 through high-
throughput screening was the first compound to display this mode of inhibition.°! In spite of the
significant difference in the chemical structure from natural dNTPs, INDOPY-1 has been

suggested to compete with natural dNTPs for binding at the N-site of the post-translocated
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complex, hence also referred as nucleotide competing reverse transcriptase inhibitors (NCRTIS).
In 2013, researchers from Boehringer Ingelheim reported a new series of NCRTIs with optimized
antiviral activity and distinct resistance profile. For example, compound 1.13 was found to be a
very potent inhibitor of HIV-1 replication in cell-based assays with an ECso of 1.5 nM that remains
active against viruses encoding M184V mutation (unlike INDOPY-1).1%% In a separate study,
Balzarini and co-workers disclosed a new generation of NcRTIs that are more reminiscent of
natural nucleotides. 1% Analogs of a-carboxy nucleoside phosphonates (a-CNPs; Fig. 1.15) were
reported to function as universal mimics of nucleoside triphosphate that do not require metabolic
activation (i.e. phosphorylation) and inhibit a variety of DNA polymerases.1®1% For example,
compound 1.14 was also found to operate by stabilizing the RT post-translocated state via metal-
mediated interactions. Similar to NRTIs, a-CNPs are sensitive to RT mutations adjacent to its
pseudo sugar ring, such as M184V. However, enhanced target selectivity and cell-membrane
permeability must be achieved before analogs, such as 1.14, can be considered as leads for drug

discovery.

Pre-translocation binders: Post-translocation binders:
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Figure 1.15. New classes of inhibitors that target the translocation status of HIV-1 RT.
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The mechanistic information relating to the inhibition of RT translocation was elucidated through
an established site-specific footprinting technique that generate radicals and produce site-specific
cuts to the oligonucleotide, which allows tracking of the position of RT on its nucleic acid substrate
through single-nucleotide resolution.”- % The iron-mediated method is one way to do such studies
wherein Fe?* ions are incubated with the RT/oligonucleotide complex and bind in close proximity
to the RNase H active site of RT. Fenton-like chemistry is used to generate a local concentration
of hydroxyl radicals. These radicals lead to a specific cleavage of the template strand 18
nucleotides away from the N-site (in the case of pre-translocation) or 17 nucleotides away (in the
case of post-translocation). The oligonucleotide products of these radical-mediated cleavage can
be resolved by gel electrophoresis. As depicted in Fig. 1.16, in the absence of an inhibitor (lane
2), two bands of almost equal intensity are typically observed, representing the equilibrium
between the pre- and post-translocation complexes (a minor cut at -19 is also typically seen as an
artefact of the iron-mediated method). In the presence of an inhibitor that stabilizes the pre-
translocation complex (e.g. PFA; Fig. 1.16 lane 4), only the band that corresponds to the “trapped”

pre-translocation complex is primarily visible.

RT Post-translocation Polymerase

\ active site

|
Fe-mediated /

-OH .
L Translocational

] + Fe, 10 uM INDOPY-1
ksl + Fe, 10 uyM PFA

Equilibrium

Fe-mediated /
-OH

Pre-translocation

Site-specific footprinting
Figure 1.16. Representation of the iron-mediated site specific footprinting used to investigate the
mechanism of action. The gel image shows the cleavage fragments corresponding to pre- and post-
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translocation complexes in the absence of inhibitor (lane 2). Addition of INDOPY-1 and PFA,

resulted to the “freezing” of post- (lane 3) and pre- (lane 4) translocated states, respectively.

1.9. Research Goals (Part 1)

The increasing knowledge and understanding of the pathogenesis of HIV infection has opened
tremendous opportunities in the management of the disease. The function of HIV-1 RT, in
particular has proven to be central in the development of antiviral agents with clinical efficacy. RT
continues to be an indispensable target, specifically of novel small molecules with innovative

modes of inhibition that can provide added benefits in the current therapies.

To date, clinically validated “true” active site inhibitors of HIV-1 RT polymerase are not available.
NRTIs act primarily as chain terminators that require both metabolic activation and covalent bond
formation in the growing viral oligonucleotide chain. The underexplored translocation inhibitors
that can bind directly and reversibly in the polymerase active site without being incorporated into
the nucleic acids are promising active site inhibitors of HIV-1 RT. Specifically, pyrophosphate
analogs that can “freeze” RT pre-translocation or post-translocation selectively are of current
interest given their potential application in combination therapy and their anticipated high potential

to overcome the resistance observed with the current drugs.

Our goals for the first part of the thesis are to develop HIV-1 RT inhibitors with PFA- or CPHM-
like mechanism of action. In Chapter 2, we explored the potential of pyrido[2,3-d]pyrimidine
bisphosphonates (PYPY-BPs) in inhibiting the function of HIV-1 RT. The bisphosphonate moiety
is a more stable mimic of pyrophosphate and the purine-like pyridopyrimidines can serve as the
specificity domain. Unlike PFA which lacks drug-like properties, PYPY-BPs are highly elaborated

compounds that can be further optimized into novel antiviral agents. The modular synthesis,
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preliminary SAR studies, and biochemical evaluation of PYPY-BPs using a primer extension
scintillation proximity assay (SPA), both in wild-type and mutant enzymes are presented.
Preliminary characterization of the mode of inhibition showed that the PYPY-BPs exhibit a mixed-
type of inhibition and their main mechanism of action appears to be different from that of PFA and
CPHM. In our subsequent studies, compounds containing the diketo acid (DKA) bioisostere,
pyrimidinol carboxylic acid as the metal-chelating pharmacophore were discovered to display the
desired mechanism. These compounds are of primary interest because unlike PFA and CPHM,
they have significantly better drug-like properties. The synthesis, preliminary SAR, selectivity
studies (against RT-associated RNase H), and other biochemical profiling studies, including the
evaluation of mechanism of action via iron-mediated site specific footprinting, are detailed in

Chapter 3.
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CHAPTER 2: Modular Assembly of Purine-Like Bisphosphonates as

Inhibitors of HIV-1 Reverse Transcriptase

2.1. Preface

This chapter was adapted from an article authored by C.M. Lacbay, J. Mancuso, Y.-S. Lin, N.
Bennett, M. Gotte, and Y. S. Tsantrizos, J. Med. Chem. 2014, 57, 7435-7449 and presented in this
thesis with permission. | completed the synthesis of the majority of inhibitors described in this
chapter (~90%), including the mechanistic investigation leading to the formation of compound
2.22 from 2.21a (Scheme 2.3). | also conducted most of the in vitro inhibition assays to evaluate
selectivity using the human FPPS and GGPPS enzymes; these enzymes bind substrates bearing a
diphosphate moiety via metal-mediated interactions, and are therefore reasonable candidates for
preliminary evaluation of target selectivity. The synthesis of intermediate 2.12¢ (Scheme 2.1) was
initially explored by Dr. J. Mancuso. Y.-S. Lin prepared the inhibitors substituted at C-7.
Biochemical evaluation for inhibition of HIV-1 RT was carried out by Dr. N. Bennet (PDF in Prof.

Gotte’s group) using a primer extension scintillation proximity assay (SPA).

2.2. Abstract

Bisphosphonates can mimic the pyrophosphate leaving group of the nucleotidyl transfer reaction
and effectively inhibit RNA/DNA polymerases. In a search of HIV-1 reverse transcriptase (RT)
inhibitors, a new chemotype of non-hydrolysable purine diphosphate mimic was synthesized. A
modular  synthetic  protocol was developed, utilizing 2-amino-6-(methylthio)-4-
(trimethylsilyl)nicotinonitrile as the key synthon in the preparation of highly substituted 2-

aminonicotinonitriles. These building blocks were subsequently elaborated to the pyrido[2,3-
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d]pyrimidine bisphosphonates (PYPY-BPs). Biochemical screening identified analogs of PYPY-

BPs that inhibit HIVV-1 RT-catalyzed DNA synthesis.

2.3. Introduction

Virally-encoded nucleic acid processing enzymes are essential for viral replication and represent
a large family of validated therapeutic targets. Important examples include the hepatitis C virus
(HCV) NS5B RNA-dependent RNA polymerase, and both the reverse transcriptase (RT) and
integrase (IN) of the human immunodeficiency virus type 1 (HIV-1). Nucleoside analogues were
the first antiviral agents developed to bind at the polymerase active site, thus blocking DNA or
RNA chain elongation. Examples include the purine bioisosteres MK-0608 (2.1c) and abacavir
(2.2), which inhibit HCV NS5B! and HIV-1 RT,? respectively. Abacavir (2.2) is one of seven
currently approved nucleoside drugs (NRTIs) for the treatment of AIDS.2 These compounds are
metabolized to their corresponding 5’-triphosphates, thus mimicking the natural substrates (e.g.
2.1a is converted to 2.1b). Additionally, allosteric inhibitors targeting virally-encoded
polymerases and integrases are also clinically validated. However, identification and development
of bona fide active site inhibitors for these targets, with good biopharmaceutical properties, is a
significant challenge. This is mainly due to the highly charged nature of the protein surface inside
the active sites of these enzymes. Despite the uniqueness of the catalytic function of each nucleic
acid processing enzyme, all of the active site cavities are characterized by having a cluster of highly

conserved aspartic acid residues that bind their substrates via metal-mediated interactions.

Inorganic pyrophosphate (PPi; 2.3a) is the phosphorolysis by-product formed during each catalytic
cycle of nucleotide triphosphate incorporation into a growing oligonucleotide biopolymer (Fig.

2.1). Numerous biochemical and crystallographic studies have provided evidence that polymerases
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undergo a large conformational change (from an “open” to a “closed” conformation) upon binding
of a nucleotide triphosphate (NTP, e.g. 2.1b) in the active site, resulting in the formation of a stable
complex with the primer and template (P/T) nucleic acid strands. Interestingly, studies have also
shown that the same conformational change can be induced upon binding of either the NTP
substrate or the PPi byproduct to the active site; it is presumed that stabilization of this complex
by a small molecule can be an effective, novel mechanism of inhibiting HIV-1 RT. Several crystal
structures of polymerase/P/T/PPi complexes for both DNA and RNA polymerases have been

reported.>4>6

A number of PPi bioisosteres have been previously investigated, including phosphonoformates
and o, y-diketo acids (e.g. 2.3b and 2.4, respectively), and shown to inhibit virally-encoded nucleic
acid processing enzymes (e.g. HCV-NS5B, 7 HIV-1 RT-dependent RNase H and HIV-1 IN8).
Although the main pharmacophores of compounds such as 2.3b and 2.4 are clearly not desirable
to have in a therapeutic agent, replacement of these motifs with other bioisosteres of PPi has
provided drugs with significant clinical value, such as the HIV-1 IN inhibitor raltegravir (2.6).°
The 5-hydroxy-6-o0x0-1,6-dihydropyrimidine-4-carboxamide core of 2.6 (a structural mimic of an
a,y-diketo acid) binds to aspartate-rich active site of the HIV-1 IN via bifurcated Mg?*-mediated
interactions. Raltegravir represents the first clinically validated, true active site inhibitor of a

nucleic acid processing enzyme.
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Figure 2.1. Oligonucleotide polymerization reaction.
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Foscarnet (PFA, 2.3b) is the simplest bioisostere of PPi that has been extensively investigated. It
exhibits broad spectrum antiviral activity against Herpesviridae and Retroviridae and has been
used for the treatment of herpes simplex (HSV-1 and HSV-2) and human cytomegalovirus
(HCVM)W infections, in second line drug regimens. Stable complexes of HIV-1 RT-P/T-2.3b have
been observed.! Recently, it was shown that 2.3b can trap the HIV-1 RT/DNA complex at the
pre-translocational state, in which the ultimate nucleoside monophosphate of the primer occupies
the substrate binding site.X? Similar results were previously reported for the mesoxalic acid
derivative 2.5, which presumably can also bind Mg?* via the dicarboxylate anions.!® These
compounds inhibit HIV-1 via a mechanism that is uniquely different from that of the NRTIs and
NNRTIs and have been labeled as nucleotide competitive RT inhibitors (NcRTIs). Non-
pyrophosphate mimics, such as the pyridoindolone analog 2.7a (INDOPY-1)¥* and
benzofuropyrimidinone analog 2.7b™ have also been described as NcRTIs. Interestingly, these
compounds appear to form RT-DNA/RNA ternary complexes that “freeze” the post-translocation

state, in a similar manner to the natural nucleotide substrate.

Our group has had a long-standing interest in designing inhibitors for enzymes that typically bind
phosphate, diphosphate (pyrophosphate) or triphosphate substrates using divalent metal ions as
co-factors. We previously designed bisphosphonate (BP) inhibitors of the human farnesyl
pyrophosphate synthases (hFPPS), the gate-keeper enzyme of isoprenoid biosynthesis in
mammalian cells.*® Currently, bisphosphonates are clinically validated drugs for the treatment of
skeletal diseases targeting the human farnesyl pyrophosphate synthase.!” These drugs have high
affinity for bone, are potent inhibitors of osteoclastic activity and are widely used for the treatment

of bone-related diseases.®
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BPs have also been described to bind to HIV-1 RT and block the excision of 3’-azido,3’-
deoxythymidine (AZT) from the 3’-end of an oligonucleotide.!®?° However, the BPs described so
far exhibited little or no activity at inhibiting RT-catalyzed RNA-templated DNA synthesis.
Recently, BPs were also reported to be weak inhibitors of DNA 3’-processing and strand transfer
reactions catalyzed by HIV-1 IN; however, the potency of these compounds was found to be even
weaker in the presence of the biologically relevant co-factor (Mg?*) than other divalent metals.?
BPs have also been reported as very weak inhibitors of HCV NS5B (ICso values >100 puM).?? In
this study, we report the synthesis of pyrido[2,3-d]pyrimidine bisphosphonates (PYPY-BPs) with
general structure 2.8 and 2.9 as potential bioisosteres of purine-based nucleotide diphosphates
(NDPs). A modular synthetic protocol was developed, utilizing 2-amino-6-(methylthio)-4-
(trimethylsilyl)nicotinonitrile (2.14b) as the key synthon, to prepare highly substituted pyrido[2,3-
d]pyrimidine bisphosphates (PYPY-BPs). In vitro biochemical screening led to the identification
of several “hits” that block HIV-1 RT-catalyzed DNA synthesis at low micromolar concentrations,
with ICso values of 1-5 uM range. A preliminary structure-activity relationship (SAR) was
established that suggests a promising path forward for the optimization of this chemotype into

novel antiviral agents.

2.4. Chemistry

Substituted 2-aminonicotinonitriles (e.g. 2.10, 2.11; Scheme 2.1) are common synthetic precursors
to the pyrido[2,3-d]pyrimidine scaffold, which is a privileged bioisostere of the purine nucleobase
core. In recent years, pyrido[2,3-d]pyrimidin-4-amine-based molecules have received significant
attention in drug discovery. Pre-clinical/clinical exploratory therapeutics of this class include
antiviral agents targeting the HCV NS5A,% agents for the treatment of cardiovascular diseases, 2*

acetylcholinesterase inhibitors,?® and anticancer agents.?® The 2-aminonicotinonitrile precursor to
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these compounds is also an important structural motif of pharmaceutical interest; examples include
P2Y1, inhibitors as anti-thrombotic agents,?” antitumor agents,®® A.a adenosine receptor

antagonists,?® potential prion disease therapeutics® and IKK-p kinase inhibitors.3!

In the past, a number of useful methodologies were reported for the construction of substituted 2-
aminonicotinonitriles and their conversion to pyridopyrimidines. Most of these approaches
employed the classical three-component Hantzsch-type condensation/dehydrogenation reaction of
ketones with aryl aldehydes, malononitrile and ammonia (or ammonium acetate) under thermal or
microwave conditions (Scheme 2.1a).32 This methodology often suffers from poor vyields,
particularly in the case of non-symmetrical aliphatic ketones, which lead to mixtures of
regioisomers (e.g. 2.10 and 2.11; Scheme 2.1). Several modifications have been reported,
including the ytterrbium perfluorooctanoate [Yb(PFO)s] catalyzed one-pot synthesis, which
provides higher yields under more favorable reaction conditions.3 In 2008, Teague reported a
modification that proved to be particularly relevant to our work.*® This method involves
condensation of  2-(1-arylethylidene)propanedinitriles  (2.12a) with  dimethyl  N-
cyanodithioiminocarbonate (2.13) under basic conditions to give the 2-amino-6-(methylthio)-4-
arylnicotinonitriles (2.14a; Scheme 2.1b). This intermediate can be selectively brominated at C-5,
even in the presence of an electron-rich aryl substituent at C-4, and the C-6 thiomethyl group can
be oxidized to sulfoxide, before displacement with various nucleophiles to give highly substituted
pyridines.®® However, this methodology is limited by the requirement of an arylethylidene

precursor (2.12a) in order for the reaction to proceed efficiently (Scheme 2.1b).

Our goal was to explore pyrido[2,3-d]pyrimidine bisphosphonates (PYPY-BPs) as potential

bioisosteres of purine-like NDPs. Based on structural and conformational considerations, we
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anticipated that a large aromatic substituent at C-5 of the pyridopyrimidine scaffold (originating
from the C-4 substituent of the 2-aminonicotinonitrile precursor) was likely to hinder proper
binding of the bisphosphonate moiety in the active site of the enzyme. For this purpose, we
required the synthesis of 2-aminonicotinonitriles that were unsubstituted at C-4 and could be easily
modified at C-5 and C-6 in a modular synthesis, library mode. Preparation of 2-
aminonicotinonitriles from a 2-oxo-1,2-dihydropyridine-3-carbonitrile precursor (e.g. Scheme
2.2al/b; 2.16a% or 2.16b%) has been previously reported. Conversion of the pyridone to the
corresponding C-2 halo derivative (e.g. 2.17a) provides access to the desired 2-
aminonicotinonitrile (e.g. 2.18). Although this approach allows the preparation of the desired

compounds, the synthetic protocol is linear, making the preparation of libraries of structurally

diverse pyridopyrimidines challenging.
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2.12¢, R, = TMS 2.14¢, R, = H

Scheme 2.1. Synthesis of substituted 2-aminonicotinonitriles; (a) Classical Hantzsch synthesis; (b)

Modified Teague synthesis.®®
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Scheme 2.2. Two common approaches for the synthesis of 2-aminonicotinonitriles that are not
substituted at C-4.

Initially, we attempted to optimize the reaction shown in Scheme 2.1b.%® We explored the removal
of the aromatic substituent from this ylidene (i.e. 2.12b), which had a dramatic effect on the
reactivity of the olefin, flipping this reagent from a Michael donor into a Michael acceptor even
superior to compound 2.13 (Scheme 2.1b). For example, we prepared ylidene 2.12b (via
condensation of malononitrile with acetaldehyde in the presence of a catalytic amount of
diethylamine) and found that this ylidene was prone to self-condensation in the presence of base.
In an attempt to enhance the electrophilicity of the iminithiocarbonate 2.13, we also added various
alkyl iodides or TMS triflate to the reaction mixture, however, only polymerization of 2.12b was
observed. We then modified the ylidene with a TMS substituent (i.e. ylidene 2.12c; Scheme 2.1b),
as a masking moiety at C-4 of the desired 2-aminonicotinonitrile intermediate (2.14b).
Knoevenagel condensation of acetyltrimethylsilane and malononitrile provided the stable ylidene
building block 2.12c, as we previously reported.” A one-pot, two step condensation of 2.12¢ with
the iminothiocarbonate 2.13 under basic conditions led to good overall conversion of the starting

material to a mixture of 2-aminonicotinonitriles 2.14b and the desilylated product 2.14c in 2:1
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ratio (Scheme 2.1b). Separation of 2.14b from 2.14c can be easily achieved by chromatography,

although for our purposes this step was not required and the mixture was treated with TBAF to

give exclusively intermediate 2.14c in ~60%-70% isolated yield. Bromination of 2.14b or 2.14c

with NBS proceeded selectively at C-5, giving 2.20a or 2.20Db, respectively, in good to excellent

yields (70%-80%). Pd-catalyzed cross coupling of 2.20a or 2.20b with various boronic acids or

boronate esters under typical Suzuki conditions proceeded in good yield (average yields of 45-

70%), although a small amount of the corresponding desilylated product was usually formed when

using 2.20a (~10%). These observations suggest that replacing the TMS group of ylidene 2.12c

with a more stable silyl group may further improve this synthetic protocol (such optimization was

unnecessary for our objectives).
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Scheme 2.3. Modular synthesis of C-6/C-7 substituted pyrido[2,3-d]pyrimidin-4-amines.
Conditions: (a) NBS in acetonitrile, 4h, rt, 78%; (b) TBAF, THF, rt, 12h, 90-98%; (c) N,N-
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dimethylformamide dimethylacetal DMF-DMA, DMF, 4-12h, rt, 70-95%; (d) Pd-catalyzed
Suzuki cross coupling, 40-90% vyield; (e) NHsOAc, AcOH, 100 °C, 1-2h, 50-98%; (f) ArZnl-LiCl,
Pd(OAC)2, S-Phos, THF, 25-50°C, 15h, 40-45%; (g) mCPBA, DCM, 40 min, rt, 80%; (h) NaOR’
or HNR’R”, EtOH, 10-15 h, 80°C, 70-80%; (i) diethyl phosphite, triethyl orthoformate, toluene or
DMF, 150°C (microwave),1.5h; (j) i. TMSBr, 2-3 days, rt; ii MeOH; (k) tetraethyl ethane-1,1-
diylbis(phosphonate), THF, rt 16h; (1) EtsSiH, Pd/C, 0°C to rt, ~35%.

Intermediates 2.20a and 2.20b were converted to their corresponding N,N-dimethylformamidine
derivatives 2.21a and 2.21b, respectively, prior to cyclization. Surprisingly, whereas cyclization
of 2.21b with ammonium acetate in acetic acid gave the expected pyrido[2,3-d]pyrimidin-4-amine
product 2.23, cyclization of 2.21a under the same conditions produced mainly the formamide
intermediate 2.22 (60-70% isolated yield). It appears that the steric bulk of the TMS group at C-4
disfavors formation the exocyclic imine intermediate 2.28 (Scheme 2.4, Path 1), leading to
formation of 2.22 via nucleophilic attack by water present in AcOH (Scheme 2.4, Path II).
Cyclization of 2.21b in the presence of *NH4CI in AcOH provided the expected °N-labeled
product 2.23 (i.e. specifically labeled at N-3), whereas cyclization of 2.21a under the same
conditions did not lead to incorporation of the *°N-label; the structures of compounds 2.22a and
2.22b were confirmed by 2D NMR, IR and HRMS. The nitro intermediate 2.21s (R4= TMS, R5=3-
nitrophenyl, Re=SMe) leading to 2.22b was only prepared to test any electronic contributions in
the formation of 2.22 vs the cyclized pyridopyrimidine 2.23 and was not pursued further to a final

inhibitor.
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Scheme 2.4. Cyclization mechanism (*incorporation of N from ©*NH,4CI).

Pyridopyrimidine analogs 2.25, with an aromatic moiety at C-7 were prepared via Pd-catalyzed
Negishi-type cross-coupling reactions of 2.14c with an organozinc reagent, using the protocol
previously described by Knochel and co-workers (Scheme 2.3).38 Alternatively, the thiomethyl
group of 2.14c was first oxidized with m-chloroperoxybenzoic acid (often generating a mixture of
the sulfoxide and sulfone) which upon addition of a nucleophile, such as alkylamines or alkoxides,
generated analog of intermediate 2.19 with R7 as -OR or -NHR in modest to good yield (~50-
80%). Furthermore, Pd-catalyzed reductive scission of the thiomethyl ether moiety could be
achieved in the presence of EtsSiH to give the C-6 mono-substituted derivatives of general
structure 2.24 in modest yield (Scheme 2.3; although this is a very modular approach for library
synthesis, higher yield can be obtained directly from the 6-bromopyrido[2,3-d]pyrimidin-4-

amine). %

Reaction of the 4-aminopyridopyrimidine intermediates 2.23, 2.24, or 2.25 with either

diethylphosphite and triethylorthoformate or tetraethyl ethane-1,1-diylbis(phosphonate) led to the
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formation of the tetraethyl bisphosphonate esters 2.26 and 2.27, respectively (Scheme 2.3). The
ethyl esters were treated with TMSBr followed by methanolysis to obtain the final phosphonic
acids 2.8 and 2.9 in good yield (isolated yields of ~50% for the two steps). It is noteworthy that
the overall synthetic protocol outlined in Scheme 2.3 is fairly robust and amenable to library
synthesis. For example, intermediate 2.20b could be converted directly to the bisphosphonate tetra
esters 2.26 or 2.27 before replacing the C-6 bromo moiety via a Pd-catalyzed cross coupling
reaction. To validate the chemistry and the amenability of this protocol for parallel synthesis, a
mini-library of compounds was synthesized; representative compounds are shown in Table 2.1.

Table 2.1. Compound library
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2.5. Results and Discussion

Preliminary biochemical profiling of our pyridopyrimidine bisphosphonates (PYPY -BPs) focused
on the identification of low micromolar “hits” that could inhibit HIV-1 RT-catalyzed DNA
synthesis. It is noteworthy that at very high concentrations, bisphosphonates may appear to be
inhibiting the enzyme (i.e. giving a false positive result) due to their ability to chelate the divalent
metal ion required for catalytic activity (e.g. the Mg?* cofactor of HIV-1 RT). Mindful of this
property, we initiated in vitro screening of our PYPY-BP analogs (Table 2.1) at a fixed
concentration of 10 uM inhibitor and 6 mM MgClI: using a modified scintillation proximity assay
(SPA) and purified HIV-1 RT.* Significant inhibition of primer extension (>50% inhibition) was
observed with several analogs. A full dose response inhibition curve (ICso) was subsequently

determined for the most promising of these compounds (Table 2.2).

Initial evidence of a structure-activity relationship (SAR) indicated that while neither parent
compounds PYPY-BPs 2.8a and 2.9a, nor their corresponding C-7 thiomethyl ethers (e.g. 2.8d),
exhibited any significant activity in inhibiting HIV-1 RT, some of the C-6 substituted analogs
inhibited RT with an ICsp value in the 10-25 uM range. Further increased in potency was observed
with analogs having the thiomethyl ether moiety at C-7. For example, the potency (ICso) of analogs
2.8i and 2.9f was approximately 10-fold lower than that of the corresponding derivatives 2.8m and
2.9i, respectively (Table 2.2). The same trend in SAR was observed when analog 2.9b (data not
shown) was compared to 2.9h (Table 2.2). Interestingly, the longer linker between the
pyridopyrimidine core and the bisphosphonate moiety (i.e. analogs 2.8 vs 2.9) was well tolerated
for our SAR purposes. In line with our objective to identify selective inhibitors for HIV-1 RT, the
most potent HIV-1 RT inhibitors identified (Table 2.1; ICsp of 1-5 uM) were also tested in our in

vitro hFPPS and hGGPPS inhibition assays.*¢ Interestingly, analogs 2.9h and 2.9i were found to
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also exhibit considerable potency in inhibiting hFPPS, but not hGGPPS. In contrast, inhibitor 2.8m
was selective in inhibiting HIV-1 RT and showed no activity in our hFPPS and hGGPPS inhibition

assays even at concentration of 50 pM.

The active site of the RT enzyme is the target of the current nucleoside drugs (NRTIs), although
these compounds are substrate mimics that lead to chain termination and are not true inhibitors of
the RT enzyme. Preliminary evaluation of our most potent compounds in HIV mutants that are
typically associated with resistance to the current nucleoside drugs, such as K65R (e.g. tenofovir)
and M184V (e.g. lamivudine and emtricitabine),* as well as the forcarnent resistant ES89K
mutant,'> were carried out. The K65R mutant appears to confer low level resistance to all
compounds tested (Table 2.3), whereas, the M184V mutant leads to a small decrease (<3-fold) in

sensitivity to analog 2.9i; these results are summarized in Table 2.3.

Table 2.2. Activity data of key compounds

Compound | ICso (uM)? Compound ICs0 (uM)*
2.3b 25+13 2.9a >50
2.5 15+09 2.9¢c 90+14
2.8a >50 2.9f 20.0+4.8
2.8b >50 2.9h? 1.1+0.3
2.8C 104+14 2.9i° 2415
2.8i 100+£15 2.9j 7.1+0.8
2.8m 1.8 +0.8° 2.9k 83+13

Ynhibition of DNA primer extension catalyzed by HIV-1 RT; average ICso value of three
determinations. 2Compounds also inhibit hFPPS (75-95% inhibition at 10 pM), but not hGGPPS.
3Less than 10% inhibition was observed in the hFPPS and hGGPPS inhibition assay at 50 pM.
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Table 2.3. Activity data of key compounds in HIV-1 wild-type vs HIV mutants

Foscarnet 2.8m 2.9h 2.9i
ICso> | Fold | ICso' | Fold | ICse' | Fold ICso' | Fold
(uM) | Change | (uM) | Change | (uM) | Change | (uM) | Change
RTWT 1.2 1.0 0.8 1.0 2.0 1.0 1.5 1.0
RT K65R 2.8 2.4 1.8 2.1 5.2 3.4 3.3 2.1
RT E89K 5.2 4.5 0.8 1.0 1.0 0.6 2.1 1.3
RT M184V 0.8 0.7 1.4 1.6 0.6 0.4 4.2 2.7

Inhibition of DNA primer extension catalyzed by HIV-1 RT; average ICso values from an assay
run in triplicates; all compounds were run in parallel with the wild-type RT and three mutants (the
ICso values for WT are the average from this one assay run in triplicate and within the variability
of the data shown in Table 2.2).

2.6. Conclusions

HIV/AIDS remains a major global public health problem, but manageable with highly active
antiretroviral therapy (HAART), which provides a combination of drugs with different
mechanisms of action that target various virally-encoded enzymes. The current clinically validated
RT inhibitors include nucleosides/nucleotides (NRTIs) and allosteric inhibitors (NNRTIs). The
triphosphates of NRTIs bind to the active site of RT and mimic the natural dNTP substrates,
leading to incorporation into the viral DNA and chain termination. Resistance to an NRTI drug
can emerge due to mutation(s) in the active site of RT that introduce electronic or steric effects,
thus hindering the binding of the drug. Alternatively, mutations can create a new binding site for
cellular ATP, which promotes the excision of the incorporated nucleotide monophosphate drug.
For example, resistance to AZT or d4T is mediated through this type of mechanism, where ATP
acts like a PPi-donor and removes the incorporated AZT monophosphate. This reaction can be
seen as the reverse of the nucleotide incorporation (Fig. 2.1), however, the affinity of PPi for the

RT complex is presumed to be inefficient, thus disfavoring the reversibility of this reaction.
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Recently, a novel class of RT inhibitors, referred to as nucleotide-competing RT inhibitors
(NCRTIs), was identified.1**>4! Biochemical studies suggest that these compounds compete with
the nucleotide substrate for binding to the RT active site, blocking translocation of HIV-1 RT at
the pre- or post-translocation DNA/RT complex. Included in this mechanism-based category is the
pyrophosphate bioisosteres 2.3b, which traps the RT/DNA pre-translocation complex.'? In an
effort to identify better “drug-like” molecules for further optimization into novel antiviral agents
with NcRTI-like mechanism of action, we explored the ability of pyridopyrimidine-based
bisphosphonates (PYPY-BPs) to inhibit the HIV-1 RT-catalyzed DNA polymerization. We
developed a modular protocol that is amenable to high throughput parallel synthesis of compound
libraries. In the course of our methodology development, we prepared a mini-library of analogs
and identified several hits of low micromolar inhibitors, such as compound 2.8m (ICso =~1.8 uM),
which exhibits equivalent potency to foscarnet (2.3b; ICso = ~2.5 uM) in inhibiting HIV-1 RT-
catalyzed DNA synthesis. Preliminary SAR and biochemical evidence also suggests that the
structural/molecular recognition can be fine-tuned to provide molecules that are selective in
inhibiting HIV-1 RT versus other biological targets that are more commonly associated with

bisphosphonate inhibitors, such as the human FPPS.

2.7. Experimental Section

General Procedures for Characterization of Compounds:

All compounds were purified by normal phase flash column chromatography on silica gel using
a CombiFlash instrument and a solvent gradient from 5% EtOAc in hexanes to 100% EtOAc
and then to 20% MeOH in EtOAc, unless otherwise indicated. The homogeneity of all final

compounds was confirmed to be >95% by reverse-phase HPLC. Only phosphonate esters with
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homogeneity >90% were processed further to the final phosphonic acid inhibitors. HPLC
analysis was performed using a Waters ALLIANCE® instrument (€2695 with 2489 UV detector
and 3100 mass spectrometer). Final compounds were fully characterized by *H, *C and 3!P
NMR, and HRMS. Chemical shifts (5) are reported in ppm relative to the internal deuterated
solvent (*H, 13C) or external H3PO4 (5 0.00 3IP), unless indicated otherwise. The NMR spectra
of all final bisphosphonate inhibitors were acquired in D20 with 0.15% ND4OD. In many cases,
the Ca to the bisphosphonate of intermediates 2.26 and final inhibitors 2.8 was broad and
overlapped with the solvent peak, as confirmed by the HSQC data; the HSQC data of key
compounds are provided. The high resolution MS spectra of final products were recorded using
electrospray ionization (ESI*") and Fourier transform ion cyclotron resonance mass analyzer

(FTMS).

Method (homogeneity analysis using a Waters Atlantis T3 C18 5 um column):
Solvent A: H>0, 0.1% formic acid
Solvent B: CH3CN, 0.1% formic acid

Mobile phase: linear gradient from 95%A and 5%B to 0%A and 100%B in 13 min

Library Synthesis

General Synthetic Protocols:  Suzuki cross-coupling reactions and deprotection of the
phosphonate esters to the phosphonic acids were carried out using the general protocols previously
reported.'®® Reductive scission of the thioether was performed using the protocol of Graham and
co-workers.*® Selective bromination at C-5 of the 2-aminonicotinonitrile scaffolds was carried out
using 1.1 eq. of N-bromosuccinimide in acetonitrile for 4 h in the dark at rt.*? The 2-amino moieties

of intermediates 2.20 were converted to the corresponding N,N-dimethyl formamidine derivatives
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2.21 with N,N-dimethylformamide dimethyl acetal (~10 eq.) in DMF at rt using a slightly modified

literature procedure. 43

General Protocol for the Cyclization of Intermediate 2.21 to the 4-amino-pyridopyrimidine
core (2.23 or 2.25): In a pressure vessel equipped with a magnetic stir bar, a compound of general
structure 2.21 was added, with ammonium acetate (1.1 eq) and acetic acid. The mixture was heated
at 100°C for 1-2 h. The resulting mixture was cooled, concentrated under vacuum, the residual
acetic acid was co-evaporated with toluene and the residue was suspended in 30% EtOAc in
hexanes. The precipitate was filtered, washed several times with 30% EtOAc in hexanes and dried
under vacuum. The crude products 2.23 or 2.25 (usually >95% homogeneity) were used in the

subsequent step without further purification.

2-Amino-6-(methylthio)-4-(trimethylsilyl)nicotinonitrile (2.14b): The synthesis of 2-(1-
(trimethylsilyl)ethylidene)malononitrile (2.12c) was previously reported.®” In a 100-mL round
bottom flask, 2.12c¢ (2.00 g, 12.17 mmol), K>COs (1.94 g, 14.0 mmol) and dimethyl N-
cyanodithioiminocarbonate (3.08 g, 21.1 mmol) were suspended in DMF (30 mL) and stirred for
12 h at rt. Piperidine (1.9 mL, 19.5 mmol) was then added and the mixture was stirred at 60°C for
12 h. The resulting mixture was diluted with EtOAc and water. The organic layer was collected
and washed with water (3x), then brine (once), and finally dried with anhydrous MgSOa. The
solvent was removed under vacuum to obtain a black residue, which was purified by normal phase
column chromatography on silica gel (solvent gradient from 0% to 20% EtOAc in hexanes with
0.1% EtsN). The product was obtained as yellow oil (1.39 g, 48%). The desilylated product (2.14c)

was also isolated in small amount (~10% vyield).
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IH NMR (500 MHz, CDCls) § 6.63 (s, 1H), 5.12 (br_s, 2H), 2.49 (s, 3H), 0.36 (s, 9H). 3C NMR
(126 MHz, CDCl3) 5 163.9, 159.3, 154.3, 118.6, 116.2, 89.0, 13.0, -1.90.

HRMS [ESI*] calculated for C1oH1sNsSSi m/z: 238.08287; found 238.08299 [M + H*].*

2-Amino-6-(methylthio)nicotinonitrile (2.14c): The product was obtained as a light yellow

powder (in >85% after the mixture of 2.14b and 2.14c was treated with TBAF).

IH NMR (400 MHz, CDCls) & 7.43 (d, J = 8.2 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 5.14 (br_s, 2H),
2.50 (s, 3H). 13C NMR (125 MHz, CDCls) § 165.7, 158.8, 139.8, 117.3, 111.0, 85.2, 13.2

MS [ESI*] m/z: 166.23 [M + H']".

2-Amino-6-methoxynicotinonitrile (2.19, R4= Rs = H, Re = OMe): The product was isolated as
white solid (38.7 mg, 83%).

IH NMR (300 MHz, CDCls): § 7.50 (d, J = 8.5 Hz, 1H), 6.11 (d, J = 8.5 Hz, 1H), 5.13 (br _s, 2H),
3.86 (s, 3H). 3C NMR (75 MHz, CDCls): § 166.2, 159.7, 142.8, 117.7, 100.9, 81.7, 53.8.

MS [ESI*] m/z: 150.15 [M + H*T".

2-Amino-5-bromo-6-(methylthio)-4-(trimethylsilyl)nicotinonitrile (2.20a): Compound 2.14b
was isolated as yellow-orange solid (935 mg, 78%).

IH NMR (500 MHz, CDCl3) & 5.16 (br_s, 2H), 2.44 (s, 3H), 0.54 (s, 9H). 3C NMR (126 MHz,
CDCl3) & 164.8, 158.3, 152.6, 118.2, 113.4, 91.1, 15.3, 1.3. HRMS [ESI'] calculated for

C10H15BrNsSSi m/z: 315.99338; found 315.99258 [M + H™].*

2-Amino-5-bromo-6-(methylthio)nicotinonitrile (2.20b): Tetra-n-butylammonium fluoride
(3.13 mL, 3.13 mmol) was added to 2.20a (900 mg, 2.85 mmol) in THF (15.0 mL). The mixture

was stirred for 12 h at rt. The solvent was removed under vacuum and the residue was re-dissolved

58



in EtOAc, washed with water and brine. The combined organic layers were dried over anhydrous
MgSQg4, and then concentrated under vacuum. The crude product was purified by chromatography
on silica gel (2% - 30% EtOAc in hexanes with 0.1% Et3N) to give the final product as a light
yellow powder (694 mg, quantitative).

'H NMR (500 MHz, CDCls) & 7.59 (s, 1H), 5.15 (br_s, 2H), 2.48 (s, 3H).

13C NMR (126 MHz, CDCl3) § 164.9, 157.3, 141.7, 116.0, 104.9, 86.5, 14.5.

MS [ESI*] m/z: 243.95 [M + H*].*

2-Amino-5-bromonicotinonitrile (2.20c, R4 = Re = H): Compound 2.20c was isolated as an off-
white solid (438 mg, 88%).

IH NMR (400 MHz, CDCls) & 8.28 (d, J = 2.4 Hz, 1H), 7.78 (d, J = 2.4 Hz, 1H), 5.23 (br_s, 2H).
13C NMR (126 MHz, CDCls) 5 157.7, 153.9, 142.8, 115.2, 106.8, 92.8.

MS [ESI*] m/z: 197.96 [M + H*].*

N'-(3-cyano-6-(methylthio)-4-(trimethylsilyl)pyridin-2-yl)-N,N-dimethylformimidamide
(2.21a, R4=TMS, Rs = H, Re = SMe): Product was obtained as a yellow solid (552 mg, 90%).

IH NMR (400 MHz, CDCls): & 8.65 (s, 1H), 6.83 (s, 1H), 3.20 (s, 3H), 3.15 (s, 3H), 2.54 (s, 3H),
0.39 (s, 9H).

13C NMR (126 MHz, CDCls): § 162.7, 162.1, 155.7, 154.9, 119.3, 119.1, 101.1, 41.0, 35.0, 13.1,
-1.93.

MS [ESI*] m/z: 293.12 [M + H*]".

N’'-(3-Cyano-6-(methylthio)pyridin-2-yl)-N,N-dimethylformimidamide (2.21b, Rs = Rs = H,
Re = SMe): The product was obtained as a yellow orange oil that solidifies upon standing at room

temperature (298.1 mg, 93%).
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IH NMR (400 MHz, CDCls) & 8.65 (s, 1H), 7.54 (d, J=8.1 Hz, 1H), 6.74 (d, J=8.2 Hz, 1H), 3.18
(s, 3H), 3.15 (s, 3H), 2.54 (s, 3H).

MS [ESI*] m/z: 221.078 [M + H']".

N'-(5-Bromo-3-cyano-6-(methylthio)pyridin-2-yl)-N,N-dimethylformimidamide (2.21c, Rs =
H, Rs = Br, Re = SMe): The product was obtained as a yellow-orange solid (246 mg, 72%).

IH NMR (400 MHz, CDCls): 5 8.65 (s, 1H), 7.70 (s, 1H), 3.19 (s, 3H), 3.16 (s, 3H), 2.53 (s, 3H).
13C NMR (126 MHz, CDCls): § 162.7, 161.0, 155.8, 142.7, 116.9, 108.7, 97.7, 41.2, 35.1, 14.5.

MS [ESI*] m/z: 298.99 [M + H'T".

N'-(3-Cyanopyridin-2-yl)-N,N-dimethylformimidamide (2.21d, R4= Rs= Rs = H):

The product was isolated as a colorless oil (115 mg, 79%).

IH NMR (400 MHz, acetone-ds) & 8.67 (s, 1H), 8.37 (dd, J = 4.8, 2.0 Hz, 1H), 7.92 (dd, J = 7.6,
2.0 Hz, 1H), 6.97 (dd, J = 7.7, 4.8 Hz, 1H), 3.23 (s, 3H), 3.14 (s, 3H).

MS [ESI*] m/z: 175.09 [M + H*]*.

N'-(5-Bromo-3-cyanopyridin-2-yl)-N,N-dimethylformimidamide (2.21e, R4= R = H, Rs =
Br): The product was isolated as a white solid (289.7 mg, 76%).

IH NMR (400 MHz, CDCls): & 8.56 (s, 1H), 8.35 (d, J = 2.5 Hz, 1H), 7.86 (d, J = 2.6 Hz, 1H),
3.18 (s, 3H), 3.16 (s, 3H).

MS [ESI*] m/z: 253.00 [M + H*T".

N*-(3-Cyano-5-(4-methoxyphenyl)-6-(methylthio)-4-(trimethylsilyl)pyridin-2-yl)-N,N-
dimethylformimidamide (2.21f, Rs = TMS, Rs = p-methoxyphenyl, Rs = SMe):

The product was isolated as a yellow solid (43.5 mg, 83%).
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IH NMR (400 MHz, CDCls): & 8.70 (s, 1H), 7.09 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H),
3.85 (s, 3H), 3.21 (s, 3H), 3.15 (s, 3H), 2.39 (s, 3H), 0.06 (s, 9H).

MS [ESI*] m/z: 399.16 [M + H*]".

N'-(3-Cyano-5-(3-methoxyphenyl)-6-(methylthio)pyridin-2-yl)-N,N-
dimethylformimidamide (2.21g, Rs = H, Rs = m-methoxyphenyl, R = SMe):

The product was isolated as a yellow solid (46.6 mg, 85%).

IH NMR (400 MHz, CDCls): 5 8.73 (s, 1H), 7.48 (s, 1H), 7.38 — 7.31 (m, 1H), 7.00 - 6.90 (m, 3H),
3.84 (s, 3H), 3.21 (s, 3H), 3.18 (s, 3H), 2.49 (s, 3H)

13C NMR (126 MHz, DMSO-ds): & 161.3, 161.3, 159.6, 156.6, 141.0, 138.2, 129.8, 128.5, 121.7,
118.2,114.9, 114.0, 95.8, 55.5, 41.1, 34.9, 13.7.

MS [ESI*] m/z: 327.22 [M + H'T".

N'-(3-Cyano-6-(methylthio)-5-(thiophen-3-yl)pyridin-2-yl)-N,N-dimethylformimidamide
(2.21h, Rs = H, Rs = 3-thiophenyl, Re = SMe): The product was isolated as a yellow solid (54.1
mg, 76%).

IH NMR (400 MHz, CDCls): § 8.72 (s, 1H), 7.54 (s, 1H), 7.40 (ddd, J = 7.9, 3.9, 2.2 Hz, 2H), 7.22
(dd, J = 4.9, 1.4 Hz, 1H), 3.21 (s, 3H), 3.17 (s, 3H), 2.51 (s, 3H).

13C NMR (126 MHz, DMSO-ds): § 161.6, 161.0, 155.7, 140.5, 136.8, 128.3, 125.7, 124.3, 124.2,
118.1, 96.5, 41.1, 35.0, 13.7.

MS [ESI*] m/z: 303.16 [M + H']".

N’'-(3-Cyano-6-(methylthio)-5-phenylpyridin-2-yl)-N,N-dimethylformimidamide (2.21i, Rs =

H, Rs = phenyl, Re = SMe): The product was isolated as a light yellow solid (24.3 mg, 82%).
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IH NMR (400 MHz, CDCls): & 8.73 (s, 1H), 7.47 (s, 1H), 7.46-7.36 (M, 5H), 3.21 (s, 3H), 3.18 (s,
3H), 2.49 (s, 3H).

13C NMR (126 MHz, CDCl3): § 161.6, 161.2, 155.7, 140.6, 136.8, 129.3, 129.2, 128.5, 128.2,
118.2,96.5, 41.1, 35.0, 13.7.

MS [ESI*] m/z: 297.21 [M + H*]*.

N'-(3-Cyano-5-phenylpyridin-2-yl)-N,N-dimethylformimidamide (2.21j, R4= Rs=H, Rs =
phenyl): The product was isolated as a yellow solid (185.3 mg, 74%).

IH NMR (400 MHz, CDCls): § 8.63 (s, 1H), 8.58 (d, J = 2.6 Hz, 1H), 8.00 (d, J = 2.6 Hz, 1H),
7.54 — 7.49 (m, 2H), 7.49 — 7.43 (m, 2H), 7.41 — 7.31 (m, 1H), 3.21 (s, 3H), 3.17 (s, 3H).

MS [ESI*] m/z: 251.18 [M + H'T".

N'-(3-Cyano-5-(4-isopropoxyphenyl)pyridin-2-yl)-N,N-dimethylformimidamide (2.21k, Rs =
Re = H, Rs = 4-isopropoxyphenyl): The product was isolated as a yellow solid (252.7 mg, 82%).
IH NMR (400 MHz, CDCl3) & 8.60 (s, 1H), 8.54 (d, J = 2.6, 1H), 7.94 (d, J = 2.6, 1H), 7.42 (d, J
= 8.6 Hz, 2H), 6.96 (d, J = 8.7 Hz, 2H), 4.59 (hept, J = 6.0 Hz, 1H), 3.20 (s, 3H), 3.16 (s, 3H),
1.37 (s, 3H), 1.35 (s, 3H).

MS [ESI*] m/z: 309.26 [M + H*]".

N'-(3-Cyano-5-(thiophen-2-yl)pyridin-2-yl)-N,N-dimethylformimidamide (2.21l, R4= Rg=H,
Rs = 2-thiophenyl): The product was isolated as a yellow solid (51.7 mg, 51%).

IH NMR (400 MHz, CDCls): & 8.62 (s, 1H), 8.59 (d, J = 2.6 Hz, 1H), 7.97 (d, J = 2.6 Hz, 1H),
7.31 (dd, J = 5.1, 1.1 Hz, 1H), 7.25 — 7.23 (m, 1H), 7.10 (dd, J = 5.1, 3.6 Hz, 1H), 3.20 (s, 3H),
3.17 (s, 3H).

MS [ESI*] m/z: 257.08 [M + H'T".
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N'-(3-Cyano-5-(thiophen-3-yl)pyridin-2-yl)-N,N-dimethylformimidamide (2.21m, Rs = Re
=H, Rs = 3-thiophenyl): The product was isolated as a brown solid (100.5 mg, 66%).

IH NMR (500 MHz, CDCls): & 8.63 (s, 1H), 8.59 (d, J = 2.5 Hz, 1H), 7.98 (d, J = 2.5 Hz, 1H),
7.45 - 7.41 (m, 2H), 7.31 (dd, J = 4.8, 1.6 Hz, 1H), 3.20 (s, 3H), 3.17 (s, 3H).

MS [ESI*] m/z: 257.08 [M + H']".

N'-(3-Cyano-5-(3,5-dimethylisoxazol-4-yl)pyridin-2-yl)-N,N-dimethylformimidamide
(2.21n, Rs4= Re = H, Rs = 3,5-dimethylisoxazol-4-yl): The product was obtained as a yellow solid
(74.5 mg, 70%).

IH NMR (400 MHz, CDCl3) & 8.64 (s, 1H), 8.24 (d, J = 2.4 Hz, 1H), 7.67 (d, J = 2.5 Hz, 1H), 3.22
(s, 3H), 3.18 (s, 3H), 2.41 (s, 3H), 2.26 (s, 3H).

MS [ESI*] m/z: 270.13 [M + H*]*.

N'-(3-Cyano-5-(4-methoxyphenyl)pyridin-2-yl)-N,N-dimethylformimidamide (2.210, R4=Rs
= H, Rs = 4-methoxyphenyl): The product was isolated as a light brown solid (110.2 mg, 66%).

IH NMR (500 MHz, CDCls) & 8.63 (s, 1H), 8.53 (d, J = 2.6 Hz, 1H), 7.95 (d, J = 2.5 Hz, 1H), 7.48
—7.40 (M, 2H), 7.02 — 6.95 (M, 2H), 3.85 (s, 3H), 3.20 (s, 3H), 3.17 (s, 3H). MS [ESI*] m/z: 281.23

[M+HT.

N'-(3-Cyano-5-(p-tolyl)pyridin-2-yl)-N,N-dimethylformimidamide (2.21p, Rs= Rs= H, Rs =
p-tolyl): The product was isolated as a yellow solid (45.6 mg, 87%).

IH NMR (500 MHz, CDCls):  8.62 (s, 1H), 8.56 (d, J = 2.6 Hz, 1H), 7.97 (d, J = 2.6 Hz, 1H),
7.42 —7.39 (m, 2H), 7.28 — 7.26 (M, 2H), 3.20 (s, 3H), 3.16 (s, 3H), 2.40 (s, 3H). MS [ESI*] m/z:

265.14 [M + H*]".
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N'-(3-Cyano-6-(thiophen-2-yl)pyridin-2-yl)-N,N-dimethylformimidamide (2.21q, Rs = Rs =
H, Re = 2-thiophenyl): Prepared following the protocol described by Knochel and co-workers.®
To a dry argon-flushed 50-mL round bottom flask equipped with a septum and a magnetic stirrer
bar, intermediate 2.21b was added (100.0 mg, 0.454 mmol), Pd(OAc)2 (2.5 mol%), and S-Phos
(5.0 mol %) dissolved in THF (1.0 mL). After 10 min of stirring, the organozinc reagent was added
drop-wise and the reaction mixture was stirred at RT for 1 h and then at 50°C for 16 h. The resulting
reaction mixture was cooled, quenched with saturated solution of aqueous NH4Cl and extracted
with EtOAc (3 x 15 mL). The crude product was purified by chromatography on silica gel (1% -
25% EtOACc in hexanes with 0.1% triethylamine). The product was isolated as a yellow solid (49.6
mg, 43%).

'H NMR (500 MHz, CDCls) & 8.71 (s, 1H), 7.76 (d, J= 8.0 Hz, 1H), 7.62 (dd, J=3.7, 1.1 Hz, 1H),
7.44 (dd, J=5.0, 1.1 Hz, 1H), 7.22 (d, J=8.0 Hz, 1H), 7.12 (dd, J=5.0, 3.7 Hz, 1H), 3.20 (s, 3H),
3.19 (s, 3H).

13C NMR (126 MHz, CDCl3) & 162.9, 156.1, 153.9, 144.3, 142.2, 129.0, 128.2, 126.2, 118.0,
111.5,99.9,41.1, 35.0.

MS [ESI*] m/z: 257.078 [M + H']".

N'-(3-Cyano-6-(methylthio)-5-(3-nitrophenyl)-4-(trimethylsilyl)pyridin-2-yl)-N,N-
dimethylformimidamide (2.21r, Rs= TMS, Rs = 3-nitrophenyl, Rs = SMe): Product was
obtained as a yellow solid (75.5 mg, 80%).

IH NMR (400 MHz, CDCls): § 8.71 (s, 1H), 8.29 (ddd, J = 8.1, 2.3, 1.3 Hz, 1H), 8.11 — 8.09 (t, J
= 1.9 Hz, 1H), (m, 1H), 7.60 (t, J = 7.8 Hz, 1H), 7.54 (dt, J = 7.6, 1.4 Hz, 1H), 3.23 (s, 3H), 3.18
(s, 3H), 2.42 (s, 3H), 0.05 (s, 9H).

MS [ESI*] m/z: 414.13 [M + H'T".
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N'-(3-Cyano-6-methoxypyridin-2-yl)-N,N-dimethylformimidamide (2.21s, R4= Rs=H, R =
OMe): The product was isolated as a white solid (104 mg, 95%).

IH NMR (300 MHz, CDCls): & 8.58 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H), 6.27 (d, J = 8.4 Hz, 1H),
3.89 (s, 3H), 3.15 (s, 3H), 3.13 (s, 3H).

13C NMR (75 MHz, CDCls): § 165.0, 163.1, 155.9, 143.3, 118.6, 104.0, 93.4, 53.5, 41.0, 35.0.

MS [ESI*] m/z: 205.13 [M + H*]".

N-(3-Cyano-5-(4-methoxyphenyl)-6-(methylthio)-4-(trimethylsilyl)pyridin-2-yl)formamide
(2.22a, R4 = TMS, Rs = 4-methoxyphenyl, Re = SMe): The product was isolated as a light yellow
solid (22.3 mg, 60%).

IH NMR (500 MHz, CDCl3): § 9.64 (d, J = 9.9 Hz, 1H), 8.18 (d, J = 9.8 Hz, 1H), 7.11 — 7.03 (m,
2H), 6.99 — 6.94 (m, 2H), 3.87 (s, 3H), 2.38 (s, 3H), 0.08 (s, 9H).

13C NMR (126 MHz, CDCls): § 166.1, 161.4, 160.2, 152.8, 151.5, 136.8, 131.8, 129.2, 117.1,
114.1, 93.4, 55.3, 14.6, 0.3.

HRMS [ESI*] calculated for C1gH22N302SSi m/z; 372.11965; found 372.11850[M + H™]".

N-(3-Cyano-6-(methylthio)-5-(3-nitrophenyl)-4-(trimethylsilyl)pyridin-2-yl)formamide
(2.22b, R4=TMS, Rs = 3-nitrophenyl, Re= SMe): The product was isolated as a yellow solid (32.5
mg, 70%).

IH NMR (500 MHz, CDCl3): § 9.65 (d, J = 9.8 Hz, 1H), 8.34 (ddd, J = 8.3, 2.3, 1.0 Hz, 1H), 8.21
(d, J=9.7 Hz, 1H), 8.09 (t, J = 1.9 Hz, 1H), 7.66 (t, J = 7.9 Hz, 1H), 7.57 — 7.51 (m, 1H), 2.42 (s,

3H), 0.08 (s, 9H).
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13C NMR (126 MHz, CDCls) § 165.2, 161.2, 153.2, 152.2, 148.3, 138.8, 136.9, 134.1, 129.9,
125.9,124.1, 116.7, 93.8, 14.6, 0.4.

HRMS [ESI] calculated for C17H17N4O3SSi m/z: 385.07961; found 385.07983 [M - H']".

7-(Methylthio)pyrido[2,3-d]pyrimidin-4-amine (2.23a, Rs = R¢ = H, R7 = SMe): Product was
isolated as yellow solid (26 mg, 100%)

IH NMR (400 MHz, CD30D) & 8.45 (s, 1H), 8.11 (d, J = 8.0 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H),
2.65 (s, 3H).

13C NMR (125 MHz, DMSO-ds) & 167.0, 163.3, 159.3, 159.2, 132.9, 120.1, 105.9, 12.9.

MS [ESI*] m/z: 193.05 [M + H'T".

6-Bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4-amine (2.23b, Rs = Br):

The product was isolated as a yellow solid (167.1 mg, 88%).

IH NMR (400 MHz, DMSO-ds) & 8.82 (s, 1H), 8.46 (s, 1H), 8.03 (br_s, 2H), 2.57 (s, 3H).

13C NMR (126 MHz, DMSO-ds) § 165.9, 162.7, 159.6, 157.6, 135.6, 114.6, 107.0, 14.7. MS [ESI']

m/z : 270.96 [M + H']".

7-(Methylthio)-6-phenylpyrido[2,3-d]pyrimidin-4-amine (2.23c, Rs = phenyl):

Product was isolated as light yellow powder (42.5 mg, 94%).

IH NMR (400 MHz, CD3s0D) & 8.49 (s, 1H), 8.22 (s, 1H), 7.53 — 7.43 (m, 5H), 2.62 (s, 3H).

13C NMR (126 MHz, CD3sOD) § 168.1, 163.6, 157.2, 155.9, 136.7, 135.5, 131.2, 129.1, 128.4,
128.2,105.0, 12.7.

HRMS [ESI*"] calculated for C14H13N4S m/z: 269.08554; found 269.08445 [M + H*]*.
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6-(3-Methoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-amine (2.23d, Re = 3-
methoxyphenyl): Product was isolated as yellow powder (30.4 mg, 86%).

'H NMR (400 MHz, DMSO-de): & 8.45 (s, 1H), 8.36 (s, 1H), 7.91 (br_s, 2H), 7.41 (t, J = 7.7 Hz,
1H), 7.08 — 7.00 (m, 3H), 3.79 (s, 3H), 2.51 (s, 3H).

13C NMR (126 MHz, DMSO-ds): & 165.4, 163.5, 159.6, 159.2, 158.1, 138.5, 133.8, 132.5, 130.1,
122.0,115.4, 114.5, 105.0, 55.7, 13.8.

MS [ESI*] m/z: 299.20 [M + H']".

7-(Methylthio)-6-(thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-amine (2.23e, Re = 3-thiophenyl):
Product was isolated as a yellow powder (37.4 mg, 94%).

IH NMR (400 MHz, DMSO-ds): & 8.44 (s, 2H), 7.92 (br_s, 2H), 7.79 (dd, J = 2.9, 1.3 Hz, 1H),
7.70 (dd, J = 5.0, 3.0 Hz, 1H), 7.37 (dd, J = 5.0, 1.3 Hz, 1H), 2.54 (s, 3H).

13C NMR (126 MHz, DMSO-ds): & 165.5, 163.4, 159.2, 157.9, 137.2, 132.5, 129.2, 129.0, 127.0,
126.1, 105.8, 13.8.

MS [ESI*] m/z: 275.15 [M + H'T".

6-(4-1sopropoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-amine (2.23f, Re = 4-
isopropoxyphenyl): The product was isolated as a yellow solid (104.2 mg, 57%).

IH NMR (400 MHz, DMSO-ds): & 8.45 (s, 1H), 8.33 (s, 1H), 7.88 (br_s, 2H), 7.41 (d, J = 8.6 Hz,
2H), 7.03 (d, J = 8.7 Hz, 2H), 4.70 (hept, J = 6.0 Hz, 1H), 2.53 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H).
13C NMR (126 MHz, DMSO-ds): & 165.4, 163.0, 158.6, 157.6, 157.5, 133.4, 131.8, 130.7, 128.7,
115.4,105.4, 69.2, 21.8, 13.4.

MS [ESI*] m/z: 327.12 [M + H*]*.
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Pyrido[2,3-d]pyrimidin-4-amine (2.25a, Rs = Re = R7 = H): Product was isolated as white solids
(63.0 mg, 75%).

IH NMR (400 MHz, DMSO-ds): & 8.98 (dd, J = 4.4, 1.9 Hz, 1H), 8.66 (dd, J = 8.2, 1.9 Hz, 1H),
8.52 (s, 1H), 8.09 (br_s, 2H), 7.52 (dd, J = 8.2, 4.4 Hz, 1H).

13C NMR (126 MHz, DMSO-de): § 163.6, 159.1, 159.0, 156.4, 133.7, 121.6, 109.5.

6-Bromopyrido[2,3-d]pyrimidin-4-amine (2.25b, Rs = R7=H, Rs = Br): Product was isolated
as light yellow powder (210.7 mg, 95%).

IH NMR (400 MHz, DMSO-de): & 9.03 (d, J = 2.5 Hz, 1H), 8.97 (d, J = 2.5 Hz, 1H), 8.53 (s,
1H), 8.19 (br_s, 2H).

13C NMR (126 MHz, DMSO-ds) 8 162.9, 159.5, 157.5, 157.0, 135.6, 115.7, 110.6; MS [ESI*]

m/z: 224.97 [M + H']".

6-Phenylpyrido[2,3-d]pyrimidin-4-amine (2.25c, Rs = R7= H, Rs = phenyl):

Product was isolated as light yellow powder (160.0 mg, 97%).

IH NMR (400 MHz, DMSO-de): & 9.33 (d, J = 2.5 Hz, 1H), 8.99 (d, J = 2.5 Hz, 1H), 8.51 (s, 1H),
7.89 — 7.83 (m, 2H), 7.58 — 7.51 (m, 2H), 7.48 — 7.41 (m, 1H).

13C NMR (126 MHz, DMSO-ds): § 163.8, 159.0, 158.3, 154.8, 136.7, 133.1, 130.7, 129.7, 128.8,
127.4,109.2.

MS [ESI*] m/z: 223.09 [M + H*]".

6-(4-1sopropoxyphenyl)pyrido[2,3-d]pyrimidin-4-amine (2.25d, Rs= R7=H, Re =4-

isopropoxyphenyl): Product was isolated as light yellow powder (160 mg, 97%).
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IH NMR (500 MHz, DMSO-ds): & 9.31 (d, J = 2.5 Hz, 1H), 8.93 (d, J = 2.5 Hz, 1H), 8.50 (s,
1H), 8.12 (br_s, 2H), 7.80 (d, J = 8.8 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 4.71 (hept, J = 6.0 Hz,
1H), 1.31 (s, 3H), 1.30 (s, 3H).

13C NMR (101 MHz, DMSO-de): 5 163.7, 158.6, 158.2, 157.8, 154.5, 132.9, 129.6, 128.7, 128.6,
116.7, 109.3, 69.8, 22.2.

MS [ESI*] m/z: 281.24 [M + H*]*.

Synthesis of 6-(thiophen-2-yl)pyrido[2,3-d]pyrimidin-4-amine (2.25e, Rs = R7 = H, R = 2-
thiophenyl): The product was isolated as a yellow solid (80.3 mg; 80%).

IH NMR (500 MHz, DMSO-ds): 5 9.35 (d, J = 2.5 Hz, 1H), 8.93 (d, J = 2.5 Hz, 1H), 8.54 (s, 1H),
8.30 (br_s, 2H), 7.76 (dd, J = 3.6, 1.1 Hz, 1H), 7.72 (dd, J = 5.1, 1.1 Hz, 1H), 7.25 (dd, J = 5.1,
3.6 Hz, 1H).

MS [ESI*] m/z: 229.05 [M + H'T".

6-(3,5-Dimethylisoxazol-4-yl)pyrido[2,3-d]pyrimidin-4-amine (2.25f, Rs = R7 = H, Rg = 3,5-
dimethylisoxazol-4-yl): The product was isolated as a yellow solid (79.5 mg, 69%).

'H NMR (500 MHz, DMSO-ds) § 9.02 (d, J = 2.4 Hz, 1H), 8.65 (d, J = 2.4 Hz, 1H), 8.56 (s, 1H),
8.19 (s, 2H), 2.32 (s, 3H), 1.91 (s, 3H).

MS [ESI*] m/z: 242.10 [M + H*]*.

6-(p-Tolyl)pyrido[2,3-d]pyrimidin-4-amine (2.25g, Rs = R7 = H, Rs = p-tolyl): The product was
isolated as a light orange solid (29.4 mg, 63%).

IH NMR (500 MHz, DMSO-ds): 5 9.33 (d, J = 2.5 Hz, 1H), 8.97 (d, J = 2.5 Hz, 1H), 8.52 (s, 1H),
8.17 (br_s, 2H), 7.78 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 2.38 (s, 3H),

MS [ESI*] m/z: 237.11 [M + H'T".
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6-(4-Methoxyphenyl)pyrido[2,3-d]pyrimidin-4-amine (2.25h, Rs = R7=H, Rg = 4-
methoxyphenyl): The product was isolated as a yellow solid (85.6 mg, 95%).

IH NMR (500 MHz, DMSO-de): 5 9.32 (d, J = 2.5 Hz, 1H), 8.94 (d, J = 2.5 Hz, 1H), 8.51 (s,
1H), 8.13 (br_s, 2H), 7.83 (d, J = 8.8 Hz, 2H), 7.12 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H).

13C NMR (126 MHz, DMSO-ds): 6 163.7, 160.0, 158.7, 157.9, 154.5, 132.9, 129.6, 129.0, 128.6,
115.1, 109.3, 55.8.

MS [ESI*] m/z: 253.19 [M + H*]*.

6-(Thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-amine (2.25i, Rs = R7 = H, Rg = 3-thiophenyl):
The product was isolated as a light brown solid (85.4 mg, quantitative).

IH NMR (500 MHz, DMSO-de): & 9.43 (d, J = 2.4 Hz, 1H), 9.00 (d, J = 2.5 Hz, 1H), 8.51 (s,
1H), 8.15 (dd, J = 2.9, 1.4 Hz, 1H), 8.10 (br_s, 2H), 7.78 (dd, J = 5.0, 2.9 Hz, 1H), 7.75 (dd, J =
5.0, 1.4 Hz, 1H).

MS [ESI*] m/z: 229.08 [M + H*T".

7-(Thiophen-2-yl)pyrido[2,3-d]pyrimidin-4-amine (2.25j, Rs = Re = H, R7 = 2-thiophenyl):
The product was isolated as a light yellow solid (28.5 mg, 49%).

'H NMR (400 MHz, DMSO-ds): & 8.65 (d, J=8.6 Hz, 1H), 8.47 (s, 1H), 8.08 (d, J=8.6 Hz, 1H),
8.05 (dd, J = 3.7, 1.0 Hz, 1H), 8.01 (br_s, 2H), 7.79 (dd, J=5.0, 0.9 Hz, 1H), 7.23 (dd, J=5.0, 3.8
Hz, 1H).

13C NMR (126 MHz, DMSO-d6): § 163.8, 160.2, 159.6, 158.0, 145.0, 135.3, 132.1, 129.7,
129.4,118.0, 108.6.

MS [ESI*] m/z: 229.047 [M + H']".

70



6-(3-Methoxyphenyl)pyrido[2,3-d]pyrimidin-4-amine (2.25k, Rs = Rs¢ = H, R7; = 3-
methoxyphenyl): The product was isolated as a yellow orange solid (28.0 mg, 50%).

IH NMR (400 MHz, DMSO-ds): § 9.37 (d, J = 2.4 Hz, 1H), 9.00 (d, J = 2.5 Hz, 1H), 8.54 (s, 1H),
8.16 (br_s, 2H), 7.51 — 7.42 (m, 3H), 7.04 (dt, J = 7.0, 2.4 Hz, 1H), 3.88 (s, 3H).

13C NMR (126 MHz, DMSO-ds): & 163.4, 160.0, 158.5, 157.7, 154.4, 137.6, 132.5, 130.4 (2xC
overlapping), 119.2, 113.9, 112.5, 108.7, 55.3.

MS [ESI*] m/z: 253.23 [M + H']".

7-Methoxypyrido[2,3-d]pyrimidin-4-amine (2.25l, Rs = R = H, R7= OMe): The product was
obtained as a white solid (69.4 mg, 80%)

IH NMR (300 MHz, DMSO-ds): & 8.48 (d, J = 8.9 Hz, 1H), 8.40 (s, 1H), 7.79 (br_s, 2H), 6.94 (d,
J=8.9 Hz, 1H), 3.94 (s, 3H).

13C NMR (75 MHz, DMSO-ds): § 166.7, 162.9, 159.3, 159.2, 136.2, 111.7, 104.5, 54.0.

MS [ESI*] m/z: 177.07 [M + H'T".

General protocols for the synthesis of bisphosphonate tetraethyl esters 2.26:

The pyrido[2,3-d]pyrimidin-4-amine intermediate (i.e. 2.23 or 2.25; 1 eq), diethyl phosphite (6
eq), and triethyl orthoformate (1.6 eq) were dissolved in dry DMF or toluene. The mixture was
heated in a microwave at 150°C for 1.5 h or thermally at 100°-110°C for ~48 h. The resulting
mixture was cooled to rt and concentrated under vacuum. The product was purified by column
chromatography on silica gel. Any product isolated with <90% homogeneity was further purified
by reversed-phase preparative HPLC using a Waters Atlantis T3 C18 Sum column: Solvent A:
H20, 0.1% formic acid. Solvent B: CH3CN, 0.1% formic acid. Mobile phase: gradient from 95%

A and 5% B to 5% A and 95% B in 17 min acquisition time; flow rate: 1 mL/min.
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Tetraethyl ((pyrido[2,3-d]pyrimidin-4-ylamino)methylene)bis(phosphonate) (2.26a, Re = Rz
= H): The product was isolated as a light yellow solid (11.4 mg, 38%).

IH NMR (500 MHz, CD30D): & 9.06 (d, J = 3.0 Hz, 1H), 8.87 (d, J = 7.4 Hz, 1H), 8.76 (s, 1H),
7.65 (dd, J = 8.2, 4.4 Hz, 1H), 6.08 (t, J = 23.5 Hz, 1H), 4.29 — 4.14 (m, 8H), 1.30 (t, J = 7.1 Hz,
6H), 1.25 (t, J = 7.1 Hz, 6H).

31p NMR (81 MHz, CD30D) § 16.59.

13C NMR (126 MHz, CD30D) § 160.6, 157.9, 157.5, 156.2, 132.7, 122.2, 110.1, 63.8 (t, J = 3.1
Hz), 15.3-15.1 (m), C-a to the phosphonate overlaps with the solvent peak.

MS [ESI] m/z: 433.13 [M + H*]*.

Tetraethyl (7-(methylthio)pyrido[2,3-d]pyrimidin-4-ylamino)methylenediphosphonate
(2.26b, Re= H, R7=SMe): The product was isolated as a yellow solid (37.8 mg, 30%).

IH NMR (300 MHz, CDCls): & 8.74 (s, 1H), 8.11 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 8.7 Hz, 1H),
6.72 (d, J = 9.7 Hz, 1H), 5.86 (td, J = 22.0, 9.7 Hz, 1H), 3.89-4.33 (m, 8H), 2.71 (s, 3H), 1.29 (t, J
= 7.1 Hz, 6H), 1.20 (t, J = 7.1 Hz, 6H).

13C NMR (75 MHz, CDCls) : § 167.3, 159.1, 159.0, 158.2, 133.0, 113.0, 104.8, 63.4-63.9 (m),
54.4, 44.8 (t, J = 147.2 Hz), 16.3-16.4 (m).

3P NMR (81 MHz, CDCls): § 17.46 .

MS [ESI*] m/z: 479.18 [M+H*]*

Tetraethyl (((7-(thiophen-2-yl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26¢, Re = H, R7 = 2-thiophenyl): The product was

isolated as a yellow solid (8.0 mg, 9%).
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IH NMR (400 MHz, CDz0OD): & 8.78 (d, J = 8.7 Hz, 1H), 8.70 (s, 1H), 8.09 (d, J = 8.7 Hz, 1H),
8.00 (dd, J = 3.7, 0.7 Hz, 1H), 7.70 (dd, J = 5.0, 0.8 Hz, 1H), 7.22 (dd, J = 5.0, 3.8 Hz, 1H), 6.07
(t, J = 23.5 Hz, 1H), 4.29 — 4.12 (m, 8H), 1.31 (t, = 7.1 Hz, 6H), 1.26 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CDsOD): & 160.2 (t, J = 4.3 Hz), 158.5, 158.0, 157.7, 143.4, 132.9, 130.8,
128.4,128.2,113.0, 108.3, 63.9-63.7 (m), 16.2-14.7 (m); C-a to the bisphosphonate overlaps with
the solvent peak, as determined by HSQC.

31p NMR (81 MHz, CDz0D): & 16.67.

MS [ESI"] m/z: 515.12 [M + H']."

Tetraethyl (((7-(methylsulfonyl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26d, Rs = H, R7= SO2Me): Product was isolated as a
yellow solid (20 mg, 54%)

IH NMR (300 MHz, CDCl3): § 9.01 (d, J = 8.5 Hz, 1H), 8.89 (s, 1H), 8.09 (d, J = 8.5 Hz, 1H),
7.88 (d, J = 9.6 Hz, 1H), 5.93 (td, J = 22.2, 9.6 Hz, 1H), 4.39 — 4.00 (m, 8H), 3.48 (s, 3H), 1.35 (t,
J=7.1Hz, 6H), 1.21 (t, J = 7.1 Hz, 6H).

31p NMR (81 MHz, CDCl3) & 16.85.

13C NMR (75 MHz,CDCls) : § 163.3, 161.4, 159.6, 157.7, 136.4, 116.3, 112.0, 63.9 (t, J = 3.1 Hz),
454 (t, J = 147.5 Hz), 38.9, 16.4 (t, J = 2.5 Hz).

MS [ESI*] m/z: 511.32 [M + H*]*.

Tetraethyl (7-methoxypyrido[2,3-d]pyrimidin-4-ylamino)methylenediphosphonate (2.26e,

Re=H, R7=0Me): The product was isolated as a white solid (25 mg, 16%).
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IH NMR (300 MHz, CDCls): § 8.71 (s, 1H), 8.24 (d, J = 9.0 Hz, 1H), 6.89 (d, J = 9.0 Hz, 1H),
6.63 (d, J = 9.7 Hz, 1H), 5.87 (td, J = 22.1, 9.7 Hz, 1H), 4.11-4.31 (m, 8H), 4.10 (s, 3H), 1.28 (t, J
= 7.1 Hz, 6H), 1.19 (t, J = 7.1 Hz, 6H).

13C NMR (75 MHz, CDCls): § 167.3, 159.1, 158.2, 148.11, 133, 113.0, 104.8, 63.6-63.8 (m), 54.4,
44.8 (t, J = 147.2 Hz), 16.3-16.4 (m).

31p NMR (81 MHz, CDCl3): § 16.49.

MS [ESI] m/z: 463.3 [M + H*].*

Tetraethyl (((6-bromopyrido[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(2.26f, Re = Br, R7 = H): The product was isolated as a yellow solid (169.2 mg, 50%).

'H NMR (500 MHz, CD30D): § 9.16 (s, 1H), 9.11 (s, 1H), 8.78 (s, 1H), 6.04 (t, J = 23.4 Hz, 1H),
4.29 — 4.14 (m, 8H), 1.30 (t, J = 7.1 Hz, 6H), 1.27 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CD30D): § 159.9, 157.7, 157.3, 156.4, 134.6, 117.0, 111.0, 63.85 (t, J = 3.2
Hz), 15.3 (t, J = 2.8 Hz) and 15.2 (t, J = 3.0 Hz) (two P-O-CH>CHj3); C-a to the bisphosphonate
overlaps with the solvent peak.

31p NMR (81 MHz, CDsOD): & 16.42.

MS [ESI*] m/z: 511.04 [M + H*]*.

Tetraethyl (((6-(thiophen-2-yl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26g, Re = 2-thiophenyl, Ry = H): The product was
isolated as a yellow solid (24.3 mg, 18%).

IH NMR (500 MHz, CDz0OD): § 9.37 (s, 1H), 9.10 (d, J = 2.3 Hz, 1H), 8.72 (s, 1H), 7.70 (dd, J =
3.7, 1.1 Hz, 1H), 7.59 (dd, J = 5.1, 1.1 Hz, 1H), 7.21 (dd, J = 5.1, 3.7 Hz, 1H), 6.11 (t, J = 23.6

Hz, 1H), 4.29 — 4.16 (m, 8H), 1.31 (t, J = 7.1 Hz, 6H), 1.27 (t, J = 7.1 Hz, 6H).

74



13C NMR (126 MHz, CD:0OD): & 160.6 (t, J = 4.1 Hz), 156.9, 156.7, 153.6, 138.8, 129.3, 128.4,
127.5,127.0, 125.5, 110.1, 63.8 (t, J = 3.3 Hz), 45.2 (t, J = 151.0 Hz), 15.3 (t, J = 2.8 Hz) and 15.2
(t, J = 3.0 Hz) (two P-O-CH2CHj).

31p NMR (81 MHz, CD;0D): § 16.7.

MS [ESI"] m/z: 515.12 [M + H']."

Tetraethyl (((6-(3,5-dimethylisoxazol-4-yl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26h, Re = 3,5-dimethylisoxazol-4-yl, R7= H):_The
product was isolated as a yellow solid (22.0 mg, 17%).

IH NMR (400 MHz, CDz0OD) & 9.07 (s, 1H), 8.87 (s, 1H), 8.80 (s, 1H), 6.11 (t, J = 23.5 Hz, 1H),
4.29 — 4.16 (m, 8H), 2.50 (s, 3H), 2.34 (s, 3H), 1.31 (t, J = 7.1 Hz, 6H), 1.26 (t, J = 7.1 Hz, 6H).
3P NMR (81 MHz, CDs0D) § 16.60.

MS [ESI*] m/z: 528.17 [M + H*].*

Tetraethyl (((6-(4-isopropoxyphenyl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26i, Re = 4-isopropoxyphenyl, R7 = H): The product
was isolated as a yellow oil (13.3 mg, 22%).

IH NMR (500 MHz, CDCl3): § 9.34 (d, J = 2.4 Hz, 1H), 8.83 (s, 1H), 8.45 (br_s, -NH), 7.69 —
7.57 (m, 2H), 7.04 — 6.99 (m, 2H), 5.91 (td, J = 21.9, 9.7 Hz, 1H), 4.62 (hept, J = 6.1 Hz, 1H),
4.37 —4.04 (m, 8H), 1.38 (s, 3H), 1.37 (s, 3H), 1.31 (t, J = 7.1 Hz, 6H), 1.22 (t, J = 7.1 Hz, 6H).
13C NMR (126 MHz, CDCls): § 159.6, 158.6, 157.5, 157.3, 155.6, 134.7, 128.5, 128.4, 126.9,
116.5, 109.5, 70.0, 64.0 (t, J = 3.2 Hz) and 63.7 (t, J =3.1 Hz) (two P-O-CH2CHz), 45.1 (t, J =
147.1 Hz), 22.0, 16.4 — 16.3 (m).

3P NMR (162 MHz, CDCls): § 16.42.
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MS [ESI*] m/z: 567.36 [M + H']".

Tetraethyl (((6-phenylpyrido[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(2.26j, Re = phenyl, R7 = H): The product was isolated as a yellow solid (12.2 mg, 11%).

IH NMR (500 MHz, CD30D):  9.36 (s, 1H), 9.14 (d, J = 2.3 Hz, 1H), 8.76 (s, 1H), 7.89-7.80 (m,
2H), 7.60-7.53 (m, 2H), 7.50-7.45 (m, 1H), 6.12 (t, J = 23.5 Hz, 1H), 4.30-4.15 (m, 8H), 1.31 (t, J
= 7.1 Hz, 6H), 1.26 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CDs0D): § 160.7, 157.2, 157.0, 155.0, 136.2, 135.3, 129.6, 129.0, 128.5,
127.0,110.0, 63.8 (t, J = 3.3 Hz), 15.3 (t, J = 2.8 Hz) and 15.2 (t, J = 3.0 Hz) (two P-O-CH,CHs);
C-a to the bisphosphonate overlaps with the solvent peak.

31p NMR (81 MHz, CDz0OD): § 16.68.

MS [ESI*] m/z: 509.164 [M + H*].*

Tetraethyl (((7-(methylthio)-6-phenylpyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26k, Re = phenyl, R7 = SMe): The product was
isolated as a light yellow solid (18.5 mg, 45%).

IH NMR (400 MHz, DMSO-ds): & 9.00 (d, J = 9.3 Hz, -NH), 8.88 (s, 1H), 8.64 (s, 1H), 7.58 —
7.45 (m, 5H), 5.88 (td, J = 23.5, 9.0 Hz, 1H), 4.13 — 3.95 (m, 8H), 2.53 (s, 3H), 1.17 (t, J = 7.0 Hz,
6H), 1.08 (t, J = 7.0 Hz, 6H).

13C NMR (126 MHz, DMSO-dg): & 166.1, 160.5, 158.1, 157.9, 137.0, 134.6, 132.3, 129.8, 129.1,
128.9, 106.8, 63.4 (t, J = 3.0 Hz) and 63.2 (t, J = 3.0 Hz) (two P-O-CH,CHs3), 46.7 — 44.2 (m), 16.7
—16.5 (m), 13.8.

1P NMR (203 MHz, CD30D): § 16.74.

MS [ESI"] m/z: 555.35 [M + H']".
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Tetraethyl (((7-(methylthio)-6-(thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.261, Re = 3-thiophenyl, R7 = SMe): Product was
isolated as a yellow solid (35.0 mg, 34%).

IH NMR (500 MHz, CD30D): § 8.68 (s, 1H), 8.53 (s, 1H), 7.74 — 7.70 (m, 1H), 7.57 (ddd, J = 5.0,
3.0, 0.9 Hz, 1H), 7.41 — 7.37 (m, 1H), 6.06 (t, J = 23.5 Hz, 1H), 4.27 — 4.14 (m, 8H), 2.65 (s, 3H),
1.30 (t, J = 7.1 Hz, 6H) and1.25 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CD3s0D) § 168.2, 160.40 (t, J = 4.1 Hz), 157.2, 156.7, 136.6, 130.8, 130.0,
128.1, 125.7, 125.3, 106.1, 63.8 — 63.7 (M), 44.9 (t, J = 149.8 Hz), 15.3 (t, J = 2.8 Hz) and 15.2 (¢,
J = 3.1 Hz) (two P-O-CH2CHs), 12.7.

31p NMR (81 MHz, CD;0OD): § 16.74.

MS [ESI*] m/z: 561.108 [M + H*].*

Tetraethyl (((6-(4-isopropoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (2.26m, Re = 4-isopropoxyphenyl, Rz = SMe): The
product was isolated as a yellow solid (12.6 mg, 22%).

IH NMR (400 MHz, CD30D): & 8.68 (s, 1H), 8.41 (s, 1H), 7.44 (d, J = 8.6 Hz, 2H), 7.02 (d, J =
8.7 Hz, 2H), 6.06 (t, J = 23.5 Hz, 1H), 4.69 (hept, J = 6.1 Hz, 1H), 4.25 — 4.14 (m, 8H), 2.63 (s,
3H), 1.37 (s, 3H), 1.36 (s, 3H), 1.30 (t, J = 7.1 Hz, 6H), 1.25 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CD30D): § 168.6, 160.4, 158.5, 157.0, 156.7, 136.7, 130.4, 129.8, 128.6,
115.3, 106.2, 69.6, 63.9 — 63.7 (m), 20.9, 15.3 (t, J = 2.9 Hz) and 15.2 (t, J = 3.0 Hz) (two P-O-
CH2CHj3), 12.7; C-a to the bisphosphonate overlaps with the solvent peak.

31p NMR (162 MHz, CD30D): § 16.78.

MS [ESI*] m/z: 613.34 [M + H*].*
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Tetraethyl (((6-bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4
yl)amino)methylene)bis(phosphonate) (2.26n, Re = Br, R7 = SMe): The product was isolated as
a yellow solid (55.6 mg, 30%).

IH NMR (500 MHz, DMSO-ds): § 9.40 (s, 1H), 8.65 (s, 1H), 5.82 (t, J = 23.5 Hz, 1H), 4.12 - 3.97
(m, 8H), 2.59 (s, 3H), 1.17 (t, J = 7.0 Hz, 6H), 1.09 (t, J = 7.0 Hz, 6H).

MS [ESI*] m/z: 557.03 [M + H']".

General protocols for the synthesis of bisphosphonate tetraethyl esters 2.27:

The pyrido[2,3-d]pyrimidin-4-amine intermediate (i.e. 2.23 or 2.25; 1 eq), and tetraethylethene-
1,1-diylbisphosphonate(1.1-2.0 eq.), which was previously prepared according to literature
procedures,*® were dissolved in anhydrous THF. The mixture was stirred at RT for 16 h, and then
concentrated under vacuum. The product was purified by column chromatography on silica gel.
Any product isolated with <90% homogeneity was further purified by reversed-phase preparative
HPLC using a Waters Atlantis T3 C18 5um column, as described for the bisphosphonate tetra

esters 26.

Tetraethyl (2-(pyrido[2,3-d]pyrimidin-4-ylamino)ethane-1,1-diyl)bis(phosphonate) (2.27a,
Re = R7=H): Product was isolated as a pale yellow solid (28.6 mg, 47%).

IH NMR (500 MHz, CD30D): 6 9.01 (d, J = 2.8 Hz, 1H), 8.70 (s, 1H), 8.58 (dd, J = 8.3, 1.7 Hz,
1H), 7.59 (dd, J = 8.3, 4.4 Hz, 1H), 4.31 - 4.05 (m, 10H), 3.62 — 3.49 (m, 1H), 1.30 — 1.27 (m,
12H).

13C NMR (126 MHz, CDs0D) & 160.8, 158.0, 157.4, 155.7, 132.4, 121.8, 110.1, 63.5 — 62.5 (m),

37.9 (t, J = 3.6 Hz), 34.5 (t, J = 132.7 Hz), 15.6 — 14.6 (m).
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3P NMR (81 MHz, CD30D) § 21.28.

MS [ESI*] m/z: 447.148 [M + H'].*

Tetraethyl (2-((6-phenylpyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27b, Re = phenyl, R7 = H): The product was isolated as a light yellow
oil (16.2 mg, 23%).

IH NMR (500 MHz, CDCls): & 9.31 (d, J = 2.3 Hz, 1H), 8.84 (s, 1H), 8.33 (d, J = 2.2 Hz, 1H),
7.80 (t, J = 4.8 Hz, -NH), 7.67 (d, J = 7.3 Hz, 2H), 7.52 (t, J = 7.6 Hz, 2H), 7.45 (t, J = 7.4 Hz,
1H), 4.45 — 4.02 (m, 10H), 2.87 (tt, J = 22.9, 6.2 Hz, 1H), 1.38 (t, J = 7.1 Hz, 6H), 1.32 (t, J= 7.1
Hz, 6H).

13C NMR (126 MHz, CDCls): § 160.4, 158.2, 157.4, 155.3, 136.7, 134.7, 129.4, 128.5, 128.1,
127.4,109.6, 63.4 — 63.0 (M), 37.8 (t, J = 4.4 Hz), 36.4 (t, J = 131.9 Hz), 16.4 — 16.3 (m).

3P NMR (162 MHz, CDClg): § 21.11.

MS [ESI*] m/z: 523.21 [M + H'T".

Tetraethyl (2-((6-(thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27¢c, Re = 3-thiophenyl, Rz = H): The product was isolated as a yellow
oil (16.5 mg, 47%).

IH NMR (500 MHz, CDCls): 6 9.30 (d, J = 2.4 Hz, 1H), 8.77 (s, 1H), 8.33 (d, J = 2.4 Hz, 1H),
7.86 (t, J = 4.7 Hz, -NH), 7.63 (dd, J = 2.5, 1.8 Hz, 1H), 7.49 — 7.42 (m, 2H), 4.29 — 4.13 (m, 10H),
2.89 (tt, J = 22.9, 6.3 Hz, 1H), 1.37 (t, J = 7.1 Hz, 6H), 1.30 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CDCls): § 160.3, 158.2, 157.5, 154.6, 137.7, 129.4, 127.4, 126.9, 125.9,
122.2,109.7, 63.4 — 62.9 (m), 37.7 (t, J = 4.4 Hz), 36.3 (t, J = 132 Hz), 16.5 — 16.3 (m).

31p NMR (203 MHz, CDCls): § 21.15.
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MS [ESI*] m/z: 529.17 [M + H*]".

Tetraethyl (2-((6-(p-tolyl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27d, Rs = p-tolyl, R7 = H): The product was isolated as a yellow solid
(21.2 mg, 78%).

IH NMR (500 MHz, CD30D): § 9.30 (s, 1H), 8.78 (s, 1H), 8.72 (s, 1H), 7.68 (d, J = 8.1 Hz, 2H),
7.36 (d, J = 7.9 Hz, 2H), 4.18 (m, 10H), 3.57 (tt, J = 23.1, 7.1 Hz, 1H), 2.42 (s, 3H), 1.33 — 1.25
(m, 12H).

13C NMR (126 MHz, CD3;0D): § 160.9, 157.8, 156.3, 154.2, 138.7, 134.8, 133.3, 129.7, 129.0,
126.7, 105.0, 63.3 — 62.8 (m), 37.9 (br), 34.5 (t, J = 132.7 Hz), 19.8, 15.3 — 15.2 (m)

31p NMR (81 MHz, CDsOD): & 21.29.

MS [ESI*] m/z: 537.195 [M + H*].*

Tetraethyl (2-((6-(4-methoxyphenyl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27e, Re = 4-methoxyphenyl, R7 = H): The product was isolated as a
light yellow oil (15.0 mg, 46%).

IH NMR (500 MHz, CDCls): § 9.25 (d, J = 2.4 Hz, 1H), 8.78 (s, 1H), 8.24 (d, J = 2.4 Hz, 1H),
7.75 (t, J = 4.9 Hz, -NH), 7.58 — 7.53 (m, 2H), 7.03 — 6.95 (m, 2H), 4.30 — 4.14 (m, 10H), 3.86 (s,
3H), 2.87 (tt, J = 22.9, 6.3 Hz, 1H), 1.37 (t, J = 7.1 Hz, 6H), 1.30 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CDCls): § 160.3, 160.0, 158.1, 157.4, 155.0, 134.2, 129.1, 128.4, 127.1,
114.8, 109.6, 63.4 — 63.0 (M), 55.4, 37.7 (t, I = 4.1 Hz), 36.4 (t, J = 131.8 Hz), 16.4 — 16.3 (m).
3P NMR (162 MHz, CDCl3) 21.16.

MS [ESI*] m/z: 553.36 [M + H'T".
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Tetraethyl (2-((6-(3-methoxyphenyl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27f, Re = 3-methoxyphenyl, R7 = H): The product was isolated as a
yellow oil (30.0 mg, 55%).

IH NMR (400 MHz, CDCls): § 9.27 (d, J = 2.4 Hz, 1H), 8.81 (s, 1H), 8.31 (d, J = 2.4 Hz, 1H),
7.81 (t, J = 4.8 Hz, -NH), 7.40 (t, J = 8.0 Hz, 1H), 7.20 (ddd, J = 7.6, 1.6, 0.9 Hz, 1H), 7.16 — 7.11
(m, 1H), 6.95 (ddd, J = 8.3, 2.5, 0.7 Hz, 1H), 4.30 — 4.14 (m, 10H), 2.89 (tt, J = 22.9, 6.3 Hz, 1H),
1.37 (t, J= 7.1 Hz, 6H), 1.31 (t, J = 7.1 Hz, 6H).

13C NMR (101 MHz, CDCIs) : § 160.4, 160.2, 158.4, 157.8, 155.2, 138.1, 134.4, 130.4, 128.2,
119.7,113.7, 113.2, 109.6, 63.4 — 63.0 (m), 55.4, 37.8 (t, J = 4.3 Hz), 36.4 (t, J = 131.8 Hz), 16.4
—16.3 (m).

31p NMR (162 MHz, CDCls): 21.15.

MS [ESI*] m/z: 553.35 [M + H*]*.

Tetraethyl (2-((6-bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27g, Re = Br, R7= SMe): Product was isolated as a yellow oil (107.4
mg, 44%).

IH NMR (500 MHz, CDCls): § 8.72 (s, 1H), 8.14 (s, 1H), 7.65 (br_s, -NH), 4.31 — 4.12 (m, 10H),
2.86 (tt, J = 22.9, 6.2 Hz, 1H), 1.38 (t, J = 7.1 Hz, 6H), 1.32 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CDCls): § 167.6, 159.4, 158.8, 156.9, 132.4, 116.0, 107.1, 63.4 — 63.0 (m),
37.7 (t, = 4.4 Hz), 36.3 (t, J = 131.9 Hz), 16.5 — 16.3 (m), 15.1.

3P NMR (203 MHz, CDCl3) § 21.13.

MS [ESI*] m/z: 571.23 [M + H*].*
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Tetraethyl (2-((7-(methylthio)-6-phenylpyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)bis(phosphonate) (2.27h, Rs = phenyl, Rz = SMe): Product was isolated as a yellow oil
(35.4 mg, 71%).

'H NMR (500 MHz, CDCls): & 8.74 (s, 1H), 7.70 (s, 1H), 7.48 — 7.40 (m, 5H), 7.36 (br_s, -NH),
4.26 —4.11 (m, 10H), 2.81 (tt, J = 22.9, 6.2 Hz, 1H), 2.65 (s, 3H), 1.35 (t, J = 7.1 Hz, 6H), 1.30 (t,
J=7.1Hz, 6H).

13C NMR (126 MHz, CDCls) & 167.4, 160.3, 158.5, 157.5, 136.8, 135.2, 129.4, 128.8, 128.7,
128.6, 106.0, 63.3 — 62.9 (m), 37.6 (t, J = 4.4 Hz), 36.5 (t, J = 131.9 Hz), 16.5 - 16.2 (m), 14.1.
31p NMR (203 MHz, CDCls): & 21.20.

MS [ESI*] m/z: 569.27 [M + H*]".

Tetraethyl (2-((6-(3-methoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-
yl)amino)ethane-1,1-diyl)bis(phosphonate) (2.27i, Rs = 3-methoxyphenyl, R7 = SMe): The
product was isolated as a yellow solid (20.0 mg, 66%).

IH NMR (500 MHz, CD3sOD): § 8.61 (s, 1H), 8.15 (s, 1H), 7.42 — 7.35 (m, 1H), 7.06 — 7.00 (m,
3H), 4.20 — 4.13 (m, 8H), 4.12 — 4.05 (m, 2H), 3.84 (s, 3H), 3.51 (it, J = 23.1, 7.1 Hz, 1H), 2.61
(s, 3H), 1.30 — 1.26 (m, 12H).

13C NMR (126 MHz, CD3;0D): § 167.2, 160.8, 159.8, 157.8, 156.6, 138.0, 135.1, 130.1, 129.3,
121.3,114.7, 113.8, 105.9, 63.2 — 62.8 (M), 54.4, 37.7 (t, J = 3.6 Hz), 34.4, 15.3 — 15.1 (m).

31p NMR (81 MHz, CDsOD): & 21.37.

MS [ESI*] m/z: 599.178 [M + H'].*
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Tetraethyl (2-((6-(4-isopropoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-
yl)amino)ethane-1,1-diyl)bis(phosphonate) (2.27j, Re = 4-isopropoxyphenyl, Rz = SMe): The
product was isolated as a light yellow oil (36.2 mg, 66%).

IH NMR (500 MHz, CDCls): & 8.73 (s, 1H), 7.66 (s, 1H), 7.36 — 7.31 (m, 2H), 7.30 (t, J = 5.4 Hz,
-NH), 6.97 — 6.90 (m, 2H), 4.65 — 4.57 (m, 1H), 4.26 — 4.12 (m, 10H), 2.81 (tt, J = 22.9, 6.2 Hz,
1H), 1.39 (s, 3H), 1.37 (s, 3H), 1.35 (t, J = 7.1 Hz, 6H), 1.30 (t, J = 7.1 Hz, 6H).

13C NMR (126 MHz, CDCls): § 167.7, 160.2, 158.3, 158.3, 157.4, 135.0, 130.6, 128.7, 128.6,
115.7, 106.1, 69.9, 63.3 — 62.9 (M), 37.6 (t, J = 4.6 Hz), 36.5 (t, J = 131.9 Hz), 22.1, 16.5 — 16.3
(m), 14.2.

31p NMR (203 MHz, CDCls): § 21.22.

MS [ESI*] m/z: 627.38 [M + H']".

Tetraethyl (2-((7-(methylthio)-6-(thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-
yl)amino)ethane-1,1-diyl)bis(phosphonate) (2.27k, Re = 3-thiophenyl, R7 = SMe): The
product was obtained as a yellow oil (16.4 mg, 52%).

IH NMR (500 MHz, CD30D): 5 8.61 (s, 1H), 8.24 (s, 1H), 7.68 (dd, J = 2.9, 1.3 Hz, 1H), 7.57
(dd, J=5.0, 3.0 Hz, 1H), 7.36 (dd, J = 5.0, 1.3 Hz, 1H), 4.25 — 4.09 (m, 10H), 3.51 (tt, J = 23.2,
7.2 Hz, 1H), 2.64 (s, 3H), 1.31 — 1.26 (m, 12H).

31p NMR (81 MHz, CDsOD): & 21.30.

MS [ESI] m/z: 575.12 [M + H*].*

Characterization Data of Final Inhibitors:
((Pyrido[2,3-d]pyrimidin-4-ylamino)methylene)diphosphonic acid (2.8a): Product was

isolated as a light yellow solid (3.7 mg, 50%).
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IH NMR (500 MHz, D20): 5 8.84 (dd, J = 4.6, 1.8 Hz, 1H), 8.68 (dd, J = 8.3, 1.8 Hz, 1H), 8.47
(s, 1H), 7.55 (dd, J = 8.3, 4.6 Hz, 1H), 4.68 (t, J = 18.5 Hz, 1H).

13C NMR (126 MHz, D20): § 159.9, 158.7, 156.5, 154.8, 134.1, 121.8, 111.2, 52.50 (t, J = 124.7
Hz).

31p NMR (81 MHz, D20): & 12.67.

HRMS [ESI] calculated for CsHaN4OsP2 m/z: 319.00028; found: 319.00139 [M - H™].

7-(Methylthio)pyrido[2,3-d]pyrimidin-4-ylamino)methylenediphosphonic acid (2.8b):
Product was isolated as a yellow solid (21.9 mg, 96%).

IH NMR (500 MHz, D20): & 8.31 (s, 1H), 8.29 (d, J = 8.7 Hz, 1H), 7.30 (d, J = 8.7 Hz, 1H), 4.53
(t, J = 18.8 Hz, 1H), 2.53 (s, 3H).

13C NMR (125 MHz, D;0) : § 168.1, 159.8, 158.6, 157.3, 132.6, 119.7, 107.3, 39.7 (t, J = 142.2
Hz), 12.7.

31p NMR (162 MHz, D20): § 12.74.

HRMS [ESI] calculated for CoH1106N4P2S m/z: 364.98800; found: 364.98814 [M - H']."

(((7-(Thiophen-2-yl)pyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid
(2.8c): The product was isolated as a yellow solid (4.5 mg, 82%).

IH NMR (400 MHz, D20: § 8.66 (d, J = 8.7 Hz, 1H), 8.58 (s, 1H), 8.00 (d, J = 8.7 Hz, 1H), 7.93
(d, J=3.3Hz, 1H), 7.72 (d, J = 4.8 Hz, 1H), 7.29 — 7.21 (m, 1H), 5.08 (t, J = 19.3 Hz, 1H).

13C NMR (126 MHz, D20): § 160.1 (t, J = 4.0 Hz), 158.6, 157.5, 157.1, 142.3, 134.3, 130.9,
128.9, 128.8, 118.3, 109.0, 50.0 (t, J = 144.1 Hz).

31p NMR (81 MHz, D;0): § 12.21.

HRMS [ESI] calculated for C12H11N4OgP2S m/z: 400.98800; found: 400.98798 [M - H']".
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(((7-(Methylsulfonyl)pyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid
(2.8d): Product was isolated as a light yellow solid (16.3 mg, quantitative yield)

IH NMR (500 MHz, D20): & 8.91 (d, J = 8.4 Hz, 1H), 8.49 (s, 1H), 8.04 (d, J = 8.4 Hz, 1H), 4.59
(t, J = 19.9 Hz, 1H), 3.30 (s, 3H).

13C NMR (126 MHz, D20) : § 163.3, 155.9, 154.7, 153.6, 132.0, 107.8, 101.8, 50.4, 48.0 (t, J =
125.3 Hz).

31p NMR (162 MHz, D20): § 12.25.

HRMS [ESI] calculated for CoH11N4OsP2S m/z: 396.97783; found: 396.97773 [M - H']".

(7-Methoxypyrido[2,3-d]pyrimidin-4-ylamino)methylenediphosphonic acid (2.8e): Product
was isolated as a white solid (31.5 mg, 75%).

'H NMR (200 MHz, D,0): 6 8.35 (d, J = 9.0 Hz, 1H), 8.28 (s, 1H), 6.86 (d, J = 9.0 Hz, 1H), 3.90
(s, 3H).

13C NMR (126 MHz, D20): & 167.0, 159.6, 158.4, 157.3, 135.7, 111.5, 105.5, 54.1 (Ca, t, J =
124.8 Hz, and —OCHy3).

31p NMR (81 MHz, D20): & 12.86.

HRMS [ESI] calculated for CoH1107N4P2 m/z: 349.01084; found: 349.01071 [M - H']~.

(((6-bromopyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid (2.8f): The
product was isolated as a light yellow solid (7.10 mg, 74%).

IH NMR (500 MHz, D20): & 8.98 (d, J = 2.3 Hz, 1H), 8.94 (d, J = 2.4 Hz, 1H), 8.54 (s, 1H); o, C-
H to the bisphosphonate overlaps with the solvent peak.

13C NMR (126 MHz, D;0): § 159.6, 158.6, 156.2, 155.3, 136.0, 116.1, 111.8, 52.4 — 49.7 (m).

1P NMR (81 MHz, D20): § 12.61.
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HRMS [ESI] calculated for CgsHsBrN4OgsP2 m/z: 396.91079; found 396.91105 [M - H']~.

(((6-(Thiophen-2-yl)pyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid
(2.89): Product was isolated as a yellow solid (12.1 mg, 77%).

IH NMR (500 MHz, D20): § 9.12 (d, J = 2.3 Hz, 1H), 8.84 (d, J = 2.3 Hz, 1H), 8.47 (s, 1H), 7.54
(d, J = 3.6 Hz, 1H), 7.48 (d, J = 5.1 Hz, 1H), 7.12 (dd, J = 5.0, 3.7 Hz, 1H), 5.05 (t, J = 19.6 Hz,
1H).

13C NMR (126 MHz, D;0): & 160.5, 157.2, 154.5, 152.8, 138.5, 128.7, 128.7, 127.4 (two
overlapping carbons), 125.5, 110.4, 50.2 (t, J = 126.0 Hz).

31p NMR (203 MHz, D20): & 12.22.

HRMS [ESI] calculated for C12H11N4OsP2S m/z: 400.98800; found: 400.98799 [M - H*]".

(((6-(3,5-Dimethylisoxazol-4-yl)pyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic
acid (2.8h): The product was isolated as a yellow solid (7.2 mg, 46%).

IH NMR (400 MHz, D20): 8 8.83 (d, J = 2.2 Hz, 1H), 8.70 (d, J = 2.2 Hz, 1H), 8.55 (s, 1H), 2.43
(s, 3H), 2.28 (s, 3H); a-CH to the bisphosphonate overlaps with the solvent peak.

13C NMR (126 MHz, D,0): § 168.1, 160.4, 160.1, 158.8, 156.1, 155.6, 134.3, 124.2, 112.9, 110.8,
50.9 (t, J = 121.1 Hz), 10.6, 9.6.

31p NMR (81 MHz, D20): § 12.65.

HRMS [ESI] calculated for C13H14Ns07P> m/z: 414.03739; found: 414.03731 [M - H']".

(((6-(4-isopropoxyphenyl)pyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid

(2.8i): Product was isolated as a yellow solid (9.2 mg, 95%).
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IH NMR (500 MHz, D20): & 8.89 (d, J = 2.2 Hz, 1H), 8.62 (d, J = 2.3 Hz, 1H), 8.34 (s, 1H), 7.45
(d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.9 Hz, 2H), 4.97 (t, J = 19.3 Hz, 1H), 4.52 (hept, J = 6.1 Hz, 1H),
1.18 (s, 3H), 1.17 (s, 3H).

13C NMR (126 MHz, D;0): § 160.5, 157.2, 156.5, 153.7, 153.2, 134.1, 129.8, 128.2 (two
overlapping carbons), 116.6, 110.1, 71.3, 50.2 (t, J = 124.6 Hz), 21.0.

31p NMR (162 MHz, D20): § 12.22.

HRMS [ESI] calculated for C17H19N4O7P2 m/z: 453.07345; found: 453.07364 [M - H'T".

(((6-Phenylpyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid (2.8)): The
product was isolated as a light yellow solid (3.59 mg, 66%).

IH NMR (500 MHz, D20): § 9.22 (d, J = 1.6 Hz, 1H), 9.04 (d, J = 1.5 Hz, 1H), 8.59 (s, 1H), 7.85
(d, J=7.4 Hz, 2H), 7.60 (t, J = 7.6 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 5.09 — 4.89 (m, 1H).

3P NMR (203 MHz, D20):  12.80.

HRMS [ESI] calculated for C14H13N4OsP2 m/z: 395.03158; found: 395.03182 [M - H'T..

(((7-(methylthio)-6-phenylpyrido[2,3-d]pyrimidin-4-yl)amino)methylene)diphosphonic acid
(2.8k): The product was isolated as light yellow solid (3.9 mg, 81%).

IH NMR (500 MHz, D20): & 8.34 (s, 1H), 8.21 (s, 1H), 7.47 — 7.33 (m, 5H), 2.44 (s, 3H); a-CH
to the bisphosphonate overlaps with the solvent peak.

13C NMR (126 MHz, D20): § 166.3, 160.2, 158.2, 156.5, 136.8, 134.6, 131.9, 129.4, 128.7, 128.6,
106.9, 51.8 - 49.9 (m), 13.2.

31p NMR (81 MHz, D20): § 12.77.

HRMS [ESI] calculated for C1sH15N4OgP2S m/z: 441.01930; found 441.02082 [M - H™].
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(((7-(Methylthio)-6-(thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)diphosphonic acid (2.8l): The product was isolated as a light yellow solid
(17.9 mg, 93%).

1H NMR (400 MHz, D20): 5 8.33 (s, 1H), 8.29 (s, 1H), 7.58 (dd, J = 2.9, 1.2 Hz, 1H), 7.44 (dd, J
= 5.0, 3.0 Hz, 1H), 7.29 (dd, J = 5.0, 1.2 Hz, 1H), 2.46 (s, 3H); a-CH to the bisphosphonate
overlaps with the solvent peak.

13C NMR (126 MHz, D;0): § 166.6, 160.4, 158.2, 156.4, 136.7, 131.8, 129.9, 128.7, 126.5, 126.0,
106.9, 50.8 (t, J = 122.1 Hz), 13.4.

31p NMR (81 MHz, D20): & 12.84.

HRMS [ESIT] calculated for C13H13N4OsP2S2 m/z: calculated 446.97572; found: 446.97566 [M -

H'T.

(((6-(4-1sopropoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-
yl)amino)methylene)diphosphonic acid (2.8m): The product was isolated as a yellow solid (6.8
mg, 70%).

IH NMR (500 MHz, D20): & 8.50 (s, 1H), 8.32 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.12 (d, J = 8.7
Hz, 2H), 2.58 (s, 3H), 1.37 (s, 3H), 1.35 (s, 3H); a-CH to the bisphosphonates and iPr-CH overlaps
with the solvent peak as confirmed by HSQC.

HSQC (*H-1C): § 4.79 (*H) correlates to § 50.0 (**Ca), and & 4.69 correlates to *C § 71.1.

13C NMR (101 MHz, D20): § 166.8, 160.4, 158.1, 157.2, 156.4, 134.4,131.7, 131.0, 129.8, 116.3,
106.9, 71.7, 21.1, 13.3; Ca to the bisphosphonate was observed by HSQC.

3P NMR (162 MHz, D20) & 13.04.

HRMS [ESI] calculated for C1gH21N4O7P-S m/z: 499.06117; found: 499.06137 [M - H']".
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(2-(Pyrido[2,3-d]pyrimidin-4-ylamino)ethane-1,1-diyl)diphosphonic acid (2.9a):

The product was isolated as light yellow solid (6.8 mg, 33%).

IH NMR (500 MHz, D,0): 5 8.87 (dd, J = 4.6, 1.8 Hz, 1H), 8.49 (s, 1H), 8.44 (dd, J = 8.3, 1.8 Hz,
1H), 7.58 (dd, J = 8.3, 4.6 Hz, 1H), 3.94 — 3.87 (m, 2H), 2.26 — 2.14 (m, 1H).

13C NMR (126 MHz, D20): § 160.0, 158.2, 156.2, 155.2, 133.8, 122.3, 110.7, 39.9 (br; CpB), 38.8
(t, J=112.7 Hz, Ca).

31p NMR (81 MHz, D20): § 16.72.

HRMS [ESI] calculated for CoH11N4OgP2 m/z: 333.01593; found 333.01652 [M - H']".

(2-((6-Phenylpyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-diyl)diphosphonic acid (2.9b):
The product was isolated as a yellow solid (9.7 mg, 82%).

IH NMR (500 MHz, D20): § 8.99 (d, J = 1.9 Hz, 1H), 8.42 (d, J = 1.8 Hz, 1H), 8.40 (s, 1H), 7.55
(d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.34 (t, J = 7.3 Hz, 1H), 3.99 (td, J = 14.1, 7.2 Hz,
2H), 2.50 (tt, J = 20.7, 7.0 Hz, 1H).

13C NMR (101 MHz, D20): § 160.0, 157.3, 154.7, 153.8, 135.0, 134.0, 130.1, 129.2, 128.6, 126.5,
110.1, 39.3 (br, CP), 39.5-37.3 (m, Ca).

31p NMR (162 MHz, D20): § 17.02.

HRMS [ESI] calculated for C15H1sN4OsP2 m/z: 409.04723; found: 409.04714 [M - H'T".

(2-((6-(Thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-diyl)diphosphonic acid
(2.9c): The product was isolated as a yellow solid (10.5 mg, 84%).
'H NMR (500 MHz, D20): & 8.86 (d, J = 2.0 Hz, 1H), 8.27 (s, 1H), 8.23 (d, J = 1.9 Hz, 1H), 7.66

(d,J=15Hz, 1H), 7.47 (dd, J = 5.0, 2.9 Hz, 1H), 7.34 (d, J = 4.8 Hz, 1H), 3.96 (td, J =14.2, 7.1
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Hz, 2H), 2.54 (tt, J = 20.9, 7.1 Hz, 1H). °C NMR (126 MHz, D;0): § 157.5, 154.4, 151.4, 150.8,
133.5, 126.9, 126.0, 125.5, 122.8, 120.6, 107.6, 37.1 (br, CP), 36.1 (t, J=114.9 Hz, Ca).
3P NMR (203 MHz, D20):  16.98.

HRMS [ESI] calculated for C13H13N4OsP2S m/z: 415.00365; found: 415.00400 [M - H*]~.

(2-((6-(p-Tolyl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-diyl)diphosphonic acid (2.9d):
The product was isolated as a yellow solid (14.1 mg, 92%).

IH NMR (500 MHz, D20): 5 9.06 (s, 1H), 8.49 (s, 1H), 8.45 (s, 1H), 7.49 (d, J = 7.8 Hz, 2H), 7.23
(d, J = 7.8 Hz, 2H), 4.05 (td, J = 14.4, 6.5 Hz, 2H), 2.62 — 2.47 (m, 1H), 2.32 (s, 3H).

13C NMR (126 MHz, D20): § 160.1, 157.3, 155.0, 153.7, 138.9, 134.0, 132.4, 129.9, 129.8, 126.5,
110.2, 39.5-39.2 (m, two overlapping carbons, Ca and Cf), 20.3.

3P NMR (203 MHz, D20): § 17.07 and 17.04 (the two phosphonates are non-equivalent).

HRMS [ESI] calculated for C16H17N4OsP2 m/z: 423.06288; found: 423.06290 [M - H'T".

(2-((6-(4-methoxyphenyl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-diyl)diphosphonic
acid (2.9e): The product was isolated as a yellow solid (10.0 mg, 86%).

IH NMR (500 MHz, D20): 8 8.85 (d, J = 2.2 Hz, 1H), 8.35 (s, 1H), 8.11 (d, J = 2.3 Hz, 1H), 7.28
(d, J =8.7 Hz, 2H), 6.72 (d, J = 8.7 Hz, 2H), 4.00 (td, J = 14.1, 7.2 Hz, 2H), 3.76 (s, 3H), 2.54 (tt,
J=20.9, 7.2 Hz, 1H).

13C NMR (126 MHz, D20): § 159.8, 158.7, 156.6, 154.0, 153.2, 133.2,128.9, 127.4, 127.4, 114.1,
109.9, 55.1, 39.3 (br, CP), 38.4 (t, J = 111.5 Hz, Ca).

31p NMR (203 MHz, D20): & 17.05.

HRMS [ESI] calculated for C16H17N4O7P> m/z: 439.05780; found: 439.05809 [M - H']".
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(2-((6-(3-Methoxyphenyl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-diyl)diphosphonic
acid (2.9f): The product was isolated as a yellow solid (6.0 mg, 80%).

IH NMR (500 MHz, D20): & 8.96 (d, J = 1.8 Hz, 1H), 8.44 (s, 1H), 8.39 (d, J = 1.4 Hz, 1H), 7.30
(t, J=8.0 Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H), 6.96 (s, 1H), 6.82 (dd, J = 8.2, 1.9 Hz, 1H), 4.02 (td,
J=14.0, 7.3 Hz, 2H), 3.82 (s, 3H), 2.54 (tt, J = 20.8, 7.2 Hz, 1H).

13C NMR (101 MHz, D20): § 160.1, 159.1, 157.3, 154.8, 153.8, 136.6, 133.6, 130.5, 130.3, 119.4,
113.7,111.8, 110.0, 55.3, 39.3 (br, CP), 38.40 (t, J = 113.9 Hz, Ca).

31p NMR (203 MHz, D20): § 17.02.

HRMS [ESI] calculated for C16H17N4O7P> m/z: 439.05780; found: 439.05776 [M - H']".

(2-((6-Bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)diphosphonic acid (2.99): The product was isolated as a white solid (5.7 mg, 62%).

IH NMR (400 MHz, D20): & 8.49 (s, 1H), 8.31 (s, 1H), 4.08-3.90 (m, 2H), 2.59 (s, 3H), 2.56-2.36
(m, 1H).

13C NMR (126 MHz, D20): § 167.4, 159.2, 157.4, 154.7, 133.9, 115.8, 107.0, 39.3 (br, CP), 14.2;
C-a to the bisphosphonate was observed by HSQC

HSQC (*H-13C): H at § 2.46 correlates to **Ca at § 38.5.

31p NMR (162 MHz, D20): § 16.90.

HRMS [ESI] calculated for C10H12BrN4OsP2S m/z: 456.91416; found 456.91445 [M - H'].

(2-((7-(Methylthio)-6-phenylpyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)diphosphonic acid (2.9h): The product was isolated as a yellow solid (4.7 mg, 65%).
'H NMR (500 MHz, D20) § 8.52 (s, 1H), 8.08 (s, 1H), 7.60 — 7.52 (m, 5H), 3.98 - 3.91 (m, 2H),

2.60 (s, 3H), 2.35 - 2.24 (m, 1H).
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13C NMR (126 MHz, D20): § 167.8, 160.2, 156.0, 153.5, 136.1, 135.5, 130.9, 129.3, 129.0, 128.7,
106.0, 39.3 (CP), 13.4; C-a to the bisphosphonates was observed by HSQC HSQC (*H-1*C): 'H §
2.46 correlates to 3C § 38.5.

31p NMR (203 MHz, D20): 8 16.84.

HRMS [ESI] calculated for C16H17N4OsP2S m/z: 455.03495; found: 455.03498 [M - H']".

(2-((6-(3-Methoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)diphosphonic acid (2.9i): The product was isolated as an off-white solid (7.9 mg, 90%).

IH NMR (400 MHz, D;0): & 8.49 (s, 1H), 8.05 (s, 1H), 7.46 (t, J = 8.1 Hz, 1H), 7.17-7.05 (m,
3H), 3.92 (br, 2H), 3.85 (s, 3H), 2.56 (s, 3H), 2.27 (br, 1H).

13C NMR (126 MHz, D20): § 166.7, 160.2, 158.8, 158.0, 156.4, 138.1, 134.7, 131.4, 130.1, 122.3,
115.0, 114.7, 106.6, 55.5, 39.5-39.3 (CB), 39.4-38.0 (m, Ca), 13.3.

31p NMR (203 MHz, D20O): § 16.49.

HRMS [ESI] calculated for C17H19N4O7P2S m/z: 485.04552; found: 485.04596 [M - H*]".

(2-((6-(4-1sopropoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)diphosphonic acid (2.9j): Product was isolated as a yellow solid (4.04 mg, 37%).

IH NMR (500 MHz, D20) & 8.49 (s, 1H), 8.03 (s, 1H), 7.52 (d, J = 7.8 Hz, 2H), 7.12 (d, J = 8.1
Hz, 2H), 3.97 — 3.90 (m, 2H), 2.58 (s, 3H), 2.33 — 2.25 (m, 1H), , 1.37 (s, 3H), 1.36 (s, 3H); iPr-
CH overlaps with the solvent peak; confirmed by HSQC.

HSQC (*H-3C): & H § 4.68 correlates to 3C § 71.7.

13C NMR (126 MHz, D20) § 167.1, 160.2, 157.8, 157.3, 156.2, 134.7, 131.2, 131.0, 129.6, 116.3,
106.6, 71.7, 39.3 (CP), 38.7 (Ca), 21.1, 13 4.

3P NMR (203 MHz, D20) & 16.94.

92



HRMS [ESI] calculated for C19H23N4O7P.S m/z: 513.07682; found 513.07668 [M - H']".

(2-((7-(Methylthio)-6-(thiophen-3-yl)pyrido[2,3-d]pyrimidin-4-yl)amino)ethane-1,1-
diyl)diphosphonic acid (2.9k): The product was isolated as a light yellow solid (4.9 mg, 41%).
IH NMR (500 MHz, D20):  8.48 (s, 1H), 8.12 (s, 1H), 7.76 — 7.72 (m, 1H), 7.58 (dd, J = 4.9, 3.0
Hz, 1H), 7.43 (dd, J = 5.0, 1.1 Hz, 1H), 3.92 (br, 2H), 2.60 (s, 3H), 2.26 (br, 1H).

13C NMR (126 MHz, D20): § 166.7, 160.0, 157.8, 156.0, 136.4, 131.2, 130.0, 128.5, 126.4, 126.0,
106.5, 39.4(br, CB), 36.9 (Ca), 13.2.

31p NMR (81 MHz, D20): § 17.01.

HRMS [ESI] calculated for C1aH1sN4O6P2S2 m/z: 460.99137; found: 460.99184 [M - H']".

Primer extension polymerase Scintillation Proximity Assay (SPA):*°
The following primer sequences were used in the HIV RT primer extension Scintillation Proximity
Assay (SPA) (Bosworth and Towers 1989). Biotinylated PPT80 (5’- ATC TTG TCT TCG TTG

GGA GTG AAT TAGCCC TTC CAG TCC CCCCTT TTC TTT TAA AAA GTG GCT AAG

CTC TAC AGC TGC CC-3’) was used as a template. The underlined nucleotides are the portion
of the template that annealed to the primer. Primer DNA PPT (5°- TTA AAA GAA AAG GGG

GG -3’) was used in the assay.

A 10 step threefold dilution series of the compound to be tested was prepared in either reaction
buffer (50 mM Tris pH 7.8, 50 mM NaCl, 6mM MgCl.) or DMSO, depending on compound
solubility, to obtain a final concentration in the experiment of between 100 pM-10 nM. The

concentration of DMSO in the final reaction did not exceed 5%.
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50nM of DNA PPT/Biotinylated PPT80 primer-template hybrid was pre-incubated for 5 min at
37°C in a buffer containing 50 mM Tris pH 7.8, 50 mM NaCl, 6mM MqgClz, 4 uM dCTP, 4 uM
dGTP,4 uM dTTP, and 0.5 uM [8-3H (N)]-dATP in presence of inhibitor to be tested. Nucleotide
incorporation was initiated by the addition of the HIV RT polymerase and reaction was allowed to
proceed for 5 min. The reaction was quenched by the addition of one reaction volume of 0.5 M
EDTA containing 1 mg/mL Streptavidin coated PVT SPA beads. The concentration of HIV RT
used in the reaction was empirically determined to produce 1000 cpm in an uninhibited positive

control.

The SPA beads were then allowed to settle for approximately 8 hours upon which the samples
were counted using a liquid scintillation counter. The liquid scintillation count represents the total
amount of incorporation of [8-3H (N)]-dATP and is related to the amount of polymerase activity.
Liquid scintillation counts were converted to relative activity by dividing the activity of an
inhibited experiment count by an average of at least three uninhibited positive control counts. This
data was then plotted using Graph Pad Prism (Version 5.0). The ICso values were calculated by
fitting at least 8 data points to a sigmoidal dose-response (variable slope) equation using Graph
Pad Prism. Standard deviation for all experiments were determined on the basis of at least two

independent replicates.

2.8. Associated Content

Supporting Information

NMR spectra and homogeneity data for key inhibitors 2.8m, 2.9h, 2.9i, and 2.9j are provided.
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CHAPTER 3: Diketo Acid Bioisosteres and Structure-Activity Relationship

Studies of Mechanistically Unique Inhibitors of HIV-1 Reverse Transcriptase

3.1. Preface

This chapter covers the design, synthesis, and SAR studies of a new class of HIV-1 RT inhibitors
that target RT translocation. A portion of this chapter is already drafted in a manuscript form and
will be submitted for publication to J Med. Chem. in the very near future. As part of our
collaboration, this will be a joint publication with the group of Prof. Mathias Gotte (Department
of Medical Microbiology and Immunology, University of Alberta). | designed and performed the
synthesis of all inhibitors described in this chapter under the guidance of Prof. Youla S. Tsantrizos.
Michael Menni and Dr. Jean Bernatchez conducted the biochemical evaluation of these

compounds in the laboratory of Prof. Mathias Gotte.

3.2. Abstract

Reverse transcriptase (RT) is responsible for replicating the HIV-1 genome and is a validated
therapeutic target for the treatment of the infection. Inorganic pyrophosphate (PPi) is the by-
product formed during each catalytic cycle of nucleotide incorporation into the growing
oligonucleotide chain catalyzed by RT. Interestingly, the PPi analog foscarnet (PFA) and the
hydrazone derivative, CPHM have been shown to inhibit HIV-1 RT by binding to the active site
of the enzyme via metal-mediated interactions and freezing the catalytic cycle at the pre-
translocation complex. This mechanism is unique when compared with currently known clinically
validated RT inhibitors. Our present study showed that analogs of pyrimidinol carboxylic acid (a
diketo acid bioisostere) can also exhibit the same mode of inhibition. Our preliminary SAR and
selectivity studies compared the ability of these compounds to inhibit the HIV-1 RT polymerase

versus the RNase H enzyme and identified mechanistically distinct compounds that are selective
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in inhibiting RT polymerase. The drug-like properties of these compounds are far superior to PFA
and CPHM; hence they are promising new leads for further optimization into novel antiviral agents

for the treatment of HIV infection.

3.3. Introduction

A number of polyoxygenated compounds, such as PFA, malonic acid derivatives (e.g. CPHM),
1,3- diketo acids (DKA; 3.1), and other literature compounds (some examples are shown in Fig.
3.1; Table 3.1) were reported to inhibit nucleic acid processing enzymes, including HIV-1 RT
polymerase. Since the target selectivity was often poor in inhibiting the HIVV-1 RT polymerase
versus other related enzymes, the exact mechanism of inhibition was mostly undetermined.
However, given that these compounds share a common structural feature (i.e. by having a metal-
binding element), it is reasonable to assume that if they were binding to the enzyme’s active site,

they are coordinating with the two Mg?* ions that are critical for catalytic activity.

In order to effectively probe the catalytic cycle of the HIV-1 RT polymerase, we needed to identify
compounds that are (a) chemically stable, (b) selective for HIV-1 RT polymerase, and (c) selective
for blocking a specific step in the catalytic cycle of the enzyme. Additionally, we were hoping to
identify compounds that exhibit good “drug-like” properties that could serve as hits or leads for
further medicinal chemistry investigation towards the ultimate goal of discovering new therapeutic
agents for treating HIV with a novel mechanism of action. We chose to initiate our studies by
exploring the target selectivity and structure-activity relationship of analogs having the metal-
binding heterocyclic motif, pyrimidinol carboxylic acid 3.2 (Fig. 3.1).! As mentioned, this is a

clinically validated structural motif found in the drug raltegravir.? 3
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Figure 3.1. Examples of inhibitors of nucleic acid processing enzymes.
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Table 3.1. Bioactivity of some literature polyoxygenated compounds shown in Fig. 3.1.

Biological Activity (ICsg, uM)
Code | HCV NS5B HIV-1 HIV-1RT
Polymerase Integrase Polymerase RNase H
3.3 2.6 Inactive 46 Nd [
3.4 4,78 Nd Nd Nd
35 Inactive 0.085[ Nd Nd
3.6 0.15Md Nd Nd Nd
3.7 301 >50Ll >100 12.9M
3.8 Nd Nd Nd 2,511
3.9 29l >501¢l 4.5 (23)Ll Nd
3.10 Nd Nd 0.99ld 0.4719
3.11 Nd 161N 1.1 0.90(M
3.12 Nd 3.6l 0.50(" 0.40("
3.13 Nd 2411 130 0.0450!

lelfrom Stansfield et. al.%; PINd=data not available or reported; [from Petrocchi et. al.’; [%from
Koch et. al.5; Flfrom Summa et. al.; ffrom Kirschberg et. al.”; ¥lfrom Tang et. al.®; Mfrom

Kankanala et. al.?; [lfrom Vernekar et. al.%; ilfrom Williams et. al.1!

The pyrimidinol carboxylic acid chemotype can exist in tautomeric forms: the dihydroxy 3.2 (I)
and pyrimidinone 3.2 (I1) (Fig. 3.1), which are both capable of binding to two Mg?* cations. It is
interesting to note that previous investigations showed that introduction of a methyl group at N-1
of compound 3.3 (Fig. 3.1; Table 3.1), which leads to the N-methyl pyrimidinone tautomer analog
3.4 did not adversely effect the potency in inhibiting the HCV NS5B RNA-dependent RNA
polymerase enzyme.* However, replacement of the carboxylic acid moiety with a substituted
amide (e.g. analog 3.5) led to loss in potency towards inhibiting HCV NS5B but increase in
potency in inhibiting the HIV-1 integrase enzyme (HIV-1 IN).> Such observations clearly
demonstrate that in addition to the key metal-binding pharmacophore, substitutions around the
core can modulate both the potency and selectivity of these compounds towards a specific nucleic

acid processing target.
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Other investigators have reported compounds that are presumed to be active site inhibitors of HIV-
1 RT polymerase that are not nucleoside or nucleotide analogs. Examples include derivatives of
4-dimethylamino-6-vinylpyrimidines (e.g. DAVP-1, Fig. 3.1).}2 DAVP-1 was shown to be
competitive with the incoming nucleotide substrate similar with other NcRT]s, such as INDOPY -
1 (Chapter 1, Fig. 1.15). However, in contrast to INDOPY-1, which is highly specific in binding
to the HIV RT P/T complex and does not bind to free RT, DAVP-1 has been shown to inhibit RT
even in its unligated state.!® Crystallographic studies also revealed that DAVP-1 binds to a site
adjacent to the polymerase active site and this alternative binding mode has been suggested to
cause changes in the enzyme-bound P/T conformation that interfere with the proper incorporation
of the nucleotide substrate.* Consequently, the mode of action of DAVP-1 is more similar to an
allosteric inhibitor than a true active site inhibitor. Recently, Wang and co-workers reported a
series of HIV-1 RT RNase H inhibitors with varying metal binding motifs that also inhibit RT
polymerase; examples include compounds 3.10,8 3.11,° and 3.12;° (Fig. 3.1; Table 3.1). In
contrast, compounds containing the 1-hydroxy-1,8-naphthyridin-2(1H)-one core (3.13) reported
by Williams et. al. showed significant selectivity between RT RNase H and polymerase but the in
vitro potency of these compounds in RT polymerase was only modest.* As mentioned, while these
inhibitors are likely to operate via metal chelation in the polymerase active site, the exact mode of

inhibition was unclear.

In our present work, we prepared several derivatives of 3.2 in order to test if these compounds can
prevent HIV-1 RT pre- or post-translocation and to improve the potency and selectivity for this
target. We disclose herein the results of our studies that led to the identification of low micromolar
inhibitors (ICso ~ 1-2 uM) exhibiting the desired mechanism of action, and at the same time display

some selectivity against RNase H (~16-fold). Our results may contribute to the development of
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mechanistically unique non-nucleoside active site inhibitors of HIV-1 RT with therapeutic

potential.

3.4 Chemistry

Synthesis of functionalized pyrimidinones, such as 3.16 (Scheme 3.1) and 3.23 (Scheme 3.2) can
be achieved in several ways based on slightly modified protocols to those developed by scientists
from Merck. Route 1 (Scheme 3.1) involves condensation of amidine 3.14 with the fumarate
reagent 3.15.%° This approach allows access of several C-2 alkyl- and aryl-substituted
pyrimidinones in good to excellent yield; however, 3.15 has been reported to be unstable> ¢ and
in addition to the extra steps in preparing the main starting materials (3.14 and 3.15), two different
deprotection steps may be necessary for some substrates in removing the benzyl- and tert-butyl

ester protecting groups of 3.16, making the overall synthetic process longer.

OH
NH OBn OBn Deprotection OH
)J\ + . COOtBu —— > HN — N~
MeOOC | |
R” “NH, N N
OH R N COOtBu R N COOH
3.14 3.15 3.16 3.17

T

MeOOC OMe

Scheme 3.1. Route 1 synthetic approach for the preparation of analogs of 3.17.

Route 2 (Scheme 3.2) involves a Michael reaction between N-hydroxy amidine 3.19 and
dimethylacetylene dicarboxylate (DMAD), followed by thermal dissociation/association giving
the desired pyrimidinone ester 3.23 in typically 20% — 40% overall yield (Scheme 3.2A).31 The

formation of the imidazole side product 3.24 and decomposition of thermally labile compounds
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account for the low yields observed for this route. Microwave assisted rearrangement has been
also explored leading to better but still moderate yield (~40-60%), but a shorter reaction time
(Scheme 3.2B).Y" In 2008, Merck conducted an in-depth mechanistic investigation on the
formation of 3.23 and proposed that the mechanism involves a thermally induced homolytic N-O
cleavage to form a radical polar pair (Scheme 3.3) that has a strong preference for recombination.8
In 2012, another study successfully demonstrated the use of additives and catalysts in improving
this reaction.'® It was proposed that the transition state energy of the radical anion is favored over
the neutral species based on the calculated free energies, i.e. the dissociation and recombination of
the radical anion was much more facile.’® The group also reported several metal ions (mainly Cu
and Fe) that improved the outcome of this reaction, presumably by reducing the energy of the
transition state through a single electron transfer (SET) reduction mechanism.*® One of the best
catalysts/additives identified was dibromo- or dichloro-(1,10-phenanthroline)/Cu Il (3.22; Scheme
3.2C). For example, in the presence of 3.22, the reaction temperature was reduced to 60°C and
yield of ~50%-90% was typically observed. Depending on the substrate, 3.22 can be added in

catalytic amount (5 mol%) or as an additive (50 mol%) to improve the yield.
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OH dioxane or 2-MeTHF,
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3.23Y = COOMe 3.21
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'1\ Co,Me
R N
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side product
Scheme 3.2. Route 2 synthetic approach for the preparation of analogs of 3.17.
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N 2 NHZO CO,Me
R™NO(_co,Me . NH2 0__COMe| — » I I — > 3.23
| Ny | RN >COo Me
MeOzC MeOzC
NN
Polar radical pair
CuorFe °—
SET R /N\\ CO,Me
H,oN %
2 o CO,Me
Radical anion

Scheme 3.3. Proposed formation of 3.23 involving a polar radical pair mechanism.
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Consequently, we chose to follow route 2, and more specifically Scheme 3.2A for the synthesis
of most of our inhibitors with slight modifications as detailed in the experimental section. Analogs
of 3.23 are known to streak on silica and in using Scheme 3.2A or B, these compounds can easily
be isolated and purified via filtration and trituration. Scheme 3.2C was employed for compounds
containing a natural nucleobase (e.g. adenine; general structure 3.31; Scheme 3.4) as our initial
attempts following Scheme 3.2A led to mostly decomposition. The syntheses of 3.31 and of

compounds with purine-like specificity domains (e.g. 3.38; Scheme 3.5) are discussed below.

Synthesis of adenine-based compounds was initiated via preparation of the amidoxime 3.26
(Scheme 3.4) from the corresponding nitrile intermediate. It was observed that reaction of 3.26
with DMAD to give the Michael adduct 3.27 can be achieved in DMSO in the presence of
triethylamine (Scheme 3.4, step a). Thermal rearrangement then amidation to 3.29 in xylenes at
130°C gave poor yield (<5%), leading mostly to decomposition. We then considered adding CuBr,
an inexpensive and readily available additive that was screened by Bellomo et. al. and found to
give reasonable yields when added in 50 mol%.° In our preliminary studies, we set-up three
reaction conditions in the synthesis of compound 3.29a (as the test reaction) shown in Table 3.2.
The reaction progress was monitored by LC-MS. Our results showed that the reaction was not
finished in Conditions 1 (without CuBr, 130°C) after 2h and 3 (with 50 mol% CuBr, 60°C) after
1.5h, whereas full consumption of the starting materials was observed with Condition 2 (with 50
mol% CuBr, 130°C) after 30 min. A mixture of desired product 3.29a and side product 3.30a
(Scheme 3.4) in ~7:3 ratio was also observed with Condition 2. The known intermediate 3.28 and
imidazole side product 3.30 of this reaction were not isolated but were assigned based on the

corresponding mass observed by LC-MS. Without further optimization, Condition 2 was followed
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and analogs of 3.29 (a and b) were isolated in ~30% yield. It is noteworthy that due to the high

polarity of these adenine-based compounds, the purification was very challenging, accounting in

part for the low isolated yield.

NH Condition NH, NH,
2
N N XN N
Q Pz \> e L)I \> u _ \> 3.29 (R = Me)
NTTN  NHp o COaMe NN — Ny COOR
L o~ \ NH; oH N= n=1(3.29a)
"N b (\\'n\« P M o n =2 (3.29b) c.d
3.27 CO,Me N CcO,Me N
1 (’3 27a) 3.28 CO,Me + OH 3.31 (R=H)=—"
n= .
n=2(3.27b) n=1(3.28a) n i 1(3.31a)
n =2 (3.28b) NH, n=2(3.31b)
NN
a DB ]
N N
NH N._CO,Me
2 | (\-)n\(;\j//z/
N
! > 3.30 CO,Me
.
N NH; n=1(3.30a)
M"\ﬁ n =2 (3.30b)
N-oH
3.26
n=1(3.26a)
n =2 (3.26b)

Scheme 3.4. Synthesis of adenine-based compounds.

Conditions: (a) DMAD, EtsN (~0.1-1.0 eq), DMSO, rt, 4-16 h, 50%-80%; (b) o-xylenes, 130°C,
6-12 h, trace (mostly decomposition); (Condition 2; Table 3.2) CuBr (50 mol %), dioxane, 130°C,
30 min, ~30%; (c) LiOH, MeOH:THF:H20 (2:2:1), 50°-60°C, 4-12 h; (d) ag. HCI.

Table 3.2. Preliminary results on the use of CuBr as additive in the synthesis of 3.29a from
3.27al¥ as depicted in Scheme 3.4

Temp. % Conversion™
Condition Additive Time, h
(°C) 3.29a 3.30a
1 130 none 2 22 5
2 130 CuBr, 50 mol% 0.5 70 (30) 30
3 60 CuBr, 50 mol% 1.5 36 33

Note: [@Test reactions were done using 0.043 mmol of 3.27a and dioxane as solvent;®lCalculated

based on % area; [C’Number in parenthesis represents isolated yield; [413.27a was fully consumed
but intermediate 3.28a was still present (~32%).
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We recently reported the modular synthesis of pyrido[2,3-d]pyrimidines (3.32),%° a heterobicyclic
scaffold that can serve as purine mimics. We identified several analogs of pyridopyrimidines with
bisphosphonate anchor (PYPY-BPs, Chapter 2 of this thesis) that can inhibit the HIV-1 RT-
catalyzed DNA synthesis. In this study, we were interested in investigating the biological
properties of non-bisphosphonate compounds. As a first step, we decided to replace the metal-
chelating bisphosphonate moiety of PYPY-BPs with the pyrimidinol carboxylic acid bioisostere.
Synthesis of these compounds was accomplished as outlined in Scheme 3.5. Pyrimidinone
intermediate 3.34 was prepared in two ways: (a) reaction of 3.322° with methanesulfonic acid/water
under refluxing conditions, and (b) cyclization of 2-aminonicotinonitrile 3.33 with formamide.
Treatment of 3.34 with POCI3 afforded the 4-chloropyridopyrimidine intermediate 3.35, which
was subjected to an SnAr reaction with amine 3.36. Compound 3.36 was synthesized via
hydrogenolysis of methyl 2-((((benzyloxy)carbonyl)amino)methyl)-5,6-dihydroxypyrimidine-4-
carboxylate (3.23m), which was prepared from the CBz-protected aminoacetonitrile following
Scheme 3.2A. In cases where the Rs moiety was a bromide, intermediate 3.37 was subjected to
Suzuki cross-coupling reactions in order to introduce a variety of aryl or heteroaryl groups at C-6.
The final inhibitors were obtained upon hydrolysis of the methyl ester. Representative compounds

from our mini library are shown in Figure 3.2.
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Scheme 3.5. Synthesis of pyridopyrimidine-based compounds.

Conditions: (a) Methanesulfonic acid/H20, 100°C, 1h, 60%-94%; (b) Formamide, 145°C, 20-48h,
58%-68%); (c) POCIs, toluene, pyridine, 115°-180°C, ~2h, 30%-65%; (d) DMSO/dioxane, EtsN,
100°C, 1h, ~50%-70%; (e) Hz, Pd/C, 6N HCI 76%; (f) LiOH, MeOH:THF:H-0 (2:2:1), 50°-60°C;
(9) ag. HCI.
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Figure 3.2. Representative examples of HIV-1 RT inhibitors from our compound library.

*Literature compounds which were also re-synthesized for the purpose of our SAR investigations.
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3.5 Results and Discussion

“Translocation” is a key step that occurs during DNA polymerization catalyzed by the HIV-1 RT
polymerase. This step refers primarily to the translocation of the elongated primer terminus to the
so-called priming site (P-site), which frees the nucleotide binding site (N-site) for binding of the
next dNTP substrate (Fig. 3.3). Previous studies suggest that the polymerase establishes a dynamic
equilibrium between the pre- and post-translocational conformations and site-specific footprinting
experiments were used to confirm the “freezing” of either one of these two translocation states by
an inhibitor.?! 22 For instance, in our present study, PFA or CPHM and INDOPY-1 or a-CNP
(Chapter 1, Fig. 1.15) were used in the same assay as positive (reference) controls to confirm the

specific trapping of the pre-translocation and post-translocation complexes, respectively.

RT Polymerase

Pre-Translocation: Active Site

N-Site P-Site

OH Post-Translocation: ‘T

new dNTP

N-Site P-Site

3

Figure 3.3. Representation of the translocation step in the DNA polymerization cycle catalyzed
by HIV-1 RT polymerase.
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Using two established biochemical assays: (1) DNA synthesis assay (a gel-based primer extension
assay that measure the potency of inhibitors in HIV-1 RT polymerase and at the same time show
actual pausing pattern associated with inhibition)?> 2 and (2) site-specific footprinting experiments
(to evaluate specific pre- or post-translocation binding),?:%® we explored the potential of our
pyrimidinol carboxylic acids to exhibit a mechanism specific for inhibition of HIV-1 RT. We
prepared several exploratory compounds varied at C-2 of the basic scaffold (Fig. 3.2). It is
noteworthy that the structurally related analogs, compound 3.9 and CPHM, differ by about 3-fold
in terms of potency (Table 3.3) but gave identical profiles in both the DNA synthesis inhibition
assay and footprinting assay, which suggest that the mode of inhibition of these two compounds
is highly related (data not shown). As mentioned earlier, analog 3.9 has been reported previously
to also inhibit the HCV NS5B polymerase enzyme! and was included in our library as a reference
compound. Mindful of these findings, we continued with our studies by exploring the structural

requirements optimal for binding to the HIV- 1 RT translocation complex.

The summary of DNA synthesis inhibition data for representative compounds is shown in Table
3.3. The reference unsubstituted phenyl group at C-2, compound 3.7 was inactive at 100 uM;
however, analogs with a chloro, bromo, or methyl group at para- position of the C-2 phenyl
(compounds 3.9, 3.17b, and 3.17c, Fig. 3.2) exhibited potencies in the 3-6 uM range. Generally,
meta substitution was less favorable than the corresponding para-substitution, for example 4-, 5-,
and 8-fold decrease in potency was observed between the para- and meta- substituents for the
chloro (3.9vs 3.17e), bromo (3.17b vs 3.17f), and methyl (3.17c vs 3.179) derivatives, respectively
(Table 3.3). Incorporation of much bigger groups either at meta- or para- positions resulted in
significant loss of potency (e.g. 3.17) and 3.17Kk), suggesting a limited volume of space in the

binding site of these inhibitors (at this point, we assume that these analogs are adopting the same
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binding mode; however, the possibility of multiple binding modes cannot be ruled out).
Introducing a longer linker (e.g. 3.9 vs 3.17a) also resulted in a significant loss of potency.
Incorporating different groups at C-2 other than a phenyl (e.g. thiophene 3.3, adenine 3.31, and,
pyridopyrimidines 3.38) did not offer any advantages. Di-substituted inhibitors 3.17h and 3.17i
were the best analogs identified from this library of compounds with 1Cso values in the 1-2 uM
range (Fig. 3.2; Table 3.3). Our results also demonstrated the importance of the carboxylic acid
group for inhibitory activity as the corresponding esters and amides were found to be inactive (e.g.

3.171 vs ester 3.23i and amide 3.25a).

Table 3.3. Inhibition data in HIV-1 RT polymerase and RNase H.

ICs0 RT ICs0 RT
Compound F!é:ISEpRI\-/Ir) RNase H Compound IJS:ISES\-/IF) RNase H
(LM) (UM)
PFA 0.8+0.2 >100 3.17i 14+£0.2 23.0x£5.1
CPHM 15+0.2 >100 3.17j >100 nd!!
B-thujaplicinol >50 0.8+0.3 3.17k >100 nd
3.3 46 + 3.5 nd 3.171 20 £ 0.6 nd
3.7 >100 12.91°! 3.31a >100 nd
3.9 45x05 nd 3.31b 41 nd
3.17a 97 £13 51%+1.6 3.38a 65.3 +5.8 nd
3.17b 2.8+0.2 nd 3.38b 48.8+54 nd
3.17¢c 6.3+£0.4 nd 3.38¢ >100 nd
3.17d 2213 nd 3.38d 25+ 16 1501
3.17e 18+£2.6 nd 3.38e 62 20+£1.3
3.17f 14 + 3.6 nd 3.23i >100 >100
3.179 49+ 10 nd 3.25a >100 >100
3.17h 16+0.2 25.0+£5.3

ICso values are average of at least three determinations; ICso value from Budihas et. al.?;

[blfrom Kirschberg et. al.” Ind = Not determined

It is not surprising that in addition to the polymerase catalytic activity of HIV-1 RT, the RNase H
activity may also be affected by these compounds since the function of the RNase H also relies on

binding to two metal ions.?> We were pleased to find that our most potent inhibitors in the RT
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polymerase (e.g. 3.17h and 3.17i) were less potent in inhibiting RNase H. For example, a
selectivity difference of approximately 16-fold was observed for analog 3.17i (ICso of 1.4 uM and
23 uM in polymerase and RNase H, respectively; Table 3.3) using our own in vitro assays. In
contrast, some of our pyridopyrimidine-based compounds (e.g. 3.38d and 3.38e; Fig. 3.2), which
were weak inhibitors of the polymerase enzyme exhibited better potency in inhibiting RNase H
with ICsp values in the low micromolar range (Table 3.3). The pyridopyrimidines are promising
novel inhibitors of RNase H for further optimization. Furthermore, introduction of a methylene
linker is favored for RNase H inhibition (e.g. 3.17a), which is consistent with the observation by
Kirschberg et. al.” It should be noted that the natural product B-thujaplicinol (Fig. 3.4),%* a known

RNase H inhibitor, was used as the positive control compound in our RNase H inhibition assay.

HO
)

HO

B-thujaplicinol

Figure 3.4. Structure of B-thujaplicinol.
Previously, mutagenesis studies on HIV-1 RT revealed that introduction of the mutation D185N
in the polymerase active site abolished the activity of PFA and CPHM. Another mutation, ES9K,
which diminishes the stability of the pre-translocated complex?? was also able to raise resistance
against both PFA and CPHM, whereas the NRTI-resistant K65R confers some level of resistance
to PFA but not with CPHM. The inhibition profile of key compounds from our library using
various HIV-1 RT mutants is currently in progress; preliminary results are encouraging and have
shown that the inhibitory activity of compound 3.9 was also not compromised by the K65R

mutation (a more extensive biological profiling is in progress).
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Finally, our key compounds were investigated for their mechanism of action using the site-specific
footprinting assay. Our results showed that the mode of inhibition of our most potent polymerase
inhibitors, analogs 3.17h and 3.17i are identical to that of PFA as evidenced by the same pausing
profiles in HIV-1 RT catalyzed DNA synthesis (Fig. 3.5) and by “freezing” of the pre-translocated
state of RT as confirmed by site-specific footprinting experiments (Fig. 3.6). Compounds, such as
3.17h and 3.17i represent a new class of RT pre-translocation binders that are virtually equipotent
to PFA and CPHM but have significantly better drug-like properties. These compounds are new
“hits” for drug discovery of antiviral agents to treat HIV-1 infection with a novel mechanism of
action. Our preliminary SAR studies suggest that these compounds are likely to bind in a
constrained space of the active site in the pre-translocation complex. Based on our results and the
knowledge that PFA mimics the PPi by-product of the polymerase catalytic reaction, it is
reasonable to assume that such compounds may also compete for binding in the PPi site of the pre-
translocation complex. In contrast, much larger molecules, such as a-CNP and INDOPY-1
(Chapter 1, Fig. 1.15) “freeze” the post-translocation complex of the enzyme, consistent with the

much larger available space at the empty N-site.
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Figure 3.5. Inhibition of HIV-1 RT DNA synthesis by PFA and compounds 3.17h and 3.17i. All
three compounds induced identical pausing patterns in DNA synthesis, which occurs
predominantly at positions +3 and +16. These experiments were performed based on the

previously described protocol as detailed in the experimental section.??
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Figure 3.6. Investigation of the mechanism of action via site-specific footprinting assay performed
using the previously described protocol.?! 2% (A) Cleavage fragments corresponding to pre- and
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post-translocation complexes are indicated with arrows. PFA and INDOPY-1 were tested in
parallel as the positive controls for confirming the freezing of the pre- and post-translocation
complexes, respectively. Compounds, such as 3.17e, 3.17f, and 3.17i trapped the pre-translocated
complex the same way as PFA; (B) Dose-dependent inhibition of the pre-translocation complex
of HIV-1 RT by analog 3.17h.

3.6 Conclusions

In the absence of cure for HIV, the quest for finding better therapeutic agents to combat this
infection continues. Discovery of small molecule inhibitors that function with a different mode of
action and, consequently, offer an advantage against the current clinically relevant drug resistant
HIV mutants may help in the development of more effective treatments against this infection. This
work identified a new series of pyrimidinol carboxylic acid-based inhibitors that are likely to bind
in the pyrophosphate binding site and stabilize the untranslocated state of HIV-1 RT. However,
confirmation of our hypothesis with respect to binding in the PPi site is pending crystallographic
data. Our preliminary SAR studies provided some evidence on the structural requirements suitable
in targeting the pre-translocation complex. RNase H selectivity assays further support that the
activity of our best compounds is directed towards polymerase inhibition. Although investigations
of the resistance profile of our best compounds are still on-going, the analogs tested so far appear
to retain their activity in the NRTI-resistant K65R mutant. Taken together, our results provide a
venue for the development of mechanistically distinct active site inhibitors of HIV-1 RT with

potential therapeutic applications.

3.7 Experimental Section
Purification by normal phase flash column chromatography on silica gel was performed using a

CombiFlash instrument using the indicated solvent gradient. Final inhibitors were purified by
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reversed-phase preparative HPLC using a Waters Atlantis Prep T3 OBD C18 5um 19 x 50 mm
column; Solvent A: H>0O, 0.1% formic acid; Solvent B: CH3CN, 0.1% formic acid; Mobile phase:
gradient from 95% A and 5% B to 5% A and 95% B in 17 min acquisition time; flow rate: 1
mL/min. The homogeneity of final inhibitors was confirmed to be > 95% by reversed-phase HPLC
using a Waters ALLIANCE® instrument (€2695 with 2489 UV detector, 3100 mass spectrometer,
C18 5um column): Solvent A: H2O, 0.1% formic acid; Solvent B: CH3CN, 0.1% formic acid;
Mobile phase: linear gradient from 95% A and 5% B to 0% A and 100% B in 13 min. Key
compounds were fully characterized by *H, *C NMR, and HRMS. Chemical shifts (8) are reported
in ppm relative to the internal deuterated solvent (*H, *3C), unless otherwise indicated. The high
resolution MS spectra of final products were recorded using electrospray ionization (ESI+/-) and

Fourier transform ion cyclotron resonance mass analyzer (FTMS).

General Synthetic Protocols:

Method A. General Protocol for the Suzuki Cross-Coupling Reaction

Aryl halide (1 eq), boronic acid (1.3 eq), Pd(PPhs)s (10 mol%), and KF (2.5 eq) were placed in a
microwave reactor vial and the mixture was purged with argon. The mixture was dissolved in
MeOH/dioxane, 4:1 (~2.5 mL per 0.15 mmol of aryl halide) and purged again with argon. The
reaction mixture was stirred thermally at 120°C for at least 2h. The reaction mixture was cooled
down, filtered through celite, and concentrated to dryness under vacuum. Crude product was
purified either by silica gel column chromatography using a solvent gradient of 5% to 100% EtOAc
in hexanes and then from 0% to 20% MeOH in EtOAc. Typical isolated yield was 50% to

guantitative.
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Method B. General Protocols for the Synthesis of Pyrimidinol Carboxylic Acids 3.17 (based on

previous protocols with some modifications)* 16

Method B.1. Preparation of the amidoxime (3.19)

A 1.0 M solution of hydroxylamine hydrochloride in MeOH (2.0 eq) and a 1.0 M solution of KOH
in MeOH (2.0 eq) were combined at 0°C and stirred for ~30 min (slowly warming from 0°C to rt).
The potassium chloride salt formed was removed by filtration. The filtrate was added to the nitrile
(1.0 eq; the corresponding nitrile was either purchased from commercial source or synthesized
using established methods) and the mixture was heated at 60°C for 17-24 h. MeOH was removed
in vacuo and the residue was diluted with EtOAc, washed with brine, and the organic layer was
concentrated. The product (typically obtained in quantitative yield and >90% purity) was used in

the next step without further purification.

Method B.2. Preparation of the pyrimidinone ester (3.23)

The amidoxime 3.19 (1.0 eq) in CHCI3 (1.3 mL per 1.0 mmol 3.19) was added dropwise with
dimethylacetylene dicarboxylate (DMAD; 1.1 eq) and heated at 60°C for 1-2 h. Chloroform was
removed in vacuo and the crude residue (Michael adduct) was either purified by silica-gel column
chromatography (gradient 5% to 50% EtOAc in hexanes) or used immediately in the next step.
Michael adduct 3.20 was typically obtained as a mixture of E/Z isomers (isolated yield was
typically > 70%). Alternatively, the suspension of amidoxime 3.19 (1.0 eq) and MeOH (4.0 mL
per 1.0 mmol of 3.19) was cooled to -10°C then added dropwise with DMAD (1.1 eq). The
resulting mixture was slowly warmed to rt and the stirring was continued for ~16 h; monitored by
TLC. MeOH was removed in vacuo, and the crude Michael adduct was purified by silica-gel

column chromatography as described above.
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Michael adduct 3.20 was added with o-xylenes (2.5 mL per 1.0 mmol 3.20) and the mixture was
heated to 130°-135°C for 4-12h to complete the reaction, and then cooled. Methy tert-butyl ether
(MTBE) and MeOH, ratio of 9:1 (5.0 mL) was added at rt (with stirring) and the resulting slurry
was cooled in the fridge or ice-bath for at least 30 min. The residue was collected via filtration
(washed several times with MTBE:MeOH, 9:1), and then dried under vacuum. Isolated yield was

typically between 20%-45%. Product was further purified by trituration, as necessary.

Method B.3. Ester hydrolysis to give final inhibitors 3.17

Pyrimidinone carboxylate ester 3.23 (1.0 eq) and LiOH (3.0-10.0 eq) in MeOH/THF/H20 (2:2:1;
~8.0 mL per 0.1 mmol 3.23) was stirred at 50°-60°C for 4-12 h. The mixture was concentrated in
vacuo, and then acidified (to about pH 2 — 3) by addition of either 1N or 6N HCI. The precipitate
was filtered off and dried under vacuum (typical isolated yield was ~50% to quantitative). A

portion of the final product was purified by reversed-phase prep chromatography.

Method C. Preparation of Adenine-based Compounds (3.31)

Method C.1. Synthesis of adenine-containing nitriles (3.18-1 and 3.18-2)

Prepared based on a literature procedure with slight modifications.?® In summary, adenine (1.0 eq)
was added to a suspension of NaH (1.0 eq) in dry DMF (~4.0 mL per 1.0 mmol adenine) under
Ar. The mixture was heated at 80°C for ~10 min then slowly cooled to rt. The solution of the
appropriate cyanobromide (1.0 eq; bromoacetonitrile or 3-bromopropionitrile) in DMF (1.0 mL)
was then added at rt and the reaction was heated at 60°C for 16 h under an Ar balloon. The mixture
was then cooled to rt, concentrated under reduced pressure (DMF was removed by co-evaporation

with H,O/MeOH at 50°C). The resulting residue was collected via filtration (washed with H20
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several times, dried in vacuo, and finally, washed with 30% EtOAc/hexanes). Product was used in

the next step without further purification. Typical yield was 80% to quantitative.

Method C.2. Synthesis of analogs of 3.29

The amidoxime 3.26 was prepared using Method B.1. The Michael adduct 3.27 was prepared as
follows: amidoxime 3.26 (1.0 eq) in DMSO (3.0 mL per 1.0 mmoL 3.26) was added with EtsN
(0.1eqto 1.0 eq; Note: 0.1 eq was used for 3.26b and up to 1.0 eq for 3.26a). The resulting mixture
was then added dropwise with DMAD (1.1 eq). Reaction was stirred at rt for ~4-12 h. The mixture
was diluted with H>O and then extracted with EtOAc. The organic layer was collected and the
aqueous layer was further extracted with EtOAc/n-butanol (1:1). The organic layers were
combined, washed with semi-brine then dried in vacuo. Crude product was purified by silica gel
chromatography (gradient of 50% EtOAc in hexanes to 100% EtOAc, then to 20% MeOH in
EtOAc). Michael adduct 3.27 was isolated as dark brown oil in ~50% vyield (for 3.27a, based on

recovered starting material) to ~80% vyield (for 3.27b) and was used immediately in the next step.

An oven-dried vial was added with 3.27 (1.0 eq) and CuBr (50 mol %).1° Air was removed by
vacuum and the vial was purged with Ar. Dry dioxane (1.0 mL per 0.1 mmoL 3.27) was added
and the vial was evacuated again and purged with Ar. The mixture was sonicated for ~30 seconds
and then stirred at 130°C for 30 min under Ar. The reaction mixture was cooled to rt and then
diluted with 1:1 MeOH:H,O. CuBr was removed via filtration. The filtrate was collected,
concentrated, and the remaining H>.O was removed using a lyophilizer. Crude product (3.29) was

purified by reversed phase chromatography; isolated yield was ~30%.

Ester hydrolysis of 3.29 to give 3.31 was performed following Method B.3 except that the final

compound was purified by trituration.
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Method D. General Protocol for the Synthesis of 4-chloropyridopyrimidine 3.35

Chlorination was done using a slightly modified procedure described by Sun et. al.?
Pyridopyrimidinone 3.34 (1.0 eq), dry toluene (~1.0 mL per 1.0 mmol 3.34), and pyridine (1.0 eq)
were mixed in the pressure vessel. POCl3 (5.0 eq) was added with stirring. The tube was then
sealed and heated at 115°-180°C for ~2h (Note: 115°C was used for 3.34c while 180°C for 3.34a
and 3.34b). The reaction was cooled, concentrated in vacuo, diluted with EtOAc, and washed with
cold NaHCOs solution, dried over Na;SO4 and concentrated in vacuo. The crude product was
purified by silica gel chromatography (24g column, 2%-85% EtOAc in hexanes with 0.1% EtzN)

and used immediately in the next step. Typical yield was ~30%-65%.

Method E. General Protocol for the Preparation of Pyridopyrimidine-based Compounds 3.38

Amine 3.36 (1.1 to 1.3 eq) and EtsN (3.0 eq) were dissolved in dry DMSO (~2.0 mL per 0.15
mmol 3.36) and stirred at rt for 5 min. The aryl chloride 3.35 (1.0 eq; dissolved in 1.0 mL dry
dioxane) was then added and the mixture was heated at 100°C for 1h (under Ar balloon). The
reaction was cooled to rt, concentrated in vacuo, added with H>O (to crash out the product), and
then filtered. Crude product 3.37 was purified by trituration. Typical isolated yield was ~50%-
70%. When Re of 3.37 = Br, Suzuki cross-coupling to introduce several aryl groups at the said
position was performed using Method A (Note: the product was purified by trituration, not by

silica-gel chromatography).

Ester hydrolysis to give 3.38 was done using Method B.3. Final compounds were converted first
to their corresponding monosodium salt prior to purification by reversed-phase prep

chromatography.
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Synthesis of Key Compounds and Intermediates

Pyrido[2,3-d]pyrimidin-4(3H)-one (3.34a, Re = R7 = H). Prepared via reaction of 2-aminonicotinic
acid (1.0 eq) with formamide (50.0 eq) at 145°C for 20 h.?8 Isolated as a beige solid (1.6g, 58%).'H
NMR (500 MHz, DMSO-d6) § 12.55 (br s, 1H), 8.95 (dd, J = 4.5, 2.0 Hz, 1H), 8.51 (dd, J = 7.9,
2.0 Hz, 1H), 8.32 (s, 1H), 7.55 (dd, J = 7.9, 4.6 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) & 162.1,

159.1, 156.2, 149.2, 136.1, 123.0, 118.3. MS [ESI*] m/z: 148.0 [M + H*]*

6-bromopyrido[2,3-d]pyrimidin-4(3H)-one (3.34b, Re¢ = Br, R7 = H). Prepared in two ways: (1)
reaction of 2-amino-5-bromonicotinic acid (1.0 eq) with formamide (50.0 eq) at 145°C for 20h
(yield of 667 mg, 68%, beige solid) using a slightly modified protocol reported by Zhang et.al.?®;
or (2) treatment of 6-bromopyrido[2,3-d]pyrimidin-4-amine?® with methane sulfonic acid/H.0%
at 100°C (yield of 18.2 mg, 60%). *H NMR (500 MHz, DMSO-ds) & 12.74 (br_s, 1H), 9.05 (d, J

= 2.6 Hz, 1H), 8.63 (d, J = 2.6 Hz, 1H), 8.36 (s, 1H).

6-bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4(3H)-one (3.34c, Rs = Br, R7 = SMe). Prepared
by treatment of 6-bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4-amine?® with methane sulfonic
acid/H.0% at 100°C. Isolated as a yellow solid. *H NMR (400 MHz, DMSO-ds) & 12.65 (br s,
1H), 8.44 (s, 1H), 8.32 (s, 1H), 2.61 (s, 3H). 2*C NMR (126 MHz, DMSO-ds) & 166.4, 160.9,

157.8, 150.0, 137.3, 116.1, 115.5, 14.9.

4-chloropyrido[2,3-d]pyrimidine (3.35a, Re = R7 =H). Prepared via Method D. Isolated as a light
yellow solid. *H NMR (500 MHz, CDCls) § 9.33 (dd, J = 4.3, 1.9 Hz, 1H), 9.27 (s, 1H), 8.65 (dd,
J=8.3,1.9 Hz, 1H), 7.72 (dd, J = 8.3, 4.3 Hz, 1H). *C NMR (126 MHz, CDCls3) § 163.3, 158.8,

158.8, 157.1, 135.3, 124.6, 119.5. MS [ESI"] m/z: 166.0 [M + H*]*
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6-bromo-4-chloropyrido[2,3-d]pyrimidine (3.35b, Re = Br, R7 = H). Prepared via Method D.
Isolated as a light yellow solid. *H NMR (400 MHz, CDCls) § 9.32 (d, J = 2.5 Hz, 1H), 9.30 (s,

1H), 8.78 (d, J = 2.5 Hz, 1H).

6-bromo-4-chloro-7-(methylthio)pyrido[2,3-d]pyrimidine (3.35¢c, R = Br, R7 = SMe). Prepared
via Method D. Isolated as a yellow solid. *H NMR (500 MHz, CDCls3) § 9.15 (s, 1H), 8.53 (s, 1H),

2.77 (s, 3H). 3C NMR (126 MHz, CDCls) § 172.2, 161.3, 157.4, 157.1, 135.2, 120.3, 117.4, 15.6.

2-(6-amino-9H-purin-9-ylacetonitrile (3.18-1, R = adeninyl). Prepared following Method C.1
using adenine and bromoacetonitrile. Isolated as a light brown solid. *H NMR (500 MHz, DMSO-
ds) & 8.22 (s, 1H), 8.21 (s, 1H), 7.40 (br_s, 2H), 5.44 (s, 2H). *C NMR (126 MHz, DMSO-ds) &

156.6, 153.6, 149.6, 140.6, 118.8, 116.2, 31.4.

3-(6-amino-9H-purin-9-yl)propanenitrile (3.18-2, R = adeninyl). Prepared following Method C.1
using adenine and 3-bromopropionitrile. Isolated as a light yellow solid. *H NMR (400 MHz,
DMSO-de) 6 8.20 (s, 1H), 8.17 (s, 1H), 7.28 (br_s, 2H), 4.45 (t, J = 6.5 Hz, 2H), 3.17 (t, J = 6.5
Hz, 2H). 3C NMR (126 MHz, DMSO-dg) § 156.5, 153.1, 149.9, 141.0, 119.2, 118.8, 39.3, 18.6.
MS [ESI*] m/z: 189.1 [M + H*]*

Synthesis of amine 3.36:

CBz-protected intermediate 3.23m was prepared from N-(Benzyloxycarbonyl)-2-
aminoacetonitrile following the sequence of steps described for Method B. Amidoxime: Benzyl-
(2-amino-2-(hydroxyimino)ethyl)carbamate (3.19m, R = CBzNHCH.-) was isolated as a white

solid. *H NMR (500 MHz, DMSO-ds) § 9.03 (s, 1H), 7.45 (t, J = 5.9 Hz, 1H), 7.40 — 7.26 (m, 5H),

5.29 (br_s, 2H), 5.03 (s, 2H), 3.59 (d, J = 6.1 Hz, 2H). 13C NMR (126 MHz, DMSO-ds) 3 157.0,
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150.8, 137.5, 128.8, 128.3, 128.2, 65.9, 41.2 MS [ESI"] m/z: 224.1 [M + H*]" Pyrimidinone Ester:

Methyl 2-((((benzyloxy)carbonyl)amino)methyl)-5,6-dihydroxypyrimidine-4-carboxylate
(3.23m, R = CBzNHCH>-) was isolated as a beige solid. *H NMR (400 MHz, DMSO-dg) & 12.73
(s, 1H), 10.32 (s, 1H), 7.65 (t, J = 5.8 Hz, 1H), 7.41 — 7.22 (m, 5H), 5.05 (s, 2H), 4.05 (d, J = 5.9

Hz, 2H), 3.81 (s, 3H). MS [ESI'] m/z: 334.1 [M + H']*

Methyl  2-(aminomethyl)-5,6-dihydroxypyrimidine-4-carboxylate  (3.36).  Prepared via
hydrogenolysis of 3.23m. In summary, a mixture of 3.23m (1.0g, 3.0 mmol)), 6 N HCI (0.50 mL;
3.0 mmol), and 10% Pd/C (200 mg) in MeOH (60.0 mL) was hydrogenated. Once complete, the
reaction mixture was filtered through celite, then washed with additional MeOH (~50 mL). The
combined filtrate was concentrated and dried under vacuum to afford product as its HCI salt (peach
solid; 540.0 mg, 76%). *H NMR (500 MHz, DMSO-ds) & 13.26 (br_s, 1H), 10.53 (br_s, 1H), 8.55
(br_s, 3H (-NHz¢HC1)), 3.95 (s, 2H), 3.83 (s, 3H). *C NMR (126 MHz, DMSO-ds) & 165.9, 158.9,
146.0, 144.4, 128.8, 52.7, 39.6. -CH,NH: was observed by HSQC (*H-3C): H & 3.95 correlates

to 13C § 39.6. MS [ESI*] m/z: 200.1 [M + H']*
Final Inhibitors:

Inhibitors 3.3, 3.7, 3.9, and 3.17a to 3.17] were synthesized following the sequence of steps
described for Method B. NMR data for compounds 3.3, 3.7, 3.9, and 3.17 (e, f, h, j) agree with

previous reports:1 6730

Inhibitor 3.3:
Amidoxime: N'-hydroxythiophene-2-carboximidamide (3.19-1, R = 2-thiophenyl) was isolated as

a light yellow oil and used directly in the next step.
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Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-(thiophen-2-yl)pyrimidine-4-carboxylate (3.23-1, R

= 2-thiophenyl) was isolated as a peach solid. *H NMR (500 MHz, DMSO-d6) & 13.21 (br_s, 1H),
10.50 (br_s, 1H), 7.99 (d, J = 3.3 Hz, 1H), 7.76 (dd, J = 5.0, 0.9 Hz, 1H), 7.17 (dd, J = 5.0, 3.8 Hz,

1H), 3.84 (s, 3H). MS [ESI"] m/z: 253.1 [M + H']"

Final Inhibitor: 5,6-dihydroxy-2-(thiophen-2-yl)pyrimidine-4-carboxylic acid (3.3).* Isolated as
cream solid. *H NMR (500 MHz, DMSO-d6) § 13.08 (br_s, 1H), 7.99 (dd, J = 3.8, 0.9 Hz, 1H),

7.76 (dd, J = 5.0, 0.9 Hz, 1H), 7.16 (dd, J = 5.0, 3.8 Hz, 1H). MS [ESI] m/z: 237.0 [M - H*]"

Inhibitor 3.7:

Amidoxime: N'-hydroxybenzimidamide (3.19-2, R = phenyl) was isolated as a yellow oil. 'H
NMR (500 MHz, DMS0-d6) § 9.61 (s, 1H), 7.69 — 7.64 (m, 2H), 7.39 — 7.35 (m, 3H), 5.78 (br_s,

2H). MS [ESI*] m/z: 137.1 [M + H*]*

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-phenylpyrimidine-4-carboxylate (3.23-2, R =

phenyl) was isolated as a light orange solid. *H NMR (400 MHz, DMSO-dé6) & 8.02 - 7.99 (m,

2H), 7.53 — 7.47 (m, 3H), 3.85 (s, 3H). MS [ESI*] m/z: 247.1 [M + H'T*

Final Inhibitor: 5,6-dihydroxy-2-phenylpyrimidine-4-carboxylic acid (3.7).1 7 Isolated as a light
peach solid. *H NMR (400 MHz, DMSO-d6) & 8.04 (d, J = 8.0, 2H), 7.56 — 7.45 (m, 3H). MS
[ESI] m/z: 231.1 [M - H']

Inhibitor 3.9:

Amidoxime: 4-chloro-N'-hydroxybenzimidamide (3.19-3, R = 4-chlorophenyl) was isolated as a
white solid. 'H NMR (500 MHz, DMSO-d6) § 9.72 (s, 1H), 7.70 — 7.66 (m, 2H), 7.45 — 7.41 (m,

2H), 5.86 (br_s, 2H). MS [ESI*] m/z: 171.3 [M + H'T*
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Pyrimidinone Ester: Methyl 2-(4-chlorophenyl)-5,6-dihydroxypyrimidine-4-carboxylate (3.23-3,

R = 4-chlorophenyl) was isolated as orange solid. *H NMR (500 MHz, DMS0-d6) § 8.03 (d, J =

8.7 Hz, 2H), 7.57 (d, J = 8.8 Hz, 2H), 3.85 (s, 3H). MS [ESI*] m/z: 281.1 [M + H*]*

Final Inhibitor: 2-(4-chlorophenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.9).! Isolated as
off-white solid. *H NMR (500 MHz, DMSO0-d6) & 8.07 (d, J = 8.7 Hz, 1H), 7.56 (d, J = 8.7 Hz,
1H). *C NMR (126 MHz, DMSO-d6) & 169.0, 159.3, 148.3, 144.4, 135.4, 131.1, 129.0, 128.6,

128.2. HRMS [ESI] calculated for C11HsCIN204 m/z, 265.00216; found 265.00220 [M - H*]
Inhibitor 3.17a:

Amidoxime: 2-(4-chlorophenyl)-N'-hydroxyacetimidamide (3.19a, R = 4-chlorobenzyl) was
isolated as off-white solid. *tH NMR (500 MHz, DMSO0-d6) & 8.90 (s, 1H), 7.35 — 7.31 (m, 2H),

7.30 — 7.26 (m, 2H), 5.42 (s, 2H), 3.25 (s, 2H). MS [ESI*] m/z; 185.5 [M + H']*

Pyrimidinone Ester: Methyl 2-(4-chlorobenzyl)-5,6-dihydroxypyrimidine-4-carboxylate (3.23a, R

= 4-chlorobenzyl) was isolated as a light brown solid. *H NMR (500 MHz, DMSO-d6) & 12.92 (s,
1H), 10.24 (s, 1H), 7.38 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 3.81 (s, 2H), 3.79 (s, 3H).

MS [ESI*] m/z: 295.0 [M + H*]*

Final Inhibitor: 2-(4-chlorobenzyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.17a). Isolated

as a white solid. *H NMR (500 MHz, DMS0-d6) § 7.40 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 8.5 Hz,
2H), 3.92 (s, 2H). *C NMR (101 MHz, DMSO-ds) & 168.0, 159.5, 151.1, 149.5, 135.1, 132.3,
131.1, 129.0, 124.2, 37.8. HRMS [ESI] calculated for C12HgCIN2O4 m/z, 279.01781; found

279.01776 [M - H'T'
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Inhibitor 3.17b:

Amidoxime: 4-bromo-N'-hydroxybenzimidamide (3.19b, R = 4-bromophenyl) was isolated as off-
white solid. *H NMR (500 MHz, DMSO-d6) § 9.72 (s, 1H), 7.64 — 7.59 (m, 2H), 7.59 — 7.55 (m,

2H), 5.85 (br_s, 2H). MS [ESI*] m/z; 215.3 [M + H']*

Pyrimidinone Ester: Methyl 2-(4-bromophenyl)-5,6-dihydroxypyrimidine-4-carboxylate (3.23b,

4-bromophenyl) was isolated as a light orange solid. *H NMR (400 MHz, DMSO-d6) & 7.95 (d, J

= 8.7 Hz, 2H), 7.71 (d, J = 8.7 Hz, 2H), 3.85 (s, 3H). MS [ESI*] m/z: 325.0 [M + H']*

Final Inhibitor: 2-(4-bromophenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.17b).%° Isolated

as off-white solid. *H NMR (400 MHz, DMSO0-d6) & 8.00 (d, J = 8.7 Hz, 1H), 7.71 (d, J = 8.7 Hz,
1H). 13C NMR (101 MHz, DMSO0-d6) § 169.1, 159.5, 149.1, 144.0, 131.5, 131.5, 129.1, 128.3,

124.2. HRMS [ESI] calculated for C11HeBrN204 m/z, 308.95164; found 308.95184 [M - H']
Inhibitor 3.17c:

Amidoxime: N'-hydroxy-4-methylbenzimidamide (3.19c, R = p-tolyl) was isolated as a white
solid. *H NMR (500 MHz, DMSO-d6) 6 9.51 (s, 1H), 7.56 (d, J = 8.2 Hz, 2H), 7.17 (d, J = 7.9 Hz,

2H), 5.72 (br_s, 2H), 2.31 (s, 3H). MS [ESI*] m/z: 151.1 [M + H'T*

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-(p-tolyl)pyrimidine-4-carboxylate (3.23c, R = p-

tolyl) was isolated as a light orange solid. *H NMR (500 MHz, DMS0-d6) & 7.91 (d, J = 8.3 Hz,

2H), 7.30 (d, J = 8.0 Hz, 2H), 3.85 (s, 3H), 2.36 (s, 3H). MS [ESI*] m/z: 261.1 [M + H*]*

Final Inhibitor: 5,6-dihydroxy-2-(p-tolyl)pyrimidine-4-carboxylic acid (3.17c).%° Isolated as off-

white solid. *H NMR (400 MHz, DMSO-d6) § 7.95 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H),

2.36 (s, 3H). 13C NMR (101 MHz, DMSO0-d6) & 169.2, 159.4, 148.2, 145.4, 140.5, 129.4, 129.0,
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128.2,127.1, 20.9. HRMS [ESI7] calculated for C12H9N204 m/z, 245.05678; found 245.05642 [M

-HT
Inhibitor 3.17d:

Amidoxime: N'-hydroxy-4-isopropylbenzimidamide (3.19d, R = 4-isopropylphenyl) was isolated
as a yellow oil that solidified upon standing at rt. *H NMR (500 MHz, DMSO-d6) § 9.53 (s, 1H),
7.59 (d, J =8.4 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 5.73 (br_s, 2H), 2.94 — 2.85 (m, 1H), 1.21 (d, J

= 6.9 Hz, 6H). MS [ESI"] m/z: 179.1 [M + H'T*

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-(4-isopropylphenyl)pyrimidine-4-carboxylate

(3.23d, R = 4-isopropylphenyl) was isolated as a light peach solid. *H NMR (500 MHz, DMSO-
d6) & 13.02 (br_s, 1H), 10.44 (br_s, 1H), 7.93 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.3 Hz, 2H), 3.85
(s, 3H), 3.00 — 2.90 (m, 1H), 1.22 (d, J = 6.9 Hz, 6H). 3C NMR (126 MHz, DMSO-d6) & 166.0,
159.5, 151.4, 146.1, 145.0, 129.7, 129.1, 127.2, 126.5, 52.2, 33.3, 23.6. MS [ESI"] m/z: 289.1 [M

+ H+]+

Final Inhibitor: 5,6-dihydroxy-2-(4-isopropylphenyl)pyrimidine-4-carboxylic acid (3.17d).

Isolated as light peach solid. 'H NMR (400 MHz, DMSO) & 7.96 (d, J = 8.3 Hz, 2H), 7.35 (d, J =
8.3 Hz, 2H), 2.94 (hept, J = 6.8 Hz, 1H), 1.22 (d, J = 6.9 Hz, 6H). **C NMR (101 MHz, DMSO-
d6) 6 169.2, 159.4, 151.2, 148.3, 145.3, 129.8, 128.3, 127.2, 126.4, 33.3, 23.6. HRMS [ESI]

calculated for C14H13N204 m/z, 273.08808; found 273.08809 [M - H']
Inhibitor 3.17e:

Amidoxime: 3-chloro-N'-hydroxybenzimidamide (3.19¢, R = 3-chlorophenyl) was isolated as off-
white solid. *H NMR (500 MHz, DMSO-d6) & 9.78 (s, 1H), 7.70 (t, J = 1.7 Hz, 1H), 7.65 - 7.63
(m, 1H), 7.44 - 7.38 (m, 2H), 5.89 (br_s, 2H). MS [ESI*] m/z: 171.3 [M + H']*
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Pyrimidinone Ester: Methyl 2-(3-chlorophenyl)-5,6-dihydroxypyrimidine-4-carboxylate (3.23e, R

= 3-chlorophenyl) was isolated as a light orange solid. *H NMR (500 MHz, DMS0-d6) § 13.10
(br_s, 1H), 10.63 (br_s, 1H), 8.06 (t, J = 1.8 Hz, 1H), 8.00 — 7.95 (m, 1H), 7.60 - 7.58 (m, 1H),

7.53 (t, J = 7.9 Hz, 1H), 3.86 (s, 3H). MS [ESI*] m/z: 281.1 [M + H']*

Final Inhibitor: 2-(3-chlorophenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.17¢).%° Isolated

as off-white solid. *H NMR (500 MHz, DMSO-d6) § 8.14 (t, J = 1.7 Hz, 1H), 8.02 (d, J = 7.8 Hz,
1H), 7.57 (ddd, J = 7.9, 1.8, 0.9 Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H). 3C NMR (126 MHz, DMSO-
d6) 5 169.0, 159.2, 148.5, 144.0, 134.2, 133.4, 130.4, 130.3, 128.1, 127.0, 125.7. HRMS [ESI]

calculated for C11HsCIN204 m/z, 265.00216; found 265.00224 [M - H*]
Inhibitor 3.17f:

Amidoxime: 3-bromo-N'-hydroxybenzimidamide (3.19f, R = 3-bromophenyl) was isolated as a
white solid. *H NMR (500 MHz, DMSO-d6) & 9.78 (s, 1H), 7.84 (t, J = 1.8 Hz, 1H), 7.70 — 7.67
(m, 1H), 7.57 - 7.55 (m, 1H), 7.34 (t, J = 7.9 Hz, 1H), 5.89 (br_s, 2H). MS [ESI*] m/z: 215.3 [M

+ H+]+

Pyrimidinone Ester: Methyl 2-(3-bromophenyl)-5,6-dihydroxypyrimidine-4-carboxylate (3.23f, R

= 3-bromophenyl). Isolated as a light orange solid. *H NMR (500 MHz, DMSO-d6) & 8.20 (t, J =
1.7 Hz, 1H), 8.01 (d, J=8.0 Hz, 1H), 7.72 (dd, J = 8.0, 1.1 Hz, 1H), 7.47 (t, J = 7.9 Hz, 1H), 3.86

(s, 3H). MS [ESI*] m/z: 325.0 [M + H*]*

Final Inhibitor: 2-(3-bromophenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.17f). Isolated

as off-white solid. *H NMR (500 MHz, DMSO-d6) 5 8.28 (t, J = 1.7 Hz, 1H), 8.05 (d, J = 8.0 Hz,

1H), 7.70 (dd, J = 8.0, 1.1 Hz, 1H), 7.45 (t, J = 7.9 Hz, 1H). 3C NMR (126 MHz, DMSO-d6) &
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169.0, 159.3, 148.8, 143.7, 134.4, 133.1, 130.6, 129.8, 128.1, 126.0, 121.8. HRMS [ESI]

calculated for C11HsBrN2O4 m/z, 308.95164; found 308.95182 [M - H*]
Inhibitor 3.17g:

Amidoxime: N'-hydroxy-3-methylbenzimidamide (3.19g, R = m-tolyl) was isolated as a yellow
oil. 'H NMR (500 MHz, DMSO-d6) 6 9.55 (s, 1H), 7.49 (s, 1H), 7.45 (d, J = 7.7 Hz, 1H), 7.25 (t,
J=7.6Hz, 1H), 7.18 (d, J = 7.5 Hz, 1H), 5.73 (s, 2H), 2.32 (s, 3H). MS [ESI*] m/z: 151.1 [M +
H*

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-(m-tolyl)pyrimidine-4-carboxylate (3.23g, R = m-

tolyl) was isolated as a light orange solid. *H NMR (400 MHz, DMSO-dé6) § 13.00 (s, 1H), 10.50
(s, 1H), 7.84 (s, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.38 (t, J = 7.6 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H),
3.85 (s, 3H), 2.37 (s, 3H). **C NMR (126 MHz, DMSO-d6) & 166.0, 159.5, 146.2, 145.2, 137.8,

132.0, 131.4, 129.0, 128.5, 127.6, 124.3, 52.3, 20.9. MS [ESI*] m/z: 261.1 [M + H*]*

Final Inhibitor: 5,6-dihydroxy-2-(m-tolyl)pyrimidine-4-carboxylic acid (3.17g).%° Isolated as off-

white solid. *H NMR (500 MHz, DMSO-d6) & 7.88 (s, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.37 (t, J =
7.6 Hz, 1H), 7.32 (d, J = 7.5 Hz, 1H), 2.37 (s, 3H). *C NMR (126 MHz, DMSO-d6) § 169.1,
159.2,147.9, 145.7,137.8, 132.0, 131.3, 128.4, 128.2, 127.8, 124.3, 20.9. HRMS [ESI] calculated

for C12H9N204 m/z, 245.05678; found 245.05644 [M - H']
Inhibitor 3.17h:

Amidoxime: 3-chloro-N'-hydroxy-4-methylbenzimidamide (3.19h, R = 3-chloro-4-methylphenyl)
was isolated as a white solid. *H NMR (400 MHz, DMSO-d6) & 9.68 (s, 1H), 7.67 (d, J = 1.6 Hz,
1H), 7.53 (dd, J = 8.0, 1.7 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 5.84 (br_s, 2H), 2.31 (s, 3H). MS
[ESI"] m/z: 185.0 [M + H']*
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Pyrimidinone Ester: Methyl 2-(3-chloro-4-methylphenyl)-5,6-dihydroxypyrimidine-4-

carboxylate (3.23h, R = 3-chloro-4-methylphenyl) was isolated as a light orange solid. *H NMR
(500 MHz, DMSO0-d6) 6 8.06 (s, 1H), 7.89 (d, J = 9.1 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 3.86 (s,
3H), 2.38 (s, 3H). 3C NMR (126 MHz, DMSO-d6) § 165.8, 159.5, 145.6, 144.6, 138.3, 133.6,

131.5, 131.4, 128.8, 127.2, 125.6, 52.3, 19.5. MS [ESI*] m/z: 295.0 [M + H*]*

Final Inhibitor: 2-(3-chloro-4-methylphenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.17h).

Isolated as white solid. *H NMR (400 MHz, DMSO-d6) & 8.13 (d, J = 1.6 Hz, 1H), 7.93 (dd, J =
8.0, 1.7 Hz, 1H), 7.46 (d, J = 8.1 Hz, 1H), 2.38 (s, 3H). °C NMR (101 MHz, DMSO-d6) & 169.1,
159.6, 149.7,143.1, 137.8, 133.5, 131.9, 131.2, 128.1, 127.2, 125.5, 19.5. HRMS [ESI] calculated

for C12HsCIN20O4 m/z, 279.01781; found 279.01786 [M - H']
Inhibitor 3.17i:

Amidoxime: 3-bromo-N'-hydroxy-4-methylbenzimidamide (3.19i, R = 3-bromo-4-methylphenyl)
was isolated as a white solid. *H NMR (400 MHz, DMS0-d6) § 9.69 (s, 1H), 7.84 (d, J = 1.7 Hz,
1H), 7.57 (dd, J = 7.9, 1.7 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 5.86 (br_s, 2H), 2.32 (s, 3H). MS

[ESI*] m/z: 228.99 [M + H*]*

Pyrimidinone  Ester: Methyl  2-(3-bromo-4-methylphenyl)-5,6-dihydroxypyrimidine-4-

carboxylate (3.23i, R = 3-bromo-4-methylphenyl) was isolated as light orange solid. *tH NMR (500
MHz, DMSO-d6) & 8.23 (d, J = 1.7 Hz, 1H), 7.93 (dd, J = 8.0, 1.8 Hz, 1H), 7.47 (d, J = 8.1 Hz,
1H), 3.86 (s, 3H), 2.39 (s, 3H). 3C NMR (126 MHz, DMSO0-d6) & 165.8, 159.5, 145.5, 144.5,
140.1, 131.6, 131.1, 130.4, 128.8, 126.2, 124.3, 52.3, 22.3. HRMS [ESI] calculated for

C13H10BrN204 m/z, 336.9829; found 336.9834 [M - H']
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Final Inhibitor: 2-(3-bromo-4-methylphenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid (3.171).

Isolated as white solid. *H NMR (400 MHz, DMS0-d6) & 8.31 (d, J = 1.7 Hz, 1H), 7.97 (dd, J =
8.0, 1.8 Hz, 1H), 7.46 (d, J = 8.2 Hz, 1H), 2.39 (s, 3H). 13C NMR (101 MHz, DMS0-d6) & 169.0,
159.3, 148.5, 143.8, 139.9, 131.7,131.1, 130.5, 128.1, 126.2, 124.3, 22.3. HRMS [ESI"] calculated

for C12H10BrN2O4 m/z, 324.9818 found 324.9820 [M + H']"

Inhibitor 3.17j:

The nitrile, 4-(3,5-dimethylisoxazol-4-yl)benzonitrile (3.18j, R = 4-(3,5-dimethylisoxazol-4-
yl)phenyl)® was prepared via Suzuki cross-coupling between (3,5-dimethylisoxazol-4-yl)boronic
acid and 4-bromobenzonitrile based on the method as previously described.®? The corresponding
amidoxime, 4-(3,5-dimethylisoxazol-4-yl)-N'-hydroxybenzimidamide (3.19j, R = 4-(3,5-
dimethylisoxazol-4-yl)phenyl) was then made (isolated as a white solid) and used directly in the

next step.

Pyrimidinone Ester: Methyl 2-(4-(3,5-dimethylisoxazol-4-yl)phenyl)-5,6-dihydroxypyrimidine-4-
carboxylate (3.23j, R = 4-(3,5-dimethylisoxazol-4-yl)phenyl) was isolated as orange solid. *H
NMR (400 MHz, DMSO-d6) & 8.11 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.3 Hz, 2H), 3.86 (s, 3H),

2.44 (s, 3H), 2.26 (s, 3H).

Final Inhibitor: 2-(4-(3,5-dimethylisoxazol-4-yl)phenyl)-5,6-dihydroxypyrimidine-4-carboxylic

acid (3.17j). Isolated as a white solid. *H NMR (400 MHz, DMSO-d6) & 8.13 (d, J = 8.3 Hz, 2H),
7.51 (d, J =8.3 Hz, 2H), 2.44 (s, 3H), 2.26 (s, 3H). HRMS [ESI] calculated for C16H12N3Os m/z,

326.0782; found 326.0783 [M - H'T"

151



Inhibitor 3.17k:

The nitrile, 3',4'-difluoro-[1,1'-biphenyl]-3-carbonitrile (3.18k, R = 3',4"-difluoro-[1,1'-biphenyl]-
3-yl) was prepared from 3-bromobenzonitrile and 3,4-difluorophenyl boronic acid as Suzuki
cross-coupling partners based on the previously described method.®? *H NMR (400 MHz,
CDCl3) 6 7.80 (s, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.66 (d, J = 7.7 Hz, 1H), 7.56 (t, J = 7.8 Hz, 1H),
7.41-7.32 (m, 1H), 7.29 - 7.27 (m, 2H). MS [ESI*] m/z: 216.1 [M + H*]* The corresponding
amidoxime, 3',4'-difluoro-N'-hydroxy-[1,1'-biphenyl]-3-carboximidamide (3.19k, R = 3',4'-
difluoro-[1,1'-biphenyl]-3-yl) was then made (isolated as off-white solid) and used directly in the

next step.

Pyrimidinone Ester: Methyl 2-(3',4'-difluoro-[1,1'-biphenyl]-3-yl)-5,6-dihydroxypyrimidine-4-
carboxylate (3.23k, R = 3',4'-difluoro-[1,1'-biphenyl]-3-yl) was isolated as a peach solid. *H NMR
(400 MHz, DMSO-d6) & 8.29 (s, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.96 - 7.94 (m, 1H), 7.86 (d, J =
7.6 Hz, 1H), 7.69 - 7.67 (m, 1H), 7.63 — 7.57 (m, 2H), 3.86 (s, 3H). MS [ESI*] m/z: 359.1 [M +
H*

Final Inhibitor: 2-(3',4'-difluoro-[1,1'-biphenyl]-3-yl)-5,6-dihydroxypyrimidine-4-carboxylic acid

(3.17K). Isolated as a white solid. *H NMR (500 MHz, DMSO-d6) § 8.31 (s, 1H), 8.09 (d, J = 7.9
Hz, 1H), 7.97 - 7.92 (m, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.70 - 7.68 (m, 1H), 7.61 — 7.56 (m, 2H).

HRMS [ESI] calculated for C17HoF2N204 m/z, 343.0536; found 343.0531 [M - H*]
Inhibitor 3.171:

Amidoxime: N'-hydroxy-3,5-bis(trifluoromethyl)benzimidamide (3.191, R = 3,5-
bis(trifluoromethyl)phenyl) was isolated as off-white solid. *H NMR (500 MHz, DMSO-d6) §

10.10 (s, 1H), 8.32 (5, 2H), 6.22 (br_s, 2H). MS [ESI*] m/z: 273.0 [M + H']*
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Pyrimidinone Ester: Methyl 2-(3,5-bis(trifluoromethyl)phenyl)-5,6-dihydroxypyrimidine-4-

carboxylate (3.23I, R = 3,5-bis(trifluoromethyl)phenyl) was isolated as a light yellow solid. *H
NMR (400 MHz, DMSO-d6) 4 8.66 (s, 2H), 8.27 (s, 1H), 3.86 (s, 3H). MS [ESI"] m/z: 383.0[M

+ H+]+

Final Inhibitor: 2-(3,5-bis(trifluoromethyl)phenyl)-5,6-dihydroxypyrimidine-4-carboxylic acid

(3.171). Isolated as a white solid. *H NMR (500 MHz, DMSO-d6) & 8.77 (s, 2H), 8.26 (s, 1H). *C
NMR (101 MHz, DMSO-d6) § 169.2, 159.8, 150.0, 143.0, 135.3, 131.1 (q, J = 33.2 Hz), 128.2
(br), 124.1 (br), 123.7 (q, J = 273.0 Hz). HRMS [ESI] calculated for C13HsFsN204 m/z, 367.0159;

found 367.0143 [M - H*]

Inhibitors 3.31a and 3.31b were synthesized following the sequence of steps described for Method
C.

Inhibitor 3.31a:

Amidoxime: 2-(6-amino-9H-purin-9-yl)-N'-hydroxyacetimidamide (3.26a, n = 1; R = adeninyl).
Isolated as a yellowish solid. *H NMR (400 MHz, DMSO-ds) & 9.26 (s, -OH), 8.15 (s, 1H), 8.11
(s, 1H), 7.21 (br_s, -NHz), 5.68 (s, -NH2), 4.75 (s, 2H). 3C NMR (126 MHz, DMSO-de) & 156.4,
152.9, 150.2, 148.9, 141.7, 118.9, 43.2. MS [ESI*] m/z: 208.15 [M + H*]*

Michael Adduct: Dimethyl 2-(((-1-amino-2-(6-amino-9H-purin-9-yl)ethylidene)amino)oxy)but-

2-enedioate (3.27a, n = 1; R = adeninyl). Isolated as a dark brown oil. *H NMR (400 MHz, DMSO-
d6) 5 8.14 (s, 1H), 8.12 (s, 1H), 7.24 (br_s, 2H), 6.91 (br_s, 2H), 5.41 (s, 1H), 4.91 (s, 2H), 3.70
(s, 3H), 3.56 (s, 3H). MS [ESI*] m/z: 350.1 [M + H*]*

Pyrimidinone Ester: Methyl 2-((6-amino-9H-purin-9-yl)methyl)-5,6-dihydroxypyrimidine-4-

carboxylate (3.29a, n = 1; R = adeninyl). Isolated as brown solid. *H NMR (400 MHz, DMSO-ds)
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5 8.16 (s, 1H), 8.12 (s, 1H), 7.24 (br_s, 2H), 5.23 (s, 2H), 3.74 (s, 3H). MS [ESI*] m/z: 318.0 [M

+ H+]+

Final Inhibitor: 2-((6-amino-9H-purin-9-yl)methyl)-5,6-dihydroxypyrimidine-4-carboxylic acid

(3.31a, n = 1). Isolated as a peach solid. *H NMR (400 MHz, DO added with 1.5-2.0 eq NaOH)
5 8.24 (s, 1H), 8.22 (s, 1H), 5.25 (s, 2H). **C NMR (101 MHz, D20 added with 1.5-2.0 eq NaOH)
o 173.8, 168.9, 155.4, 152.9, 152.4, 149.1, 146.0, 142.9, 133.6, 118.3, 48.9. HRMS [ESI]

calculated for C11HsN7O4 m/z, 302.06433; found 302.06431 [M - H']
Inhibitor 3.31b:

Amidoxime: 3-(6-amino-9H-purin-9-yl)-N'-hydroxypropanimidamide (3.26b, n = 2; R =
adeninyl). Isolated as a white solid. *H NMR (500 MHz, DMSO-ds) & 8.91 (s, -OH), 8.14 (s, 1H),
8.01 (s, 1H), 7.16 (br_s, -NH2), 5.51 (s, -NH2), 4.33 (t, J = 7.1 Hz, 2H), 2.54 (t, J = 7.1 Hz, 2H).
13C NMR (126 MHz, DMSO-ds) § 156.4, 152.8, 150.2, 149.9, 141.3, 119.2, 40.4, 31.6. HSQC

(*H-'3C): 'H & 4.33 correlates to *C § 40.4. MS [ESI"] m/z: 222.10 [M + H*]*

Michael Adduct: Dimethyl 2-(((1-amino-3-(6-amino-9H-purin-9-yl)propylidene)amino)oxy)but-

2-enedioate (3.27b, n = 2; R = adeninyl). Isolated as a dark brown oil. *H NMR (500 MHz, DMSO-
d6) 6 8.14 (s, 1H), 8.04 (s, 1H), 7.16 (br_s, 2H), 6.68 (br_s, 2H), 5.50 (s, 1H), 4.37 (t, J = 7.0 Hz,

2H), 3.74 (s, 3H), 3.58 (s, 3H), 2.70 (t, J = 7.0 Hz, 2H). MS [ESI*] m/z: 364.1 [M + H'T*

Pyrimidinone Ester: Methyl 2-(2-(6-amino-9H-purin-9-yl)ethyl)-5,6-dihydroxypyrimidine-4-

carboxylate (3.29b, n = 2; R = adeninyl). Isolated as a brown solid. *H NMR (400 MHz, DMSO-
ds) 6 8.13 (s, 1H), 8.12 (s, 1H), 7.15 (br_s, 2H), 4.48 (t, J = 6.7 Hz, 2H), 3.78 (s, 3H), 2.98 (t, J =

6.7 Hz, 2H). MS [ESI*] m/z: 332.1 [M + H*]*
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Final Inhibitor: 2-(2-(6-amino-9H-purin-9-yl)ethyl)-5,6-dihydroxypyrimidine-4-carboxylic acid

(3.31b, n = 2). Isolated as a beige solid. *H NMR (500 MHz, DMSO-d6 with ~2% ND4OD) & 8.21
(s, 1H), 8.13 (s, 1H), 7.14 (br_s, 2H), 4.48 (br, 2H), 2.92 (br, 2H). HRMS [ESI] calculated for

C12H10N704 m/z, 316.07998; found 316.08006 [M - H*]

Inhibitors 3.38a to 3.38e were synthesized following the sequence of steps described for Method
E.

Inhibitor 3.38a:

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-((pyrido[2,3-d]pyrimidin-4-

ylamino)methyl)pyrimidine-4-carboxylate (3.37a, Re = R7 = H). Isolated as a reddish brown
solid. *H NMR (400 MHz, DMSO-d6) § 12.87 (br_s, 1H), 10.26 (br_s, 1H), 9.09 (br, -NH), 9.02
(d, J=4.2 Hz, 1H), 8.73 (d, J = 7.4 Hz, 1H), 8.60 (s, 1H), 7.60 (dd, J = 8.1, 4.3 Hz, 1H), 4.57 (d,

J=4.7 Hz, 2H), 3.76 (s, 3H). MS [ESI*] m/z: 329.1 [M + H']*

Final Inhibitor: 5,6-dihydroxy-2-((pyrido[2,3-d]pyrimidin-4-ylamino)methyl)pyrimidine-4-

carboxylic acid (3.38a, Re = R7 = H). Isolated as a peach solid. *H NMR (500 MHz, DMSO-d6
with ~2% ND4OD) & 8.99 (dd, J = 4.3, 1.8 Hz, 1H), 8.76 (dd, J = 8.2, 1.6 Hz, 1H), 8.59 (s, 1H),
7.56 (dd, J = 8.2, 4.4 Hz, 1H), 4.53 (s, 2H). 13C NMR (101 MHz, DMSO-d6 with ~2% ND4OD)
0 169.0, 162.2, 160.8, 158.1, 158.1, 155.8, 151.6, 144.5, 133.0, 127.6, 121.5, 109.9, 43.0. HRMS

[ESI] calculated for C13H9NeO4 m/z, 313.06908; found 313.06909 [M - H*]
Inhibitor 3.38b:

Pyrimidinone  Ester: Methyl 2-(((6-bromopyrido[2,3-d]pyrimidin-4-yl)amino)methyl)-5,6-

dihydroxypyrimidine-4-carboxylate (3.37b, Rs = Br, R7 = H). Isolated as a brown solid. *H NMR
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(500 MHz, DMSO-dg)  9.17 (br, -NH), 9.10 (d, J = 2.2 Hz, 1H), 9.07 (br, 1H), 8.64 (s, 1H), 4.58

(d, J = 5.1 Hz, 2H), 3.78 (s, 3H). MS [ESI*] m/z: 407.0 [M + H*]*

Final Inhibitor: 2-(((6-bromopyrido[2,3-d]pyrimidin-4-yl)amino)methyl)-5,6-

dihydroxypyrimidine-4-carboxylic acid (3.38b, Rs = Br, R7 = H). Isolated as a yellow solid. 'H
NMR (500 MHz, DMSO-de with ~2% ND4OD) 6 9.13 (d, J = 2.3 Hz, 1H), 9.10 (d, J = 2.3 Hz,
1H), 8.70 (s, 1H), 4.65 (s, 2H). 3C NMR (126 MHz, DMSO-ds with ~ 2% ND4OD) § 171.0,

164.4, 160.3, 158.8, 156.6, 156.5, 149.6, 148.4, 135.7, 130.7, 115.9, 111.2, 44.7. HRMS [ESI]

calculated for C13HsBrNsO4 m/z, 390.9796; found 390.9801 [M - H*]
Inhibitor 3.38c:

Pyrimidinone Ester: Methyl 2-(((6-bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4-

yl)amino)methyl)-5,6-dihydroxypyrimidine-4-carboxylate (3.37c, Rs = Br, R7 = SMe). Isolated as
a brown solid. *H NMR (400 MHz, DMSO-ds) § 9.02 (br, -NH), 8.91 (s, 1H), 8.56 (s, 1H), 4.53

(br, 2H), 3.76 (s, 3H), 2.61 (s, 3H). MS [ESI*] m/z: 453.0 [M + H*]*

Final _Inhibitor:  2-(((6-bromo-7-(methylthio)pyrido[2,3-d]pyrimidin-4-yl)amino)methyl)-5,6-

dihydroxypyrimidine-4-carboxylic acid (3.38c, Rs = Br, R7 = SMe). Isolated as a light peach solid.
IH NMR (500 MHz, DMSO-ds with ~2% ND4OD) 5 8.94 (s, 1H), 8.64 (s, 1H), 4.62 (s, 2H), 2.63
(s, 3H). 3C NMR (126 MHz, DMSO-ds with ~2% ND+OD) & 171.4, 166.9, 165.4, 159.9, 158.8,
156.7, 149.7, 149.0, 135.3, 131.1, 114.6, 107.5, 45.0, 14.5. HRMS [ESI] calculated for

C14H10BrNsO4S m/z, 436.9673; found 436.9668 [M - H']
Inhibitor 3.38d:

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-(((6-(4-methoxyphenyl)pyrido[2,3-d]pyrimidin-4-

yl)amino)methyl)pyrimidine-4-carboxylate (3.37d, Rs = p-methoxyphenyl, R7 = H). Prepared via
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Suzuki cross-coupling between 3.37b and 4-methoxyphenyl boronic acid following Method A.
Isolated as a brown solid. *H NMR (400 MHz, DMSO-d6) & 9.36 (s, 1H), 9.14 (br_s, -NH), 9.00
(s, 1H), 8.58 (s, 1H), 7.85 (d, J = 8.2 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 4.60 (d, J = 4.2 Hz, 2H),

3.84 (s, 3H), 3.77 (5, 3H). MS [ESI*] m/z: 435.1 [M + H*]*

Final Inhibitor: 5,6-dihydroxy-2-(((6-(4-methoxyphenyl)pyrido[2,3-d]pyrimidin-4-

yl)amino)methyl)pyrimidine-4-carboxylic acid (3.38d, Re = p-methoxyphenyl, R7 = H). Isolated
as a light yellow solid. *H NMR (500 MHz, DMSO-d6 with ~2% NDsOD) § 9.31 (d, J = 2.5 Hz,
1H), 9.00 (d, J = 2.3 Hz, 1H), 8.55 (s, 1H), 7.83 (d, J = 8.6 Hz, 2H), 7.11 (d, J = 8.6 Hz, 2H),
4.56 (s, 2H), 3.83 (s, 3H). 3C NMR (101 MHz, DMSO-d6 with ~2% ND4OD) & 169.6, 162.5,
160.9, 159.7, 157.6, 156.8, 153.8, 151.2, 145.7, 132.6, 129.0, 128.6, 128.5, 128.4, 114.8, 109.7,

55.5, 43.5. HRMS [ESI] calculated for C20H1sNsOs m/z, 419.1109; found 419.1115 [M - H']
Inhibitor 3.38e:

Pyrimidinone Ester: Methyl 5,6-dihydroxy-2-(((6-(4-methoxyphenyl)-7-(methylthio)pyrido[2,3-

d]pyrimidin-4-yl)amino)methyl)pyrimidine-4-carboxylate (3.37e, Re = p-methoxyphenyl, R7 =
SMe). Prepared via Suzuki cross-coupling between 3.37c¢ and 4-methoxyphenyl boronic acid
following Method A. Isolated as a brown solid. *H NMR (500 MHz, DMSO-d6) & 8.70 (br s, -
NH), 8.53 (s, 1H), 8.39 (s, 1H), 7.46 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 4.37 (d, J = 4.7

Hz, 2H), 3.82 (s, 3H), 3.60 (s, 3H), 2.54 (s, 3H). MS [ESI*] m/z: 481.1 [M + H']*

Final Inhibitor: 5,6-dihydroxy-2-(((6-(4-methoxyphenyl)-7-(methylthio)pyrido[2,3-d]pyrimidin-

4-yl)amino)methyl)pyrimidine-4-carboxylic acid (3.38e). Isolated as a light brown solid. *H NMR

(500 MHz, DMSO-d6 with ~2% ND4OD) & 8.72 (s, 1H), 8.49 (s, 1H), 7.47 (d, J = 8.5 Hz, 2H),
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7.10 (d, J = 8.6 Hz, 2H), 4.65 (s, 2H), 3.84 (s, 3H), 2.58 (s, 3H). HRMS [ESI] calculated for

C21H17N6OsS m/z, 465.0987; found 465.0984 [M - H']
Inhibitor 3.25a:

2-(3-bromo-4-methylphenyl)-5,6-dihydroxy-N-methylpyrimidine-4-carboxamide (3.25a).
Prepared based on previously described protocols? ** using 3.23i and methylamine (33 wt % in
EtOH) as starting materials. Isolated as off-white solid (~80% yield). *H NMR (500 MHz,
DMSO-d6) & 12.89 (br_s, 1H), 12.84 (br_s, 1H), 9.08 (br_s, 1H), 8.51 (d, J = 1.6 Hz, 1H), 8.16
(d, J=6.9 Hz, 1H), 7.48 (d, J = 8.2 Hz, 1H), 2.87 (d, J = 4.9 Hz, 3H), 2.41 (s, 3H). 13C NMR
(101 MHz, DMSO-d6) 6 168.9, 158.4, 148.0, 144.4, 140.3, 131.2, 130.9, 130.7, 126.9, 126.5,
124.5, 25.8, 22.4. HRMS [ESI*] calculated for C13H13BrN3O3 m/z, 338.0135 found 338.0140 [M
+HT

Enzymes and Nucleic Acids: Heterodimeric, HIV-1 RT (p66/p51) was expressed and purified as
described previously.3* All nucleic acids were synthesized through IDT DNA Technologies. The

following sequences were used:

PPT18: 5°-TTAAAAGAAAAGGGGGGA-3’
PPT24: 5°-CCACTTTTTAAAAGAAAAGGGGGG-3’

PPT57: 5’-CGTTGGGAGTGAATTAGCCCTTCCAGTCCCCCCTTTTCTTTTAAAAA-
GTGGCTAAGA-3’

PBS-22dpol: 5’-CTAGCAGTGGCGCCCGAACAGG-3’

PBS-14r8d: 5'-cuguucgggcgccaCTGCTAGA-3’

5'-radiolabeling was performed with [y-*P]JATP (PerkinElmer Life Sciences) and T4

polynucleotide kinase (Fermentas). Reactions occurred for 1 h at 37 °C. Labeled RNA was
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subjected to phenol-chloroform emulsification and purified further with P-30 size exclusion
columns (Bio-Rad). 5’ fluorescent labeling was applied to terminal amino-modified sequences.
Briefly, amino modified sequences (roughly 20 nmol) were exposed to 5x excess Cy5 dye in 80
mM sodium bicarbonate and allowed to vortex vigorously overnight. Labeled sequences were
separated on a 12% denaturing acrylamide gel, extracted and then purified through ethanol

precipitation.

DNA synthesis: A 3-fold molar excess of PPT57 DNA template was heat-annealed to 50 nM 5'-
Cyb-labeled PPT24 primer. Substrate was then incubated with 200 nM of RT in a buffer containing
50 mM Tris-HCI pH 7.8, 50 mM NaCl and 6 mM MgCl.. Inhibitors were titrated up to 250 uM
(permitting only a maximum 5% final DMSO concentration where applicable) and were added to
the samples which were then pre-incubated at 37°C for 10 min before starting the reaction. The
reaction was initiated with 0.5 uM of each of dATP, dTTP, dGTP, and dCTP and allowed to
proceed for 5 min. The reaction was stopped with 100% formamide loading dye containing traces
of bromophenol blue. As a negative control, a lane lacking dNTP was used. Samples were loaded
on a 12% denaturing polyacrylamide gel and resolved by phosphorimaging
(AmershamBiosciences). Inhibitory pausing sites were quantified through QuantityOne software.
Percent inhibition was calculated as total inhibitory product divided by full-length product plus
inhibitory products multiplied by 100. The product fractions were normalized and plotted against
inhibitor concentration using GraphPad Prism software; the normalized data was fitted to a
log[Inhibitor] versus response curve with variable slope to extract ICso values for the inhibition of

RT enzyme.

Site-specific footprinting: Chemical footprinting with Fe?* was done using 50 nM 5'-Cy5-labeled

DNA template (PPT57) annealed to 150 nM of the primer (PPT18). The hybrid was incubated
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with 750 nM HIV-1 RT in a buffer containing 120 mM sodium cacodylate (pH 7), 20 mM NacCl,
and 6 mM MgCl: in a final volume of 20 uL. Increasing concentrations of compound were added
to the samples. Control lanes using the small molecule inhibitor PFA (PRE-translocation trapping)
was included, in addition to samples without RT and without Fe?* treatment. Pre-incubation of
complexes at 37°C for 10 min was performed prior to the treatment with Fe?*. Treatment with Fe?*

was allowed to proceed using the same method as previously described.?

Secondary RNase H Cleavages of HIV-1 RT: A 3-fold molar excess PBS-22dpol was heat
annealed to 50 nM of 5'-radiolabeled PBS-14r8d. 250 nM HIV-1 RT was incubated in a buffer of
50 mM Tris-HCI (pH 7.8), 50 mM NaCl, 0.2 mM EDTA, 6 mM MgCl.. Inhibitors were titrated up
to 250 uM (permitting only a maximum 5% final DMSO concentration, where applicable) and
were added to the samples which were then pre-incubated at 37°C for 10 min before starting the
reaction. The reaction was initiated by the addition of 50 nM preformed DNA-RNA/DNA hybrid
and allowed to proceed for 5 min. As positive and negative controls, B-thujaplicinol, a known
RNase H inhibitor, and a lane lacking MgCl., respectively, were used. Bands were quantified by
QuantityOne software (Bio-Rad) and results were graphed using GraphPad Prism. Briefly, %
inhibition was calculated by dividing primary cleavage over total cleavage and multiplying by 100,

thus, 1Cso values are reported as values inhibiting secondary cleavage.

3.8. Associated Content

Supporting Information

NMR spectra and homogeneity data for key inhibitors 3.17h, 3.17i, and 3.38d are provided.
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HPLC Chromatograms
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CHAPTER 4: The Mevalonate Pathway and the Human Geranylgeranyl
Pyrophosphate Synthase (hGGPPS)

4.1. Preface
This chapter provides an overview of the mevalonate pathway and the role of its key regulatory
enzymes in disease pathologies. Focus is given to hGGPPS, another phosphate-binding enzyme

that is currently gaining recognition as a promising therapeutic target.

4.2. Regulatory Enzymes of the Mevalonate Pathway as Drug Targets

The mammalian mevalonate pathway is responsible for the biosynthesis of all isoprenoid
metabolites that serve as precursors in the synthesis of other important biomolecules including
cholesterol and other steroids.’® Several enzymes that regulate isoprenoid biosynthesis are
valuable targets for drug discovery. HMG-CoA reductase, the enzyme that catalyzes the first and
rate-determining step of the pathway (i.e. the conversion of 3-hydroxy-3-methylglutaryl coenzyme
A to mevalonate) is targeted by the cholesterol-lowering drugs, statins (e.g. atorvastatin, Lipitor®;
lovastatin, Mevacor®) (Scheme 4.1).* Mevalonate is then converted to the five-carbon metabolite
isopentenyl pyrophosphate (IPP) upon phosphorylation and decarboxylation. IPP can isomerize to
dimethylallyl pyrophosphate (DMAPP) and these two five-carbon units serve as the main building
blocks for the biosynthesis of all downstream isoprenoids. The next step in the mevalonate
pathway is occupied by the human farnesyl pyrophosphate synthase (hFPPS), which catalyzes the
sequential condensations of two IPP units and one DMAPP unit to generate the 15-carbon
isoprenoid farnesyl pyrophosphate (FPP). The human FPPS is inhibited by a class of drugs known
as the nitrogen-containing bisphosphonates (N-BPs). Currently, the most potent clinically useful
N-BP drugs are zoledronic acid (ZOL; Zometa®) and risedronic acid (RIS; Actonel®), which are

used to treat bone-related malignancies.> ® Downstream elongation of FPP to a 20-carbon
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geranylgeranyl pyrophosphate (GGPP) is then catalyzed by a functionally-related enzyme, the
human geranylgeranyl pyrophosphate synthase (h\GGPPS).” & Both FPP and GGPP are essential
for the post-translational prenylation of small guanosine triphosphate binding proteins (small
GTPases), a required modification that is vital for the biological function of these signaling
proteins. This modification refers to the covalent attachment of the hydrocarbon portion of FPP or
GGPP to a cysteine residue at (or near) the C terminus of the protein, a process which is catalyzed
by prenyltransferases. There are three known prenyltransferases: the farnesyl transferase (FTase)
and two geranylgeranyl transferases (GGTase | and GGTase Il, the latter is also known as Rab
GGTase). Prenylation of proteins serves to increase the membrane affinity of the modified protein
and mediates protein-protein interactions.® 1° Farnesylated proteins include members of the Ras
superfamily (H-Ras, K-Ras, N-Ras) whereas geranylgeranylated proteins include the Rho family
of GTPases (Rho A/C, Rac-1, Cdc42), Rab, Ral A/B, and Rap1A.' 12 These prenylated small
GTPases can act as “molecular switches” that when triggered by incoming signals can activate
other proteins and results in the transcription of genes involved in cell growth, differentiation, and
survival. Mutated Ras, for example can cause unintended and overactive cell signaling that can
ultimately lead to cancer. Depending on the type of cancer, about 8% to 93% of human cancers
harbour activating oncogenic mutations in the Ras genes (K-Ras as the most frequently observed

isoform) with particularly high incidence in pancreatic cancer (~90% K-Ras mutations).®

The number of patients taking statins and/or N-BPs is rising and modulation of isoprenoid
biosynthesis continues to gain recognition as an important biochemical pathway for drug
discovery. In addition to HMG-CoA reductase and hFPPS, the next downstream enzyme, hGGPPS
is being pursued as a novel therapeutic target that can potentially offer new options in treating

human diseases (Scheme 4.1).
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Scheme 4.1. Representation of the mevalonate pathway and examples of drugs that intervene some

key enzymes.

4.3. Isoprenoids and Alzheimer’s Disease

Alzheimer’s Disease (AD) is a chronic brain disorder characterized by progressive memory loss
and behavioral changes. It accounts for 60%-70% of cases of dementia among the elderly that
affected nearly 47.5 million people worldwide in 2015.** The main pathological hallmarks of AD
and AD-associated cognitive dysfunction are the progressive accumulation of ribbon-like

intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau (P-Tau) protein
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and of the extracellular aggregated amyloid-B-peptide (AP) plaques derived from the proteolysis

of amyloid precursor protein (APP).14-16

The role of the mevalonate pathway in the progression of AD has been the subject of numerous
investigations. Experimental evidence suggests that cellular cholesterol levels can influence APP
processing leading to AP production,!’” which fueled the evaluation of statins for the treatment of
AD. Sparks et. al. reported that rabbits fed with a cholesterol-rich diet have increased Alzheimer-
like AP accumulation.’® Similar observations were reported by Refolo and colleagues in a
transgenic mouse on a hypercholesterolemic diet.!® Although not a universal finding, studies on
middle-aged patients taking statins for hypercholesterolemia showed that these patients confer
some level of neuroprotection against late-life development of AD.'* 2021 Additionally, statins
have been shown to modulate the levels of P-Tau in human brains , indicating the involvement of
an alternate and/or multiple mechanisms.?? At this point, whether statin therapy could offer clinical
benefit to AD patients remains controversial and in the absence of a validated AD animal model,

it is difficult to prove or disprove the association between statins and the Alzheimer’s disease.

Several lines of evidence, including the studies of our collaborators (i.e. the group of Prof. Judes
Poirier; Professor of Medicine and Psychiatry, McGill University and Associate Director, Centre
for the Studies on the Prevention of Alzheimer’s Disease, Douglas Mental Health University
Institute) have shown that high levels of isoprenoids are present in the human AD brain (confirmed
at autopsy) and the activities of some prenylated GTPases (e.g. Rac, Cdc42, and Rab6) are
associated with AD neuropathology. For example, Eckert et. al. reported that FPP and GGPP levels
are elevated in the brain tissue of AD patients by 36% and 56%, respectively compared to age-

matched control samples.?® In both AD patients and control, GGPP levels were relatively higher
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than FPP levels, which is consistent with previous findings in mouse brain and normal human
brain.* 2> Measurement of cholesterol levels in the same AD subjects showed no significant
changes, indicating that the non-sterol isoprenoids, FPP and GGPP are specifically altered in AD
brain. Moreover, the activity of prenylated Rac GTPase was found to be crucial in the B-amyloid
signaling cascade that generate oxidative stress in the AD brain?® 27 and prenylated small GTPases
have been also proposed to be involved in taupathy-associated neurodegeneration via the cascade:
FPP — GGPP — Cdc42 — GSK-3B — P-Tau.l 2 2% Lastly, our own recent studies have also
demonstrated a genetic link between hFPPS, as well as hGGPPS (unpublished data) and P-Tau
levels in the human brain and inhibitors of hFPPS were found to modulate tau phosphorylation in
human immortalized neurons.®® Overall, these results strongly suggest that further studies toward
the discovery of potent and selective inhibitors of isoprenoid biosynthesis are warranted; such
compounds may provide chemical tools for probing the role of FPP and GGPP in the progression

of neurodegenerative disorders, such as Alzheimer’s.

4.4. Isoprenylation and Multiple Myeloma

In general, we are exploring the hypothesis that downregulation of intracellular levels of
isoprenoids can lead to an effective treatment of many types of cancers. However, we are currently
focusing mainly on Multiple Myeloma (MM), which is an incurable blood plasma cell malignancy
that develops in the B lymphocytes of the bone marrow. MM is the second most prevalent blood
cancer after non-Hodgkin’s lymphoma that accounts for approximately 1.7% of all cancers.3! 32
Chemotherapy is initially effective in most patients but multi-drug resistance eventually develops,
underscoring the importance of novel therapeutic options in treating this disease. The median life
survival of patients upon diagnosis used to be only 3-5 years but recent advances may increase this

number by few more years.
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Clinical investigations have provided some evidence that N-BPs, such as ZOL (Scheme 4.1; Fig.
4.3) improve the survival of MM patients via mechanisms that are both related, as well as
independent of the skeletal benefits.3® 3 ZOL is also being used to treat metastatic bone disease,
which is highly prevalent in patients with advanced forms of cancer, including MM.% % Guenther
et. al. reported that the direct antimyeloma activity of ZOL was due to the inhibition of protein
prenylation, as evidenced by the detection of non-prenylated form of Rap1A.%’ In the study by
Holstein and Hohl, inhibitors of the isoprenoid pathway that disrupt Rab GTPase
geranylgeranylation either through depletion of GGPP levels or inhibition of GGTase Il also
resulted in subsequent apoptosis in MM cells.3® Recent studies of Pandyra et. al. employing
genome-wide RNAI analysis also provided evidence that the enzymes of mevalonate pathway are
implicated in oncogenesis.®® For instance, the study showed that knockdown of GGPPS gene in
cancer cell lines can potentiate the statin-induced tumor cell apoptosis.® Additionally, mutant p53,
which can actively contribute to tumorigenesis has been also suggested to be dependent on the
mevalonate pathway.*® Addition of isoprenoid metabolites (e.g. GGPP) to cells depleted with
mutant p53 can restore the malignant state of the cancer cells.®° Lastly, whole genome sequencing
of 38 MM patient tumors revealed that 50% of the patients harboured either K-Ras or N-Ras coding
mutations** and small molecules, particularly, inhibitors of isoprenoid biosynthesis, that can
downregulate the activity of these mutated Ras oncogenes may find application as novel

antimyeloma therapeutic agents.

4.5. Targeting the Prenyltransferases: Farnesyl and Geranylgeranyl Transferases
As mentioned, the prenyltransferases (FTase, GGTase | and GGTase Il) catalyze the transfer of

the Ci1s FPP or Cz0 GGPP isoprenoid to a cysteine residue at (or near) the target protein’s C-
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terminal. Due to their role in protein prenylation, significant effort (in the past) has been invested
in discovering small molecule inhibitors of prenyltransferases as potential cancer therapeutics.
Four FTase inhibitors, including Tipifarnib and Lonafarnib (Fig. 4.1) have advanced into clinical
trials but failed to produce the expected clinical outcome. These discouraging results were
attributed in part to a redundancy mechanism that allows prenylation to be mediated by GGTase |
when FTase is inhibited.*> 4 Subsequent studies targeted GGTase | as the next frontline in
blocking protein prenylation. These efforts led to the identification of several inhibitors that exhibit
cellular effects including inhibition of Rho signaling, G cell cycle arrest and apoptosis induction.**
One such compound, GGTI-2418, also known as PTX-100 (Fig. 4.1) entered phase 1 clinical trial
in 2009.%%0 Clinical development of GGTI-2418 was also discontinued at one point, but is expected
to be reactivated at the end of 2016 in a Phase 1b/2 clinical trial for the treatment of metastatic
breast cancer and multiple myeloma.*® On the other hand, identification of GGTase Il inhibitors
proceeded more slowly than the other prenyltransferases as development of selective inhibitors is
more challenging, partly because of its high promiscuity.? %® To date, no GGTase Il inhibitor has
reached clinical evaluation but progress has been made starting from the discovery of
phosphonocarboxylate analogs, such as (+)-3-IPEHPC that exhibit a mixed-type inhibition,*’ to

the development of more potent and selective peptidomimetic inhibitor, compound 4.2 (Fig. 4.1).%8
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Figure 4.1. Representative inhibitors of prenyl transferases.

4.6. Targeting the Prenylsynthases: Farnesyl and Geranylgeranylpyrophosphate Synthases
To avoid the proposed isoprenylation redundancy mechanism observed for prenyltransferases, an
alternative strategy to mediate protein prenylation is to downregulate the biosynthesis of the Cis
FPP and/or the C20 GGPP isoprenoids by selective inhibition of the activity of the corresponding

enzymes: hFPPS and hGGPPS, respectively, that catalyze their biosynthesis.

4.6.1. The human FPPS

The human FPPS is an 80-kDa homodimer that catalyzes the biosynthesis of FPP following a
metal-mediated three-step ionization-condensation-elimination mechanism, initially proposed by
Hosfield et. al.*® (Scheme 4.2). Its active site is composed of two distinct sub-pockets that
correspond to the IPP and DMAPP/GPP (or allylic) binding sites. The IPP binding sub-pocket is
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characterized by positively-charged Arg and Lys residues that interact directly with the
pyrophosphate group, whereas the allylic site is composed of highly conserved aspartate-rich
domains that bind the pyrophosphate moiety of DMAPP/GPP via coordination with three Mg?*
ions.® Several potent and selective active site inhibitors of hFPPS have been reported to date,
including the clinically validated N-BPs, such as RIS and ZOL that are being used to treat bone-
related diseases, including osteoporosis. The N-BP drugs inhibit hFPPS and disrupt the bone-
destroying activity of the osteoclasts as a result of the prevention of the prenylation of GTPase
signaling proteins.® Numerous crystal structures have been published by our group and many
others revealing the interactions between the bisphosphonate inhibitor and the hFPPS enzyme.®
6061 For example, the crystal structure of hFPPS in complex with RIS revealed that the inhibitor
binds to the allylic sub-pocket with the bisphosphonate moiety acting as a pyrophosphate mimic
and chelates the Mg?* triad in the active site (Fig. 4.2). In addition, the pyridine side chain of RIS
is protonated and forms a bifurcated H-bond interaction with the hydroxyl group of Thr 201 and
the carbonyl group of Lys 200, presumed to be mimicking the allylic carbocation transition state
of the enzymatic reaction.® These are critical interactions that account for the high potency of N-
BPs; for instance, the phenyl analog of RIS (4.3; Fig. 4.3) was reported to be less potent by about

280-fold.>®
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Figure 4.2. Crystal structure of hFPPS in complex with RIS (PDB: 1YV5). Mg?* ions are shown

as yellow spheres; H-bonding interactions are represented by yellow dashed lines.

Beyond their anti-resorptive properties, pre-clinical and clinical studies have provided some
evidence that N-BPs have direct anti-cancer effects. 3/°1-°35* The antitumor properties have been
linked to multiple mechanisms related to the regulation of the mevalonate pathway. However, the
high polarity and strong affinity of N-BPs for bone limit their clinical value for use in non-skeletal

diseases.
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Several strategies have been explored to improve the biopharmaceutical properties of N-BPs.
Introduction of a pro-drug to mask the negative charges of the bisphosphonate moiety has been
explored using pivaloyloxymethyl (POM) ester of alendronate and pamidronate® and of the
compound 4.4 (Fig. 4.3) by Zhang et. al.>® In comparison to its parent free BP acid, 4.4 was shown
to have better antiproliferation effect (~20-fold improvement) against three different tumor cell-
lines, which imply that the hydrolysis of POM to the active parent acid was facilitated by the
esterases in the tested cell lines. However, these in vitro cell-based assays are not representative
of the potential value of such prodrugs in in vivo studies, where the prodrug will encounter many
esterases in biological fluids (e.g. blood). Notably, none of the bisphosphonate prodrug approaches

have led to a clinical candidate to date.

Replacement of the bisphosphonate moiety with an effective bioisostere has been extremely
challenging in the case of hFPPS. Attempts to substitute one of the phosphonates with a carboxylic
acid moiety, e.g. phosphonocarboxylate analog of RIS (3-PEHPC; Fig. 4.3) resulted in a totally
inactive compound against hFPPS, but showed some activity against GGTase 11.°” Formulation
via liposome encapsulation of ZOL has been described recently but concerns regarding the fraction
of the liposomal drug that is internalized and the impact of liposome composition in the observed

activity prevented any further developments in using this approach.®8 %

The conformational plasticity of hFPPS permits binding of larger and more lipophilic N-BPs, thus
improving the cell membrane permeability of such bisphosphonate compounds. Several examples
of N-BPs with expanded side chains, such as 4.5°° and 4.6%! have been shown to have similar or
slightly improved cell-based activity in MM tumor cell lines in comparison with ZOL despite a

difference of about 10-fold in intrinsic potency. Furthermore, examples of BPs (or deoxy-BPs)
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with reduced bone affinity have been achieved by removing the “bone hook” Ca-OH or by
replacing the hydroxyl with a halogen substituent.’” Finally, allosteric hFPPS inhibitors have been
discovered by Novartis through fragment-based screening®® % and by our research group via
multistage biochemical and structural screening.®® In contrast to the highly charged active site
pocket, targeting the allosteric site can provide non-bisphosphonate compounds ideal for
pharmacological applications in soft tissues. Several hFPPS allosteric inhibitors, such as 4.7,%
4.8,% and 4.9% (Fig. 4.3) have been reported, but further optimization studies have to be

undertaken as none of these inhibitors have shown significant cell-based potency.
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Figure 4.3. Examples of active site and allosteric inhibitors of hFPPS.
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4.6.2. The human GGPPS

Our group and others have been actively pursuing inhibitors of isoprenoid biosynthesis but the
majority of these studies have focused heavily on hFPPS inhibition. The current knowledge on the
structure and inhibition of the functionally-related enzyme, hGGPPS, is very limited. It is believed
that more GTPases, particularly those strongly implicated in a spectrum of human diseases are
modified exclusively via geranylgeranylation. Since hGGPPS catalysis also occurs more
downstream in the pathway, its selective modulation will allow the rest of the pathway to function
properly. Therefore, development of potent and selective hGGPPS inhibitors are our current

interest and the remaining portions of this thesis will focus in targeting this enzyme.

The human GGPPS is responsible for the production of the C2o GGPP isoprenoid that is essential
for the post-translational modification of several members of the Ras and Rho family of proteins.
Currently, there is only one crystal structure of the human GGPPS (2.7 A resolution) available,
which revealed that the enzyme is composed primarily of a-helixes where three dimers associate
to form a homohexamer reminiscent of a three-blade propeller (Fig. 4.4a). This hexameric
organization was observed in both mammalian and insect GGPPS whereas fungal, bacterial,
archaeal, and plant GGPPS, resemble the structure of the human FPPS and exist as dimers. The
structure also shows the presence of two Mg?" ions bound with the unintended “GGPP” ligand
(derived from bacterial expression that co-purified with the enzyme) in what was referred as
“inhibitory site.”” While obtaining a good resolution crystal was deemed challenging for the
mammalian GGPPS (probably due to its large hexameric nature), Oldfield and co-workers,
successfully crystallized several inhibitors in complex with GGPPS from Saccharomyces
cerevisiae.®*® The yeast enzyme shares ~43% sequence identity to human enzyme and crystallizes

in its dimeric form. Analysis of protein-ligand interactions with several bisphosphonates showed
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a broad spectrum of binding patterns. In the case of compound 4.11 (Fig. 4.5), the observed binding
mode was found to be similar with the “GGPP” ligand’ described for the human enzyme. The
digeranyl “V-shaped” compound, 4.13 also binds two Mg?* ions through its bisphosphonate head
with one of the geranyl side chains extending to the FPP substrate binding pocket while the other
chain occupies the GGPP product site.®® In addition to the observed multiple binding modes, the

Mg?* ions are either not seen or the number varies from one to three ions. %

The amino acid residues involved in protein-protein interactions that form the hexameric structure
were also described by Kavanagh et. al. (Fig. 4.4b).” These protein inter-dimer contacts are located
outside the active site pocket and were found to be conserved in mammalian and insect GGPPS.
With the goal of obtaining the dimeric form of the human GGPPS that may be more useful for
structural studies, our group has successfully introduced mutations that disrupt the protein-protein
inter-dimer contacts without affecting the enzymatic activity. One such mutation that gave a
catalytically active dimer mutant was Y 246D designed based on the observed H-bond interactions
between Tyr 246 and GlIn 21 (Fig. 4.4b). The Y246D mutant, along with the wild-type enzyme as
reference, is currently being used in our studies (unpublished results). For example, we determined
the ICso values of the literature compounds 4.14 and 4.15 (Fig. 4.5) using both the wild-type and
Y 246D mutant GGPPS and we found that the ICso values were within the 2- to 3-fold variability

of the assay.
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Figure 4.4. (a) Crystal structure of human GGPPS (PDB: 2Q80) revealing a homohexameric
organization; (b) Inter dimer contact between two a-helices. H-bonding interactions are depicted

by yellow dashed lines. Image was adapted from Kavanagh et. al.’

4.6.3. Inhibitors of hGGPPS

Only few potent and selective inhibitors of hGGPPS are presently known and all of these
exploratory compounds are bisphosphonates. The clinically validated inhibitors of hFPPS, such as
ZOL and RIS are ineffective in inhibiting hGGPPS, most likely due to their small side chains that

provide minimum interactions with the larger active site cavity of hGGPPS.

In 2007, Oldfield and co-workers reported a series of bulkier BPs, such as 4.10 and 4.12 (Fig. 4.5)
that are selective to hGGPPS but the ICso values of these compounds were only about 3-4 pM.%*
Initial attempts to replace one of the phosphonate groups of 4.9 with a sulfonic acid (e.g. compound
4.11)% resulted in a complete loss of activity suggesting the importance of the bisphosphonate
anchor in the activity of this particular compound. The same group reported dual hFPPS/hGGPPS

inhibitors with better in vivo activity than the clinical N-BPs, which can be attributed to the
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enhanced cell membrane permeability and possible prevention of cross-prenylation (since both
FPP and GPP levels are depleted). For example, alkyl-containing pyridinium bisphosphonate 4.13
was >100-fold more potent than ZOL in tumor cell growth inhibition.®® Wiemer and colleagues,
on the other hand, incorporated terpenoid side chains in their design of bisphosphonate inhibitors
as in the case of digeranyl methylene bisphosphonate 4.14, which was selective in hGGPPS over
hFPPS and was active against human-derived K562 leukemia cells®’ % and of compound 4.15,
which is the most potent hGGPPS inhibitor known to date (in terms of in vitro potency) with anti-
myeloma properties.®® Non-bisphosphonate inhibitors of h\GGPPS are virtually unknown; Chen et.
al. reported the sulfonic acid-based compound 4.16 to inhibit hGGPPS;™ however, in addition to
the very weak potency in vitro (ICsp = 31 uM), the structure of compound 4.16 is definitely not
“drug-like” due to the presence of reactive and labile groups (e.g. hydrazone). Inhibitors of
hGGPPS modified with a POM prodrug have been also reported,’* the most recent example is
compound 4.17.72 In our preliminary search of hGGPPS inhibitors, thieno[2,3-d]pyrimidine-based
compounds substituted at C-2 and C-6 positions (5.28a and 5.28v, respectively)” were found to
inhibit hGGPPS; however, fine-tuning is necessary as these compounds also showed some activity

against hFPPS.
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Figure 4.5. Examples of hGGPPS inhibitors. ((Activity in hFPPS not available or reported; ®ICso

values obtained from our own in vitro assay using the wild-type enzymes.

4.7. Research Goals (Part 2)

Recent investigations strongly implicate GGPP-mediated biochemical pathways in modulating a

range of disease pathologies. Control of the intracellular levels of this isoprenoid via selective

inhibition of the hGGPPS will be very useful in elucidating disease mechanisms and to the

validation of this enzyme as a pharmacological target. Therefore, our current goals are to identify

and develop selective hGGPPS inhibitors for this purpose. The synthesis, SAR, and biological

evaluation of our novel hGGPPS inhibitors are presented in Chapter 5.
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CHAPTER 5: Potent and Selective Thieno[2,3-d]pyrimidine-Based Inhibitors
of the Human Geranylgeranyl Pyrophosphate Synthase (hGGPPS):

Implications for Drug Discovery

5.1. Preface

This chapter describes our multidisciplinary studies toward the discovery of high affinity and
selective inhibitors of hGGPPS. Parts of this chapter will be submitted for publication in two
separate manuscripts, one in collaboration with the groups of Prof. Albert Berghuis (Department
of Biochemistry, McGill University) and Dr. Michael Sebag (Division of Haematology, McGill
University Health Center) and another one in collaboration with the group of Dr. Judes Poirier
(Douglas Mental Health University Institute). | performed the synthesis of the majority of the
inhibitors shown in Fig. 5.5 (as well as the literature control compound 4.15;° Fig. 4.5; Chapter
4) except for the following, which were made by former graduate students of our group: Viviane
Ta (inhibitors: 5.28¢c, 5.28d, 5.28n, and 5.28x) and Benita Kapuku (inhibitors: 5.28b, 5.28f, and
5.280). I also conducted part of the in vitro hFPPS and hGGPPS bioassays with the help of Linda
Do, our research assistant. Recombinant hFPPS and hGGPPS enzymes were expressed and
purified by other members of the group: Viviane Ta, Eleni Ladopoulou, and Xue Bin in
collaboration with Dr. Jaeok Park and Prof. Albert Berghuis. The cell-based antiproliferation assay
in multiple myeloma, Western blot analysis to detect non-geranylgeranylated RaplA, and flow
cytometry to detect cell apoptosis were performed by Xian Fang Huang and Dr. Daniel D. Waller
in the laboratory of Dr. Michael Sebag. Lastly, measurement of phosphorylated tau levels in
immortalized human neuroblastoma cells was carried out by Dr. Sandra Pelleieux in the laboratory

of Dr. Judes Poirier.
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5.2. Abstract

The human geranylgeranyl pyrophosphate synthase (hGGPPS) controls the intracellular levels of
the Czo isoprenoid GGPP that is used in the post-translational prenylation of signaling proteins
essential for various cellular functions. Bisphosphonates (BPs) are known to inhibit hFPPS and
hGGPPS; however, selective inhibition of hGGPPS with potent BPs is limited to substrate-like
compounds, such as 4.14 and 4.15 (Fig. 4.5; Chapter 4). It is noteworthy that these compounds
(4.14 and 4.15) are expected to suffer from low chemical and metabolic stability and their
structures are not considered to be “drug-like.” In contrast, the thienopyrimidine scaffold is a
privileged motif in drug discovery and consequently, we chose to investigate the ability of such
bisphosphonates to inhibit hGGPPS. Our studies identified potent and selective thieno[2,3-
d]pyrimidine bisphosphonates (ThP-BPs) that possess anti-myeloma activity and downregulate the
intracellular P-Tau accumulation in human immortalized neurons. Overall, our ThP-BPs provided
valuable chemical probes for exploring the role of hGGPPS in multiple myeloma and
neurodegeneration. As part of our drug discovery programs, our preliminary SAR also provided

lead compounds for further optimization.

5.3. Introduction

The development of effective chemical probes or small-molecule “tools” for the study of protein
functions and other biological processes is integral for answering mechanistic and phenotypic
questions about a biological target that can lead in the successful delivery of novel therapeutics.?
When complemented with other tools in molecular genetics and chemical biology, the use of such
probes can be quite effective in validating new pharmacological targets.2 Moreover, design of high
quality probes is of vital importance even at the early stage of the drug discovery process as the

data generated have to be meaningful, i.e. do not lead to misinterpretation or incorrect conclusions,
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as in the case of a number of “frequent hitters” or promiscuous and reactive compounds, referred
as pan assay interference compounds (PAINS) that have caused significant wasted time, money
and resources (examples are shown in Fig. 5.1).>* Designing small-molecule probes tailored in
generating a structurally diverse library of compounds that simultaneously incorporate drug-like
physicochemical features and follow general guidelines, such as the Lipinski’s “rule of five” (Ro5)
can be beneficial in generating high-quality compounds with optimal biological activity and
ADME (adsorption, distribution, metabolism, and excretion). Generally, the Ro5 states that an
orally active drug adheres to the following criteria without violating more than two of them: (a)
molecular weight of less than 500 Da; (b) octanol-water partition coefficient (logP) of less than 5;
(c) no more than 5 hydrogen bond donors; and (d) no more than 10 hydrogen bond acceptors.> ©
While the Ro5 and other similar guidelines”* do not holistically represent all approved drugs in
the market, they are nonetheless useful in filtering out potential problematic compounds that

typically result from high throughput screening (HTS) campaigns.

Chromone: Thiol-reactive chemotype: Rhodanine: Pyrrole:
0O 0 Q\,/o HOOC>/<
Cl
o’ =3 N
S%/ ! (s Y
5.2 5.3 5.4

HO,C Br

Hydroxyphenyl hydrazones: Toxoflavin: Quinones and catechols:

O
5.7b 5.8

5.5a 5.5b 5.7a

Figure 5.1. Examples of PAINS.3*12 Compounds that can act as Michael acceptors are susceptible

to react with biologically relevant nucleophiles (e.g. 5.1-5.3, 5.5b and 5.7b; the asterick indicates

203



the site of attack); the instability of 5.4 is suspected to give degradation products leading to false
positives; toxoflavin (5.6) can convert Oz to H2O. through its reduction-oxidation (redox)
capability; H20> can activate or inactivate proteins; quinones and catechols (5.7 to 5.8) are also
known to be redox-active and covalent modifiers.

The thienopyrimidine scaffold, which can exist in three isomeric forms (Fig. 5.2)*2 has been shown
to exhibit a wide range of biological activities. The favorable biopharmaceutical profile and ability
to serve as mimics of adenine nucleobase'* are the main reasons why this core is typically
incorporated in the design of bioactive compounds. Of particular interest are the thieno[2,3-
d]pyrimidines, which played a key role in the development of several compounds with antifungal®
and antimicrobial properties,*® antiviral activities,’* immunosuppressive activity (e.g. 5.9; Fig.
5.2),1" anti-cancer activities (e.g. phosphoinositide 3-kinase a inhibitor 5.10* and protein kinase
R (PKR)-like endoplasmic reticulum kinase (PERK) inhibitor 5.11%), as antagonists of the
adenosine Aza receptor (for Parkinson’s disease; e.g. 5.12),2% 2! and as modulators of y-secretase
(for Alzheimer’s disease; e.g. 5.13).22 Additionally, our group also recently reported new structural
classes of active site and allosteric inhibitors of the human farnesyl pyrophosphate synthase
(hFPPS) bearing this scaffold that have potential applications in the treatment of bone and non-

bone related diseases associated with hFPPS activity (4.6 and 4.9, Fig. 4.3; Chapter 4).2% 24

/1 N S~ s TN

[2,3-d] [3,2-d] [3,4-d]

Figure 5.2. Thienopyrimidines structural isomers.
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Figure 5.3. Examples of bioactive thieno[2,3-d]pyrimidines.

Synthesis of substituted thieno[2,3-d]pyrimidines 5.16 can be achieved from both pyrimidine-
5.15% % or thiophene- 5.14 precursors (Scheme 5.1A).27 28 The 2-aminothiophenes 5.14, which
is readily accessible via the Gewald reaction®®! provides a convenient approach to build analogs
of 5.16. The classical Gewald synthesis is a multicomponent reaction involving a carbonyl
compound (aldehyde or ketone; 5.17, Scheme 5.1B) that undergoes Knoevenagel condensation
with an activated nitrile 5.18, e.g. malononitrile (Y= CN) or a-cyanoester (Y= CO2R) to give the
ylidene intermediate 5.19. This is followed by the addition of elemental sulfur in the presence of
a base affording the desired thiophene core. Thiophene 5.14 can then be assembled to

thienopyrimidine compounds in various ways depending on the position of the substitution.
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Scheme 5.1. (A) Synthetic approaches for 5.16; (B) Gewald reaction mechanism leading to 2-
aminothiophene-precursor (5.14) of thieno[2,3-d]pyrimidines.

With our current goal of investigating analogs of C-2 and/or C-6 substituted thieno[2,3-
d]pyrimidine bisphosphonates (ThP-BPs) in modulating hGGPPS, a synthetic approach to access
such compounds was developed. We disclose herein the results of our studies leading to the
identification of hGGPPS inhibitors with nanomolar in vitro potency (~50-100 nM) and good
selectivity versus hFPPS (~10 to 60-fold difference). Several analogs also disrupt cellular protein
geranylgeranylation, exhibit antiproliferation activities in three different multiple myeloma tumor
cell lines, and block P-Tau accumulation in human immortalized neuroblastoma cells. These
compounds can serve as pharmacological tools in the study and development of potential

therapeutics for nGGPPS-associated diseases.
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5.4. Chemistry

We previously reported thienopyrimidine-based bisphosphonates as active site inhibitors of
hFPPS. 2324 These results suggested that whereas substitution at C-6 provided inhibitors that are
more potent in hFPPS than hGGPPS, substitution at C-2 of the thienopyrimidine scaffold could
potentially provide inhibitors that are more potent and selective in inhibiting hGGPPS. We also
examined a small number of analogs substituted at the C-5 position of the thienopyrimidine core
but found that these compounds were poor inhibitors of both hFPPS and hGGPPS; hence, the
preparation of more C-5 substituted analogs was deprioritized. Additionally, we reported the use
of trimethylsilyl ylidine 5.20 for the synthesis of the highly substituted thiophene analog 5.21 that
served as the precursor to the parallel synthesis of structurally diverse C-5 and C-6 substituted
thienopyrimidines 5.22 (Scheme 5.2).32 However, in our present study, the preparation of analogs
that are substituted at C-2 of the thienopyrimidine core required development of an alternative

synthetic route. This is achieved by the following the devised routes depicted in Schemes 5.3 and

5.4.
1. Sg, Base
2 ocH Metal-catalyzed cross- NH,
NC. _CN By * ™S CN coupling, ipso- Rs
(H3C),N~ ~OCHj4 iododesilylation, cyclization Y XN
| = e L e, = R AL
™S 3.NBS g7 °N SN
5.20 5.21 5.22

Scheme 5.2. Synthesis of C-5 and/or C-6 substituted thienopyrimidines via a modified Gewald
approach starting from the ylidine 5.20 as the precursor for the construction of the thiophene core.

The commercially available dimer form of mercaptoacetaldehyde, 1,4-dithiane-2,5-diol (5.23) and
propionaldehyde (5.24) were used as the starting materials for the synthesis of 2-amino-3-

cyanothiophene 5.25 via the standard Gewald approach (Scheme 5.3). The thiophene core 5.25
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was then elaborated to substituted thieno[2,3-d]pyrimidines 5.26 in several ways. Cyclization with
formamide provides the naked scaffold (5.26c). Installation of different moieties at C-2 can be
achieved in two ways: via microwave irradiation of various aryl and heteroaryl nitriles with 5.25
in the presence of a base (analogs of 5.26b) or through the use of the thioether intermediate 5.26a,
which upon introduction of the bisphosphonate tetraesters (e.g. 5.27a; R2 = SMe) is suitable for
the Liebeskind—Srogl cross-coupling reaction with various boronic acids (Scheme 5.3, step h). The
Liebeskind—Srogl reaction is a carbon-sulfur (C-S) activation strategy that requires the use of Cu(l)
carboxylate (CuTC). As depicted in Fig. 5.4, CuTC serves the role of polarizing the Pd-S bond via
Cu(l) coordination to sulfur while simultaneously activating the boronic acid through coordination
of the carboxylate moiety to boron.*3* Other copper (1) sources, such as copper(l) halide or CUCN
did not give any coupling product,®® highlighting the unique role of CuTC in this reaction.
Intermediate 5.29a (where X= NO; Scheme 5.4), for example was prepared using this C-S
activation method in good yield (~80%). Compounds with expanded side chains were synthesized
through the incorporation of an amide linker (e.g. 5.28h and 5.28i). The nitro group of 5.29a was
first reduced to the amine using tin (1) chloride and the aniline product 5.30 was then coupled
with an acyl chloride or a carboxylic acid using standard peptide chemistry (Scheme 5.4). Some
analogs were also prepared via Pd-catalyzed cross-coupling reactions with the aryl halide 5.29b to
give biaryl derivatives, such as analog 5.28n (Fig. 5.5). To further probe the effects of
disubstitution at C-2 and C-6, the C-6 position was also capped with a methyl (e.g. 5.28y) or a
phenyl (e.g. 5.28x) in order to explore the possible volume of space around C-6 in the enzyme-
bound conformation of these compounds. Representative key compounds from our mini library

are summarized in Figure 5.5.
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Scheme 5.3. General synthesis of C-2 and/or C-6 substituted ThP-BP.

Reaction conditions: (a) malononitrile, EtsN, MeOH/DMF, 50°C, 70%; (b) malononitrile, sulfur,
EtsN, DMF, 0°C to rt, 60%; (c) for the preparation of analogs of 5.26a: methyl thiocyanate, HCI,
70°C, 60%-80%:; (d) for the preparation of analogs of 5.26b: aromatic nitrile, t-BuOK, iPrOH, pW,
80°C, ~27%-64%); (e) for the preparation of 5.26¢: formamide, 145°C, 56%; (f) NBS, DMF, rt; (g)
diethyl phosphite, triethyl orthoformate, dry toluene, 115°-130°C, 40%-80%; (h) aryl boronic acid,
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CuTC, Pd(dppf)Cl2*CH2Cl,, dry dioxane, 50°C, ~80%; (i) aryl boronic acid, KF, Pd(PPhz)s,
MeOH, pW, 120°C, ~50%-80%; (j) TMSBr/MeOH, rt, ~70% to quantitative.

PO(OEt), PO(OEt) PO(OH)
HN™ “PO(OEY), HN PO(OEt), HN PO(OH),
(x=Noy)
7 =N
S — ~ /
N)\©>x )\©‘
5.29a X = NO; 5-30
5.29b X = Br
5.28f; 5.28i to 5. 28m
(X = Br) 5.280 to 5.28s
b, e
PO(OH),
PO(OR), HN™ > PO(OH),
HN™ “PO(OH), (/fN
Pz N. _R
S N //S\
Ar 0" o
5.28n 5.28e, 5.28g and 5.28h

Scheme 5.4. Synthesis of expanded ThP-BP analogs.

Reaction conditions: (a) SnCl2+2H>0, EtOH, 80°C, >80%; (b) aryl boronic acid, KF, Pd(PPhs)a,
MeOH, uW, 120°C, 82%; (c) acyl chloride, EtsN, dry DCM, 0°C, to rt or a carboxylic acid, DIPEA,
HBTU, dry DMF, rt, 75% to quant.; (d) sulfonyl chloride, pyridine, dry DCM, 0°C, to rt, 70% to
quant.; (¢) TMSBr/MeOH, rt, ~70% to quantitative.

5.5. Results and Discussion

The initial biological screening of our ThP-BP analogs was carried out using our routine hGGPPS
inhibition assay at a fixed concentration of 100 nM, in parallel with the literature compound 4.15
(Chapter 4) as the positive control. The summary of results is shown in Figure 5.6. Selectivity
against hFPPS and a full-dose ICso curves were only determined for the most promising inhibitors

(Table 5.1). Consistent with our previous observations,3 substitution at C-2 or C-6 with a simple
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phenyl group (5.28a and 5.28v, respectively; Fig. 5.6) led to compounds that inhibited both hFPPS
and hGGPPS. A C-5 phenyl substituted analog (compound 5.31; Fig. 5.5; synthesized as
previously reported),3 on the other hand was inactive in inhibiting both hFPPS and hGGPPS.
Replacement of the C-2 phenyl with heterocyclic groups suggested that the more lipophilic
moieties (e.g. phenyl 5.28a and thiophene 5.28b vs pyridine 5.28d) have better hnGGPPS activity,
in general (Fig. 5.6). Interestingly, although the larger substituents at C-2 did not significantly
improve the potency for hGGPPS, they however improved the selectivity in inhibiting hGGPPS
over hFPPS (e.g. 5.28a vs 5.28i; Fig. 5.6). On the other hand, incorporation of the same amide
substituent at the C-6 position was found detrimental in the inhibitory activity to both enzymes
(e.g. 5.28v vs 5.28w). This observation suggests that the difference in target selectivity is not a
simple binding orientation effect of the thienopyrimidine core and consequently, further
optimization should be possible with more in-depth SAR studies. Our preliminary results for
thienopyrimidine-based hGGPPS inhibitors with an amide (e.g. 5.28i, 5.28t) or a sulfonamide (e.g.
5.28g) linker in the side chain resulted in compounds with very similar inhibitory activities and
potency in the low nanomolar range (Fig. 5.6; Table 5.1). We are currently pursuing
crystallographic studies to characterize the hGGPPS/inhibitor complex that we hope will guide our
future SAR studies. In summary, starting from our original “hits” 5.28a and 5.28v with low
selectivity in inhibiting hGGPPS over hFPPS (~7- and 2-fold, respectively), we were able to
improve the selectivity to 31- and 57-fold, in the case of compounds 5.28i and 5.28t, respectively
(Table 5.1). Our key compounds also displayed cell-based activity in submicromolar

concentrations as will be discussed in the succeeding sections.
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Figure 5.6. (A) In vitro wild-type hGGPPS inhibition data of ThP-BPs screened at a fixed
concentration of 100 nM, average values of three determinations, standard deviation of < 10%; the
known hGGPPS inhibitor, 4.15 was used as the positive control; (B) Highlights of the SAR as

discussed in the text.

Several lines of evidence have indicated that the observed biological effects of clinical N-BPs (e.g.
ZOL and RIS, Fig.4.3, Chapter 4), particularly, the direct antitumor effect was through disruption
of protein geranylgeranylation (as opposed to farnesylation).*¢-° Therefore, inhibitors of hGGPPS
may provide a more straightforward approach in the development of potential therapeutics for use
in non-bone related diseases. For these reasons, we conducted a preliminary evaluation of our key
hGGPPS inhibitors against a panel of multiple myeloma (MM) cell lines representing the genetic
diversity of this disease, and their ability to prevent the build-up of phosphorylated tau (P-Tau)

proteins in immortalized human neuroblastoma cells.
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Antiproliferation and Cytotoxic Effects in Multiple Myeloma Cell Lines

The results of antiproliferation and cytotoxic effects in human-derived MM cell lines are
summarized in Table 5.1. Cell viability was determined through 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and the median effective concentration for 50%
inhibition (ECso) were calculated for each test compounds. The MTT colorimetric assay measures
the conversion of yellow MTT tetrazolium salt into purple-colored MTT formazan (Fig. 5.7),
which only occurs in metabolically active cells; hence a decrease in this conversion indicates loss
of cell viability.** Additionally, actively proliferating cells increase their metabolic activity and

exposure to pharmacological or toxic substance results in diminished activity.

J\ Bioreduction NH
in live cells N

zZ—
/
%
\
5

MTT MTT Formazan

Figure 5.7. MTT reduction to formazan.
Our potent and selective hGGPPS inhibitors, including the control compound 4.15 consistently
showed better ECso values across the three different MM cell lines as compared to the clinical N-
BPs. For example, >90-fold improvement was observed for compounds 5.28q and 5.28t (ECsg =
0.12 uM and 0.11 uM, respectively; Table 5.1) versus ZOL and RIS (ECso = 11.0 uM and 13.0
MM, respectively) when administered to RPMI-8226 cell line. In order to gain insights on the
mechanism of cytotoxic effects in MM cells and target engagement by our inhibitors, we

conducted further studies as discussed in the following sections.
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Table 5.1. Activity of selected compounds in MM tumor cell lines.

hFPPS | hGGPPS | Selectivity MM cells ECso, uM!®
Compound ICs0 ICs0 Index, S.L.V [ JIN3 | RPMI- | KMS28

(LM) (M)A 8226 PE
ZOL 0.004 >50 <0.08 x 107 5.0 11.0 6.4
RIS 0.005 ~350t1 | ~0.01x10° 10.0 13.0 10.6
4.15 1.1 0.026 42 0.05 0.01 0.006
5.28i 2.0 0.064 31 0.50 0.10 0.55
5.28q 2.4 0.10 24 0.60 0.12 0.62
5.28s 1.0 0.086 12 1.30 0.38 1.4
5.28t 3.0 0.053 57 0.34 0.11 0.70

81 Csp values were determined using the wild-type hGGPPS enzyme; [PIS.I. = ratio of hFPPS ICso
and hGGPPS ICso; [FJAverage of n > 8 determinations, R? values in the range of 0.94 - 0.99; [lfrom
Kavanagh et. al.*?; Flfrom Szabo et. al.®

Flow Cytometry to Study Cell Apoptosis

Apoptosis or programmed cell death is characterized by specific morphological features, including
cell shrinkage, changes in plasma membrane asymmetry, chromatin condensation, DNA
fragmentation, and cell blebbing.** *° Loss of membrane phospholipid asymmetry is one of the
earliest features of apoptosis that results in the exposure of phosphatidylserine (PS) at the surface
of the cell.*® Annexin V is a Ca?*-dependent phospholipid-binding protein that has high affinity
for PS. A fluorochrome-labeled Annexin V can be used for the analysis of cells undergoing
apoptosis through detection of exposed PS using flow cytometry.*® Flow cytometry measures the
optical and fluorescence characteristics of single cells (or any other particle, including nuclei)
when they pass through a light source (e.g. laser beam).*’ Light scattering at different angles can
distinguish differences in structural and morphological properties of the cell. Additionally, light
emitted from fluorophore-labeled antibodies correlates to the amount of fluorescent probe bound

to the cell surface or cellular component.*: 48
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We examined the mechanism of cytotoxicity by evaluating the ability of our hGGPPS inhibitors
to induce apoptosis using flow cytometry. RPMI-8226 human-derived myeloma cells were treated
with inhibitor 5.28q at increasing concentrations (Fig. 5.9). Velcade (a proteasome inhibitor and
an approved drug for MM; Fig. 5.8) and compound 4.15 were also tested in parallel as positive
controls. The presence of viable RPMI-8226 cells was determined using a CD138 antibody
conjugated with a V450 dye. CD138, also known as syndecan-1, is a transmembrane protein
strongly expressed on MM cell lines.*® Cell apoptosis, on the other hand, was determined using
Annexin V labeled with allophycocyanin (APC) fluorophore. A CD138 positive result indicates

presence of viable MM cells, whereas an Annexin V positive result signifies presence of apoptotic
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cells.

Bortezomib, Velcade

Figure 5.8. Chemical structure of velcade.

The flow cytometry results for detection of cell apoptosis are shown in Figure 5.9. In the case of
the untreated cells, a CD138 positive quadrant 1 (Q1) shows that ~81% of RPMI-8226 cells were
viable; however, treatment with increasing concentration of velcade, a shift from Q1 (CD138
positive) to Q3 (Annexin V positive) occurred and all the RPMI-8226 cells have undergone
apoptosis at 5 nM concentration of velcade. Similarly, a dose-dependent increase in apoptotic
fraction was observed with compound, 4.15 (e.g. ~60.6% at 500 nM, Q3; Fig. 5.9), as well as our

hGGPPS inhibitor, 5.28q (~50% at 1 pM, Q3). These results provided evidence that the
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cytotoxicity and antiproliferation activity of our nGGPPS inhibitors in MM cells is associated with

their ability to induce cell death or apoptosis.
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Q3- CD138 negative, Annexin V positive; apoptotic RPMI-8226 cells that have lost CD138
surface expression

Q4- CD138 negative, Annexin V negative; RPMI-8226 cells that have lost CD138 surface
expression

Figure 5.9. Cell viability analysis using CD138 as the marker and detection of Annexin V positive
apoptotic MM RPMI-8226 cells via flow cytometry: (first row) untreated cells and cells treated
with velcade (1 nM and 5 nM); (second row) cells treated with 4.15 (50, 100 and 500 nM); and
(third row) cells treated with 5.28q (100, 500 and 1000 nM). Shift from Q1 to Q3 indicates cell

apoptosis.

Western Blot Analysis to Investigate Protein Geranylgeranylation

To further elucidate the mechanism of action, we investigated the ability of 5.28g to prevent
cellular protein geranylgeranylation as determined by immunoblot analysis using a RaplA
antibody that only binds to the non-geranylgeranylated form of this protein.>® As shown in Figure
5.10, geranylgeranylation of Rap1A was prevented via treatment with a high concentration of ZOL
(100 pM; lane 2). Note that ZOL is an hFPPS inhibitor that can also downregulate GGPP levels
indirectly as a consequence of FPP depletion. On the other hand, control compound 4.15 disrupted
RaplA prenylation at much lower concentration (0.20 uM; Fig. 5.10, lane 5). Inhibitor 5.28q,
which is ~4-fold less potent than 4.15 in inhibiting hGGPPS also prevented Rap1A prenylation at
a concentration of 5.0 uM (lane 8). Overall, these data demonstrated that the antiproliferation
effects in MM cell lines correlate with the potency of the compounds in inhibiting hGGPPS and

in preventing cellular protein geranylgeranylation.
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Figure 5.10. Western blot analysis to detect non-geranylgeranylated RaplA. RPMI-8226 MM
cells were incubated for 48 h with or without inhibitor 5.28g. ZOL and 4.15 were used as the
positive controls. The RaplA antibody detects only unmodified protein. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a loading control.

Rescue of Cell Apoptosis via Add-Back Experiments

Since inhibition of any intracellular event or cell death cannot be attributed to a specific biological
target without some evidence of target engagement by the inhibitor, we also conducted a “cell
rescue” experiment in the presence of our inhibitors using flow cytometry. MM cells were treated
with the hGGPPS inhibitor 5.28q or the proteasome inhibitor, velcade in the presence and absence
of geranylgeraniol (GGOH), which is metabolized to GGPP in the cells.5! 52 As shown in Figure
5.11, cell rescue was observed for inhibitor 5.28q in the presence of GGOH (Fig. 5.11A) but not
for velcade (since it operates via a different mechanism of action; Fig. 5.11B). These results
strongly suggest that the antimyeloma effects are directly related to the intracellular inhibition of

the hGGPPS enzyme by effective target engagement by our inhibitors.
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Figure 5.11. Add-back experiments using GGOH. (A) Untreated RPMI-8226 MM cells and those
treated with 5.28q alone and with GGOH. Treatment with 500 nM 5.28q induced ~40.5% cell
apoptosis; however, addition of 10 uM GGOH resulted in the recovery of viable cells. (B) Addition

of GGOH in velcade-treated cells did not result in the rescue of viable cells.

Modulation of P-Tau Levels in Immortalized Human Neuroblastoma Cells

We previously reported inhibitors of hFPPS that can reduce the accumulation of P-Tau.?
Considering that geranylgeranylation is more directly involved in the activation of the small
GTPase Cdc42, and consequently, modulation of P-Tau, we also conducted preliminary profiling
of our hGGPPS inhibitors for their ability to downregulate the intracellular concentrations of P-
Tau in immortalized human neuroblastoma SH-SY5Y cells. Treatment of these cells with analog
5.28s for a period of 12 h showed a dose-dependent decrease in the accumulation of P-Tau without

detectable toxicity (Table 5.2). It is noteworthy that although a significant decrease in % P-
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Tau/Tau levels (>50%) for ZOL and RIS was also observed, these compounds displayed
significant toxicity in the standard LDH assay (~60% higher LDH activity) compared to the
untreated control at concentration of 100 nM.?* Consequently, the effects of ZOL and RIS on P-
Tau cannot be properly evaluated. Total-tau (T-Tau) and P-Tau levels were measured using the
established enzyme-linked immunosorbent assay (ELISA) that employs Tau monoclonal
antibodies that recognize different Tau and P-Tau epitopes® *3 and the toxicity to neurons was
estimated by the lactate dehydrogenase (LDH) assay.?* The LDH assay measures the LDH released
into the media from damaged cells as a biomarker for cellular toxicity and cytolysis. A more

extensive biological evaluation of our compounds is currently in progress.

Table 5.2. Modulation of P-Tau levels in immortalized human neurons.

Compound % P-Tau/Tau %
Reduction® | LDH®!
ZOL 0.10 uM 50% +60
RIS 0.10 yM 67% +60
5.2850.10 uM 43% 6
5.285 0.50 uM 73% -6
5.285 1.00 uM 67% -12

[{IBased on the change in P-Tau/T-tau ratio in human SH-SY5Y neurons relative to the untreated
cells; 1 % activity of LDH; assays run in triplicate and a standard deviation of < 10% was

observed.

5.6. Conclusions and Outlook

A novel series of C-2 and C-6 substituted ThP-BPs was synthesized with our goal of identifying
potent and selective inhibitors of hGGPPS. Several analogs with nanomolar in vitro potency were
discovered and our SAR studies also showed that by increasing the size and lipophilicity of the C-
2 side chain of the thieno[2,3-d]pyrimidine core can fine-tune the activity towards selective

hGGPPS inhibition. Preliminary assessment of biological activity showed that several ThP-BP
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analogs induce apoptosis in human multiple myeloma tumour cell lines in submicromolar
concentrations and downregulate the intended target in the cell, as evidenced by the disruption of
RaplA geranylgeranylation and rescue experiments using GGOH. Additionally, compounds that
can downregulate intracellular P-Tau levels in neurons were also identified, which warrants further
investigation of the promising role of hGGPPS as the target for taupathy-associated
neurodegeneration, such as Alzheimer’s. On-going structural studies in our group may also help
advance the current knowledge of hGGPPS/inhibitor interactions and support further SAR studies
with the goal of optimizing this class of compounds into novel therapeutics for human diseases

associated with protein geranylgeranylation.

5.7. Experimental Section

Chemicals and solvents were purchased from commercial suppliers and used without further
purification. Normal phase column chromatography on silica gel was performed using a
CombiFlash instrument using the solvent gradient, as indicated. Reverse phase preparative HPLC
was carried out using a Waters Atlantis Prep T3 OBD C18 5pum 19 x 50 mm column; Solvent A:
H20, 0.1% formic acid; Solvent B: CH3CN, 0.1% formic acid; Mobile phase: gradient from 95%
A and 5% B to 5% A and 95% B in 17 min acquisition time; flow rate: 1 mL/min. The homogeneity
of final inhibitors was confirmed to be > 95% by reversed-phase HPLC using a Waters
ALLIANCE® instrument (e2695 with 2489 UV detector, 3100 mass spectrometer, C18 5um
column): Solvent A: H20, 0.1% formic acid; Solvent B: CH3CN, 0.1% formic acid; Mobile phase:
linear gradient from 95% A and 5% B to 0% A and 100% B in 13 min. Key compounds were fully
characterized by 'H, *C, 3P NMR and HRMS. Chemical shifts (8) are reported in ppm relative to

the internal deuterated solvent. The NMR spectra of all final bisphosphonate inhibitors were

acquired in D20 (either after conversion to their corresponding tri-sodium salt or by addition of
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~2% ND4OD). In some cases, the Ca to the bisphosphonate was broad and overlapped with the
solvent peak, as confirmed by HSQC. The high resolution MS spectra of final products were
recorded using electrospray ionization (ESI*") and Fourier transform ion cyclotron resonance mass

analyzer (FTMS).

Library Synthesis
General Synthetic Protocols:

Syntheses of 5.25a,>* 5.25b,%, and 5.26a°® were accomplished based on literature procedures.
Analogs of 5.26b were prepared via reaction of 5.25 with appropriate aryl nitriles in the presence
of t-BuOK as described by Chen et. al. with slight modifications.>” Bromination of 5.26 was
achieved using NBS based on the method of Shook et. al.?* Suzuki cross-coupling reactions, and
installation/deprotection of bisphosphonate esters were performed using the previously reported
general protocols.?® Preparation and characterization of inhibitors 5.28u, 5.28a, 5.28v, and 5.31

have been described in our previous studies.?® %

Method A. General protocol for the Liebeskind—Srogl cross-coupling reaction between thiomethyl

ether-containing analogs of 5.27a and aryl boronic acids

The procedure was based on previously described protocols with slight modifications.33
Thiomethyl ether intermediate 5.27a (1.0 eq), aryl boronic acid (2.5 eq), CuTC (3.0 eq) and
Pd(dppf)Cl2*CH2Cl. (0.10 eq) were charged into an oven-dried round bottom flask. The flask was
evacuated and purged with Ar, followed by addition of dry dioxane (5.5 mL per 1.0 mmol 5.27a).
The flask was sealed and heated at 50°C for 4-5h (under Ar balloon). The reaction mixture was
cooled to rt, diluted with EtOAc, and filtered through celite. The filtrate was collected and washed
with 10% aqueous NH4OH (thrice), followed by brine. The combined organic extracts were dried

over NaSO4 and concentrated in vacuo. Crude product was purified by silica gel column
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chromatography with a gradient from 25% EtOAc in hexanes to 100% EtOAc and then to 20%
MeOH in EtOAc. Product typically elutes between 10%-20% MeOH in EtOAc. Typical isolated

yield was ~80%.

Method B. General protocol for the synthesis of 5.30

A pressure vessel was charged with the nitro-containing intermediate 5.29a (1.0 eq) and EtOH
(10.0 mL per 1 mmol 5.29a). SnCl,+2H>0 (5.0 eq) was then added and the mixture was stirred at
80°C for 2-3 h. The reaction mixture was then cooled to rt and then slowly poured into sat. NaHCO3
solution (~10.0 mL per 1 mmol 5.29a). It was then extracted with EtOAc (thrice), brine (once),
dried over MgSOsu, filtered, and concentrated in vacuo. Product was generally obtained in >80%

yield and was used in the next step without further purification.

Method C. General procedure for the amide bond formation
Method C.1. Reaction using acyl chlorides as coupling partner

To a stirring solution of the amine intermediate 5.30 (1.0 eq) in dry DCM (6.5 mLper 1 mmol
5.30) at 0°C was added dry EtsN (3.0 eq). The acid chloride (1.2 eq) was then added dropwise
under Ar balloon. The solution was stirred and allowed to warm to rt (reaction progress was
monitored by TLC). Once complete (typically, after ~1h), the reaction was poured into sat.
NaHCO3 solution and extracted with EtOAc (twice), washed with brine, dried over Na>,SO4 and
concentrated under vacuum. Crude product was purified by silica gel column chromatography with
a gradient from 25% EtOAc in hexanes to 100% EtOAc and then to 20% MeOH in EtOAc. Product
typically elutes between 10%-20% MeOH in EtOAc. Isolated yield was typically 75% to

quantitative.
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Method C.2. Reaction using carboxylic acids as coupling partner

To the mixture of the amine intermediate 5.30 (1.0 eq) and carboxylic acid (1.1 eq) in dry DMF
(2.0 mL per 0.1 mmol 5.30) was added DIPEA (2.0 eq) followed by HBTU (1.1 eq) under Ar
balloon. The solution was stirred at rt for 1-2h. The reaction was then added with brine (10 mL)
and was extracted with EtOAc (20.0 mL; twice). The organic phase was washed with sat. NH4Cl
solution (10 mL), brine, dried over Na2SO4 and concentrated in vacuo. Crude product was purified
by silica-gel column chromatography as described for Method C.1. Isolated yield was 70% to

quantitative.

Method C.3. Reaction using sulfonyl chlorides as coupling partner

The sulfonamides were prepared using amine 5.30 and various sulfonyl chlorides as starting
materials following the protocol of Wydysh et al.®® with slight modifications. Isolated yield was

70% to quantitative.

2-aminothiophene carbonitrile 5.25:

2-aminothiophene-3-carbonitrile (5.25a).>* Isolated as a light brown solid. *H NMR (500 MHz,

CDCls) § 6.73 (d,J = 5.7 Hz, 1H), 6.35 (d, J = 5.7 Hz, 1H), 4.74 (br_s, 2H).

2-amino-5-methylthiophene-3-carbonitrile (5.25b).%° Isolated as a yellow solid. *H NMR (500
MHz, CDCls) & 6.33 (d, J = 1.2 Hz, 1H), 4.65 (br_s, 2H), 2.26 (d, J = 1.2 Hz, 3H). 1*C NMR (126

MHz, CDCl) § 161.1, 124.8, 122.2, 115.8, 87.4, 15.0. MS [ESI"] m/z: 139.1 [M + H']*

Thieno[2,3-d]pyrimidines 5.26:

2-(methylthio)thieno[2,3-d]pyrimidin-4-amine (5.26a-1; Rz = SMe; Rs = Rs =H).%® Isolated as a

light brown solid. *H NMR (500 MHz, DMSO-d6) & 7.55 (br_s, 2H), 7.47 (d, J = 5.9 Hz, 1H),
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7.36 (d, J = 5.9 Hz, 1H), 2.46 (s, 3H). 3C NMR (126 MHz, DMSO-d6) & 167.5, 166.5, 158.3,

120.7,120.2, 113.4, 13.8. MS [ESI*] m/z: 198.0 [M + H*]*

6-methyl-2-(methylthio)thieno[2,3-d]pyrimidin-4-amine (5.26a-2; Rz = SMe; Rs = H; Rs =Me).%
Isolated as yellowish brown solid. *H NMR (400 MHz, DMSO-d6) § 7.40 (br_s, 2H), 7.13 (d, J =
1.3 Hz, 1H), 2.46 (d, J = 1.2 Hz, 3H), 2.44 (s, 3H). 3C NMR (126 MHz, DMSO-d6) & 166.4,

165.1, 156.9, 133.2, 117.0, 113.2, 15.8, 13.3. MS [ESI*] m/z: 212.0 [M + H*]*

Thieno[2,3-d]pyrimidin-4-amine (5.26¢; R2 = Rs = Rg = H). Isolated as a yellow solid. 'H NMR
(400 MHz, DMSO-d6) 6 8.26 (s, 1H), 7.57 (d, J = 6.0 Hz, 1H), 7.53 (d, J = 6.0 Hz, 1H), 7.49 (br_s,

2H). MS [ESI*] m/z: 152.0 [M + H*]*

2-(thiophen-2-yl)thieno[2,3-d]pyrimidin-4-amine (5.26b-1; R. = 2-thiophenyl; Rs = Rs = H).
Isolated as dark-colored solid. *tH NMR (500 MHz, CDCls) § 7.98 (d, J = 2.7 Hz, 1H), 7.43 (dd, J
=5.0, 1.2 Hz, 1H), 7.27 (d, J = 6.0 Hz, 1H), 7.14 (d, J = 6.0 Hz, 1H), 7.13 (dd, J = 5.0, 3.7 Hz,

1H), 5.29 (br_s, 2H).

2-(furan-2-yl)thieno[2,3-d]pyrimidin-4-amine (5.26b-2; R> = 2-furanyl; Rs = Re = H). Isolated as
a pale orange solid. *H NMR (500 MHz, CDCls) § 7.65 (dd, J = 1.7, 0.8 Hz, 1H), 7.39 (d, J = 3.2
Hz, 1H), 7.35 (d, J = 6.0 Hz, 1H), 7.26 (d, J = 6.0 Hz, 1H), 6.59 (dd, J = 3.4, 1.7 Hz, 1H), 5.84

(br_s, 2H).

2-(pyridin-4-yl)thieno[2,3-d]pyrimidin-4-amine (5.26b-3; R, = 4-pyridinyl; Rs = Rg = H). 'H
NMR (500 MHz, DMSO-d6) ¢ 8.71 (dd, J = 4.5, 1.6 Hz, 2H), 8.23 (dd, J = 4.5, 1.6 Hz, 2H), 7.75
(br_s, 2H), 7.66 — 7.63 (m, 2H). 3C NMR (126 MHz, DMSO-d6) § 167.2, 158.7, 157.2, 150.1,

145.2, 123.8, 121.7, 119.9, 115.3.
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2-(3-bromophenyl)thieno[2,3-d]pyrimidin-4-amine (5.26b-4; R2> = 3-bromophenyl; Rs = R¢ = H).
IH NMR (500 MHz, DMSO-d6) & 8.53 (t, J = 1.8 Hz, 1H), 8.37 — 8.34 (m, 1H), 7.68 (br_s, 2H),
7.67 - 7.65 (m, 1H), 7.61 (d, J = 5.9 Hz, 1H), 7.58 (d, J = 5.9 Hz, 1H), 7.45 (t, J = 7.9 Hz, 1H).
13C NMR (126 MHz, DMS0-d6) § 167.7, 159.0, 158.0, 140.7, 133.0, 131.1, 130.7, 126.9, 123.5,

122.2,120.3, 115.1.

Bisphosphonate tetraesters 5.27:

Tetraethyl (((2-(methylthio)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.27a-1; R2= SMe; Rs = Rs = H). Product was obtained as a brown solid. *H NMR (500 MHz,
DMSO0-d6) & 8.70 (d, J = 9.7 Hz, -NH), 7.97 (d, J = 6.0 Hz, 1H), 7.45 (d, J = 6.0 Hz, 1H), 5.70
(td, J = 23.6, 9.7 Hz, 1H), 4.14 — 4.02 (m, 8H), 2.50 (s, 3H), 1.22 — 1.12 (m, 12H). 3!P NMR (203
MHz, DMS0-d6) § 16.77 (s). *C NMR (126 MHz, DMSO-d6) & 167.3, 165.4, 155.12 (t, J = 4.1
Hz), 121.1, 120.1, 113.6, 62.9 - 62.7 (M), 44.4 (t, J = 147.3 Hz), 16.2 - 16.1 (m), 13.5. MS [ESI*]

m/z: 484.1 [M + H']*

Tetraethyl (((6-methyl-2-(methylthio)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate) (5.27a-2; R2= SMe; Rs = H; Rg = Me). Isolated as a
yellowish brown solid. *H NMR (400 MHz, acetone-d6) & 7.48 (s, 1H), 5.78 (td, J = 23.0, 9.8
Hz, 1H), 4.24 — 4.10 (m, 8H), 2.53 (s, 3H), 2.52 (d, J = 1.1 Hz, 3H), 1.29 — 1.16 (m, 12H). 3P
NMR (162 MHz, acetone-d6) § 16.53 (s). 3C NMR (126 MHz, acetone-d6) 5 168.4, 166.1,
155.4 (t, J = 3.9 Hz), 135.8, 117.4, 115.2, 64.0 -63.9 (M), 45.6 (t, J = 147.2 Hz), 16.7 - 16.6 (M),

16.1, 14.1. MS [ESI*] m/z: 498.1 [M + H']*

Tetraethyl (((6-bromo-2-phenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.27b-1; R2 = phenyl; Rs = H; Rs = Br). Isolated as a light yellow solid. *H NMR (400 MHz,

CDCls) & 8.45 - 8.40 (m, 2H), 7.50 — 7.44 (m, 3H), 7.42 (s, 1H), 6.07 — 5.84 (m, 2H; -NH and a-
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CH to the bisphosphonate), 4.30 — 4.10 (m, 8H), 1.30 - 1.20 (m, 12H). 3P NMR (162 MHz, CDCls)

5 16.66 (s).

Bisphosphonate tetraesters 5.29:

Tetraethyl  (((2-(3-nitrophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.29a-1; X = m-Nitro). Prepared via Method A using thiomethyl ether intermediate 5.27a-1 and
3-nitrophenylboronic acid as coupling partners. Product was isolated as light brown solid. *H
NMR (500 MHz, DMSO-d6) § 9.12 (t, J = 1.9 Hz, 1H), 8.85 (d, J = 9.6 Hz, -NH), 8.80 (d, J = 7.9
Hz, 1H), 8.35 (ddd, J = 8.2, 2.4, 0.9 Hz, 1H), 8.14 (d, J = 6.0 Hz, 1H), 7.84 (t, J = 8.0 Hz, 1H),
7.72 (d, J = 6.0 Hz, 1H), 5.99 (td, J = 23.5, 9.6 Hz, 1H), 4.19 — 4.07 (m, 8H), 1.22 — 1.11 (m, 12H).
3P NMR (203 MHz, DMS0-d6) § 16.9. *°C NMR (126 MHz, DMSO-d6) & 167.8, 156.5 (t, J =
4.0 Hz), 156.4, 148.7, 139.6, 134.1, 130.8, 125.3, 124.9, 122.4, 120.8, 116.4, 63.4 - 63.2 (m), 45.0

(t, J = 147.2 Hz), 16.7 - 16.6 (m). MS [ESI*] m/z: 559.1 [M + H*]*

Tetraethyl  (((2-(4-nitrophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.29a-2; X = p-Nitro). Prepared via Method A using thiomethyl ether intermediate 5.27a-1 and
4-nitrophenylboronic acid as coupling partners. Product was isolated as a tan solid. *H NMR (400
MHz, DMSO-d6) & 8.82 (d, J = 9.7 Hz, -NH), 8.63 (d, J = 9.0 Hz, 2H), 8.40 (d, J = 9.0 Hz, 2H),
8.15 (d, J = 6.0 Hz, 1H), 7.75 (d, J = 6.0 Hz, 1H), 5.97 (td, J = 23.5, 9.5 Hz, 1H), 4.20 — 4.05 (m,

8H), 1.20 — 1.10 (m, 12H). 1P NMR (162 MHz, DMSO-d6) 5 16.92.

Tetraethyl (((2-(3-bromophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.29b-1; X = m-Br). Isolated as a light yellow solid. *H NMR (400 MHz, CDCls) § 8.61 (t, J =
1.7 Hz, 1H), 8.42 — 8.38 (m, 1H), 7.60 — 7.57 (m, 1H), 7.39 — 7.30 (m, 3H), 5.95 - 5.79 (m, 2H; -

NH and a-CH to the bisphosphonate), 4.33 — 4.13 (m, 8H), 1.29 — 1.22 (m, 12H). *3C NMR (100
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MHz, CDCl3) 6 168.1, 157.9, 155.4, 139.8, 133.2, 131.1, 129.9, 126.7, 124.3, 122.7, 117.1, 115.4,

63.8 — 63.6 (M), 44.7 (t, J = 147.3 Hz), 16.4 — 16.3 (m). 3P NMR (162 MHz, CDCls) 5 16.7.

Bisphosphonate esters 5.30:

Tetraethyl (((2-(3-aminophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.30a). Prepared via Method B using 5.29a-1 as the starting material. Product was isolated as a
yellow solid. *H NMR (500 MHz, DMSO-d6) & 8.52 (d, J = 9.7 Hz, 1H), 8.06 (d, J = 6.0 Hz, 1H),
7.64 —7.62 (m, 1H), 7.58 (d, J = 6.0 Hz, 1H), 7.53 (d, J = 7.7 Hz, 1H), 7.14 (t, J = 7.8 Hz, 1H),
6.67 (dd, J = 7.9, 1.5 Hz, 1H), 6.01 (td, J = 23.5, 9.7 Hz, 1H), 5.22 (s, 2H), 4.15 — 4.05 (m, 8H),
1.18 - 1.10 (m, 12H). P NMR (203 MHz, DMSO-d6) & 17.18 (s). MS [ESI*] m/z: 529.1 [M +

H+]+

Tetraethyl (((2-(4-aminophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(5.30Db). Prepared via Method B using 5.29a-2 as the starting material. Product was isolated as a
yellow solid. *H NMR (400 MHz, DMSO-d6) & 8.40 (d, J = 9.7 Hz, -NH), 8.07 (d, J = 8.7 Hz,
2H), 7.99 (d, J = 6.0 Hz, 1H), 7.45 (d, J = 6.0 Hz, 1H), 6.63 (d, J = 8.7 Hz, 2H), 6.01 (td, J = 23.6,
9.6 Hz, 1H), 5.59 (br_s, -NHy), 4.16 — 4.02 (m, 8H), 1.19 — 1.10 (m, 12H). 3P NMR (162 MHz,

DMSO-d6) 6 17.32.

Final Inhibitors 5.28:

Inhibitor 5.28b:

Corresponding bisphosphonate ester: Tetraethyl (((2-(thiophen-2-yl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonate). *H NMR (500 MHz, CDCls) & 8.15 (br, 1H), 7.47 (d, J =
4.7 Hz, 2H), 7.33 (br, 1H), 7.17 — 7.14 (m, 1H), 6.16 (br_s, -NH), 5.90 — 5.79 (m, a-CH to the

bisphosphonate), 4.32 — 4.10 (m, 8H), 1.30 — 1.22 (m, 12H).
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Final Inhibitor: (((2-(thiophen-2-yl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonic acid) (5.28b). *H NMR (500 MHz, D20) & 8.04 (d, J = 2.6
Hz, 1H), 7.66 (d, J = 4.9 Hz, 1H), 7.59 (d, J = 5.9 Hz, 1H), 7.44 (d, J = 5.9 Hz, 1H), 7.27 (t, J =
4.2 Hz, 1H), 4.96 (t, J = 18.7 Hz, 1H). 3C NMR (126 MHz, D,0) & 164.9, 156.7, 156.6, 142.5,

129.8, 128.8, 128.6, 122.4, 119.2, 115.7, 50.2 (br). P NMR (203 MHz, D;0) & 13.63.
Inhibitor 5.28c:

Corresponding bisphosphonate ester: Tetraethyl (((2-(furan-2-yl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonate). Product was isolated as a white solid. *H NMR (500
MHz, CDCl3) & 7.60 (m, 1H), 7.32-7.29 (m, 2H), 7.24 (d, J = 3.2 Hz, 1H), 6.54 (dd, J = 3.3, 1.7
Hz, 1H), 5.93-5.79 (m, 2H; -NH and a-CH to the bisphosphonate), 4.30-4.20 (m, 8H), 1.29 —
1.24 (m, 12H). 3C NMR (125 MHz, CDCls) 5 167.8, 155.3 (t, J = 3.6 Hz), 152.4, 152.3, 144.7,
123.8,117.2, 115.0, 112.8, 112.0, 63.9 — 63.6 (M), 44.3 (t, J = 146.7 Hz), 16.4 — 16.3 (m). 3'P

NMR (203 MHz, CDClz) & 16.68.

Final Inhibitor: (((2-(furan-2-yl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic
acid) (5.28¢). Isolated as a light brown solid. *H NMR (500 MHz, D20): § 7.71 (s, 1H), 7.45 (d,
J=5.9 Hz, 1H), 7.40 (d, J = 5.9 Hz, 1H), 7.35 (d, J = 3.2 Hz, 1H), 6.63 (br, 1H), 5.22 (t, J = 20.3
Hz, 1H). 3P NMR (203 MHz, D;0): § 12.9. *C NMR (125 MHz, D;0): § 163.4, 156.5, 151.4,
150.1, 145.6, 123.5, 118.8, 115.6, 114.0, 112.5, 48.8 (t, J = 130.5 Hz). MS (ESI*) m/z: 392.1 [M

+ H+]+

Inhibitor 5.28d:

Corresponding bisphosphonate ester: Tetraethyl (((2-(pyridin-4-yl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonate). Product was isolated as a yellow solid. *H NMR (500
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MHz, CDCls) 5 8.80 (br, 2H), 8.33 (br, 2H), 7.41 (br, 2H), 6.17 — 6.15 (m, 1H), 5.89 (td, J =
21.9, 9.8 Hz, 1H), 4.26 — 4.18 (m, 8H), 1.28 — 1.20 (m, 12H). 3P NMR (203 MHz, CDCl3) &
16.7. 3C NMR (125 MHz, CDCls) & 168.1, 157.1, 155.6, 150.1, 145.3, 125.1, 122.2, 117.5,

116.1, 63.8 — 63.6 (M), 44.8 (t, = 147.6 Hz), 16.5 — 16.3 (m).

Final Inhibitor: (((2-(pyridin-4-yl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic
acid) (5.28d). Isolated as a yellow solid. *H NMR (400 MHz, D20): § 8.60 (br, 2H), 8.24 (br,
2H), 7.58 (d, J = 6.0 Hz, 1H), 7.52 (d, J = 5.9 Hz, 1H), 5.26 (t, J = 19.4 Hz, 1H). *'P NMR (162
MHz, D20): & 13.7. 3C NMR (100 MHz, D20): § 165.4, 157.4, 156.9, 148.5, 146.5, 124.4,

122.8,118.8, 116.5, 48.8 (t, J = 124.0 Hz). MS (ESI+) m/z: 403.1 [M + H]J*.

Inhibitor 5.28e:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(methylsulfonamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Prepared using Method C.3. Isolated as a
cream solid. *H NMR (400 MHz, DMSO0-d6) § 9.93 (s, 1H), 8.65 (d, J = 9.7 Hz, 1H), 8.29 (t, J =
1.8 Hz, 1H), 8.14 (d, J = 7.9 Hz, 1H), 8.11 (d, J = 6.0 Hz, 1H), 7.65 (d, J = 6.0 Hz, 1H), 7.49 (t, J
= 7.9 Hz, 1H), 7.36 (ddd, J = 8.0, 2.2, 0.9 Hz, 1H), 6.01 (td, J = 23.5, 9.7 Hz, 1H), 4.23 — 4.02 (m,

8H), 3.02 (s, 3H), 1.19 — 1.10 (m, 12H). %P NMR (162 MHz, DMS0-d6) & 17.00 (s).

Final Inhibitor: (((2-(3-(methylsulfonamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28e). Isolated as a yellow solid. *H NMR (400
MHz, D20) & 8.19 (d, J = 7.9 Hz, 1H), 8.16 (s, 1H), 7.63 — 7.59 (m, 2H), 7.52 - 7.50 (m, 2H),
5.19 (t, J = 18.7 Hz, 1H), 3.18 (s, 3H). 3P NMR (203 MHz, D20) § 13.83 (s). *C NMR (101
MHz, D,0) 6 165.7, 159.6, 157.0, 139.2, 137.4, 130.1, 125.3, 123.5, 123.3, 121.5, 118.9, 115.8,

38.4. C-a to the bisphosphonate was observed by HSQC. HSQC (*H-13C): 'H at § 5.19 correlates
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to 3C-a at § 48.8. HRMS [ESI*] calculated for C14H14N4NasOsP2S, m/z, 560.9416; found

560.9422 [M + 3 Na]*

Inhibitor 5.28f:

Corresponding bisphosphonate ester: Tetraethyl (((2-(4-benzamidophenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). *H NMR (400 MHz, DMSO-d6) § 10.46
(s, -NH), 8.60 (d, J =9.6 Hz, -NH), 8.37 (d, J = 8.7 Hz, 2H), 8.07 (d, J = 6.0 Hz, 1H), 7.99 (d, J
=7.1Hz, 2H), 7.95 (d, J = 8.8 Hz, 2H), 7.63 — 7.52 (m, 4H), 6.02 (td, J = 23.5, 9.5 Hz, 1H), 4.20

—4.05 (m, 8H), 1.20 — 1.10 (m, 12H). **P NMR (162 MHz, DMSO-d6) § 17.16.

Final Inhibitor: (((2-(4-benzamidophenyl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonic acid) (5.28f). *H NMR (400 MHz, D20) 6 8.43 (d, J = 8.7
Hz, 2H), 7.98 (d, J = 7.3 Hz, 2H), 7.80 (d, J = 8.6 Hz, 2H), 7.73 (t, J = 7.4 Hz, 1H), 7.66 — 7.60
(m, 3H), 7.49 (d, J = 6.0 Hz, 1H), 5.05 (t, J = 19.0 Hz, 1H). 3P NMR (162 MHz, D20) § 13.67

(s). HRMS [ESI*] calculated for C20H16N4NasO7P2S m/z, 586.9903; found 586.9906 [M + 3 Na]*

Inhibitor 5.28g:

Corresponding bisphosphonate ester: Tetraethyl (((2-(4-((4-

methylphenyl)sulfonamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate). *H NMR (500 MHz, DMSO-d6) § 10.52 (s, -NH), 8.58
(d, J =9.7 Hz, -NH), 8.21 (d, J = 8.7 Hz, 2H), 8.04 (d, J = 6.0 Hz, 1H), 7.71 (d, J = 8.3 Hz, 2H),
7.58 (d, J = 6.0 Hz, 1H), 7.35 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 5.93 (td, J = 23.4, 9.2
Hz, 1H), 4.15 — 4.00 (m, 8H), 2.32 (s, 3H), 1.16 - 1.07 (m, 12H). 3!P NMR (203 MHz, DMSO-

d6) § 17.12 (s).
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Final Inhibitor: (((2-(4-((4-methylphenyl)sulfonamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28g). Isolated as off-white solid. tH NMR (400
MHz, D20) & 8.12 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 5.9 Hz, 1H), 7.42 -
7.39 (m, 3H), 7.06 (d, J = 8.7 Hz, 2H), 4.97 (t, J = 19.0 Hz, 1H), 2.42 (s, 3H). 3P NMR (162
MHz, D20) 6 13.70 (s). HRMS [ESI*] calculated for C20H1sN2NasOsP2S, m/z, 636.9729; found

636.9725 [M + 3 Na]*
Inhibitor 5.28h:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(phenylsulfonamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a cream solid. *H NMR (500
MHz, DMSO-d6) 6 10.61 (s, -NH), 8.58 (d, J = 9.7 Hz, -NH), 8.22 (d, J = 8.8 Hz, 2H), 8.05 (d, J
= 6.0 Hz, 1H), 7.84 — 7.82 (m, 2H), 7.63 — 7.55 (m, 4H), 7.24 (d, J = 8.8 Hz, 2H), 5.94 (td, J =
23.3, 9.4 Hz, 1H), 4.13 — 4.04 (m, 8H), 1.16 — 1.08 (m, 12H). 3'P NMR (203 MHz, DMSO) &
17.12 (s).

Final Inhibitor: (((2-(3-(phenylsulfonamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28h). Isolated as cream solid. *H NMR (500 MHz,
D20) & 8.20 (d, J = 8.3 Hz, 2H), 7.87 (d, J = 7.6 Hz, 2H), 7.68 - 7.63 (m, 1H), 7.59 — 7.56 (m,
3H), 7.45 (d, J = 5.8 Hz, 1H), 7.22 (d, J = 8.4 Hz, 2H), 5.15 (t, J = 17.0 Hz, 1H). *'P NMR (203
MHz, D20) & 13.87 (s). 3C NMR (101 MHz, D20) & 165.7, 159.7, 156.9, 140.4, 138.2, 133.4
(two carbons), 129.4 (two carbons), 129.3, 129.2, 126.8, 122.8, 121.3, 118.8, 115.5. C-a to the
bisphosphonate was observed by HSQC. HSQC (*H-'3C): H at § 5.15 correlates to *C-a at &
47.0. HRMS [ESI™] calculated for C19H16N4NasOgP2S, m/z, 622.95724; found 622.95769 [M + 3

Na]*
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Inhibitor 5.28i:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-benzamidophenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a beige solid. *H NMR (500
MHz, DMSO-d6) 5 10.43 (s, -NH), 8.86 (t, J = 1.7 Hz, 1H), 8.65 (d, J = 9.7 Hz, -NH), 8.12 (d, J
= 7.9 Hz, 1H), 8.10 (d, J = 6.0 Hz, 1H), 8.01 (d, J = 7.1 Hz, 2H), 7.91 (dd, J = 8.1, 1.1 Hz, 1H),
7.64 (d, J = 6.0 Hz, 1H), 7.63 — 7.59 (m, 1H), 7.57 — 7.53 (m, 2H), 7.51 (t, J = 7.9 Hz, 1H), 6.06
(td, J = 23.3, 9.5 Hz, 1H), 4.18 — 4.07 (m, 8H), 1.19 — 1.10 (m, 12H). 3P NMR (203 MHz,

DMSO0-d6) 5 17.01 (s).

Final Inhibitor: (((2-(3-benzamidophenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28i). Isolated as cream solid. *H NMR (400 MHz,
D20) & 8.36 (s, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.95 (d, J = 7.3 Hz, 2H), 7.89 (d, J = 8.2 Hz, 1H),
7.70 — 7.57 (m, 5H), 7.49 (d, J = 6.0 Hz, 1H), 5.13 (t, J = 18.6 Hz, 1H). 3'P NMR (162 MHz,
D20) & 13.79 (s). 3C NMR (101 MHz, D20) 5 169.8, 165.5, 159.8, 157.0, 138.7, 137.5, 133.9,
132.4,129.5, 128.8, 127.4, 125.3, 124.3, 123.1, 122.0, 119.0, 115.9. C-a to the bisphosphonate
was observed by HSQC. HSQC (*H-13C): H at § 5.13 correlates to 1*C-a at § 49.5. HRMS

[ESI*] calculated for C2oH16N4NasO7P.S m/z, 586.9903; found 586.9898 [M + 3 Na]*

Inhibitor 5.28;:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(thiophene-2-

carboxamido)phenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated
as a yellow solid. *H NMR (500 MHz, DMSO-d6) & 10.41 (s, -NH), 8.80 (t, J = 1.8 Hz, 1H),
8.66 (d, J = 9.7 Hz, -NH), 8.12 (d, J = 7.9 Hz, 1H), 8.10 - 8.09 (m, 2H), 7.89 - 7.87 (m, 2H), 7.64

(d, J=6.0 Hz, 1H), 7.51 (t, J = 7.9 Hz, 1H), 7.25 (dd, J = 4.9, 3.8 Hz, 1H), 6.06 (td, J = 23.4, 9.7

234



Hz, 1H), 4.18 - 4.06 (m, 8H), 1.20 — 1.10 (m, 12H). *IP NMR (203 MHz, DMSO-d6) & 16.97 (s).

MS [ESI*] m/z: 639.1 [M + H*]*

Final Inhibitor: (((2-(3-(thiophene-2-carboxamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28j). Isolated as a yellow solid. *H NMR (400
MHz, D20) & 8.35 (s, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.94 (dd, J = 3.7, 0.8 Hz, 1H), 7.86 (dd, J =
8.0, 1.2 Hz, 1H), 7.80 (dd, J = 5.0, 0.9 Hz, 1H), 7.64 - 7.60 (m, 2H), 7.49 (d, J = 6.0 Hz, 1H),
7.27 (dd, J = 4.9, 3.9 Hz, 1H), 5.14 (t, J = 18.8 Hz, 1H). 3P NMR (203 MHz, D;0) & 13.81 (s).
13C NMR (101 MHz, D20) & 165.5, 163.3, 159.8, 156.7, 138.7, 137.6, 137.2, 132.2, 130.4,
1295, 128.4, 125.2, 124.3, 123.0, 121.9, 119.0, 115.9. C-a to the bisphosphonate was observed
by HSQC. HSQC (*H-1C): 'H at § 5.14 correlates to *C-a at § 49.5. HRMS [ESI"] calculated

for C18H14N4NasO7P2S> m/z, 592.94667; found 592.94813 [M + 3 Na]*
Inhibitor 5.28k:

Corresponding _bisphosphonate ester:  Tetraethyl  (((2-(3-(picolinamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a yellow solid. *H NMR (500
MHz, DMSO-d6) & 10.77 (s, -NH), 9.02 (t, J = 1.8 Hz, 1H), 8.77 (ddd, J = 4.8, 1.5, 0.9 Hz, 1H),
8.65 (d, J = 9.7 Hz, -NH), 8.18 (d, J = 7.8 Hz, 1H), 8.15 (d, J = 7.9 Hz, 1H), 8.12 - 8.08 (m, 2H),
7.93 (ddd, J = 8.1, 2.0, 0.8 Hz, 1H), 7.70 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H),
7.51 (t,J = 7.9 Hz, 1H), 6.08 (td, J = 23.4, 9.7 Hz, 1H), 4.20 — 4.07 (m, 8H), 1.20 — 1.10 (m, 12H).

31p NMR (203 MHz, DMSO-d6) § 17.00 (s). MS [ESI*] m/z: 634.3 [M + H*]*

Final Inhibitor: (((2-(3-(picolinamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28k). Isolated as a yellow solid. *H NMR (500

MHz, D20) 5 8.72 (d, J = 4.7 Hz, 1H), 8.48 (s, 1H), 8.17 (d, J = 7.9 Hz, 2H), 8.07 (td, J = 7.8,
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1.5 Hz, 1H), 7.98 (d, J = 9.1 Hz, 1H), 7.68 - 7.63 (m, 2H), 7.60 (d, J = 5.9 Hz, 1H), 7.46 (d, J =
5.9 Hz, 1H), 5.06 (t, J = 19.1 Hz, 1H). 3P NMR (203 MHz, D,0) & 13.68 (s). *C NMR (101
MHz, D,0) 8 165.5, 165.3, 159.7, 156.9, 148.9, 148.7, 138.6, 138.4, 137.0, 129.5, 127.3, 125.2,
123.5,123.1,122.7,121.2, 118.9, 115.8, 49.3 (t, J = 121.8 Hz). HRMS [ESI*] calculated for

C1oH15NsNazO7P,.S m/z, 587.98550; found 587.98657 [M + 3 Na]*

Inhibitor 5.28I:
Corresponding bisphosphonate ester: Tetraethyl (((2-(3-

(cyclopropanecarboxamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate). Isolated as a yellow solid. *H NMR (400 MHz, DMSO-
d6) & 10.36 (s, -NH), 8.66 (s, 1H), 8.62 (d, J = 9.7 Hz, -NH), 8.09 (d, J = 6.0 Hz, 1H), 8.04 (d, J
= 7.8 Hz, 1H), 7.72 (d, J = 9.0 Hz, 1H), 7.63 (d, J = 6.0 Hz, 1H), 7.43 (t, J = 7.9 Hz, 1H), 6.03
(td, J = 23.4, 9.7 Hz, 1H), 4.17 — 4.05 (m, 8H), 1.85 - 1.79 (m, 1H), 1.19 — 1.09 (m, 12H), 0.82 —

0.79 (m, 4H). 3P NMR (203 MHz, DMSO-d6) & 16.98 (s). MS [ESI*] m/z: 597.16 [M + H*]*

Final Inhibitor: (((2-(3-(cyclopropanecarboxamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28l). Isolated as yellow solid. *H NMR (500 MHz,
D20) & 8.27 (s, 1H), 8.12 (d, J = 7.7 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.63 (d, J = 5.9 Hz, 1H),
7.59 (t, J = 8.0 Hz, 1H), 7.51 (d, J = 6.0 Hz, 1H), 5.13 (t, J = 19.0 Hz, 1H), 1.90 - 1.85 (m, 1H),
1.04 —0.98 (m, 4H). 3P NMR (203 MHz) & 13.81 (s). 13C NMR (126 MHz, D20) & 176.2, 165.2,
159.9, 156.8, 138.6, 137.7, 129.4, 124.5, 123.3, 122.7, 120.9, 119.1, 115.9, 50.5 (t, J = 125.0
Hz), 14.8, 7.4. HRMS [ESI*] calculated for C17H16N4NasO7P2S m/z, 550.99025; found

550.99190 [M + 3 Na]*
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Inhibitor 5.28m:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-

(cyclohexanecarboxamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonate). Isolated as a yellow solid. *H NMR (500 MHz, DMSO-
d6) § 9.97 (s, -NH), 8.68 (t, J = 1.8 Hz, 1H), 8.62 (d, J = 9.7 Hz, -NH), 8.09 (d, J = 6.0 Hz, 1H),
8.03 (d, J = 7.9 Hz, 1H), 7.71 (ddd, J = 8.1, 2.0, 0.9 Hz, 1H), 7.62 (d, J = 6.0 Hz, 1H), 7.42 (t, J =
7.9 Hz, 1H), 6.04 (td, J = 23.4, 9.7 Hz, 1H), 4.18 — 4.06 (m, 8H), 2.37 (tt, J = 11.6, 3.4 Hz, 1H),
1.78 - 1.65 (m, 5H), 1.48 — 1.20 (m, 5H), 1.19 — 1.09 (m, 12H). 3'P NMR (203 MHz, DMSO-d6)

5 16.98 (s). MS [ESI*] m/z: 639.2 [M + H*]*

Final Inhibitor: (((2-(3-(cyclohexanecarboxamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28m). Isolated as a yellow solid. *H NMR (500
MHz, D20) & 8.25 (s, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.64 — 7.59 (m,
2H), 7.50 (d, J = 5.9 Hz, 1H), 5.11 (t, J = 19.1 Hz, 1H), 2.49 (tt, J = 11.8, 3.3 Hz, 1H), 1.99 -
1.73 (m, 5H), 1.56 - 1.27 (m, 5H). 3P NMR (203 MHz, D;0) & 13.77 (s). *C NMR (101 MHz,
D20) 6 179.1, 165.6, 159.9, 157.0, 138.6, 137.5, 129.5, 124.9, 123.8, 123.1, 121.4, 118.9, 115.8,
45.8, 29.1, 25.3, 25.2. C-a to the bisphosphonate was observed by HSQC. HSQC (*H-3C): H at
8 5.11 correlates to **C-o at § 49.0. HRMS [ESI*] calculated for C2oH22N4NasO7P.S m/z,

593.03720; found 593.03804 [M + 3 Na]*

Inhibitor 5.28n:

Corresponding bisphosphonate ester: Tetraethyl (((2-([1,1'-biphenyl]-3-yl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Prepared via Suzuki cross-coupling

between tetraethyl (((2-(3-bromophenyl)thieno[2,3-d]pyrimidin-4-

237



yl)amino)methylene)bis(phosphonate) 5.29b-1 and phenyl boronic acid. Isolated as a light
yellow solid. 'H NMR (500 MHz, CDCl3) & 8.74 (s, 1H), 8.45 (d, J = 7.8 Hz, 1H), 7.73 — 7.69
(m, 3H), 7.57 (t, J = 7.7 Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H), 7.40 — 7.36 (m, 3H), 6.02 — 5.91 (m,
2H; -NH and o-CH to the bisphosphonate), 4.30 — 4.13 (m, 8H), 1.29 — 1.22 (m, 12H). P NMR

(203 MHz, CDCls) 5 16.76.

Final Inhibitor: (((2-([1,1"-biphenyl]-3-yhthieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28n). Isolated as a pale brown solid. *H NMR (500
MHz, D20) & 8.52 (s, 1H), 8.31 (d, J = 7.7 Hz, 1H), 7.88 — 7.76 (m, 3H), 7.66 (t,J = 7.8 Hz, 1H),
7.60 (d, J = 5.9 Hz, 1H), 7.55 (t, J = 7.7 Hz, 2H), 7.48 (d, J = 6.0 Hz, 1H), 7.44 (d, J = 7.4 Hz,
1H), 5.19 (t, J = 17.7 Hz, 1H). *C NMR (125 MHz, D;0): § 165.7 160.4, 157.0, 141.0, 140.3,
138.3,129.4, 129.1, 129.0, 127.8, 127.5, 127.1, 126.4, 123.2, 118.8, 115.7. Ca observed by
HSQC. HSQC (*H -13C): H & 5.19 correlates with *C § 49.0. 3'P NMR (203 MHz, D20): §

13.9. MS (ESI") m/z: 478.2 [M + H']".
Inhibitor 5.280:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(2-methylbenzamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a yellow solid. *H NMR (500
MHz, DMSO-d6) & 10.47 (s, -NH), 8.88 (s, 1H), 8.63 (d, J = 9.7 Hz, -NH), 8.14 - 8.11 (m, 2H),
7.82(d, J = 7.9 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H), 7.51 — 7.47 (m, 2H), 7.43 — 7.38 (m, 1H), 7.34
- 7.31 (m, 2H), 6.07 (td, J = 23.4, 9.7 Hz, 1H), 4.19 — 4.07 (m, 8H), 2.43 (s, 3H), 1.18 — 1.10 (m,

12H). 3P NMR (203 MHz, DMSO-d6) & 17.01 (s). MS [ESI*] m/z: 647.2 [M + H']*

Final Inhibitor: (((2-(3-(2-methylbenzamido)phenyl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonic acid) (5.280). Isolated as a yellow solid. *H NMR (500
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MHz, D20) & 8.35 (s, 1H), 8.22 (d, J = 7.9 Hz, 1H), 7.98 (dd, J = 8.0, 1.2 Hz, 1H), 7.68 (t, J =
8.0 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.53 - 7.50 (m, 2H), 7.44 - 7.39
(m, 2H), 5.11 (t, J = 19.0 Hz, 1H), 2.50 (s, 3H). 3P NMR (203 MHz, D20) § 13.77 (s). 3C NMR
(101 MHz, D20) 6 171.9, 165.5, 159.9, 157.0, 138.8, 137.3, 135.7, 135.5, 130.9, 130.6, 129.6,
126.9, 125.9, 125.4,123.8, 123.0, 121.5, 119.0, 115.9, 18.6. C-a to the bisphosphonate was
observed by HSQC. HSQC (*H-13C): H at § 5.11 correlates to **C-a at § 49.8. HRMS [ESI']

calculated for Co1H1sN4NazO7P2S m/z, 601.00590; found 601.00705 [M + 3 Na]*

Inhibitor 5.28p:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(3-methylbenzamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a yellow solid. *H NMR (500
MHz, DMSO-d6) § 10.38 (br_s, -NH), 8.85 (t, J = 1.8 Hz, 1H), 8.65 (d, J = 9.7 Hz, -NH), 8.12 (d,
J=7.9Hz, 1H), 8.10 (d, J = 6.0 Hz, 1H), 7.92 (dd, J = 8.1, 1.1 Hz, 1H), 7.84 (s, 1H), 7.80 (d, J =
6.6 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 7.45 — 7.41 (m, 2H), 6.06 (td, J =
23.4,9.7 Hz, 1H), 4.18 — 4.07 (m, 8H), 2.42 (s, 3H), 1.19 — 1.10 (m, 12H). 3P NMR (203 MHz,

DMS0-d6) 5 17.00 (s). MS [ESI*] m/z: 647.2 [M + H*]*

Final Inhibitor: (((2-(3-(3-methylbenzamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28p). Isolated as a light brown solid. *H NMR (500
MHz, D20) & 8.39 (s, 1H), 8.21 (d, J = 7.9 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.82 (s, 1H), 7.78
(d, J=7.3 Hz, 1H), 7.67 (t, J = 8.0 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H), 7.56 - 7.52 (m, 2H), 7.51
(d, J=5.9 Hz, 1H), 5.11 (t, J = 19.0 Hz, 1H), 2.48 (s, 3H). 3P NMR (203 MHz, D20) § 13.80
(s). *C NMR (101 MHz, D20) & 169.9, 165.3, 159.9, 157.0, 139.2, 138.7, 137.5, 134.0, 133.1,

129.6, 128.8, 127.9, 125.3, 124.5, 124.4, 122.9, 122.0, 119.1, 116.0, 20.5. C-a to the
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bisphosphonate was observed by HSQC. HSQC (*H-13C): H at § 5.11 correlates to **C-a at &
50.1. HRMS [ESI*] calculated for C21H18N4NasO7P2S m/z, 601.00590; found 601.00727 [M + 3

Na]*
Inhibitor 5.28q:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(4-methylbenzamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a yellow solid. *H NMR (500
MHz, DMSO-d6) 5 10.34 (s, -NH), 8.85 (t, J = 1.8 Hz, 1H), 8.65 (d, J = 9.7 Hz, -NH), 8.12 -8.09
(m, 2H), 7.93 (d, J = 8.2 Hz, 2H), 7.91 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H),
7.50 (t, J = 7.9 Hz, 1H), 7.35 (d, J = 7.9 Hz, 2H), 6.06 (td, J = 23.4, 9.7 Hz, 1H), 4.18 — 4.05 (m,
8H), 2.40 (s, 3H), 1.19 — 1.10 (m, 12H). 3P NMR (203 MHz, DMSO0-d6) & 17.00 (s). MS [ESI*]

m/z: 647.2 [M + H]*

Final Inhibitor: (((2-(3-(4-methylbenzamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28q). Isolated as a cream solid. *H NMR (500
MHz, D20) & 8.38 (s, 1H), 8.20 (d, J = 7.6 Hz, 1H), 7.93 (d, J = 7.1 Hz, 1H), 7.89 (d, J = 7.9 Hz,
2H), 7.68 - 7.63 (m, 2H), 7.51 (d, J = 5.9 Hz, 1H), 7.46 (d, J = 7.9 Hz, 2H), 5.15 (t, J = 18.9 Hz,
1H) , 2.47 (s, 3H). 3P NMR (203 MHz, D20) & 13.82 (s). *C NMR (101 MHz, D20) § 169.3,
165.6, 159.5, 156.8, 143.5, 138.3, 137.5, 130.7, 129.4, 129.3, 127.5, 125.0, 124.1, 123.3, 121.6,
118.8, 115.8, 48.9 (t, J = 124.8 Hz), 20.6. HRMS [ESI] calculated for C21H1sN4NazO7P2S m/z,

601.00590; found 601.00773 [M + 3 Na]*

Inhibitor 5.28r:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(4-ethylbenzamido)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Isolated as a light brown solid. *H NMR
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(500 MHz, DMSO-d6) & 10.36 (s, -NH), 8.86 (s, 1H), 8.66 (d, J = 9.7 Hz, -NH), 8.13 - 8.10 (m,
2H), 7.95 (d, J = 8.1 Hz, 2H), 7.91 (d, J = 9.1 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H), 7.50 (t, J = 7.9
Hz, 1H), 7.38 (d, J = 8.1 Hz, 2H), 6.07 (td, J = 23.4, 9.7 Hz, 1H), 4.18 - 4.09 (m, 8H), 2.69 (q, J =
7.6 Hz, 2H), 1.22 (t, J = 7.6 Hz, 3H), 1.19 — 1.10 (m, 12H). 3P NMR (203 MHz, DMSO-d6) &

17.00 (s). MS [ESI*] m/z: 661.2 [M + H*]*

Final Inhibitor: (((2-(3-(4-ethylbenzamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28r). Isolated as a beige solid. *H NMR (500 MHz,
D20) & 8.39 (s, 1H), 8.21 (d, J = 7.9 Hz, 1H), 7.95 - 7.92 (m, 3H), 7.68 - 7.63 (m, 2H), 7.52 —
7.50 (m, 3H), 5.12 (t, J = 19.1 Hz, 2H), 2.79 (g, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H). 3P
NMR (203 MHz, D,0) 5 13.78 (s). 3C NMR (126 MHz, D;0) & 169.6, 165.2, 160.0, 156.9,
149.8, 138.7, 137.5, 131.2, 129.5, 128.3, 127.7, 125.2, 124.4, 122.8, 122.0, 119.1, 115.9, 28.3,
14.6. C-o. to the bisphosphonate was observed by HSQC. HSQC (*H-13C): H at § 5.12 correlates
to 13C-a at § 50.5. HRMS [ESI*] calculated for C22H20N4NasO7P-S m/z, 615.02155; found

615.02296 [M + 3 Na]*
Inhibitor 5.28s:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(4-

methoxybenzamido)phenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate).
Isolated as a yellow solid. *H NMR (500 MHz, DMSO-d6) & 10.27 (s, -NH), 8.84 (t, J = 1.7 Hz,
1H), 8.65 (d, J = 9.7 Hz, -NH), 8.11 — 8.09 (m, 2H), 8.02 (d, J = 8.8 Hz, 2H), 7.90 (dd, J = 6.9,
1.2 Hz, 1H), 7.64 (d, J = 6.0 Hz, 1H), 7.49 (t, J = 7.9 Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H), 6.06 (td,
J=23.4,9.7 Hz, 1H), 4.18 — 4.07 (m, 8H), 3.85 (s, 3H), 1.19 — 1.10 (m, 12H). 3P NMR (203

MHz, DMSO-d6) § 17.01 (s). MS [ESI*] m/z: 663.2 [M + H*]*
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Final Inhibitor: (((2-(3-(4-methoxybenzamido)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28s). Isolated as beige solid. *H NMR (400 MHz,
D,0) 6 8.36 (s, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.98 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 8.1 Hz, 1H),
7.68 - 7.60 (m, 2H), 7.50 (d, J = 6.0 Hz, 1H), 7.17 (d, J = 8.9 Hz, 2H), 5.11 (t, J = 19.0 Hz, 1H),
3.94 (s, 3H). 3P NMR (162 MHz, D20) & 13.78 (s). 3C NMR (126 MHz, D20) & 169.1, 165.0,
162.2, 160.0, 156.8, 138.7, 137.6, 129.6, 129.5, 126.3, 125.1, 124.4, 122.6, 122.0, 119.2, 116.0,
114.1, 55.5. C-o. to the bisphosphonate was observed by HSQC. HSQC (*H-*C): 'H at § 5.11
correlates to 3C-a at § 50.0. HRMS [ESI*] calculated for C21H1sN4NazOsP2S m/z, 617.00082;

found 617.00181 [M + 3 Na]*
Inhibitor 5.28t:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-(phenylcarbamoyl)phenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Prepared via Method A using tetraethyl
(((2-(methylthio)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate) 5.27a-1 and (3-
(phenylcarbamoyl)phenyl)boronic acid® as coupling partners. Isolated as a light yellow solid. *H
NMR (400 MHz, DMSO-d6) & 10.47 (s, -NH), 8.95 (s, 1H), 8.75 (d, J = 9.6 Hz, -NH), 8.57 (d, J
= 7.9 Hz, 1H), 8.10 (d, J = 5.7 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 7.7 Hz, 2H), 7.71 -
7.66 (M, 2H), 7.39 — 7.35 (m, 2H), 7.12 (t, J = 7.4 Hz, 1H), 6.03 (br, 1H), 4.18 — 4.00 (m, 8H),
1.19 - 1.08 (m, 12H). 3'P NMR (162 MHz, DMSO-d6) & 17.05 (s). 3C NMR (126 MHz, DMSO-
d6) 0 167.6, 165.5, 157.5, 156.0 (t,J = 3.7 Hz), 139.2, 137.7, 135.5, 130.4, 129.4, 128.7, 128.6,
127.1,123.8,123.7,120.3,120.2,115.5,62.9 - 62.7 (m), 16.2 - 16.1 (m). C-a to the bisphosphonate
was observed by HSQC. HSQC (*H-'3C): H at § 6.03 correlates to *C-a at § 45.1. MS [ESI*]

m/z: 633.2 [M + H*]*
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Final Inhibitor: (((2-(3-(phenylcarbamoyl)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28t). Isolated as off-white solid. *H NMR (400
MHz, D20) 5 8.81 (s, 1H), 8.58 (d, J = 7.9 Hz, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.76 (t, J = 7.8 Hz,
1H), 7.66 — 7.63 (m, 3H), 7.56 — 7.52 (m, 3H), 7.36 (t, J = 7.4 Hz, 1H), 5.20 (t, J = 19.0 Hz, 1H).
3P NMR (203 MHz, D;0) § 13.91 (s). *C NMR (126 MHz, D20) § 169.4, 165.5, 159.7, 157.0,
138.3, 136.9, 134.4, 132.0, 129.4, 129.3, 129.2, 126.9, 126.0, 123.2, 123.0, 119.0, 115.9, 49.3.

HRMS [ESI*] calculated for C20H16N4NasO7P.S m/z, 586.9903; found 586.9903 [M + 3 Na]"
Inhibitor 5.28w:

Corresponding  bisphosphonate  ester:  Tetraethyl  (((6-(3-benzamidophenyl)thieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Prepared via Suzuki cross-coupling
between tetraethyl (((6-bromothieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)?®
and (3-benzamidophenyl)boronic acid®® as coupling partners. Isolated as a cream solid. *H NMR
(400 MHz, DMSO0-d6) 6 10.43 (s, -NH), 8.71 (d, J = 9.7 Hz, -NH), 8.54 (s, 1H), 8.45 (s, 1H), 8.31
(d, J = 2.3 Hz, 1H), 8.03 — 7.99 (m, 2H), 7.77 (d, J = 7.5 Hz, 1H), 7.64 — 7.44 (m, 5H), 5.81 (td, J
=235, 9.1 Hz, 1H), 4.16 — 4.02 (m, 8H), 1.23 — 1.11 (m, 12H). 3P NMR (162 MHz, DMSO-d6)

5 16.88 (s). MS [ESI*] m/z: 633.2 [M + H*]*

Final Inhibitor: (((6-(3-benzamidophenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28w). Isolated as a beige solid. *H NMR (500 MHz,
D20) & 8.27 (s, 1H), 7.92 — 7.89 (m, 4H), 7.67 - 7.63 (m, 2H), 7.59 - 7.56 (m, 3H), 7.52 (t, J =
7.9 Hz, 1H). a-CH to the bisphosphonate overlaps with the solvent peak. 3P NMR (203 MHz,
D20) & 13.53 (s). *C NMR (126 MHz, D20) § 169.3, 163.2, 156.2, 153.5, 138.7, 137.9, 133.9,
133.5, 132.4, 129.9, 128.7, 127.3, 122.8, 121.8, 119.0, 118.6, 115.1, 50.8 (t, J = 125.7 Hz).

HRMS [ESI*] calculated for C20H16N4NazO7P.S m/z, 586.9903; found 586.9906 [M + 3 Na]*
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Inhibitor 5.28x:

Corresponding bisphosphonate ester: Prepared via Suzuki cross-coupling between tetraethyl (((6-

bromo-2-phenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate) 5.27b-1 and
phenylboronic acid. Isolated as a yellow solid. *H NMR (500 MHz, CDClIs) § 8.50 (m, 2H), 7.74
(d, J=7.4Hz, 2H), 7.57 (s, 1H), 7.52 — 7.45 (m, 5H), 7.39 (t, J = 7.4 Hz, 1H), 6.09 — 5.97 (M, 2H;
-NH and a-CH to the bisphosphonate), 4.34 — 4.19 (m, 8H), 1.30 — 1.22 (m, 12H). 3C NMR (125
MHz, CDClI3) 6 167.9, 159.1, 154.9 (t, J = 3.6 Hz), 141.6, 137.7, 133.6, 130.3, 129.1, 128.7, 128 .4,
128.1,126.3, 116.6, 112.4, 63.9 — 63.6 (M), 44.5 (t, J = 147.1 Hz), 16.4 — 16.3 (m). 3'P NMR (203

MHz, CDCl3) 6 16.89.

Final _Inhibitor: (((2,6-diphenylthieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic

acid) (5.28x). Isolated as a yellow solid. *H NMR (400 MHz, D20): § 8.22 - 8.20 (m, 2H), 7.83 (s,
1H), 7.68 (d, J = 7.4 Hz, 2H), 7.58 - 7.55 (m, 3H), 7.37 (t, J = 7.7 Hz, 2H), 7.25 (t, J = 7.4 Hz,
1H), 5.27 (t, J = 19.4 Hz, 1H). 3C NMR (100 MHz, D20): & 164.9, 159.9, 156.3, 139.7, 137.3,
132.8, 130.5, 129.1, 128.7, 128.4, 128.2, 125.6, 117.0, 114.3. Ca observed by HSQC. HSQC (*H
-13C): 1H § 5.27 correlates with °C § 49.0. 3'P NMR (162 MHz, D,0): § 13.8. MS (ESI*) m/z:

478.2 [M + H']".
Inhibitor 5.28y:

Corresponding bisphosphonate ester: Tetraethyl (((2-(3-benzamidophenyl)-6-methylthieno[2,3-

d]pyrimidin-4-yl)amino)methylene)bis(phosphonate). Prepared via Method A using tetraethyl
(((6-methyl-2-(methylthio)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
5.27a-2 and (3-benzamidophenyl)boronic acid® as coupling partners. Isolated as a yellow solid.

IH NMR (400 MHz, DMSO-d6) & 10.45 (s, -NH), 8.83 (t, J = 1.8 Hz, 1H), 8.45 (d, J = 9.7 Hz, -
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NH), 8.09 (d, J = 7.9 Hz, 1H), 8.03 — 7.98 (m, 2H), 7.94 — 7.88 (m, 1H), 7.79 (d, J = 1.2 Hz, 1H),
7.63—7.58 (m, 1H), 7.57 — 7.52 (m, 2H), 7.49 (t, J = 7.9 Hz, 1H), 6.03 (td, J = 23.4, 9.5 Hz, 1H),
4.18 —4.05 (m, 8H), 2.57 (d, J = 1.1 Hz, 3H), 1.18 — 1.10 (m, 12H). **P NMR (162 MHz, DMSO-
d6) § 17.08 (s). *3C NMR (126 MHz, DMS0-d6) & 167.0, 165.6, 157.3, 154.8, 139.4, 138.0, 136.6,
134.8, 131.6, 128.7, 128.4, 127.7, 122.9, 122.2, 119.7, 117.8, 115.9, 62.9 - 62.7 (m), 44.0 (t, J =
146.5 Hz), 16.3 - 16.1. R-6 CH3 was observed by HSQC. HSQC (*H-'3C): H at § 2.57 correlates

to 3C-a at § 16.0. MS [ESI*] m/z: 647.2 [M + H'T*

Final Inhibitor: (((2-(3-benzamidophenyl)-6-methylthieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (5.28y). Isolated as a light yellow solid. *H NMR
(500 MHz, D20) 5 8.32 (s, 1H), 8.15 (d, J = 7.9 Hz, 1H), 7.95 (d, J = 7.5 Hz, 2H), 7.91 (d, J =
7.8 Hz, 1H), 7.68 (t, J = 7.4 Hz, 1H), 7.61 (dt, J = 15.2, 7.8 Hz, 3H), 7.25 (s, 1H), 5.00 (t, J =
19.3 Hz, 1H), 2.60 (s, 3H). 3P NMR (203 MHz, D20) & 13.87 (s). HRMS [ESI*] calculated for

C21H18N4NazO7P2S m/z, 601.0059; found 601.0067 [M + 3 Na]*

Expression and Purification of Recombinant hGGPPS:

The hGGPPS enzyme was expressed and purified via a slightly modified protocol as described by
Kavanagh and coworkers.®* The plasmid containing N-terminally hexahistidine-tagged human
GGPPS was transformed into E. coli BL21 (DE3) competent cells containing kantamycin in Luria-
Bertani (LB) medium and was grown overnight at 37°C. Terrific broth medium (1L) containing 1
mL of 50 mM kantamycin was inoculated with 10 mL overnight seed culture and grown at 37°C
until optical density (OD)soo equals 1 at which point the temperature was reduced to 18°C. The
culture was induced with 0.5 mM isopropyl 1-thio-B-D-galactopyranoside and allowed to shake
overnight. Cells were pelleted via centrifugation and were incubated in the freezer (-20°C)

overnight or at -80°C until frozen. The frozen cell pellet was subjected to the addition of protease
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inhibitor, Complete Mini-EDTA free pellet (Roche Life Science), and 20mL of binding buffer (50
mM HEPES, 500 mM NaCl, 5 mM imidazole, 5% glycerol, 10 mM [B-mercaptoethanol, pH
adjusted to 7.5). The cells were then sonicated, centrifuged and filtered. The His-tagged protein
was loaded onto Ni-NTA agarose column, washed with binding buffer and eluted with buffer
containing (50 mM HEPES, 500mM NaCl, 250 mM imidazole, 5% glycerol, 10 mM f-
mercaptoethanol, pH was adjusted to 7.5). The collected protein was further purified by gel
filtration chromatography using a Superdex 200 gel column with buffer containing 10 mM
HEPES, 500 mM NaCl, 5%-20% glycerol, 2 mM p-mercaptoethanol, pH adjusted to 7.5. The

protein was concentrated with spin-column concentrator.

In vitro hGGPPS Inhibition Assay:

The assay was based on the method by Kavanagh et. al.5* with minor modifications. All assays
were run in triplicate using recombinant human GGPPS (80 ng), FPP (10 uM), IPP (8.3 uM; 3H-
IPP, 40 mCi/mmoL) in a final volume of 100 pL buffer containing 50 mM Tris pH 7.7, 2 mM
MgClz, 1 mM TCEP, 5 pg/mL BSA and 0.2% (w/v) Tween 20. The enzyme and inhibitor were
pre-incubated in the assay buffer in a volume of 80 pL at 37°C for 10 min. Afterwards, the
substrates (FPP, IPP) were added to start the reaction, which also bring the inhibitor, substrate, and
buffer contents to the desired final concentrations as indicated above. The assay mixture was then
incubated at 37°C for 15 min (Note: the incubation time is based from the time curve determined
each time a new batch of enzyme is produced). Assays were terminated by the addition of 200 pL
of HCI/MeOH (1:4) and incubated for 10 min at 37°C. The mixture was then extracted with 700
ML of petroleum ether, dried through a plug of anhydrous MgSO4 and 300 uL of the dried ligroin
phase was combined with 8 mL of scintillation cocktail. Finally, the radioactivity was counted

using a Beckman Coulter LS6500 liquid scintillation counter.
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Reagents for the Enzymatic Assay:

Petroleum ether (high boiling point, 60° - 80°C) was purchased from Sigma Aldrich, liquid
scintillation cocktail was purchased from MP Biomedicals (Ecolite Cat #: 882475), 3H-IPP was
obtained from American Radiolabeled Chemicals (ART 0377A; 1 mCi/mL), and unlabeled IPP

and FPP were purchased from Isoprenoids, Lc. as their tri-ammonium salts.

hGGPPS wild-type enzyme: The wild-type hGGPPS enzyme was stored at -80°C as a 1 pg/uL
stock solution in the eluent buffer (10 mM HEPES, pH 7.5, 500 mM NacCl, 5%-20% glycerol, 2.0

mM B-mercaptoethanol).

IPP solution: 3H-IPP was diluted with unlabeled IPP (or cold IPP) to a specific activity of 40 mCi/
mmol and 82.7 uM concentration (radiolabeled + unlabeled IPP) in 10 mM Tris pH 7.7. It was

stored at -10°C, warmed to 0°C and kept on ice during the assay.

FPP solution: FPP was dissolved and diluted to a 100 uM concentration in 10 mM Tris pH 7.7. It

was stored at -10°C, warmed to 0°C and kept on ice during the assay.

Inhibitor solution: 10 mM stock solution in deionized H>O was prepared from the tri-sodium salt

of the corresponding bisphosphonate inhibitor.

In vitro hFPPS assay was carried out based on Method 2 (M2) as previously described.Z Cell
culture and viability assays and apoptosis in human myeloma cell lines were also based on previous
procedures with some modifications.?® %2 Determination of total Tau and phosphorylated Tau
levels in AD brain in the presence of test compounds at different concentrations and LDH assays

were also conducted based on previously described procedures. 2
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5.8. Associated Content

Supporting Information

NMR spectra and homogeneity data of key inhibitors 5.28i, 5.28q, 5.28s, and 5.28t are provided.
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Inhibitor 5.28i:
'H NMR (400 MHz, D20)
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Inhibitor 5.28i:
13C NMR (101 MHz, D;0)
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Inhibitor 5.28q:
'H NMR (500 MHz, D,0)
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Inhibitor 5.28q:
13C NMR (101 MHz, D20)
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Inhibitor 5.28s:
'H NMR (400 MHz, D20)
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Inhibitor 5.28s:

13C NMR (126 MHz, D,0)
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Inhibitor 5.28t:
'H NMR (400 MHz, D20)
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Inhibitor 5.28t:
13C NMR (126 MHz, D;0)
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CHAPTER 6: Contributions to Knowledge

6.1 Claims to Original Knowledge
a. A modular approach in the synthesis of C-6 and C-7 substituted pyrido[2,3-d]pyrimidines
was developed. A mini library of compounds containing the bisphosphonate metal anchor
was prepared and analogs with low digit micromolar potency in inhibiting the HIV-1 RT-
catalyzed DNA polymerization were discovered. The key compounds were also found to
generally retain potency against RT variants that are typically associated with resistance to
current nucleoside drugs (e.g. K65R and M184V). These pyridopyrimidine-based
compounds represent a new chemotype of RT inhibitors for further optimization into novel

antiviral agents.

b. Derivatives of pyrimidinol carboxylic acids were shown to stabilize the untranslocated
state of HIV-1 RT, a mode of inhibition that is distinct from the currently known anti-
HIV/AIDS drugs. Our preliminary SAR studies also provided insights on the structural
requirements ideal in targeting RT pre-translocation. Clinically-validated active site
inhibitors of HIV-1 RT polymerase that are not nucleoside or nucleotide analogs are

unknown and our studies may provide a venue toward identification of such inhibitors.

c. Novel inhibitors of HIV-1 RT associated RNase H bearing the pyridopyrimidine scaffold
were identified. These compounds can serve as starting points in the design of more potent
and selective compounds with antiviral activity that may also help in the validation of the

RNase-H enzyme as an alternative target for antiretroviral therapy.
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d. A synthetic protocol to access a structurally diverse library of C-2 substituted thieno[2,3-
d]pyrimidine bisphosphonate inhibitors of hGGPPS was developed. On the basis of
intrinsic  potency, selectivity, and “drug-like” physicochemical properties, these
compounds can be considered as the best inhibitors of hGGPPS known to date. Our
preliminary biological studies also provided evidence on the potential of the hGGPPS

enzyme as the target of new therapeutic agents for cancer and neurodegenerative diseases.
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