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Abstract

As part of a research program at the interface of synthetic organic chemistry and drug
discovery, the Golden lab is interested in new methodology development for heterocycle synthesis,
implementation of such methods to generate diverse libraries of small molecules in drug-like
chemical space, and the medicinal chemistry of these drug-like scaffolds from screening to lead
optimization. Three distinct projects will be discussed that highlight the importance of heterocycle
synthesis to the drug discovery process. First, we developed a strategy to construct > 80 diverse
ring-fused, N-substituted quinolin-4-ones, a privileged structural class associated with a variety of
reported bioactivity. The method also enabled the shortest and highest yielding synthesis to date
of penicinotam, an insecticidal natural product derivative. Second, we recently discovered that
members of an underexplored scaffold family, tetrahydropyrrolopyrazino[2,1-b]quinazolin-11-
ones, result from a novel domino quinazolinone rearrangement and intramolecular ring closure of
ortho-amido-NH-benzamidines. We developed a method for diastereoselective, multicomponent
quinazolinone assembly followed by this domino process. Third, a series of benzoic acid
derivatives were structurally refined to adjust physiochemical properties and resulted in inhibitors
of multiple parasites for which effective treatments remain an unmet medical need. As part of
ongoing medicinal chemistry efforts, progress has been made in vitro and in vivo with second
generation picolinic acid derivatives. Advantages of these series will be described in terms of

synthetic approach, in vitro profile and in vivo efficacy.
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Chapter 1 — Introduction and Research Summary

As part of a research program at the interface of synthetic organic chemistry and drug
discovery, the Golden lab is interested in new methodology development for heterocycle synthesis,
implementation of such methods to generate diverse libraries of small molecules in drug-like
chemical space, and the medicinal chemistry of these drug-like scaffolds from screening to lead
optimization. This dissertation focused on the development of new synthetic methodologies for
drug-like heterocyclic small molecules and the medicinal chemistry of a series of benzoic acid

derivatives with broad spectrum anti-parasitic activity.

Section 1-1: Synthetic methodology development of drug-like heterocycles

Heterocyclic small molecules are important molecular motifs, being essential components
of myriad biologically important natural products, drugs for animal and human health, and
compounds that are vital to food security for a growing, global human population. Some
heterocyclic motifs appear more commonly in compounds with applications to human health, and
continued study towards the synthesis, diversification, and development of such privileged
scaffolds is important to drug discovery. Here, new methodology for the synthesis of two such
privileged heterocyclic cores is discussed (Chapter 2 and Chapter 3).

In Chapter 2, a new method to construct a diverse collection of ring-fused, N-substituted
quinolin-4-ones is described. Our studies enabled base-promoted annulation between isatoic
anhydrides 1-1.1 and enolates 1-1.2 of a broad (> 15 unit) pK.H range that reliably afforded > 80

examples of quinolin-4-ones 1-1.3 in yields up to 94% (Scheme 1-1.1).!



Scheme 1-1.1 Method for the synthesis of ring-fused quinolin-4-ones by pK,-guided annulation
of enolates with isatoic anhydrides
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Development of three complementary procedures, the selection of which could be guided
by predicted pK:H of the enolizable starting material and desired product, facilitated the unique
breadth of scope for our reaction compared to preceding methods. The new method also enabled
the shortest and highest yielding synthesis to date of penicinotam, an insecticidal natural product
derivative, in 3 steps and 36% overall yield. Previous syntheses of this target compound required
at least twice the number of steps and featured a lower overall yield.?

In Chapter 3, we developed a diastereoselective, multicomponent method for the synthesis
of tetrahydropyrrolopyrazino[2,1-b]quinazolin-11-ones 1-1.4, an underexplored heterocyclic
scaffold family that shares core similarities with a number of natural products and patented

bioactive molecules (Scheme 1-1.2).



Scheme 1-1.2 Telescoped, diastereoselective, multicomponent method for the synthesis of
tetrahydropyrrolopyrazino[2,1-b]quinaozlin-11-ones
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The method leverages our recent discovery of a novel, domino quinazolinone
rearrangement/ring-closure process that enables access to a variety of diverse structures from
transient ortho-amido-NH-benzamidines 1-1.5.> This provided a telescoped procedure involving 7
chemical transformations that required only a single, terminal purification, and afforded 20
examples in up to 86% isolated yield over 4 steps and with a maximum of 8:1 d.r. of separable
diastereomers (40 total analogs). Studies probing the generality of the ring-closure in the context
of total syntheses of a family of natural products will be discussed, as well as preliminary results
regarding the intersection of this ring-closure chemistry with extant technology in the realm of

complex heterocycle synthesis.

Section 1-2: Medicinal chemistry of heterocyclic benzoic acid-derived anti-parasitics
Discovery and development of new drugs for infectious diseases caused by parasites

remain important areas of investigation due to continued unmet medical need. This dissertation



discusses the medicinal chemistry optimization of a series of benzoic acid derivatives against
several important threats to human health, including Naegleria fowleri, Toxoplasma gondii,
Trypanosoma brucei, and Leishmania donovani. In Chapter 4, the divergent structure-activity and
structure-property relationships of this series against each of the pathogens will be discussed, as

well as synthetic challenges and improvements in the compound series.

Section 4-1 introduces the parasite hopping strategy for drug discovery, while Section 4-2
introduces a benzamidobenzoic acid scaffold developed in our group with hexokinase-mediated
inhibitory activity against kinetoplastids and physicochemical properties that limited further
development for drug discovery. Section 4-3 details scaffold modifications to arrive at a
benzamidopicolinic acid template with improved solubility and microsomal stability. From this
new series, a potent growth inhibitor of 7. gondii was identified, and Section 4-4 describes the
development of a 7. gondii inhibitor 1-2.2 with activity against both tachyzoites and bradyzoites
and > 2X potency, > 10X solubility, and > 30% better microsomal stability compared to the parent
benzamidobenzoic acid 1-2.1 (Scheme 1-2.1). Efforts to increase route efficiency led to an
improved synthesis that enabled access to this inhibitor at 100X scale with > 95% reduction in cost
of materials, eliminated the use of a highly toxic reagent, and could be performed in the same

number of steps.



Scheme 1-2.1 Optimization of a dual-stage 7. gondii growth inhibitor with improved
physicochemical properties

Cl Cl
Ph o SAR Optimization XN o
35 Analogs N
N — N
HO™ ~O t-Bu NaO™ ~O t-Bu
1-2.1 1-2.2

T. gondii tachyzoite ECsy= 0.57 uM T. gondii tachyzoite ECso= 0.27 uM
T. gondii bradyzoite ECso= 0.79 uM T. gondii bradyzoite ECgo = 0.04 uM
Human foreskin fibroblasts  CCsq > 50 uM Human foreskin fibroblasts CCgy=2.1 uM
acLogD (pH 5.0-7.4) 6.75-5.42 acLogD (pH 5.0-7.4) ND
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ECso: concentration at which growth inhibition is half-maximal; CCso: concentration at which
toxicity is half-maximal; *cLogD: calculated partition coefficient between octanol and water at
given pH; "Kinetic aqueous solubility at pH 7.4; PBS: phosphate-buffered saline; ‘“Microsomal
stability: percent parent compound remaining after 1 h exposure to mouse microsomes; ‘PAMPA:
parallel artificial membrane permeability assay.

Discovery of hexokinase-independent inhibitors of bloodstream 7. brucei based on the
benzamidopicolinic acid template is described in Section 4-5. In this project, divergent structure
activity requirements in the benzamidopicolinic acids led to discover of a benzylamino picolinic
acid with attractive anti-parasitic activity but potential metabolic liabilities. Developing the series
further required improvements in strategy for analog synthesis. Ultimately, we found compounds
with greatly improved metabolic stability (anti-parasitic screening is ongoing). Deployment of the
series in L. donovani is discussed in Section 4-6. Based on these efforts we have also identified a
new class of small molecule inhibitors for N. fowleri glucokinase and results of this work are

discussed in Section 4-7.%
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Chapter 2 — Methods for the Synthesis of Ring-Fused 4-Quinonlinones via

Enolate Addition to Isatoic Anhydrides: Total Synthesis of Penicinotam

This chapter is adapted in part from published work.! The project was completed in collaboration
with Dr. Satish Chandra Philkhana, a former postdoctoral researcher in the Golden group. Dr.
Phikhana’s contributions included assistance in the development of DBU-mediated conditions,
synthesis of the N-benzyl lactam-fused derivatives, development of the LIHMDS-mediated protocol
for ketone use and assessment of its substrate scope, and optimization of the oxidation reaction

that enabled completion of the penicinotam synthesis.

Section 2-1: Introduction

Discovery and development of new drugs often requires the identification of new chemical
matter with bioactivity that can affect a disease state of interest. One of the ways to identify such
starting points for drug development involves the broad screening of compounds to identify “hit”
molecules that can be subsequently investigated and optimized for pharmacological activity. The
design of new drug-like molecules to populate compound collections (or “ screening libraries, as
well as the development of appropriate methods by which to synthesize them, continues to be a
research interest of the Golden lab. As part of a research program aimed at the efficient generation
of a differentiated library of pharmacologically-biased molecular templates that could be screened
broadly for activity, we sought to develop new methods for the synthesis of a collection of

compounds with embedded, privileged scaffolds.

The term “privileged scaffold” was coined over 50 years ago, and refers to molecular
templates for which a variety of distinct bioactivities can be optimized based on a common core

motif.>* This was a way to articulate the observation that certain molecular motifs appear in drugs



and bioactive natural products more often than others. Importantly, individual compounds that
share a centrally embedded “privileged scaffold” may not share the same bioactivity; indeed it is
the ability to arrive at orthogonal bioactivities via different modifications to the central motif that
makes privileged scaffolds so useful for medicinal chemistry. For example, the 4-quinolinone
motif appears within a variety of ring-fused small molecules in the natural product and patent
literature with diverse reported bioactivity, the abundance and breadth of which qualify it as a
privileged scaffold for drug discovery efforts (Figure 2-1.1, blue highlight).*!® For example,
quinolactacins 2-1.1 are a family of natural products that share a lactam-fused quinolinone core;
members of this family were reported to inhibit TNF and acetylcholinesterase. Alternatively,
carbocycle-fused quinolinones have been studied as antimalarial agents (e.g., floxacrine 2-1.2 and

tetrahydroacridinones 2-1.8).

(0] 0 O O (0] (0] 0
Cl ~wOH
N ‘ N N~ "O N \
Sh, RTRE OH O oFd Chy O CHa
Quinolactacins, 2-1.1 Floxacrine, 2-1.2 (-)-Ribalinine, 2-1.3 Penicinotam, 2-1.4
TNF inhibition*8 Antimalarial® AChE inhibitor® Insecticidal %"

ACHhE inhibition®

o] 0 o] o]
L LT D WO
U
) ad N 7N
CHs Et S
N\CH 216 Tetrahydroacridinones, 2-1.8
218 ° X Tacrine mimics™
5HT, ligand'2 A =CO,CH, 21.7 At alaria16

Antiviral'3 PDES5 inhibitor'41%

Figure 2-1.1 Selected examples of bioactive, ring-fused N-substituted 4-quinolinones with 4-
quinolinone motif highlighted in blue. TNF: tumor necrosis factor; AChE: acetylcholinesterase;
SHTj3: 5-hydroxytryptamine receptor type 3; PDES: phosphodiesterase type 5.



We sought a strategy to access a structurally diverse library of N-substituted 4-quinolinones
in a highly modular format from readily accessible starting materials. Upon review of existing
methods to access this motif, several limitations were revealed.®!’2” Many of the syntheses were
devised originally to address challenges unique to a specific natural product’s stereochemical
features and consisted of long, linear routes to a single example. While they are elegant examples
in the context of total synthesis efforts towards a natural product, such routes are not amenable to
efficient library synthesis and subsequent analog generation in parallel. Efforts by Lee, Zhang, and
Tatsuta are illustrative of the limitations of these precedents in total synthesis for library-oriented

methods (Scheme 2-1.1).%17-13

In Lee’s case, the N-substituted quinolinone motif is constructed by annulation of the
enolate of B-ketoester 2-1.9 with N-methyl isatoic anhydride 2-1.10. The yield for this reaction
was maximally 42% with substantial degradation of 2-1.10 to N-methyl anthranilic acid, though
the cause(s) were not investigated and the experimental details provided scant (see Figure 2-1.3
for more details regarding reaction pathways and mechanism).® A subsequent step was required to
finish formation of the lactam-fused 4-quinolinone motif that makes up the core architecture of the
quinolactacin family of natural products. Despite the limitations, this route was the most direct for
synthesis of lactam-fused 4-quinolinones. Zhang and Tatsuta also reported total syntheses of
quinolactacins, but accessing the intermediates needed for entry into the ring-fused 4-quinolinone
systems required at least twice the number of steps from commercial material.!”!8 Other strategies
for constructing lactam-fused 4-quinolinones appear in the total syntheses of penicinotam, but are
no less step-intensive (see Section 2-3). Tatsuta’s work is notable for reporting four analogs based
on the quinolactacin template, but is also the lengthiest of the routes, requiring 9 linear steps to

construct the ring-fused, N-substituted quinolinone core.!”
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Scheme 2-1.1 Selected examples of precedents in N-substituted 4-quinolinone formation in total
synthesis

Lee, 20048
OCH3
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Zhang, 2003"7
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o *>NH OH o
” (e) U] T N
e X —_—
NH OCHg NH N
iPr
CHjy @) Pr CHjy
2-1.15 2-1.16 Quinolactacin B, 2-1.1b
7 steps, 23% 9 steps, 15% overall

4 other examples
Reagents and conditions: (a) N-methyl isatoic anhydride, 3A molecular sieves, DBU, CH2Cly, 20
h, 42% (b) Et2O/H2O/TFA, 2 h, 87% (c) KO2, 18-crown-6, DMF, then chiral HPLC-MS separation,

75% (d) KoCO3, CH3l, 1:6 mixture of regioisomers, 88% (e) NaOCH3, CH30H, rt, 12 h (f) Silica
gel, 65% over 2 steps.

Methodology reports featured few examples of our core scaffold of interest. Only three
examples of furan-fused 4-quinolinones were previously reported and both featured low yields of
the final products (Scheme 2-1.2).22! The work of Husson was further limited by a lengthy route
to the requisite intermediate 2-1.20 with little information given regarding the efficiency with

which it could be synthesized.?!
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Scheme 2-1.2 Precedents in synthesis of furan-fused N-substituted 4-quinolinones

Granik, 20072°
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Reagents and conditions: (a) EtONa, EtOH, 40°C to 45°C, 6 h, 68% (b) DMF, DMF acetal, reflux,
3 h, 25% (c) CH,CHMgBr, Cul, THF, -70°C to -40°C, 5 h, 62% (d) KMnO4, H>O/acetone, 0°C to
20°C, 36 h, 20%.

Literature regarding construction of carbocycle-fused derivatives were slightly more
numerous, but typically consisted of only 1-2 examples of the desired ring-fused quinolinone
system (Scheme 2-1.3).2*27 Since our aim was synthesis of diversely substituted quinolinone
derivatives, the limited scope of compatible substrates for these methods (Reed, Coppola, Deng)
and their use of strong bases (Werbel, Coppola) or extremely high temperatures (Reed) were

important challenges to their implementation, 2>

Of the precedents, we noted that the most direct routes appeared to be ones using base-
promoted ring-opening of isatoic anhydrides (2-1.10a-e) by an enolate species generated from a

suitable starting material (2-1.9, 2-1.24a-b, 2-1.27), followed by intramolecular annulation to form
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the quinolinone motif. This strategy had been used by Lee, Werbel, and Coppola and taken together
represented the most substantiated approach, with examples of lactam and carbocycle fused

compounds.®?*?> However, the factors determining reaction efficiency were not well established.

Scheme 2-1.3 Precedents in synthesis of carbocycle-fused N-substituted 4-quinolinones
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Reagents and conditions: (a) 240°C, 2 h, 60% (b) LDA, THF, -50°C, 6 h, 40-49% (c) NaH, DMF,
-10°C to 90°C, 4 h, 26-43% (d) Ru(bpy);*6H20, KOH, O2, CH3CN, rt, blue LED, 43-65%.
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To prepare a diversified library of ring-fused quinolinones, a comprehensive
methodological platform was needed from which to synthesize the scaffold of interest. We
expected that synthesis by the addition of an enolate, derived from enolizable substrates of type 2-
1.31 and an appropriate base, to an isatoic anhydride (2-1.10) would be advantageous (Figure 2-
1.2). Isatoic anhydrides and enolates are readily available and the approach would form the desired
core motif in a single step, accommodate diversification at a variety of positions along the
quinolinone scaffold, and could be implemented in a modular way for subsequent medicinal

chemistry optimization of hits generated from screening.

O
' ﬁ =
5 ’ N /I _-‘\\ R n
R /& ‘\) I =
N—y N
RZ
2-1.10 2-1.31 2-1.32
Isatoic anhydrides Enolizable Substrates Ring-fused 4-Quinolinones

pKa 3.3 to > 20.7

mﬁ@%%ég

=0, n=0-2
Q0 = ring junction NR, CR

Figure 2-1.2 Proposed approach to a comprehensive synthetic platform for the synthesis of diverse
ring-fused N-substituted 4-quinolinones.

It was unclear from the precedent literature how to accommodate such a wide range of
enolizable substrates; the range of acidities (pKa) for our desired building blocks spanned a range
of more than 17 log units. Questions regarding necessary requisite base strength, reactivity of the
generated enolates, and functional group compatibility loomed large. Furthermore, reports of
unexplained anhydride (2-1.10) degradation to anthranilic acid (2-1.34) in Lee’s total synthesis,

along with a reaction mechanism for which the efficiency-determining steps had not been well
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elucidated, called for a better understanding of the prevailing reaction pathways to improve overall

reaction outcomes in the context of methodology development (Figure 2-1.3).6

CAldol T
dimerization | o] n

1/

0 f‘ﬂjfx 0
O n : o ’(I)
X o 2131 ) . x
LR, < L L
N"So NG NV
R2 R2 OH RZ
2-1.10
A B C 2-1.32
Degrad:a'tion by Desired pathway
unknown cause* o]
---------- »> R1{iﬁj\OH
%
NH
R2
2-1.34

Figure 2-1.3 Mechanism for proposed annulation process between enolates and isatoic anhydrides

The desired reaction to give ring-fused quinolinones 2-1.32 was expected to proceed
through a cascade of steps beginning with conversion of the enolizable substrate 2-1.31 to the
enolate 2-1.31” and addition to the anhydride 2-1.10. Efficient and quantitative formation of the
enolate 2-1.31” was therefore an expected prerequisite and would depend heavily on the choice of
base and temperature(s) at which the reaction was carried out. Once formed, however, the enolate
must react with the anhydride productively. Addition to another equivalent of 2-1.31 would give
the undesired product of aldol dimerization (2-1.33) and curtail the desired transformation by
unproductive consumption of starting material. Degradation of the anhydride 2-1.10 to 2-1.34 by
an unknown cause had already been reported, and we anticipated a need to determine the source

of this unproductive process and find ways to circumvent or overcome the problem.® Even
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successful entry into the desired reaction pathway would not guarantee successful formation of
product. Arrest at any of the intermediate steps, for example slow decarboxylation following ring
opening of the anhydride by the enolate (A), failure to cyclize intramolecularly (B), or unsuccessful
ElcB elimination of hydroxide (C) would have a detrimental impact on our ability to generate

quinolinones 2-1.32 efficiently.

Furthermore, given the broad scope of enolate sources and isatoic anhydrides we hoped to
use with this method, it was possible that different steps would be problematic in particular cases
or substrates but not others. Virtually no reports investigating these challenges to a comprehensive
synthetic platform were available prior to this work. We therefore sought to identify the factors
influencing successful annulation across the substrate set and to establish a comprehensive
synthetic platform for generating ring-fused, N-substituted quinolinones that could accommodate
a broad range of enolizable starting materials and isatoic anhydrides. This would enable us to
reliably synthesize a diverse collection of novel small molecules based on a privileged scaffold

template for broad screening and opportunistic development.

Section 2-2: Development of a comprehensive platform for the synthesis of derivatives based
on the ring-fused, /V-substituted 4-quinolinone privileged scaffold

Studies were initiated using commercially available N-methyl isatoic anhydride 2-2.1a and
N-Boc tetramic acid 2-2.2a, which could be prepared at multi-gram scale according to a literature
procedure (Scheme 2-2.1A).5%® Lee et al’s total synthesis of quinolactacin A2 (Scheme 2-2.1B)
presented an opportunity to study, optimize, and expand a basic protocol towards a robust,
predictable and adaptable transformation. In addition to their use of the same electrophile N-methyl
isatoic anhydride 2-2.1a, the enolizable B-ketoester 2-2.4 used by the Lee group represented a close

acyclic analog of our chosen prototype starting material N-Boc tetramic acid 2-2.2a. The acidity



16

of 2-2.4 (calculated pK, = 10.1 at 25°C, MarvinSketch v18.25) was the lowest of the starting
materials studied in literature reports, and the tetramic acid 2-2.2a is 4-5 orders of magnitude more
acidic (calculated pKa = 3.1 at 25°C, MarvinSketch v18.25). We therefore expected that enolate
formation with our tetramic acid of interest would be facile under the reaction conditions reported

by Lee et al., providing us a convenient starting point for optimization.

Scheme 2-2.1 Quinolinone annulation in the Lee total synthesis of quinolactacin A2 and proposed
pilot system for our reaction development

A) Proposed pilot reaction:

O 0 O o)
?
©\)Li ):(/N Boc Rt ©\)‘E:I</N Boc
o o )
CHs CHsy
2-2.1a 2-2.2a 2-2.3a

B) Lee, 2004:*

0 0 o o 0
@o OEt (@ ok ©\)\0H
NHBoc .
N,&O o) . l}l .NHBoc NH

|
CHj R CH; R CHsy
2-2.1a 2-2.4 2-2.5 2-2.6
R = sec-Butyl 42% yield

| A

+H,0, -CO,

Reagents and conditions: (a) 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), CH2Clz, 3A molecular
sieves, 20 h.

Our attempts to adapt the previously reported conditions were limited by the scant
experimental detail available, but good-faith efforts led to limited quantities of desired product,
even at the boiling point of the solvent (CH2Cly, 45°C) (Table 2-2.1). Consistent with the
preceding work, we observed substantial quantities of N-methyl anthranilic acid 2-2.6, which can

result from addition of water to the anhydride starting material 2-2.1a followed by CO, elimination.
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Table 2-2.1 Initial attempts to adapt precedent literature conditions

o o) 9 o
NBoc —> I NBoc
,ﬂ/&o 5 (a) '
CH,4 CHs
2-2.1a 2-2.2a 2-2.3a
Entry  DBU  22da  222a . 223a
Y (equiv.) (equiv.) (equiv.) P Yield
1 1.0 1.3 1.0 23°C 13%
2 1.1 1.3 1.0 45°C <25%
3 1.6 1.0 1.5 45°C 10%

Reagents and conditions: (a) DBU, 3A molecular sieves, CH>Cl,, 20 h.

The cause of this unproductive ring-opening of the anhydride had not been previously
investigated, so a set of control experiments testing the stability of 2-2.1a was carried out (Table
2-2.2). We evaluated reaction turnover and whether unreacted 2-2.1a remained when the reaction
was carried out in the presence of a variety of bases, with and without the tetramic acid reaction
partner 2-2.2a. Given the acidity of tetramic acid 2-2.2a compared to the B-ketoester 2-2.4, we
anticipated that a weaker base than DBU might be sufficient for our pilot transformation, enabling
us to develop milder conditions for the annulation reaction. Reactions were assessed qualitatively
by thin-layer chromatography (TLC) and low-resolution mass spectrometry (MS). The bases were
chosen as representative examples within the basicity range required for enolate formation from
2-2.2a: Because the tetramic acid has a calculated pKa of 3.1 at 25°C (MarvinSketch v18.25),
quantitative enolate formation would be expected using a base with a conjugate acid that has a pK,
of at least 6.1. This is based on a rule of thumb derived from the Henderson-Hasselbalch equation.

A difference of 3 units between a given base’s conjugate acid pKa (i.e., pKiH of the base) and an
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acid to be deprotonated (with the lower pKa) corresponds to an equilibrium ratio of 99.9% to 0.1%

in favor of deprotonating the stronger acid (with the lower pKa,).?

Table 2-2.2 Control experiments to assess isatoic anhydride compatibility with base

o o) O o
©\)‘\O ﬁ 1.2 equiv. base ©\)%
NB —_—> NB
,}I/J%O o o CH,Cl,, 25°C, 14 h N | o
CHs CH,
2-2.1a 2-2.2a 2-2.3a
(1.1 equiv.) (1.0 equiv.)
Base 2-2.2a present 2-2.2a not present
Entry Base > 2-2.1a 2-2.1a
pKaH  Turnover? ; Turnover? ;
remains? remains?
1 NaOEt 15.5 Yes No Yes No
2 DBU 13.5 Yes No Yes No
3 DMAP 9.6 Yes Yes No Yes
4 K>COs 10.3 Yes Yes No Yes
5 EtsN 10.8 Yes Yes No Yes
6 iProNEt  10.8 Yes Yes No Yes

NaOEt:  sodium ethoxide, DBU: 1,8-diazabicyclo(5.4.0)undec-7-ene, DMAP: 4-
dimethylaminopyridine, K»COs3: potassium carbonate, Et;N: triethylamine, iProNEt:
diisopropylethylamine

These experiments revealed that anhydride 2-2.1a was consumed entirely in the presence
of DBU (Table 2-2.2, entry 2), with or without the enolizable starting material, tetramic acid 2-
2.2a. This contrasted with almost all of the other bases tested, wherein reaction turnover only
occurred when the enolizable starting material was present. The DBU reaction outcomes were
similar to those with the negative control, sodium ethoxide, which was expected to degrade the
anhydride starting material exclusively with no formation of the desired product (Table 2-2.2,
entry 1). Alkoxide bases like sodium ethoxide are known to act readily as nucleophiles and have

been used to form anthranilic esters by nucleophilic addition to isatoic anhydrides.*
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Amidine and guanidine bases, of which DBU is an often-used example, have a rich history
of use as nucleophilic acyl transfer catalysts.>! In some reports, intramolecular trapping of an
intermediate cationic DBU-carbonyl adduct can occur if a suitable nucleophilic group is present.>!
We hypothesized that DBU may act as a nucleophile, thereby generating an activated N-acyl
intermediate 2-2.7. The fate of this intermediate could well determine the tractability and
efficiency of our desired annulation, since it could be hydrolyzed unproductively in the presence
of water to give the degradation product N-methyl anthranilic acid 2-2.6, intercepted by an enolate
to give the desired product 2-2.3a, or trapped intramolecularly to form an undesired covalent

adduct 2-2.8 (Figure 2-2.1).

OH 2-2.6

‘ '?IH Degradation product
B ] CHs
O
C N ) N 2-2.3a
\! — > —> | NBoc .
i N -CO, o o} +2-2.2a N Desired product
N0 N - DBU CHs

CHy CHy "0

2-2.1a DBU 2-2.7 ‘
— N-acyl — ©\)L N 2-2.8
intermediate /j Undesired adduct
intramol. '}‘ )ij
trapping CHgz

Figure 2-2.1 Reaction outcomes based on fate of a putative N-acyl intermediate formed by
nucleophilic addition of an amidine base (DBU) to N-methyl isatoic anhydride. DBU: 1,8-
diazabicyclo(5.4.0)undec-7-ene.

Suspecting that the degradation of the anhydride 2-2.1a might operate through a
mechanism of nucleophilic attack by the base, and realizing that our system possessed a suitable

intramolecular trap in the form of an N-methyl aniline residue upon decarboxylation of the
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anhydride, we sought experimental evidence for formation of a DBU adduct. LC-MS analysis of
the reaction mixture revealed a species with a mass-ion pair corresponding to that of the putative
DBU adduct 2-2.7 (expected for [M+H]" = 286.4, observed m/z = 286.1); however, attempts to
isolate and characterize the species definitively were unsuccessful. By contrast, substitution of
tetramethyl guanidine (TMG), which is of similar nucleophilicity and basicity to DBU, enabled
the isolation and characterization of TMG adduct 2-2.9 by nuclear magnetic resonance (NMR)

spectroscopy (Scheme 2-2.3).%!

Scheme 2-2.3 Intramolecular trapping of a covalent guanidine base (TMG) adduct

o) CHy CHy o)

o NN (@) NH
©\)l HeC™ Y CHe N(CHs)
N" 0 NH N™ “N(CHa),

CHa CHa

2-21a TMG 2-2.9

35% isolated yield

Reagents and conditions: (a) CH3CN, rt, 15 min, 35%; TMG: tetramethyl guanidine.

It is worth noting that nucleophilic addition of an amidine or guanidine base to the isatoic
anhydride was not necessarily a detrimental or unproductive pathway for our transformation, as a
species such as 2-2.5 could be an intermediate to our desired product if intercepted by the enolate.
We anticipated that such an acyl-transfer catalysis process could be advantageous, and may have
prompted the use of DBU in literature reports.® However, the reactivity of 2-2.5 might be a double
edged sword, in that it can also be easily intercepted by another nucleophile (e.g., water or a
tethered amine) to lead to degradation products. With evidence for the suspected degradation
mechanism in hand, we attempted the reaction under alternative acyl-transfer catalysis conditions.
No evidence of desired product was obtained in the presence of a combination of 4-

dimethylaminopyridine (DMAP) and triethylamine (Et3N) at 45°C. In retrospect, lack of turnover
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to the desired product may be due in part to insufficient reaction temperatures, as the subsequent
work in this chapter shows that higher temperatures were required for optimal reaction efficiency.
However, at the time of reaction screening and optimization, the acyl-transfer catalysis conditions
of DMAP and Et:N remained inferior to other conditions that supported only a base promoted,
enolate-driven annulation mechanism. Therefore, acyl-transfer catalysis type conditions were not
investigated further. While contributions of an acyl-transfer catalysis mechanism to the desired
transformation could not be ruled out, we knew that similar reactions had been reported without

t.25

an acyl-transfer catalyst.”> We therefore sought to find conditions under which starting material

degradation might be significantly curtailed.

Evidence of the suspected degradation mechanism prompted a search for a less
nucleophilic base for this transformation. A multiplex screen using DBU, K>CO3, and Et3N in a
variety of solvents revealed evidence of the desired product by low resolution mass spectrometry

in the presence of triethylamine and polar aprotic solvents such as DMF and DMSO (Table 2-2.3).
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Table 2-2.3 Qualitative assessment of product formation in a multiplex solvent & base screen

O 0 o o0
(a)
i J;lfNBoc I NBoc
o o y
CH, CH,
2-21a 2-2.2a 2-2.3a

Assessment of product formation by mass spectrometry

Entry Solvent

DBU K>2COs Et;N
1 CH>Cl, Notdetected Not detected Not detected
2 THF Not detected  Not detected Not detected
3 Et,O Not detected  Not detected Not detected
4 CH3sCN  Notdetected Not detected Not detected
5 DMSO Not detected Not detected Found
6 DMF Not detected  Not detected Found
7 PhCH;  Notdetected Not detected Not detected

Reagents and conditions: (a) 1.1 equiv. 2-2.2a, 1.2 equiv. base, 0.1 M in dry solvent, 25°C, 15 h.

Having detected putative product in the presence of triethylamine and DMSO, we sought
to observe reaction progression more closely using 'H nuclear magnetic resonance spectrometry
(NMR). Reaction monitoring using 'H NMR in DMSO-ds, coupled with increases in reaction
concentration to 0.5M and higher equivalency of tetramic acid 2-2.2a and base (3 equiv. and 4
equiv., respectively) relative to the isatoic anhydride 2-2.1a, revealed slow conversion at room
temperature. This enabled isolation of the desired quinolinone 2-2.3a in 43% yield and provided a
handle for subsequent reaction optimization (Table 2-2.4, entry 1). The increased reaction
concentrations and equivalencies motivated a repeated assessment of solvents for this
transformation and revealed that these modifications provided a general improvement in isolated
yields for all solvents tested. In fact, shorter reaction times at room temperature in a number of
solvents (Table 2-2.4, entries 2-6) were possible with comparable yield to the initial DMSO

benchmark (Table 2-2.4, entry 1).
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Although acetonitrile and dioxane both provided similar yields on initial evaluation (Table
2-2.4, entries 5-6), we observed that starting material solubility was poor in dioxane and therefore
explored further modifications of reaction parameters using only acetonitrile. To further reduce
the required reaction time, elevated reaction temperatures were assessed. We found that the
equivalency of tetramic acid 2-2.2a relative to the anhydride could be reduced slightly to 2.5
equivalence, and that yields trended generally upwards with increased reaction temperature (Table
2-2.4, entries 7-9). Optimal results were achieved using 4 equivalents of triethylamine and 2.5
equivalents of tetramic acid 2-2.2a in acetonitrile at 85°C, giving a 95% yield of the desired
product 2-2.3a. For reasons that will become clear further on in the discussion of this work, this
procedure was referred to as “Protocol A”. Conducting the reaction without molecular sieves had
a detrimental effect on yield (Table 2-2.4, entry 11), as did lowering the equivalence of base

(Table 2-2.4, entries 12-13) or tetramic acid (Table 2-2.4, entries 14-15).
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Table 2-2.4 Selected reaction optimization for the synthesis of 2-2.3a.

O 0 o o0
(a)
i J;lfNBoc I NBoc
o o y
CH, CH,
2-21a 2-2.2a 2-2.3a

Equiv.  Equiv.

Entry Solvent Temperature Time Yield

EtsN  2-2.2a
1 DMSO 4 3 25°C 240h  43%
2 CH:Cl 4 3 25°C 9%h  50%
3 EtOAc 4 3 25°C 96h  34%
4 DMF 4 3 25°C 9%h  51%
5 1,4-Dioxane 4 3 25°C 96 h 62%
6 CH;CN 4 3 25°C 9%h  61%
7 CH3CN 4 2.5 35°C 20h  54%
8 CH3CN 4 2.6 45°C 18h  55%
9 CH3CN 4 2.5 50°C 28h  68%
|10 CH3CN 4 2.5 85°C 13h  95% |
11 CH;CN 4 85°C 17h  35%*
12 CH;CN 4 1 85°C 17h  33%
13 CH;CN 4 0.5 85°C 17h  32%
14 CH;CN 2.2 3 85°C 17h  34%
15 CH;CN 0.7 3 85°C 17h  50%

Reagents and conditions: (a) EtsN, 3A molecular sieves, 0.5M in dry solvent, N2 (g) atmosphere.
¥Reaction conducted without molecular sieves. Reaction completion was assessed by thin-layer
chromatography (TLC) for consumption of the anhydride starting material 2-2.1a.

During the reaction optimization process, various methods for reaction quenching, workup, and
product isolation/purification were also surveyed. These experiments revealed that after the
conclusion of the reaction and quenching with a strong acid, only two non-aqueous-soluble
components were isolated in appreciable quantities: the desired product 2.2-3a, and an impurity 2-
2.10 resulting from dimerization of excess tetramic acid by aldol condensation (Figure 2-2.2). The
latter is expected to be readily ionizable under basic conditions (lowest calculated pK. = 6.4 at

25°C) due to extensive delocalization of the resulting negative charge. We reasoned that the
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ionized species 2-2.10° might be water soluble. This insight enabled development of a neutral or
weakly basic aqueous reaction quenching procedure, by which 2-2.3a could be precipitated cleanly
and isolated by filtration to afford the desired product without need for column chromatography
or other purification methods. To assess the reaction’s scalability, it was carried out at 10X the

original scale (2.5 mmol) to give 2-2.3a in 56% isolated yield.

o
-H*

BocN O -

X

NBoc +H*
o]
2-210 2-2.10'

Non-aqueous-soluble Aqueous-soluble

Figure 2-2.2 Aldol condensation dimer 2-2.10 is ionizable, and thus potentially water soluble,
under basic conditions

A variety of isatoic anhydrides 2-2.1b-u were then used to generate a series of N-Boc v-
lactam-fused 4-quinolinones 2-2.3b-u using protocol A (Scheme 2-2.4). The reaction afforded 21
examples of quinolinones with a variety of substitutions, although the reaction was less tolerant of
electron-rich anhydrides, such as those with methyl or methoxy substituents on the aryl ring. As
expected, the electronic effects of substituents on reactivity were most pronounced for substitution
corresponding to the 6- and 8-positions of the resulting quinolinone, as these positions contribute
most strongly to electrophilicity of the anhydride at its carbonyl group. For example, while the 6-
OCHj3 analog 2-2.30 could only be generated in 18% yield, the 7- OCH3 substituted analog 2-2.3i
and 5-OCH3 substituted analog 2-2.3t were isolated with yields of 54% and 72%, respectively.
The 8-CHs substituted compound 2-2.3g was detected only in trace quantities while the

corresponding 7-CHj3 substituted analog 2-2.3j was isolated in 72% yield.
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Scheme 2-2.4 Substrate scope of isatoic anhydrides with N-Boc tetramic acid using protocol A
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CHs CH, CHs CHs
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CHs CHs CHs CHs
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CHs CHs CHs HsCO  CHs
2.2-3q, 68% 2.2-3r, 77% 2.2-3s 64% 2.2-3t, 72%
o)
I NBoc
5
CH;
2.2-3u, 65%

Reagents and conditions: (a) EtsN, 3A molecular sieves, CH3CN, 85°C, 13 h; PPG: propargyl;
PMB: p-methoxybenzyl.
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Substitution of the anhydride nitrogen in the form of aryl or alkyl groups was generally
tolerated, although the N-propargyl example 2.2-3d was isolated in only 22% yield. To our surprise,
the N-H example 2.2-3b generated from isatoic anhydride could be obtained in 30% yield despite
the starting material’s pronounced acidity. Notably, N-H isatoic anhydrides can be deprotonated
at nitrogen and alkylated readily at room temperature in the presence of iPr2EtN, which is a weaker
base than the triethylamine used for enolate generation in this procedure (pKa of conjugate acids

in DMSO = 8.5 and 9.0, respectively).!*?

The N-Boc quinolinones 2-2.3a-u were readily deprotected with trifluoroacetic acid,
affording the corresponding N-H quinolinones 2-2.11a-u (Scheme 2-2.5). The N-H quinolinones
2-2.11 could also be isolated without column chromatography or other purification. Concentration
of the organic solvent system, followed by trituration with water, enabled isolation of the desired
products by vacuum filtration. This effort afforded 19 examples of the ring-fused quinolinone core
of interest, with yields of at least 63%, except for compounds 2-2.11b and 2-2.11d, which were

obtained in 32% and 17% respectively.



28

Scheme 2-2.5 Generation of N-H quinolinones by deprotection of N-Boc quinolinones
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Reagents and conditions: (a) 1:15 TFA/CH2Cl, 0°C to rt, 20 min; PPG: propargyl; PMB: p-

methoxybenzyl.
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Next, we sought to explore the use of other enolizable building blocks under the optimized
reaction conditions. We anticipated that reduced starting material acidity might have a negative
impact on reaction efficiency. Several substrates with calculated pK, values higher than that of N-
Boc tetramic acid 2-2.2a were selected to test the hypothesis (Table 2-2.5). We found that yields
of the resulting products were poor using protocol A for these less acidic substrates (pKa > 6.6),
such as N-phenyl tetramic acid 2-2.2b to give 2.2-11 or N-benzyl tetramic acid 2-2.2¢ to give 2.2-

12a.

We hypothesized that the drop in reaction efficiency could be attributed to a temperature
effect on base strength in our reaction system. A general rule of thumb based on the Henderson-
Hasselbalch equation holds that for efficient enolate generation, the pK.H of the base employed
must be > 3 units higher than the pK, of the enolizable starting material.?’ Indeed, the calculated
pKaH value of each of the starting materials was within the requisite range for enolate formation
at room temperature in the presence of triethylamine (Table 2-2.5). However, the calculated pK.H
of triethylamine is reduced by 1.5 units at the reaction temperature of 85°C. This reduction in pK,
with increased temperature is a general one, but the effect is less pronounced in the enolizable
starting materials (i.e., most compounds experience an increase in acidity or attenuation of basicity
at elevated temperature, but the starting materials are predicted to be less strongly affected). We
reasoned this renders triethylamine too weak to form the corresponding enolates leading to

products 2-2.15 — 2.2-19 under the reaction conditions (85°C).
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Table 2-2.5 Calculated pK. for starting materials and conjugate acids of bases used for enolization
at varying temperature

Starting PKa PKa Protocol A
Entry  yraterial (25°C)y2 (85°0cy  Froduct Yield®
1 EGNHY 102 8.7 - -
0 P @
NB
2 J/:«NBOC 31 33 d@f T 9s%
0 CHa
2-2.2a 2_2 3a
0 2 0
NPh
3 ﬁNPh 7.1 6.7 (:f,:]:« <28%
O CH,
2-2.2b 215
0 2 0
NBi
4 ﬁNBn 73 68 d,:]if " trace
0 CHa
2-2.2¢ 2-2.16a
0 b 9
LI
5 o 7.0 6.6 N 47%
) CH,
2-2.12 3217
0 0 o
6 % 7.2 6.7 O \ ) 42%
(0] C|:H3 Q
2-2.13 2-2.18
o 1 P
7 b 83 76 E:dji& 24%
O EHs
2'2.143 2_2 19

8 DBUH" 11.3 9.6 - -

3Calculated pK, values determined using MarvinSketch v18.25. "Isolated yields.
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We expected that switching from triethylamine to a stronger base might enable the desired
transformation for substrates with a predicted pK, > 5.7 at 85°C. Using N-benzyl tetramic acid
2.2-2c¢ as a test case, we found that a switch to DBU (pK.H = 9.6 at 85°C) was sufficient to provide
2.2-16a in 31% yield (Table 2-2.6, entry 2). This enabled subsequent optimization to a second set

of reaction conditions that accommodated starting materials with pK, > 5.7 at 85°C.

From our prior study on the optimization of reaction conditions for synthesis of 2.2-3a, we
realized that using DBU would necessitate balancing 2-2.1a degradation by DBU with the desired
enolate formation. We were encouraged by the possibility that the stronger enolate used here for
synthesis of 2.2-16a might compete more effectively for any reactive N-acyl intermediate that
formed. Our experiments showed that using the anhydride 2-2.1a in excess and the tetramic acid
2-2.2¢ as the limiting reagent provided a substantial improvement in yield for the desired product
2-2.16a (Table 2-2.6, entry 5). This is at least in part due to enabling a smaller quantity of base to
be used, which we know can degrade the anhydride material. Furthermore, the stronger enolate
appears to react faster and at lower temperature, enabling a lower temperature and greatly reduced
reaction duration. Thus using the tetramic acid as the limiting reagent, with DBU as the base in
CH3CN at 50°C for 2 hours (protocol B) enabled isolation of the N-benzyl lactam-fused

quinolinone 2.2-16a in 77% yield after routine column chromatography.
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Table 2-2.6 Selected reaction optimization for the synthesis of 2-2.16a

o 0 o o
(a)
o)
/J% NBnh —> [ NBn
V"o o )
CHs CHs
2-21a 2-2.2¢ 2-2.16a

Equiv. Equiv.

Entry Base Temperature Time Yield?

base 2-2.2¢
1 Et;N 2.5 2.5 85°C 13h  Trace
2 DBU 4 3 85°C 13h 31%
3 DBU 4 1.2 85°C 13h 39%
4 DBU 2 2.5 85°C 13h 47%
| 5 DBU 2 0.5 50°C 2h  77% |

Reagents and conditions: (a) Base, 3A molecular sieves, 0.5M in dry CH3CN; Isolated yield; DBU:
1,8-diazabicyclo(5.4.0)undec-7-ene.

With protocol B in hand, we attempted to revisit the synthesis of 2.2-3a and were surprised
to find that it could only be obtained in 29% yield when using the new procedure that relied on
DBU as the base. We suspected that acidity of 2.2-3a at C3 could mediate product degradation in
the presence of a sufficiently strong base, such as DBU. Indeed, the calculated pK, at C3 of 2.2-
3a, but not 2.2-16a, at 50°C was sufficiently low compared to that of DBU for deprotonation to
occur (Table 2-2.7). Additionally, the calculated pK. at C3 of 2-2.3a was sufficiently high (8.7)

that deprotonation by Et;N at 85°C would not be expected to occur readily.
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Table 2-2.7 Table of calculated pKa values for substrates and comparative yields of synthesis by
different protocols

Entr Compound PKa PKa Protocol A Protocol B
y P (50°C)* (85°C)* Isolated Yield” Isolated Yield®
1 DBUH" 10.5 - - -
2 Et:NH' - 8.7 - -
9 o
| 3 NBoc
3 N 9.2 8.7 95% 29%
c':H3 H H
2-2.3a
o o
|| ;NBn
4 N 11.8 6.8 Trace 77%
) H
CH, H
2-2.16a

%Calculated pK, values determined using MarvinSketch v18.25. ®Protocol A conditions: Et;N, 3A
molecular sieves, CH3;CN, 85°C, 13 h; “Protocol B conditions: DBU, 3A molecular sieves, CH3CN,
50°C, 2 h.

To test our hypothesis that DBU was degrading 2-2.3a by deprotonation at C3 and leading
to inferior yields of product under protocol B despite the base being strong enough to form the
enolate of N-Boc tetramic acid 2-2.2a (pKa = 3.2 at the protocol B reaction temperature of 50°C),
a pure sample of 2.2-3a was subjected to the reaction conditions and monitored by 'H NMR
(Figure 2-2.3). These experiments revealed signal broadening and disappearance of the C3
methylene 'H resonance, followed by compound degradation, in the presence of DBU but not Et3N.
Furthermore, only 20% of 2-2.3a could be recovered from the DBU experiment, further supporting
our hypothesis that the more acidic starting material 2-2.2a leads to quinolinones of type 2-2.3 that
are more acidic at C3 and therefore incompatible with the stronger base conditions (DBU) of
protocol B due to subsequent product degradation. This is in contrast to less acidic enolizable

starting materials like N-benzyl tetramic acid 2-2.2¢ (pKa > 5.7 at 85°C), which require a stronger
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base to drive the desired reaction, giving products of type 2-2.16, which are less prone to
degradation due to the C3 carbon being less susceptible to deprotonation and are therefore

compatible with using DBU as a base.

QO o

N
H
CHy H
2-2.3a
(a) E H‘
, | |
Y N J \ o
(b)
() |
l
I
J / J\
o/ \;\7777 i - o - o F————— o B /

(@ ‘\

T T T T T T T T T T T T T T T T T T T T T T T T T 1
86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 3
f1 (ppm)

Figure 2-2.3 '"H NMR spectra of 2-2.3a in DMSO-ds: (a) No base, 25°C, 16 h (b) No base, 85°C,
16 h (¢) DBU, 25°C, 15 min (d) DBU, 85°C, 16 h (e) Et3N, 25°C, 15 min (f) EtsN, 85°C, 16 h

With these protocols in hand, and an understanding of the limitations for each procedure
with respect to the enolizable starting material being used, we examined the scope of the DBU-

promoted protocol B using N-benzyl tetramic acid 2-2.2¢ with a variety of isatoic anhydrides to
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give 2-2.16a-u (Scheme 2-2.6). The desired products were obtained in good yield and with broad
tolerance for anhydride substitution. A notable difference between the anhydride compatibility for
protocol A (using EtsN and N-Boc tetramic acid 2-2.2a to synthesize the first set of compounds,
2-2.3a-u) and protocol B (using DBU and N-benzyl tetramic acid 2-2.2¢ to form 2-2.16a-u) was
observed in that the latter showed a greater tolerance for electron rich anhydrides, presumably due
to the presence of a stronger and more reactive enolate when using DBU to drive reactivity of
compounds with a pK, > 5.7 at 85°C. For example, while the N-Boc, 6-OCH3 quinolinone 2-2.30
was only obtained in trace quantities using the EtsN conditions (protocol A), the corresponding N-

Bn, 6-OCH3 2-2.160 was isolated in 70% yield using the DBU-mediated conditions (protocol B).
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Scheme 2-2.6 Substrate scope of isatoic anhydrides with N-benzyl tetramic acid using DBU-

mediated conditions
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Reagents and conditions: (a) DBU, 3A molecular sieves, CH;CN, 50°C, 2 h.
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In addition to the 18 examples thus obtained, the DBU-mediated conditions (protocol B)
were used to access compounds 2.2-15, 2.2-18, and 2.2-20 — 2.2-22 in good yield (Scheme 2-2.7).
Thus for less acidic building blocks (pKa > 5.7 at 85°C) the second method using DBU as a base
provides a substantial improvement in reaction efficiency, since enolate formation is more
favorable with the stronger base, as long as the resulting products are stable (C3 pKa. > 10.5 at
50°C). For example, yields of 2-2.15 and 2.2-18 improved from <28% and 42%, respectively,
when synthesized via protocol A (Et:N-mediated) to 71% and 67%, respectively, when
synthesized via protocol B (DBU-mediated). The expansion of compatible substrates represented
an important feature for our synthetic platform, as it made accessible an even more diverse set of

possible molecular templates based on the ring-fused quinolinone scaffold.

Scheme 2-2.7 Use of DBU-mediated reaction conditions gives improved yields of quinolinones
from less enolizable starting materials

Q o
(@)
oy, o
NSo o7
CHs
221a  2-2.2b,2-2.2d-e
2-2.13, 2-2.14b
o 5 o o o o o 5 o o
CL e O, O e e OO0
y 0 y y
CHa CHa CHa CHa CHa
2.2415,71% 2.218, 67% 2.2-20, 75% 2.2-21, 60% 2.2-22, 57%

Reagents and conditions: (a) DBU, 3A molecular sieves, CH;CN, 50°C, 2 h.

We sought to further expand the scope of enolizable substrates usable in our methodology
by developing a protocol that could accommodate ketones. Such building blocks are commercially

ubiquitous but are many orders of magnitude less acidic than the starting materials thus far
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described (calculated pKas = 16.6 to 20.7). Literature precedents for similar transformations are
reported using very strong, pyrophoric bases such as lithium diisopropylamide (LDA), or a
combination of n-butyllithium (nBuLi) and tetramethylethylenediamine (TMEDA).!>* In an
attempt to develop slightly milder conditions, and with the importance of base nucleophilicity to
starting material integrity in mind, as well as concern for the stability of our desired products to
excessive base strength, we explored the use of lithium bis(trimethylsilyl)amide (LiHMDS), a
weaker and less nucleophilic base than those used in previous reports. Using ketone 2-2.23a as the
prototypical enolizable partner, we screened conditions using toluene as a solvent due to the
incompatibility of CH3CN with bases possessing a pK,H > 19. Rewardingly, the desired product
2-2.24a was obtained in 51% yield under the initial conditions and further optimization to 84%
was possible using elevated temperature and a small change in reactant equivalencies (Table 2-
2.8). In this case, resuming use of isatoic anhydride 2-2.1a as the limiting reagent was preferable,
likely due to reduced base-mediated degradation. With the LiIHMDS-mediated set of reaction
conditions (protocol C), a diverse set of carbocycle-fused derivatives could then be obtained

(Scheme 2-2.8).

Table 2-2.8 Reaction optimization for a ketone-compatible protocol

(0] (0] (0]
d° - m
o w

|
CHa CHa CHa
2-2.1a 2-2.23a 2-2.24a

Equiv.  Equiv.

Entry base 2223 Temperature Time Yield
1 1.3 1.4 25°C 4h 51%
2 1.3 1.4 110°C 4 h 56%
3 2.5 2.7 25°C 2h 75%
| 4 2.1 2.3 80°C 2h  84% |

Reagents and conditions: (a) LIHMDS, 3A molecular sieves, 0.5M in dry PhCH3.
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Scheme 2-2.8 Representative examples for scope of derivatives using LIHMDS conditions?
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Reagents and conditions: (a) LIHMDS, PhCH3, 0°C - 80°C, 2 h; PMB: p-methoxybenzyl; PTFMB:
p-trifluoromethylbenzyl. *This work was performed by Dr. Satish Chandra Philkhana
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Once again, we observed that increased enolate strength led to a greater tolerance for
electron rich anhydrides. For example, the di-OCH3 derivative 2-2.24j was obtained in 32% yield.
Although this is a relatively low yield compared to the overall set, the corresponding N-Boc or N-
benzyl lactam-fused derivatives are unobtainable via protocols A (with Et3N) or B (with DBU),
respectively, presumably because the anhydride is insufficiently reactive and the enolates involved
are too weak to compensate. However, with a sufficiently strong enolate partner, as when LIHMDS
is used to form the enolate of a ketone, the transformation proceeded to the desired product. A total

of 25 examples were synthesized using protocol C.

These combined efforts provided a general approach to the synthesis of N-substituted ring-
fused quinolinones by base-promoted annulation of enolates with isatoic anhydrides. Choosing an
appropriate protocol that relied on a particular base for the transformation depended on the acidity
of both the enolizable starting material and the resulting product. The protocol selected needed to
use a base that was strong enough to efficiently form enolate, but not so strong that it would
degrade the starting material or the resulting desired product. Though we understood the
underlying basis for the complementarity of our methods, we sought to develop a framework that
enabled efficient protocol selection a priori given a new enolate of interest. This was necessary to
increase the utility of our methodology, because some enolizable building blocks are more costly
or limited in quantity than others and empirical determination of the optimal protocol in parallel
might not always be practical. We found that an enolizable starting material’s calculated pKa
correlated well with the calculated pK. of the labile proton in the corresponding product for those
with a susceptible acidic proton and can therefore be used as an indicator for both its ability to

react in the presence of a given base and the stability of the resulting product (Table 2-2.9).
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Table 2-2.9 Calculated pK. of enolizable starting materials and corresponding products under
reaction conditions for different protocols

Calculated pK, Calculated pK,
Entr . under reaction Product under reaction
y  Starting conditions?® for odu conditions?® for
Material protocol: protocol:
A @B © A B (©
Et:NH" 8.7 - - - 8.7 - -
2 DBUH" - 10.5 - - - 10.5 -
HMDS - - 25 - - - 25
0 b P
NB
4 J/:(/NB% 33 32 33 @x),('“v\i “ 87 92 89
o o b H
2-2.2a 2232
0 1 P
NPh
5 J;«/Nph 67 69 67 @ﬁ:ﬁH 103 110 104
“22.2b G
’ 2-2.15
0 1 9
6 J;«/NBn 68 70 68 @MNB” 11118 112
“22.20 S
’ 2-2.16a
O H H
CHs CHs
7 OQ/ 17.5 189 17.7 Nl 255 278 258
2-2.23a CHy
2-2.24a

“Reagent and conditions: (A) N-methyl isatoic anhydride, EtsN, 3A molecular sieves, CH;CN,
85°C, 13 h (B) N-methyl isatoic anhydride, DBU, 3A molecular sieves, CH;CN, 50°C, 2 h (C) N-
methyl isatoic anhydride, LIHMDS, PhCH3, 0°C - 80°C, 2 h. Green highlight: compatible, orange
highlight: incompatible.

From this analysis, we determined that starting materials with a calculated pK. of 3.3-6.3
at 85°C were compatible with conditions using Et3N (protocol A), while materials with a calculated

pKa in the range 6.3-7.9 at 50°C were compatible with conditions using DBU (protocol B), and
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materials with pK, 16.6-20.7 were compatible with the LIHMDS-mediated conditions (protocol
C). Given the closeness of the ranges for protocols A and B, we verified our conclusions by
subjecting several enolizable starting materials with different pK. values to both protocols and

compared the yields of desired product (Table 2.2-10).

Table 2.2-10 Results using EtsN- or DBU-mediated conditions and comparison to predicted best

Entr Starting Predicted Product Protocol A Protocol B
Y Material Best Protocol® Yield Yield
O o
0
1 NBoc (A) N 95% 29%
O |
CHs
2-2.2a 2-2.3a
NPh
2 J/i«/"“’h (B) N l <28% 71%
O |
2-2.2b e
NB
3 J/i«/NBn (B) N' " Trace 77%
(@) |
CHs
2-2.2¢ 2-2.16a
0 7 9
qgs
4 O (B) N 47% 10%
O |
CHs
2-2.12 2216
0 o o
5 )ib (B) ‘ N Q 45% 67%
o )
CH,
2-2.13 2-2.17

Reagents and conditions: (A) N-methyl isatoic anhydride, EtsN, 3A molecular sieves, CH3CN,
85°C, 13 h (B) N-methyl isatoic anhydride, DBU, 3A molecular sieves, CH3CN, 50°C, 2 h.
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With the exception of tetronic acid 2-2.13, all the starting materials gave the best yields when
subjected to the reaction conditions predicted by our pKa. range guidance. The apparent
inconsistency with formation of 2-2.16 can be explained by precipitation of the product from
solution in protocol A, which is expected to drive the reaction forward despite a less acidic starting
material being used with triethylamine. By contrast, though enolization occurs readily in protocol
B, the resulting product appears unstable to the stronger base, as exemplified by only 34% recovery
of when pure 2-2.16 is subjected to the reaction conditions. With this pKa-based protocol selection
system in hand, we expected that future syntheses could be effectively guided to the optimal

conditions with minimal resource expenditure.

Section 2-3: Total Synthesis of Penicinotam

To further demonstrate the utility of our methodology we pursued a total synthesis of
penicinotam, an insecticidal natural product derivative with a synthetically challenging and
structurally interesting fused tetracyclic core.!%!!?> Retrosynthetic analysis of penicinotam in light
of our recent work led to the simple disconnection of penicinotam to the starting materials 2-3.2
(commercially available) and 2-3.3 (previously reported), potentially furnishing the desired

product in a single step (Scheme 2-3.1).

Scheme 2-3.1 Structure and initial retrosynthetic analysis of penicinotam by base-promoted
annulation

i 2 Our annulation i o
g = 0L,
N N So o U

CHj CH;
Penicinotam, 2-3.1 2-3.2 2-3.3
Commercially Reported?

available Base sensitive
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Though this was attractive in theory, it hinged on access to 2-3.3 for use as the enolizable
building block in our annulation. The extant literature regarding 2-3.3 consists of a single report
of its synthesis in 3 steps, which required flash-vacuum pyrolysis, and documented its extensive
reactivity, including a marked instability in the presence of even minute quantities of mild base.>*
This was a nonstarter for our use in our methodology, which is predicated on a base-promoted
annulation to access the central core. Instead, we envisioned assembling the tetracyclic skeleton
from the alicyclic lactam 2-3.6, which can be obtained commercially (albeit expensively) or

synthesized from proline, and does not suffer from the same sensitivity to base (Scheme 2-3.2).!!

Scheme 2-3.2 Updated retrosynthesis of penicinotam with more base-stable starting materials

o] o] 0
o Oxidation o Our annulation Q2
(0]
| N, — | N p— e * N
N ) Yo o
CHj CH; CH3
Penicinotam, 2-3.1 2-3.5 2-3.2 2-3.6
Commercially Reported"!
available Base stable

Interestingly, our key proposed intermediate 2-3.5 had previously been synthesized in 10
steps in a 2001 report by Tatsuta et al. as an analog in their biomimetic synthesis of quinolactacin
B. Annulation to form the quinolinone was achieved in the two final steps of the synthesis after a
lengthy, linear route to the intermediate 2-3.7 (Fig. 2-3.3).!” This predated the report in which Shao
et al. discovered penicinotam via dehydration of penicinoline isolated from a Penicillium species
in 2010, as well as the discovery of the N-unsubstituted natural product quinolactacide 2-3.11 by
Abe and coworkers in 2005.'%** Subsequent work by Abe et al. detailed a seven step synthesis of
quinolactacide relying on formation of the contiguous tetracyclic core in two steps from 2-3.8,

followed by oxidation with MnO: in 21% yield to aromatize the lactam moiety and arrive at their
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target.!! Despite a relatively low yield for the final oxidation, we anticipated the transformation of
2-3.10 to quinolactacide 2-3.11 might provide a basis for optimization in the development of the

endgame of our synthesis (i.e., oxidation of 2-3.5 to penicinotam 2-3.1).

Scheme 2-3.3 Precedents in the synthesis of penicinotam-related structural motifs

Tatsuta, 20017

HaCw O o
HCoui o 0 ON—OCHS SNH OH o
~ (a) N (b) TN
N —_— N —_—
N
0] CHj
2-3.7 2-3.5
7 steps, 25% 9 steps, 21% overall
Abe, 2006"!
0O O 0O 0O o)
NOz O p © Y27 9o @ (e)
NG — > — | N —> | N
’ \ N RS
0
2-3.8 2-3.9 2-3.10 Quinolactacide, 2-3.11
4 steps, 42% 7 steps, 5% overall

Reagents and conditions: (a) NaOCH3, MeOH, rt, 12 h (b) AcOH, rt, 30 min, 84% over 2 steps (c)
Acetone cyanohydrin, EtsN, CH3CN, quant. (d) Hz, Pd-C, MeOH, 52% (¢) MnO>, 3:1 CHCl;/DMF,
reflux, 21%.

Our route using 2-3.6 as the enolizable starting material would comprise a three step
synthesis of penicinotam, which was attractive when compared to prior total syntheses of
penicinotam from commercial materials, both in terms of starting material and step count economy,
with the potential to reduce the synthetic steps by at least half (Fig. 2-3.4).2%?* Only two routes to
penicinotam itself have been previously reported, both are relatively recent having been published
while our initial methodology development on quinolinones was underway. The Shao et al.
synthesis (8 total steps, 7% yield overall) mimicked conditions from their original serendipitous

discovery of penicinotam nearly a decade earlier, relying on conversion of penicinoline ethyl ester



46

2-3.15, which must be synthesized in 7 steps.?> Meanwhile the Doi et al. report (7 steps, 26% yield
overall) used an organo-catalyzed cyclization developed by their group as the keystone for their
synthesis, converting the alkyne-linked compound 2-3.12 obtained in 5 steps to penicinoline
methyl ester 2-3.13.22 We expected that our approach would offer a substantial improvement in

strategy for the synthesis of this target.

Scheme 2-3.4 Discovery and precedents in the synthesis of penicinotam

Doi, 20172
H
Os_OCH3; o o
\
NBoc I (a-b) OCH,  (cd)
Z Boe — |
N =
H /
0 HN 7 steps
0,
2.312 2.313 26% overall
5 steps, 44%
Shao, 20103
O O O 0O
OH e
| e B
” = Discovery of penicinotam N N\ |
HN—7 CH,
Penicinoline, 2-3.16 Penicinotam, 2-3.1
Isolated from Penicillium sp
Shao, 20182 8 steps
0,
c o o o 7% overall
AN ) (9)
) OEt | OFEt
N = N =
BocN / H HN /
2-3.14 2-3.15

6 steps, 19%

Reagents and conditions: (a) 30 mol% 9-azajulolidine, DMF, 80°C, 36 h (b) TFA, CH2Cly, rt, 9 h,
54% over 2 steps (¢) DBU, THF, reflux, 9 h, 91% (d) CHzl, K2CO3, acetone, rt, 14 h, 95% (e)
CHasl or (CH3)2S04, K2CO3, acetone, rt, 12 h, yield not given (f) AcOH, EtOH, H>O, 80°C, 18 h,
54% (g) CHsl, K»CO3, CH3CN, 60°C, 12 h, 68%.
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Our forward synthesis comprised 3 steps from commercially available materials (Scheme
2-3.5). The requisite lactam 2-3.6 was synthesized by known procedures from purchased N-acetyl
proline methyl ester 2-3.17 in 83% yield.!! Analysis of the starting material’s calculated pK, value
at various temperatures suggested the annulation would be most efficient using the DBU-mediated
conditions in protocol B (Table 2-3.1). Indeed, the corresponding annulation product 2-3.5 was
obtained in 60% yield using protocol B, which represents a substantial advancement over previous
strategies (e.g., the 10-step route utilized by Tatsuta et al.). Encouragingly, our control experiment
using protocol A failed to give any of the desired tetracycle, further supporting the pKa-guided

protocol selection system that we developed.

Scheme 2-3.5 Synthesis of penicinotam by base-mediated annulation of an enolate with N-methyl
isatoic anhydride

mo @ o) @
)\ OCH, 5 \ |
O CHs CH3

CH3

2-3.17 3.6 2-3.5 Penicinotam, 2-3.1
$50/g 3 steps, 36% overall

Reagents and conditions: (a) tBuOK, THF, reflux, 18 h, 83% (b) N-methyl isatoic anhydride, DBU,
3A molecular sieves, CH3CN, 50°C, 2 h, 60% (c) Chloranil, PhCH3, 125°C, 72% .

Table 2-3.1 Calculated pKa-guided reaction selection for annulation of alicyclic lactam 2-3.6

Starting PKa Product PKa
Material 85°C 50°C 80°C 85°C 50°C 80°C
o b 9
N | N
6.3 6.7 6.4 N 1.3 127 114
¢ Sy H
2-3.6 535

Orange highlight: incompatible, green highlight: compatible.
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Oxidation of 2-3.5 to the final target proved to be more challenging. In our hands the main product
of oxidation of 2-3.5 by MnO; in the manner described Abe et al. resulted in cleavage of the C3a-
C3b bond to form 2-3.18 with minimal desired product (Table 2-3.2). More effective conditions
were sought through screening alternative oxidants under various conditions, and ultimately, the

use of chloranil at elevated temperature in toluene furnished penicinotam in 72% yield.

Table 2-3.2 Screening of oxidation conditions for the conversion of 2-3.5 to penicinotam

QO o 0 o O o
conditions

N v~ e (S

o} CHs CHs

Hj
2-3.5 Penicinotam, 2-3.1 2-3.18

Entry Solvent Oxidant Temperature Time Yield
1 CHxCl, MnO> 45°C 12 h <5%
2 CH2Ch DDQ 45°C 12 h 0%
3 PhCH; DDQ 80°C 12 h 0%
4 PhCH; DDQ 90°C 12 h 6%
5 PhCH; DDQ 110°C 14 h 7%
6 PhCH; Chloranil 110°C 10 h 22%
7 PhCH3 Chloranil 110°C 14 h 19%
8 PhCH3 Chloranil 125°C*? 2h <10%
9 PhCH3 Chloranil 125°C 16 h 72%

*Heated by microwave irradiation. Blue highlight: bond prone to oxidative cleavage and resulting
product.

To our knowledge, this synthesis represents the shortest and highest yielding to date,
providing the desired compound in three steps from commercially available starting materials and
36% overall yield. The route highlights the broader synthetic utility of our methods for the
generation of a diverse library of ring-fused quinolinones, including our ability to reliably select

an optimal set of reaction conditions for a given substrate based on a comparison of predicted pKa
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for the conjugate acid of the base employed, the starting material of interest, and the resulting

product.

Section 2-4: Conclusion

To generate a diverse library of privileged heterocyclic small molecules, we developed a
methodology to access ring-fused quinolinone structures via base-promoted annulation cascade of
enolizable starting materials and isatoic anhydrides. The method consists of three complementary
reaction conditions that are optimized for starting materials with defined pK, range to balance the
strength of the mediating base with starting material enolizability and product stability.
Appropriate protocol selection for a given starting material is possible a priori via simple
calculation using the freely available software MarvinSketch v18.25 and enabled the generation
of over 80 examples of quinolinones with lactam, lactone, and carbocyclic ring fusions. The
method was further applied to the total synthesis of penicinotam, an insecticidal natural product
derivative, to provide the shortest and highest yielding route to the compound to date. Penicinotam

was synthesized in three steps and 36% overall yield.

Section 2-5: Perspective and Future Directions

The synthetic methodology platform described here accommodates a wide range of starting
materials in terms of both isatoic anhydrides and enolizable building blocks, however, it is not
without some limitations. Future work to address these limitations via modifications of our new
method would further broaden the accessibility of this important heterocyclic scaffold family. One
such modification would be a base-free iteration of the reaction developed here. This might be
realized through protected silyl enol ether equivalents of the enolizable starting materials, of the
type 2-5.1, which could be revealed to their reactive form in the presence of a fluoride ion source

(Figure 2-5.1). The absence of an appreciable Bronsted-Lowry base during the annulation process
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may enable use of N-unsubstituted isatoic anhydrides (2-5.2, R? = H), which are acidic enough to
be deprotonated by even the weakest base used in this work (Et3N, triethylamine) and are therefore
largely incompatible in our new method. Inefficient access to the resulting N-unsubstituted 4-
quinolinones (2-5.3, R? = H) is thus a limitation that may be overcome under a base-free adaptation

of this work.

0 Q - Q9 o
AN A
/Iﬁfx R _ /J§ - RIT P [ x
(R%)3Si0 N™ "0 N c3
R? R2
2-5.1 2-5.2 2-5.3

Figure 2-5.1 Potential reaction manifold for access to 4-quinolinones under base-free conditions

Furthermore, we observed that using anhydrides with strong electron-withdrawing groups (2-5.2,
R!'=NO,, I, CF3) did not provide appreciable ring-fused quinolinone product 2-5.3 under any of
the optimized procedures despite evidence of starting material consumption and reaction turnover
by TLC. We hypothesized that the desired products might be acutely sensitive to base due to
pronounced acidity at C3 resulting from electron withdrawal by such substituents. Unfortunately,
the computational tools used in this work were unable to delineate the effects of such remote
substitution patterns on acidity for the protons of interest, and additional work is required to test
this hypothesis. Nevertheless, base-free reaction conditions may enable subsequent access to the
resulting quinolinones. Expansion of the compatible set of substrates for this transformation in the
future will be important to overcome synthetic limitations in the context of a medicinal chemistry

campaign or to further expand the compound library for opportunistic screening.

Despite generating over 80 examples using a variety of isatoic anhydrides and enolizable

building blocks, several related classes of compounds that might serve as effective substrates for
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such an annulation were not explored in this work. Expansion of the substrate set to include amino
acid-derived N-carboxy anhydrides (NCAs) 2-5.4, benzo[c][1,2,5]oxathiazin-3(4H)-one 1,1-
dioxides 2-5.5, or heterocyclic analogs of isatoic anhydride such as 2-5.6 could provide access to

entirely novel scaffolds 2-5.7, 2-5.8, and 2-5.9 (Figure 2-5.2).

R1 \\// \O\\S//O I(/)
RZNK Z N
R2
2-54 2-5.7 2-5.5 2-5.8
0 Q9 o
R! R 1
0
o .
R2 R?
2-5.6 2-5.9
R'=N, 0O, S R'=N, O, S

Figure 2-5.2 Substrate scope expansion would enable access to novel heterocyclic scaffolds
related to the privileged ring-fused 4-quinolinone template

Additionally, preliminary experiments during the course of this study revealed that the use
of Meldrum’s acid as the enolizable component may enable rapid access to highly functionalized
and substituted quinoline-2,4-diones 2-5.10, a valuable class of building blocks for which few

reported syntheses are available (Fig. 2-5.3).%°

(0] e (@]
O O (0]
H C CH
/J% 002 SN Do\ CHa [ -CO, A~ N0
R2 8 CHs | _ Acetone R2
2-5.2 2-5.10

Figure 2-5.3 Potential access to highly substituted quinoline-2,4-diones using Meldrum’s acid
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Taken together, continued work in this area of synthetic methodology development may enable
access to new members of the ring-fused, 4-quinolinone family, underexplored building blocks for

synthesis, and unprecedented heterocyclic small molecule scaffolds.
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Section 2-6: Experimental

The experimental data for this work is published and has been reproduced here with minimal

modification."

General Information. Commercial reagents and solvents were used as received. All thin layer
chromatography was performed using precoated silica gel 60 F2s4 plates (EMD Millipore). Flash
chromatography separations were carried out using a Teledyne Isco CombiFlash Rf 200
purification system (MPLC) with silica gel columns. Purity of all final compounds was confirmed
by HPLC/MS analysis and determined to be > 95% AUC at 254nm. Melting points were measured
on OptiMelt MPA100 Automated Melting Point System. 'H, '°F, and °C nuclear magnetic
resonance (NMR) spectra were recorded on a Varian Unity-Inova 400 MHz NMR Spectrometer
(operating at 400, 376, and 101 MHz, respectively) or a Varian Unity-Inova 500 MHz NMR
Spectrometer (operating at 500, 470, and 126 MHz, respectively) or Bruker Ascend 400 MHz
Spectrometer (operating at 400, 376, and 101 MHz, respectively) in CDCl3 or DMSO-ds. The
chemical shifts (d) reported are given in parts per million (ppm). The Signal splitting patterns were
described as s = singlet, d = doublet, t = triplet, ¢ = quartet, p = pentuplet, dd = doublet of doublet,
dt = doublet of triplet, td = triplet of doublet, tt = triplet of triplet, ddd = doublet of doublet of
doublet, br = broad and m = multiplet, with coupling constants (J) in hertz (Hz). The LC-MS
analysis was performed on an Agilent 1290 Infinity II HPLC system with 1290 Infinity II Diode
Array Detector and an Agilent 6120 Quadrupole LC-MS system. The analytical chromatography
method utilized the following parameters: Poroshell 120 EC-C18, 1.9 um column, UV detection
wavelength = 254 nm, Flow rate = 1.0 mL/min, Gradient = 5-100% LC-MS grade Methanol over
4 min; The organic mobile phase and aqueous mobile phase contained 0.1% LC-MS grade formic

acid. The mass spectrometer utilized the following parameters: an Agilent multimode source that
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simultaneously acquires ESI+/APCI+. High resolution mass spectra (HRMS) were performed by
the Analytical Instrument Center at the School of Pharmacy on a Bruker MaXis 4G mass
spectrometer. Chemical nomenclature was generated using ChemBioDraw Ultra version 14.0.
Calculated pKa values were obtained using MarvinSketch version 18.25, ChemAxon: Budapest,

Hungary, 2018.

Synthesis of the isatoic anhydrides 2-2.1a-x has been previously reported.
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General Procedure A. Synthesis of tert-Butyl 4-substituted-1,9-dioxo-1,3,4,9-tetrahydro-2H-

pyrrolo[3,4-b]quinolone-2-carboxylates (2-2.3a-u).

0 o o o
X o Et3N, 3A mol sieves EN
R' /J\ NBoc » R I NBoc
ZIN"No dry CHACN, 85°C, 8-18 h 2NN
R2 R2
2-2.1a-u 2-2.2a 2-2.3a-u

To an oven dry screw cap vial with heat-activated, inert-atmosphere-cooled 3A molecular sieves
(3 beads, 4-8 mesh) was added the corresponding isatoic anhydride 2-2.1 (0.25 mmol, 1.0 equiv.)
and N-Boc tetramic acid 2-2.2a (0.63 mmol, 2.5 equiv.). The vial was evacuated and backfilled
with N> before adding dry CH3CN (0.5 mL) followed by Et;N (0.15 mL, 1.08 mmol, 4.3 equiv.).
The reaction tube was transferred to a preheated sand bath at 85°C and stirred 8-18 h (monitored
by TLC for consumption of the anhydride). A gentle reflux was observed in the screw-capped vial
which were tall enough to permit air-cooled condensation at roughly the half-way point in the vial.
Upon completion of the reaction, or at the conclusion 18 h, the reaction was cooled to rt and then
poured into ice water (7 mL) and stirred 30 min. Unless otherwise indicated, the precipitate was

then collected by filtration to give the desired product 2-2.3.

9 o

N

|
CHs

2-2.3a

tert-Butyl 4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-carboxylate (2-
2.3a). 2-2.1a (44.3 mg, 0.25 mmol) was subjected to procedure A to give 2-2.1a (74.3 mg, 95%
yield) as an amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 8.27 (dd, J = 8.0, 1.5

Hz, 1H), 7.92 — 7.80 (m, 2H), 7.52 (ddd, J = 8.0, 6.6, 1.4 Hz, 1H), 4.88 (s, 2H), 3.75 (s, 3H), 1.52
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(s, 9H). PC{'H} NMR (101 MHz, DMSO-ds) § 171.5, 163.0, 160.7, 149.4, 140.7, 133.0, 127.8,
126.1, 124.9, 116.9, 108.1, 81.7, 46.6, 34.9, 27.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

C17H19N204" 315.1339; Found: 315.1327.

9 o

N

H

2-2.3b

tert-Butyl 1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-carboxylate (2-2.3b). 2-
2.1b (40 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3b (27 mg, 36% yield) as an
amorphous white solid. 'H NMR (400 MHz, DMSO-ds) § 12.77 (s, 1H), 8.17 (d, J= 8.1 Hz, 1H),
7.75 (t, J=17.5 Hz, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.43 (t, /= 7.6 Hz, 1H), 4.74 (s, 2H), 1.51 (s,
9H). *C{'H} NMR (101 MHz, DMSO-ds) § 172.1, 163.1, 158.8, 149.5, 139.5, 132.8, 126.8,

125.7,124.5,118.8, 107.6, 81.5, 46.0, 27.8.

Q9 o

0

2-2.3c

tert-Butyl 1,9-dioxo-4-phenyl-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-carboxylate (2-
2.3¢). 2-2.1¢ (57.0 mg, 0.24 mmol) was subjected to procedure A to give 2-2.3¢ (42.9 mg, 48%
yield) as an amorphous off-white solid. 'H NMR (400 MHz, DMSO-dc) 6 8.31 (d, J=7.1 Hz, 1H),
7.79 —7.61 (m, 6H), 7.52 (d, /= 8.9 Hz, 1H), 6.85 (d, J= 7.2 Hz, 1H), 4.28 (s, 2H), 1.43 (s, 9H).

BC{'H} NMR (101 MHz, DMSO-ds) § 171.7, 162.7, 160.5, 149.4, 141.6, 135.8, 133.1, 130.8,
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130.7, 128.3, 127.4, 126.0, 125.0, 117.6, 108.4, 81.8, 46.5, 27.7. HRMS (ESI-QTOF) m/z: [M +

H]" Calcd for C22H21N204" 377.1496; Found: 377.1482.

o o

[ NBoc
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¥V 4
2-2.3d

tert-Butyl 1,9-dioxo-4-(prop-2-yn-1-yl)-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b] quinoline-2-
carboxylate (2-2.3d). 2-2.1d (48 mg, 0.24 mmol) was subjected to procedure A to give 2-2.3d (18
mg, 22% yield) as an amorphous pale yellow solid. 'H NMR (400 MHz, DMSO-d) 6 8.28 (dd, J
=7.9, 1.5 Hz, 1H), 7.97 - 7.82 (m, 2H), 7.55 (t, J=7.5 Hz, 1H), 5.21 (d, J= 2.5 Hz, 2H), 4.90 (s,
2H), 3.60 (t, J = 2.4 Hz, 1H), 1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.5, 162.7,
160.0, 149.3, 139.3, 133.1, 127.9, 126.3, 125.2, 117.2, 108.9, 81.8, 77.4, 76.8, 46.4, 37.0, 27.8.
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2-2.3e

tert-Butyl 4-benzyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-carboxylate (2-
2.3e). 2-2.1e (61.6 mg, 0.24 mmol) was subjected to procedure A to give 2-2.3e (40.7 mg, 43%
yield) as an amorphous off-white solid. '"H NMR (400 MHz, DMSO-ds) ¢ 8.28 (dd, J = 8.0, 1.5
Hz, 1H), 7.70 — 7.66 (m, 2H), 7.46 (t, J = 7.4 Hz, 1H), 7.35 — 7.26 (m, 5H), 5.58 (s, 2H), 4.85 (s,
2H), 1.49 (s, 9H). 3C{'H} NMR (101 MHz, DMSO-ds) 6 171.6, 162.9, 160.8, 149.3, 139.9, 134.9,
133.0, 129.0, 128.2, 127.7, 126.2, 126.1, 124.9, 117.6, 108.7, 81.7, 50.3, 46.8, 27.8. HRMS (ESI-

QTOF) m/z: [M + H]" Calcd for C23H23N204" 391.1652; Found: 391.1633.



58

O

I NBoc

0
N
HyCO” i

2-2.3f

tert-Butyl 4-(4-methoxybenzyl)-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3f). 2-2.1f (44 mg, 0.16 mmol) was subjected to procedure A to give 2-2.3f (36
mg, 56 yield) as an orange solid. "H NMR (400 MHz, DMSO-ds) § 'H NMR (500 MHz, DMSO)
08.27(dd, J=17.9, 1.5 Hz, 1H), 7.73 — 7.65 (m, 2H), 7.46 (ddd, J = 8.0, 6.4, 1.6 Hz, 1H), 7.22 (d,
J=28.7 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 5.49 (s, 2H), 4.86 (s, 2H), 3.71 (s, 3H), 1.50 (s, 9H).
BC{'H} NMR (126 MHz, DMSO-de) 6 171.57, 162.94, 160.62, 158.76, 149.34, 139.90, 132.91,

128.20, 127.57, 126.56, 126.18, 124.86, 117.65, 114.35, 108.68, 81.69, 55.08, 49.87, 46.76, 27.81.

tert-Butyl 8-fluoro-9-hydroxy-4-methyl-1-oxo-1,4-dihydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3h). 2-2.1h (47.8 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3h
(37.2 mg, 46% yield) as an amorphous off-white solid. This compound is observed exclusively as
the enol tautomer by '"H NMR (400 MHz, DMSO-ds) J 14.40 (s, 1H), 7.70 (t, J = 8.3 Hz, 1H),
7.24 (d, J=8.5 Hz, 1H), 6.83 (d, J= 8.1 Hz, 1H), 4.91 (s, 2H), 3.73 (s, 3H), 1.53 (s, 9H). *C{'H}
NMR (101 MHz, DMSO-ds) 0 178.2,163.1, 162.5, 161.6, 149.7,142.1, 135.6,113.9,111.8, 107.4,
106.4, 82.4, 47.3, 36.2, 28.3. PF{!H} NMR (376 MHz, DMSO-ds) 6 -107.81, -112.37. HRMS

(ESI-QTOF) m/z: [M + H]" Calcd for C17H1sFN204" 333.1245; Found: 333.1244.
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2-2.3i

tert-Butyl 7-methoxy-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3i). 2-2.3i (42.7 mg, 0.21 mmol) was subjected to procedure A to give 2-2.3i
(39.5 mg, 56% yield) as an off-white amorphous solid. 'H NMR (400 MHz, DMSO-ds) 6 7.84 (d,
J=9.3Hz, 1H), 7.68 (d, J=3.1 Hz, 1H), 7.44 (dd, /=9.2, 3.1 Hz, 1H), 4.86 (s, 2H), 3.88 (s, 3H),
3.74 (s, 3H), 1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) § 170.9, 163.1, 159.2, 156.6, 149.5,
135.0,129.1, 121.9,118.7,107.2, 106.6, 81.7, 55.6, 46.4, 35.0, 27.8. HRMS (ESI-QTOF) m/z: [M

+ H]" Calcd for CisH21N20s" 345.1445; Found: 345.1430.
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2-2.3]
tert-Butyl 4,7-dimethyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-carboxylate
(2-2.3j). 2-2.1j (47.5 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3j (62.4 mg, 77%
yield) as an off-white amorphous solid. '"H NMR (400 MHz, DMSO-ds) 6 8.05 (d, J=2.0 Hz, 1H),
7.77 (d, J = 8.7 Hz, 1H), 7.66 (dd, J = 8.7, 2.1 Hz, 1H), 4.85 (s, 2H), 3.73 (s, 3H), 2.45 (s, 3H),
1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-de) 6 171.4, 163.1, 160.1, 149.4, 138.7, 134.4,

134.1,127.7,125.6, 116.9, 107.8, 81.7, 46.5, 34.9, 27.8, 20.4. HRMS (ESI-QTOF) m/z: [M + H]"

Calcd for C1sH21N204" 329.1496; Found: 329.1491.
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2-2.3k

tert-Butyl 7-bromo-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3k). 2-2.1k (64.2 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3k
(51.8 mg, 53% yield) as an amorphous off-white solid. "H NMR (400 MHz, DMSO-ds) 6 8.27 (d,
J=2.5Hz, 1H), 7.97 (dd, J=9.0, 2.5 Hz, 1H), 7.85 (d, /= 9.1 Hz, 1H), 4.85 (s, 2H), 3.74 (s, 3H),
1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) J 170.1, 162.70, 161.0, 149.3, 139.8, 135.5,
129.3,128.1,119.8,118.0, 108.5, 81.8, 46.7, 35.1, 27.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd

for C17H1sBrN>O4* 393.0445; Found: 393.0442.
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2-2.31

tert-Butyl 7-chloro-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b] quinoline-2-
carboxylate (2-2.31). 2-2.11 (53.0 mg, 0.25 mmol) was subjected to procedure A to give 2-2.31
(68.7 mg, 79% yield) as an off-white amorphous solid. 'H NMR (400 MHz, DMSO-d) 6 8.17 (d,
J=2.5Hz, 1H), 8.01 — 7.81 (m, 2H), 4.88 (s, 2H), 3.76 (s, 3H), 1.52 (s, 9H). *C{'H} NMR (101
MHz, DMSO-ds) 6 170.2, 162.7, 161.0, 149.3, 139.4, 132.8, 129.9, 129.0, 125.0, 119.6, 108.4,
81.8, 46.7, 35.2, 27.8. HRMS (ESI-QTOF) m/z: [M + H]" Caled for C17H13CIN204" 349.0950;

Found: 349.0950.
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2-2.3m

tert-Butyl 7-fluoro-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b] quinoline-2-
carboxylate (2-2.3m). 2-2.1m (51.2 mg, 0.26 mmol) was subjected to procedure A to give 2-2.3m
(67.7 mg, 78% yield) as an amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 7.97 (dd,
J=94,43 Hz, 1H), 7.90 (dd, J = 8.9, 3.1 Hz, 1H), 7.74 (dd, J = 8.0, 3.1 Hz, 1H), 4.86 (s, 2H),
3.76 (s, 3H), 1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.0, 163.3, 161.0, 159.7 (d, J
= 244.9 Hz), 149.8, 137.8, 130.0 (d, J = 6.5 Hz), 121.5 (d, J = 24.3 Hz), 120.5 (d, J = 8.3 Hz),
111.1 (d, J = 22.9 Hz), 108.1, 82.3, 47.1, 35.8, 28.3. YF{'H} NMR (376 MHz, DMSO-ds) ¢ -

116.57. HRMS (ESI-QTOF) m/z: [M + H]* Caled for C17HisFN2O4" 333.1245; Found: 333.1238.
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2-2.3n

tert-Butyl 4-methyl-1,11-dioxo-1,3,4,1 1-tetrahydro-2H-benzo[g]pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3n). 2-2.1n (56.4 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3n
(78.7 mg, 87% yield) as an off-white amorphous solid. '"H NMR (400 MHz, DMSO-ds) 6 8.90 (s,
1H), 8.40 (s, 1H), 8.23 (d, /= 8.4 Hz, 1H), 8.12 (d, J= 8.4 Hz, 1H), 7.70 (t, /= 7.1 Hz, 1H), 7.60
(t,J=7.9 Hz, 1H), 4.91 (s, 2H), 3.84 (s, 3H), 1.53 (s, 9H). '*C{'H} NMR (101 MHz, DMSO-ds)
0172.3,163.0, 162.1, 149.4, 137.6, 134.7, 129.3, 129.2, 128.8, 127.7, 127.1, 126.4, 114.3, 106.1,
81.7,46.8,35.1,27.9. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C21H21N204" 365.1496; Found:

365.1496.
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tert-Butyl 6-methoxy-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.30). 2-2.10 (49.3 mg, 0.24 mmol) was subjected to procedure A to give 2-2.30
(14.6 mg, 18% yield) as an off-white amorphous solid. "H NMR (400 MHz, DMSO-ds) 6 8.17 (d,
J=8.8Hz, 1H), 7.20 (d, J=2.2 Hz, 1H), 7.11 (dd, J = 8.8, 2.2 Hz, 1H), 4.85 (s, 2H), 3.96 (s, 3H),
3.72 (s, 3H), 1.53 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) J 163.0, 160.8, 149.4, 142.6, 140.5,
127.9,121.7,121.2,113.2, 108.0, 100.0, 81.6, 56.0, 46.6, 35.0, 27.8. HRMS (ESI-QTOF) m/z: [M

+ H]" Calcd for CisH21N20s" 345.1445; Found: 345.1445.

9 o

HaC N

EH,

2-2.3p
tert-Butyl  4,6-dimethyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-carboxylate
(2-2.3p). 2-2.1p (47.0 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3p (35.6 mg, 44%
yield) as an off-white amorphous solid. '"H NMR (400 MHz, DMSO-ds) 6 8.14 (d, J= 8.1 Hz, 1H),
7.69 (s, 1H), 7.34 (d, J= 8.2 Hz, 1H), 4.86 (s, 2H), 3.73 (s, 3H), 2.51 (s, 3H), 1.52 (s, 9H). *C{'H}
NMR (101 MHz, DMSO-ds) 0 171.4,163.0, 160.5, 149.4, 143.6, 140.8, 126.2, 126.0, 125.7, 116.7,
107.9, 81.7, 46.6, 34.8, 27.8, 21.5. HRMS (ESI-QTOF) m/z: [M + H]" Caled for CisH21N204"

329.1496; Found: 329.1479.



63

0 o

Br N

CHy
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tert-Butyl 6-bromo-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3q). 2-2.1q (61.9 mg, 0.24 mmol) was subjected to procedure A to give 2-2.3q
(64.2 mg, 68% yield) as an amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 8.16 —
8.13 (m, 2H), 7.68 (dd, J= 8.5, 1.6 Hz, 1H), 4.87 (s, 2H), 3.75 (s, 3H), 1.52 (s, 9H). *C{'H} NMR
(101 MHz, DMSO-ds) 6 170.9, 161.3, 149.3, 141.7, 128.1, 128.0, 127.0, 126.8, 119.8, 108.6, 81.8,

46.7, 35.2, 27.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C17HisBrN,O4" 393.0445; Found:

393.0446.
o o
MN Boc
Cl I}l
CHs
2-2.3r
tert-Butyl 6-chloro-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-

carboxylate (2-2.3r). 2-2.1r (39.2 mg, 0.19 mmol) was subjected to procedure A to give 2-2.3r
(53.0 mg, 82% yield) as an off-white amorphous solid. "H NMR (400 MHz, DMSO-dj) J 8.23 (dd,
J=28.6,2.4 Hz, 1H), 7.99 (d, J= 1.8 Hz, 1H), 7.54 (d, J = 8.3Hz, 1H), 4.86 (s, 2H), 3.74 (s, 3H),
1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) 6 170.8, 162.7, 161.3, 149.3, 141.6, 138.0,
128.0, 126.5, 125.1, 116.9, 108.6, 81.8, 46.7, 35.2, 27.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd

for C17H13CIN204" 349.0950; Found: 349.0934.



64

QO o

F N

|
CHj

2-2.3s

tert-Butyl 6-fluoro-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3s). 2-2.1s (42.1 mg, 0.22 mmol) was subjected to procedure A to give 2-2.3s
(41.9 mg, 58% yield) as an amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 8.29
(ddd, J=9.0,6.7,2.5 Hz, 1H), 7.77 (dd, J= 11.4, 2.4 Hz, 1H), 7.37 (td, J = 8.6, 7.3, 4.1 Hz, 1H),
4.86 (s, 2H), 3.72 (s, 3H), 1.51 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) 6 170.7, 164.70 (d,
J=249.3 Hz), 162.8, 161.4, 149.3, 142.5 (d,J=11.9 Hz), 129.2 (d, /= 11.0 Hz), 124.7, 113.0 (d,
J =23.1 Hz), 108.4, 103.8 (d, J = 27.2 Hz), 81.8, 46.6, 35.2, 27.8. YF{'H} NMR (376 MHz,
DMSO-ds) J -104.88. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci7HisFN2O4" 333.1245;

Found: 333.1244.

I NBoc
N
OCH4CHs
2-2.3t

tert-Butyl S-methoxy-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b] quinoline-2-
carboxylate (2-2.3t). 2-2.1t (51.0 mg, 0.25 mmol) was subjected to procedure A to give 2-2.3t
(66.4 mg, 78% yield) as an off-white amorphous solid. 'TH NMR (400 MHz, DMSO-d) J 7.86 (dd,
J=174,2.0 Hz, 1H), 7.47 — 7.40 (m, 2H), 4.84 (s, 2H), 3.95 (s, 3H), 3.94 (s, 3H), 1.52 (s, 9H).
BC{'H} NMR (101 MHz, DMSO-ds) 6 170.9, 162.8, 161.7, 150.8, 149.4, 131.5, 130.4, 125.5,
118.0, 116.3, 108.0, 81.7, 56.1, 47.0, 27.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

C1sH21N2Os" 345.1445; Found: 345.1449.
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2-2.3u

tert-Butyl S-fluoro-4-methyl-1,9-dioxo-1,3,4,9-tetrahydro-2H-pyrrolo[3,4-b]quinoline-2-
carboxylate (2-2.3u). 2-2.1u (43.8 mg, 0.22 mmol) was subjected to procedure A to give 2-2.3u
(43.1 mg, 58% yield) as an amorphous off-white solid. "H NMR (400 MHz, DMSO-ds) J 8.10 (dd,
J=28.1, 1.5 Hz, 1H), 7.71 (ddd, J=15.0, 7.9, 1.6 Hz, 1H), 7.48 (td, J = 8.0, 4.1 Hz, 1H), 4.87 (s,
2H), 3.89 (d, J = 7.5 Hz, 3H), 1.52 (s, 9H). *C{'H} NMR (101 MHz, DMSO-ds) 6 189.4, 170.2
(d, J=2.5Hz), 162.6, 161.9, 152.3 (d, J = 248.8 Hz), 149.2, 130.7, 129.9, 125.5 (d, J = 8.4 Hz),
122.2 (d, J = 3.3 Hz), 120.5 (d, J = 23.5 Hz), 108.3, 81.9, 46.9, 27.8. ’F{'H} NMR (376 MHz,
DMSO-ds) J -119.85. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci7HisFN2O4" 333.1245;

Found: 333.1247.

4-Methylfuro[3,4-b]quinoline-1,9(3H,4H)-dione (2-2.17). 2-2.1a (42.0 mg, 0.237 mmol) was
treated analogously as in procedure A but using tetronic acid 2-2.12 (77.2 mg, 0.77 mmol) to give
2-2.17 (25.6 mg, 50% yield) as an amorphous white solid. "TH NMR (400 MHz, DMSO-ds) 6 8.28
(d, /=79 Hz, 1H), 7.88 (d, J= 3.9 Hz, 2H), 7.55 (dt, J = 8.1, 4.1 Hz, 1H), 5.39 (s, 2H), 3.72 (s,
3H).*C{'H} NMR (101 MHz, DMSO-ds) 6 171.5, 167.6, 166.4, 140.9, 133.3,127.8, 126.1, 125.2,
117.0, 102.3, 65.1, 35.2. HRMS (ESI-QTOF) m/z: [M + H]" Caled for Ci2HioNO3" 216.0655;

Found: 216.0657.
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CHy

2-2.19
4-Methyl-2,3-dihydro-1H-cyclopenta[b]quinoline-1,9(4H)-dione (2-2.19). 2-2.1a (35 mg, 0.20
mmol) was treated analogously as in procedure A but using 1,3-cyclopentanedione (76 mg, 0.77
mmol) to give 2-2.19 as an amorphous white solid (10 mg, 24%). '"H NMR (400 MHz, DMSO-ds)
08.24(dd,J=7.9, 1.6 Hz, 1H), 7.88 — 7.77 (m, 2H), 7.49 (ddd, J = 8.0, 6.5, 1.5 Hz, 1H), 3.80 (s,
3H), 3.21 — 3.13 (m, 2H), 2.49 (d, J = 2.3 Hz, 2H). '3C NMR (101 MHz, DMSO) § 199.2, 173.4,

171.8, 140.9, 133.0, 128.0, 126.3, 124.7, 117.1, 116.5, 34.7, 33.9, 25.3.

General Procedure B. Synthesis of 4-substituted-2,3-Dihydro-1H-pyrrolo[3,4-b]quinolone-

1,9(4H)-diones (2-2.11a-u).

o 9 O o
X . AN
R > [ Weoc 115 CFsCOMICHLC, MNH
Ez 0°C - rt, 30 min Ez
2-2.3a-u 2-2.11a-u

To a screw cap vial was added 2-2.3 (0.10 mmol, 1.0 equiv.) and CH2Cl; (0.5 mL). The solution
was cooled to 0°C in an ice bath before adding trifluoroacetic acid (0.10 mL, 1.30 mmol, 13 equiv.).
The reaction mixture was then shaken at r.t. (550 rpm) with a mini plate shaker for 30 min. The
reaction mixture was concentrated, triturated with H>O (1 mL) and sonicated 30 sec. The resulting

precipitate was collected by filtration to give the desired product 2-2.11.
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4-Methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11a). 2-2.3a (31.9 mg,
0.10 mmol) was subjected to procedure B to give 2-2.11a (13.4 mg, 62% yield) as an amorphous
off-white solid. '"H NMR (400 MHz, DMSO-ds) 6 8.27 (d, J = 8.0 Hz, 1H), 7.93 (s, 1H), 7.87 —
7.76 (m, 2H), 7.48 (t, J=7.5 Hz, 1H), 4.49 (s, 2H), 3.72 (s, 3H). *C{'"H} NMR (101 MHz, DMSO-
ds) 0172.0,169.4,163.4,141.2,132.9,128.5, 126.5, 124.6, 117.1, 109.9, 43.7, 35.0. HRMS (ESI-

QTOF) m/z: [M + H]" Calcd for Ci2H11N202" 215.0815; Found: 215.0814.

O o)
©\)‘ﬁNH

N

H

2-2.11b

2,3-Dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11b). 2-2.3b (3.3 mg, 0.01 mmol)
was subjected to procedure B to give 2-2.11b (0.7 mg, 32% yield) as an amorphous off-white solid.
"H NMR (400 MHz, DMSO-ds) 6 12.56 (s, 1H), 8.17 (dd, J= 8.1, 1.4 Hz, 1H), 7.77 (s, 1H), 7.70
(ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.56 (d, J = 8.2 Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H), 4.35 (s, 2H).

Quantity available precluded '*C NMR and HRMS.

2-211c
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4-Phenyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11c). 2-2.3¢ (39.9 mg, 0.11
mmol) was subjected to procedure B to give 2-2.11¢ (23.2 mg, 79% yield) as an amorphous oft-
white solid. '"H NMR (400 MHz, DMSO-ds) 6 8.31 (dd, J = 8.0, 1.6 Hz, 1H), 7.87 (s, 1H), 7.76 —
7.53 (m, 6H), 7.46 (t, J = 7.5 Hz, 1H), 6.84 (d, J = 8.5 Hz, 1H), 3.91 (s, 2H). *C{'H} NMR (101
MHz, DMSO-ds) 6 172.0, 168.8, 162.7, 141.8, 136.4, 132.6, 130.8, 130.5, 128.4, 127.6, 126.1,
124.4, 117.3, 109.7, 43.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci7H13N202" 277.0972;

Found: 277.0961.

Z

F
2-2.11d

4-(Prop-2-yn-1-yl)-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11d). 2-2.3d (7.7
mg, 0.02 mmol) was subjected to procedure B to give 2-2.11d (0.9 mg, 17% yield) as an
amorphous off-white solid. '"H NMR (400 MHz, DMSO-dc) 6 8.28 (dd, J = 8.0, 1.6 Hz, 1H), 8.03
(s, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.85 (ddd, J = 8.6, 6.8, 1.7 Hz, 1H), 7.50 (ddd, J = 8.0, 6.8, 1.1
Hz, 1H), 5.13 (d, J = 2.5 Hz, 2H), 4.51 (s, 2H), 3.54 (t, J = 2.3 Hz, 1H). Quantity available

precluded '*C NMR and HRMS.

9 o

oy

2-2.11e
4-Benzyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11e). 2-2.3e (18.2 mg, 0.05

mmol) was subjected to procedure B to give 2-2.11e (12.0 mg, 88% yield) as an amorphous oft-
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white solid. "H NMR (400 MHz, DMSO-de) 6 8.29 (dd, J = 8.0, 1.4 Hz, 1H), 7.98 (s, 1H), 7.70 —
7.60 (m, 2H), 7.43 (ddd, J=7.9, 6.3, 1.5 Hz, 1H), 7.37 — 7.25 (m, 3H), 7.18 (d, J = 7.0 Hz, 2H),
5.53 (s, 2H), 4.46 (s, 2H). *C{'H} NMR (101 MHz, DMSO) § 171.7, 168.8, 163.0, 140.1, 135.2,
132.5, 129.0, 127.7, 126.3, 126.0, 124.3, 117.2, 109.9, 99.5, 50.0, 43.4. HRMS (ESI-QTOF) m/z:

[M + H]" Calcd for C1sHisN2O2" 291.1128; Found: 291.1122.

4-(4-methoxybenzyl)-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11f). 2-2.3f (34
mg, 0.08 mmol) was subjected to procedure A to give 2-2.11f (24 mg, 91% yield) as an amorphous
off-white solid. "H NMR (400 MHz, DMSO-d) 6 8.28 (d, J = 8.0 Hz, 1H), 7.99 (s, 1H), 7.68 (d,
J=3.7Hz, 2H), 7.43 (dt, J= 8.0, 4.0 Hz, 1H), 7.13 (d, /= 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H),
5.45 (s, 2H), 4.47 (s, 2H), 3.70 (s, 3H). *C{'H} NMR (101 MHz, DMSO-de) § 171.7, 168.8, 162.9,

158.7,140.0, 132.5, 128.4, 127.4, 126.9, 126.2, 124.2, 117.4, 114.4, 109.8, 55.1, 49.5, 43 4.

2-2.11h

8-Fluoro-9-hydroxy-4-methyl-2,4-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11h).
2-2.3h (26.7 mg, 0.08 mmol) was subjected to procedure B to give 2-2.11h (17.0 mg, 92% yield)
as an amorphous off-white solid. This compound is observed exclusively as the enol tautomer by

'H NMR (400 MHz, DMSO-ds) J 14.78 (s, 1H), 8.09 (s, 1H), 7.65 (t, J = 8.3 Hz, 1H), 7.18 (d, J
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=8.5 Hz, 1H), 6.76 (d, J = 8.1 Hz, 1H), 4.52 (s, 2H), 3.68 (s, 3H). Solubility precluded '3C NMR.
19F {'H} NMR (376 MHz, DMSO-ds) 5 -73.48, -112.64. HRMS (ESI-QTOF) m/z: [M + H]" Calcd

for C12H10FN202" 233.0721; Found: 233.0720.
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2-2.1i

7-Methoxy-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.11i). 2-2.3i
(33.8 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11i (22.9 mg, 96% yield) as an
amorphous off-white solid. '"H NMR (400 MHz, DMSO-ds) 6 7.90 (s, 1H), 7.80 (d, J = 9.3 Hz,
1H), 7.69 (d, J=3.1 Hz, 1H), 7.42 (dd, J = 9.2, 3.1 Hz, 1H), 4.46 (s, 2H), 3.88 (s, 3H), 3.71 (s,
3H). *C{'H} NMR (101 MHz, DMSO-ds) 5 171.0, 169.1, 161.6, 156.1, 135.2,129.3, 121.5, 118.4,
108.5, 106.4, 55.5, 43.1, 34.7. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci3Hi3N203"

245.0921; Found: 245.0929.
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2-2.11]
4,7-Dimethyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11j). 2-2.3j (36.9 mg,
0.10 mmol) was subjected to procedure B to give 2-2.11j (16.1 mg, 71% yield) as an amorphous
off-white solid. 'TH NMR (400 MHz, DMSO-ds) 6 8.05 (d, J= 1.6 Hz, 1H), 7.89 (s, 1H), 7.72 (d,
J=8.7Hz, 1H), 7.62 (dd, J = 8.7, 2.2 Hz, 1H), 4.46 (s, 2H), 3.69 (s, 3H), 2.44 (s, 3H). 3C{'H}

NMR (101 MHz, DMSO-ds) 0 171.6, 169.2, 162.5, 138.9, 133.68, 133.67, 127.9, 125.6, 116.6,
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109.2, 43.2, 34.6, 20.5. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci3Hi3N202" 229.0972;

Found: 229.0977.
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2-2.11k

7-Bromo-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.11k). 2-2.3k
(38.8 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11k (24.1 mg, 83% yield) as an
amorphous off-white solid. '"H NMR (400 MHz, DMSO-ds) 6 8.31 (d, J = 2.3 Hz, 1H), 8.01 (s,
1H), 7.95 (dd, J = 9.0, 2.4 Hz, 1H), 7.82 (dd, J = 9.1, 1.9 Hz, 1H), 4.48 (s, 2H), 3.70 (s, 3H).
BC{'H} NMR (101 MHz, DMSO-ds) 6 170.4, 168.8, 163.5, 134.0, 135.4, 135.2, 128.2, 119.6,
117.4,109.9, 43.5, 35.0. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C12H10BrN2O>" 292.9920;

Found: 292.9916.
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2-2.111

7-Chloro-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.111). 2-2.31 (34.2
mg, 0.10 mmol) was subjected to procedure B above to give 2-2.111 (20.7 mg, 85% yield) as an
amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) ¢ 8.15 (d, J = 2.5 Hz, 1H), 8.00 (s,
1H), 7.88 (d, J=9.1 Hz, 1H), 7.83 (dd, J = 9.1, 2.5 Hz, 1H), 4.48 (s, 2H), 3.71 (s, 3H). *C{'H}
NMR (101 MHz, DMSO-ds) 0 170.3, 168.6, 163.3, 139.5, 132.3,129.2,129.1, 125.0, 119.3, 109.8,

433, 34.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci2H;0CIN2O," 249.0425; Found:

249.0429.
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7-Fluoro-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11m). 2-2.3m
(32.8 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11m (19.5 mg, 85% yield) as an
amorphous off-white solid. "H NMR (400 MHz, DMSO-ds) J 7.98 (s, 1H), 7.96 — 7.85 (m, 2H),
7.71 (ddd, J=9.5,7.8, 3.2 Hz, 1H), 4.48 (s, 2H), 3.72 (s, 3H). *C{'H} NMR (101 MHz, DMSO-
ds) 0 170.6, 168.7, 162.9, 158.9 (d, J=243.7 Hz), 137.5, 129.6 (d, /= 6.2 Hz), 120.5 (d, J = 24.6
Hz), 119.6 (d, J = 8.1 Hz), 110.5 (d, J = 22.8 Hz), 109.0, 43.3, 34.9. "F{'H} NMR (376 MHz,
DMSO-ds) J -117.65. HRMS (ESI-QTOF) m/z: [M + H]" Caled for Ci1oHi0FN20>" 233.0721;

Found: 233.0722.

4-Methyl-2,3-dihydro-1H-benzo[g[pyrrolo[3,4-b]quinoline-1,11(4H)-dione (2-2.11n). 2-2.3n
(35.8 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11n (21.4 mg, 82% yield) as an
amorphous off-white solid. "H NMR (400 MHz, DMSO-de) J 8.90 (s, 1H), 8.34 (s, 1H), 8.21 (d, J
=8.3 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.90 (s, 1H), 7.68 (t, /= 7.5 Hz, 1H), 7.57 (t, J=7.5 Hz,
1H), 4.53 (s, 2H), 3.80 (s, 3H). Solubility precluded '*C NMR. HRMS (ESI-QTOF) m/z: [M + H]*

Calcd for C16H13N202" 265.0972; Found: 265.0968.
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2-2.11p
4,6-Dimethyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11p). 2-2.3p (29.3 mg,
0.09 mmol) was subjected to procedure B to give 2-2.11p (17.3 mg, 85% yield) as an amorphous
off-white solid. "H NMR (400 MHz, DMSO-ds) J 8.14 (d, J = 8.1 Hz, 1H), 7.89 (s, 1H), 7.63 (s,
1H), 7.29 (dd, J = 8.3, 1.4 Hz, 1H), 4.46 (s, 2H), 3.69 (s, 3H). *C{'H} NMR (101 MHz, DMSO-
ds) 0 171.5,169.1, 162.8, 142.9, 140.9, 126.0, 125.9, 125.5, 116.3, 109.3, 43.2, 34.5, 21.5. HRMS

(ESI-QTOF) m/z: [M + H]" Caled for C13H13N202" 229.0972; Found: 229.0967.
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2-2.11q
6-Bromo-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.11q). 2-2.3q
(21.1 mg, 0.05 mmol) was subjected to procedure B to give 2-2.11q (12.9 mg, 82% yield) as an
amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 8.15 (d, J= 8.5 Hz, 1H), 8.07 (d, J
= 1.7 Hz, 1H), 7.99 (s, 1H), 7.63 (dd, J = 8.5, 1.7 Hz, 1H), 4.47 (s, 2H), 3.70 (s, 3H). *C{'H}
NMR (101 MHz, DMSO-ds) 0 171.0, 168.6, 163.5, 141.8, 128.1,127.2,127.0,126.4,119.4, 110.0,
43.4, 34.8. HRMS (ESI-QTOF) m/z: [M + H]" Caled for Ci2Hi10BrN2O2" 292.9920; Found:

292.9914.
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6-Chloro-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.11r). 2-2.3r
(35.3 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11r (20.6 mg, 82% yield) as an
amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) ¢ 8.23 (d, J = 8.6 Hz, 1H), 7.99 (s,
1H), 7.94 (d, J = 1.9 Hz, 1H), 7.49 (dd, J = 8.6, 1.9 Hz, 1H), 4.47 (s, 2H), 3.70 (s, 3H). *C{'H}
NMR (101 MHz, DMSO-ds) 0 170.9, 168.6, 163.6, 141.7,137.4,128.1,126.7,124.4,116.5, 110.0,
43.4, 34.8. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci2H;oCIN20>" 249.0425; Found:

249.0414.
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6-Fluoro-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11s). 2-2.3s (36.4
mg, 0.11 mmol) was subjected to procedure B to give 2-2.11s (17.0 mg, 67% yield) as an
amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 8.31 (ddd, J = 8.8, 6.6, 2.0 Hz, 1H),
7.98 (s, 1H), 7.72 (dt, J=11.4, 2.2 Hz, 1H), 7.33 (tt, J = 8.6, 2.0 Hz, 1H), 4.48 (s, 2H), 3.69 (d, J
=2.0 Hz, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.0, 168.8, 164.5 (d, J=248.3 Hz), 163.8,
142.7,129.2 (d, J=10.6 Hz), 124.9, 112.4 (d, J = 23.2 Hz), 109.9, 103.4 (d, J = 26.9 Hz), 43.3,
35.0. PF{'H} NMR (376 MHz, DMSO-ds) 6 -105.91. HRMS (ESI-QTOF) m/z: [M + H]" Calcd
for C12H10FN20," 233.0721; Found: 233.0717.

Q9 o

[ NH
N
OCHACH3
2-2.11t

5-Methoxy-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.11t). 2-2.3t

(34.1 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11t (20.6 mg, 85% yield) as an
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amorphous off-white solid. '"H NMR (400 MHz, DMSO-dc) J 7.95 (s, 1H), 7.88 (dd, J= 7.5, 1.9
Hz, 1H), 7.49 — 7.26 (m, 2H), 4.45 (s, 2H), 3.94 (s, 3H), 3.93 (s, 3H). Solubility precluded '*C

NMR. HRMS (ESI-QTOF) m/z: [M + H]" Caled for C13Hi3N203" 245.0921; Found: 245.0914.

Q o

[ NH
\

F CHs
2-2.11u

5-Fluoro-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.11u). 2-2.3u
(33.5 mg, 0.10 mmol) was subjected to procedure B to give 2-2.11u (20.9 mg, 89% yield) as an
amorphous off-white solid. 'H NMR (400 MHz, DMSO-ds) 6 8.10 (dd, J = 8.0, 1.5 Hz, 1H), 8.03
(s, 1H), 7.67 (ddd, J=15.1, 7.9, 1.6 Hz, 1H), 7.43 (td, J = 8.0, 4.2 Hz, 1H), 4.48 (s, 2H), 3.86 (d,
J = 1.5 Hz, 3H). Solubility precluded *C NMR. ’F{'H} NMR (376 MHz, DMSO-dj) 6 -120.62.

HRMS (ESI-QTOF) m/z: [M + H]" Caled for C12H10FN202" 233.0721; Found: 233.0714.

General Procedure C. Synthesis of 2-benzyl 4-substituted-2,3-dihydro-1H-pyrrolo[3,4-

b]quinolone-1,9(4H)-diones (2-2.16a-u).

0 o o o
N o DBU, 3A mol sieves A
R P /J% NBn » R4 P [ NBn
N O O dry CH3CN, 50°C, 2 h N
R? R?
2-2.1a-u 2-2.2¢ 2-2.16a-u

To a 4 mL screw cap vial was added the corresponding isatoic anhydride 2-2.1 (2.0 equiv.) and N-
benzyl tetramic acid 2-2.2¢ before the addition of anhydrous acetonitrile (0.5 M) under Argon(g).
The vial was then charged with 3A molecular sieves followed by addition of DBU (2.0 equiv.).

The vial was then stirred at 50°C for 2 h. Reaction progress was monitored through thin layer
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chromatography. The reaction mixture was then cooled to room temperature and was added with
1:1 saturated aqueous NH4Cl solution and water. The contents were transferred to a separating
funnel and extracted with CH>Cl, (3 x 5 mL). The combined organic layers were washed with
saturated brine (5 mL), dried over anhydrous Na;SO4 and concentrated to give the crude material,
which was purified by column chromatography (MPLC, Solvents: MeOH/CH>Cl, or

EtOAc/CH2Cly; 4 g silica column; Flow rate:12 mL/min) to obtain the desired product 2-2.16.

¢ p O
LI
N
CHs
2-2.16a
2-Benzyl-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.16a). Following
procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1a (65 mg, 0.37 mmol) to obtain 2-
2.16a after column chromatography (3.6% MeOH/CH>Cl,) as an amorphous off-white solid (43
mg, 77% yield). "H NMR (400 MHz, DMSO-ds) 6 8.35 — 8.32 (m, 1H), 7.88 — 7.82 (m, 2H), 7.55
—7.51 (m, 1H), 7.44 — 7.40 (m, 2H), 7.37 — 7.32 (m, 3H), 4.68 (s, 2H), 4.56 (s, 2H), 3.73 (s, 3H).
BC{'H} NMR (101 MHz, DMSO-ds) § 171.7, 166.7, 161.4, 141.1, 138.2, 133.0, 129.1 (2C),

128.5, 128.1 (2C), 127.7, 126.5, 124.7, 117.1, 109.5, 47.9, 44.9, 35.3. HRMS (ESI-QTOF) m/z:

[M + H]" Calcd for C19H17N20," 305.1285; Found 305.1289.

N¥e
.

2-2.16¢
2-Benzyl-4-phenyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.16¢). Following

procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1¢ (88 mg, 0.37 mmol) to obtain 2-
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2.16c¢ after column chromatography (2.5-4% MeOH/CH:Cl») as an amorphous yellow solid (33
mg, 49%). 'H NMR (400 MHz, DMSO-dc) 6 8.33 (dd, J = 8.0, 1.5 Hz, 1H), 7.72 — 7.62 (m, 6H),
7.47 (t,J=17.5 Hz, 1H), 7.33 — 7.22 (m, 5H), 6.82 (d, J = 8.5 Hz, 1H), 4.54 (s, 2H), 3.94 (s, 2H).
BC{'H} NMR (101 MHz, DMSO-de) 6 172.0, 166.5, 161.1, 142.1, 138.1, 136.8, 133.0, 131.2
(20), 130.9, 129.0 (2C), 128.8 (2C), 128.1 (2C), 127.7 (2C), 126.4, 124.9, 117.8, 109.8, 47.9, 44.8.

HRMS (ESI-QTOF) m/z: [M + H]" Caled for C24H19N202" 367.1441; Found 367.1437.

o o p
Oy
N
o
2-2.16e
2,4-Dibenzyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16e).  Following
procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1e (94 mg, 0.37 mmol) to obtain 2-
2.16e after column chromatography (1-3% MeOH/CH2Cl.) as an amorphous pale-yellow solid (53
mg, 76%). 'H NMR (400 MHz, DMSO-de) 6 8.32 (dd, J = 8.1, 1.5 Hz, 1H), 7.71 — 7.62 (m, 2H),
7.45 (t,J=17.4 Hz, 1H), 7.37 —7.25 (m, 8H), 7.18 — 7.14 (m, 2H), 5.52 (s, 2H), 4.62 (s, 2H), 4.50
(s, 2H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.8, 166.6, 161.5, 140.4, 138.1, 135.5, 133.1,
129.4 (2C), 129.1 (2C), 128.9, 128.8, 128.1 (2C), 127.7, 126.7, 126.3 (2C), 124.9, 117.7, 109.9,
50.7, 48.1, 44.9. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C2sH21N20>" 381.1598; Found

381.1597.
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2-Benzyl-4,8-dimethyl-2, 3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.16g).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1g (71 mg, 0.37 mmol)
to obtain 2-2.16g after column chromatography (5-6% MeOH/CH:Clz) as an amorphous light
brown solid (49 mg, 83% yield). '"H NMR (400 MHz, DMSO-ds) 6 7.62 — 7.61 (m, 2H), 7.38 —
7.35 (m, 2H), 7.30 — 7.27 (m, 3H), 7.20 — 7.18 (m, 1H), 4.62 (s, 2H), 4.46 (s, 2H), 3.62 (s, 3H),
2.86 (s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) § 174.6, 166.9, 160.3, 142.8, 141.3, 138.3,
131.9, 129.1 (20), 128.0 (2C), 127.9, 127.7, 126.7, 115.2, 110.4, 47.6, 44.9, 35.9, 24.2. HRMS

(ESI-QTOF) m/z: [M + H]" Calcd for C20H19N202" 319.1441; Found 319.1440.

|
CHs
2-2.16h

2-Benzyl-8-fluoro-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16h).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1h (72 mg, 0.37 mmol)
to obtain 2-2.16h after column chromatography (2.5-3.2% MeOH/CH:Clz) as an amorphous
yellow solid (35 mg, 59% yield). "H NMR (400 MHz, DMSO-ds) 6 7.78 — 7.73 (m, 1H), 7.60 (d,
J=18.7Hz, 1H), 7.39 — 7.35 (m, 2H), 7.31 — 7.26 (m, 3H), 7.22 — 7.16 (m, 1H), 4.62 (s, 2H), 4.48
(s, 2H), 3.64 (s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) ¢ 170.7, 166.4, 162.1 (d, J = 260.5
Hz), 161.1, 143.2 (d, J = 3.7 Hz), 138.1, 134.0 (d, /= 11.3 Hz), 129.1 (2C), 128.1 (2C), 127.7,
118.0 (d,J=7.4 Hz), 113.2 (d,J=4.0 Hz), 111.7 (d, J=21.0 Hz), 110.6, 47.8, 44.9, 36.2. ’F{'H}
NMR (376 MHz, DMSO-ds) 6 -112.56. HRMS (ESI-QTOF) m/z: [M + H]" Caled for

Ci19H16FN20>" 323.1190; Found 323.1188.
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2-2.16i

2-Benzyl-7-methoxy-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.16i).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1i (76 mg, 0.37 mmol) to
obtain 2-2.16i after column chromatography (3.8-4% MeOH/CH:Cl>) as an amorphous off-white
solid (47 mg, 76% yield). '"H NMR (400 MHz, DMSO-ds) 6 7.80 (d, J=9.3 Hz, 1H), 7.71 (d, J =
3.1 Hz, 1H), 7.44 —7.34 (m, 3H), 7.31 —7.27 (m, 3H), 4.63 (s, 2H), 4.49 (s, 2H), 3.89 (s, 3H), 3.69
(s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.1, 166.8, 160.0, 156.7, 138.2, 135.5, 129.8,
129.1 (2C), 128.1 (2C), 127.7, 122.0, 118.9, 108.6, 106.9, 56.0, 47.8, 44.9, 35.5. HRMS (ESI-

QTOF) m/z: [M + H]" Calcd for C20H19N203"335.1390; Found 335.1389.

2 o
HaC
| N
N
CHs
2-2.16j
2-Benzyl-4,7-dimethyl-2, 3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.16j).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1j (71 mg, 0.37 mmol) to
obtain 2-2.16j after column chromatography (5-6% MeOH/CH>Cl>) as an amorphous off-white
solid (44 mg, 74% yield). '"H NMR (400 MHz, DMSO-ds) 6 8.08 (d, J = 2.3 Hz, 1H), 7.72 (d, J =
8.6 Hz, 1H), 7.62 (dd, J= 8.7, 2.2 Hz, 1H), 7.39 — 7.36 (m, 2H), 7.31 — 7.27 (m, 3H), 4.62 (s, 2H),
4.49 (s, 2H), 3.66 (s, 3H), 2.46 (s, 3H). *C{'H} NMR (101 MHz, DMSO-dc) 6 171.5, 166.8, 160.8,

139.1, 138.2, 134.2, 134.1, 129.1 (2C), 128.4, 128.1 (2C), 127.7, 126.0, 117.0, 109.2, 47.9, 44.9,

35.3,20.9. HRMS (ESI-QTOF) m/z: [M + H]" Caled for C20H1oN202" 319.1441; Found 319.1438.
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2-2.16k
2-Benzyl-7-bromo-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.16k).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1k (95 mg, 0.37 mmol)
to obtain 2-2.16k after column chromatography (1-2% MeOH/CH>Cl;) as an amorphous yellow
solid (48 mg, 68% yield). '"H NMR (400 MHz, DMSO-ds) 6 8.32 (d, J= 2.5 Hz, 1H), 7.96 (dd, J
=9.0,2.5 Hz, 1H), 7.82 (d, J=9.1 Hz, 1H), 7.42 — 7.27 (m, 5H), 4.63 (s, 2H), 4.51 (s, 2H), 3.68
(s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 170.3, 166.3, 161.8, 140.2, 138.0, 135.5, 130.0,

129.1 (20), 128.6, 128.1 (2C), 127.7, 119.9, 117.8, 109.9, 48.1, 44.9, 35.6. HRMS (ESI-QTOF)

m/z: [M + H]" Calcd for C19H16BrN2O," 383.0390; Found 383.0386.

2 o
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2-2.16l
2-Benzyl-7-chloro-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16l).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.11 (79 mg, 0.37 mmol) to
obtain 2-2.16l after column chromatography (4-5% MeOH/CH>Cl>) as an amorphous pale-yellow
solid (53 mg, 76% yield). "H NMR (400 MHz, DMSO-ds) 6 8.19 (d, J = 2.4 Hz, 1H), 7.91 — 7.82
(m, 2H), 7.39 — 7.28 (m, 5H), 4.63 (s, 2H), 4.52 (s, 2H), 3.69 (s, 3H). *C{'H} NMR (101 MHz,
DMSO-de) 0 170.4, 166.4, 161.8, 139.8, 138.1, 132.8, 129.8, 129.1 (2C), 128.9, 128.1 (2C), 127.7,

125.4,119.8,109.8, 48.1, 44.9, 35.6. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C19HisCIN2O,"

339.0895; Found 339.0892.
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2-Benzyl-7-fluoro-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16m).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1m (72 mg, 0.37 mmol)
to obtain 2-2.16m after column chromatography (2.8-3% MeOH/CH:Cl>) as an amorphous light
brown solid (50 mg, 83% yield). 'H NMR (400 MHz, DMSO-de) § 7.94 — 7.91 (m, 2H), 7.74 —
7.69 (m, 1H), 7.39 — 7.35 (m, 2H), 7.31 — 7.27 (m, 3H), 4.63 (s, 2H), 4.51 (s, 2H), 3.70 (s, 3H).
BC{'H} NMR (101 MHz, DMSO-ds) 6 170.7 (d, J = 2.4 Hz), 166.5, 161.4, 159.5 (d, J = 244.0
Hz), 138.1, 137.8, 130.2 (d, J = 6.6 Hz), 129.1 (2C), 128.1 (2C), 127.7, 121.1 (d, J = 24.3 Hz),
120.2 (d, J = 8.1 Hz), 111.0 (d, J = 22.6 Hz), 109.0, 48.0, 44.9, 35.8. ’F{'H} NMR (376 MHz,

DMSO-ds) 6 -117.39. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci9H1sFN202" 323.1190;

Found 323.1187.
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2-2.16n

2-Benzyl-4-methyl-2,3-dihydro-1H-benzo[g]pyrrolo[3,4-b]quinoline-1,11(4H)-dione (2-2.16n).
Following general procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1b (84 mg, 0.37
mmol) to obtain 2-2.16b after column chromatography (2-5% MeOH/CH:Cl») as an amorphous
yellow solid (42 mg, 65% yield). "H NMR (400 MHz, DMSO-ds)  8.91 (s, 1H), 8.31 (s, 1H), 8.22
(d,J=8.3 Hz, 1H), 8.08 (d, J= 8.3 Hz, 1H), 7.68 — 7.63 (m, 1H), 7.58 — 7.43 (m, 1H), 7.40 — 7.28
(m, 5H), 4.64 (s, 2H), 4.54 (s, 2H), 3.76 (s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 172.4,

166.8,162.9,138.3,138.2,135.0, 129.6, 129.5, 129.1 (2C), 128.9, 128.1 (2C), 128.0, 127.7, 127 .4,



82

127.2, 126.5, 114.3, 107.4, 48.2, 44.9, 35.5. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

C23H19N202" 355.1441; Found 355.1438.

i op
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CHj,
2-2.160

2-Benzyl-6-methoxy-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.160)
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.160 (76 mg, 0.37 mmol)
to obtain 2-2.160 after column chromatography (2.5-3% MeOH/CH:Cl;) as an amorphous pale-
yellow solid (43 mg, 70% yield). "H NMR (400 MHz, DMSO-d) J 8.19 (d, J= 8.9 Hz, 1H), 7.39
—7.27 (m, 5H), 7.13 — 7.06 (m, 2H), 4.62 (s, 2H), 4.48 (s, 2H), 3.94 (s, 3H), 3.65 (s, 3H). *C{'H}
NMR (101 MHz, DMSO-ds) 0 171.3, 166.8, 163.1, 161.4, 142.9, 138.2, 129.1 (2C), 128.3, 128.1
(20), 127.7,122.4, 113.2, 109.3, 100.0, 56.3, 47.9, 44.9, 35.4. HRMS (ESI-QTOF) m/z: [M + H]"

Calcd for C20H19N203" 335.1390; Found 335.1390.

i op
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2-2.16p

2-Benzyl-4,6-dimethyl-2, 3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.16p).
Following general procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1p (71 mg, 0.37
mmol) to obtain 2-2.16p after column chromatography (2.5-2.6% MeOH/CH:Clz) as an
amorphous off-white solid (43 mg, 73% yield). '"H NMR (400 MHz, DMSO-ds) 6 8.16 (d, J= 8.1
Hz, 1H), 7.63 (s, 1H), 7.39 — 7.27 (m, 6H), 4.62 (s, 2H), 4.49 (s, 2H), 3.66 (s, 3H), 2.50 (s

overlapped, 3H). '*C{'H} NMR (101 MHz, DMSO-ds) § 171.6, 166.8, 161.2, 143.5, 141.2, 138.2,
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129.1 (20), 128.1 (2C), 127.7, 126.4, 126.4, 126.1, 116.8, 109.3, 47.9, 44.9, 35.3, 22.0. HRMS

(ESI-QTOF) m/z: [M + H]" Calcd for C20H19N202" 319.1441; Found 319.1440.
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2-2.16q

2-Benzyl-6-bromo-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16q).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1q (95 mg, 0.37 mmol)
to obtain 2-2.16q after column chromatography (3-5% MeOH/CH2Cl2) as an amorphous yellow
solid (38 mg, 54% yield). '"H NMR (400 MHz, DMSO-ds) 6 8.18 (d, J = 8.5 Hz, 1H), 8.07 (d, J =
1.6 Hz, 1H), 7.65 (dd, J = 8.5, 1.6 Hz, 1H), 7.39 — 7.28 (m, 5H), 4.63 (s, 2H), 4.52 (s, 2H), 3.68
(s, 3H). PC{'H} NMR (101 MHz, DMSO-ds) 6 170.6, 165.9, 161.5, 141.6, 137.6, 128.6, 128.1,
127.6, 127.4, 127.3, 127.0, 126.4, 119.5, 109.6, 47.6, 44.4, 35.1. HRMS (ESI-QTOF) m/z: [M +

H]" Calcd for C19H16BrN2O>" 383.0390; Found 383.0386.

Foesta
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2-2.16r

2-Benzyl-6-chloro-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16r).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1r (79 mg, 0.37 mmol)
to obtain 2-2.16r after column chromatography (1-1.2% MeOH/CH2Cl;) as an amorphous pale-
yellow solid (43 mg, 69% yield). '"H NMR (400 MHz, DMSO-ds) J 8.26 (d, J = 8.6 Hz, 1H), 7.94
(d, J=1.8 Hz, 1H), 7.52 (dd, J= 8.6, 1.8 Hz, 1H), 7.37 — 7.29 (m, 5H), 4.63 (s, 2H), 4.51 (s, 2H),

3.68 (s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.0, 166.4, 162.1, 142.0, 138.1, 137.9,
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129.1 (20), 128.5, 128.1 (2C), 127.7, 127.2, 125.0, 117.1, 110.0, 48.1, 44.9, 35.6. HRMS (ESI-

QTOF) m/z: [M + H]" Calcd for C19H6CIN202" 339.0895; Found 339.0891.
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2-Benzyl-6-fluoro-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16s).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1s (72 mg, 0.37 mmol)
to obtain 2-2.16s after column chromatography (45-50% EtOAc/CH2Clz) as an amorphous light
brown solid (19 mg, 70%). 'H NMR (400 MHz, DMSO-ds) 6 8.32 (dd, J= 8.9, 6.6 Hz, 1H), 7.72
(dd, J=11.4, 2.3 Hz, 1H), 7.39 — 7.27 (m, 6H), 4.63 (s, 2H), 4.51 (s, 2H), 3.66 (s, 3H). *C{'H}
NMR (101 MHz, DMSO-ds) 6 171.0, 166.5, 164.9 (d, J = 248.2 Hz), 162.2, 1429 (d, J = 12.0
Hz), 138.1, 129.6 (d, J=11.0 Hz), 129.1, 128.9, 128.1, 127.7, 125.4 (d, /= 1.5 Hz), 113.0 (d, J =

23.1 Hz), 109.9, 103.8 (d, J=27.2 Hz), 48.0, 44.9, 35.7. '°F{'H} NMR (376 MHz, DMSO-ds) J -

105.79. HRMS (ESI-QTOF) m/z: [M + H]" Caled for C19H1sFN202" 323.1190; Found 323.1183.
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2-2.16t

2-Benzyl-5-methoxy-4-methyl-2,3-dihydro- 1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione  (2-2.16t).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1t (76 mg, 0.37 mmol) to
obtain 2-2.16t after column chromatography (3-3.1% MeOH/CH2Cl,) as an amorphous off-white
solid (51 mg, 82% yield). 'H NMR (400 MHz, DMSO-ds) 6 7.90 (dd, J= 6.9, 2.6 Hz, 1H), 7.42 —

7.27 (m, TH), 4.62 (s, 2H), 4.47 (s, 2H), 3.93 (s, 3H), 3.89 (s, 3H). 3C{'H} NMR (101 MHz,
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DMSO-ds) 0171.0, 166.5,162.5, 151.1, 138.1, 132.1, 131.1, 129.1 (2C), 128.1 (2C), 127.7, 125.3,
118.5, 116.2, 109.4, 57.3, 48.5, 44.9, 40.6. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

C20H19N203" 335.1390; found 335.1390.

o o p
sqe
N
F  CHg
2-2.16u
2-Benzyl-5-fluoro-4-methyl-2, 3-dihydro-1 H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione ~ (2-2.16u).
Following procedure C, 2-2.2¢ (35 mg, 0.18 mmol) was treated with 2-2.1u (72 mg, 0.37 mmol)
to obtain 2-2.16u after column chromatography (3.5-3.7% MeOH/CH2Cl,) as an amorphous oft-
white solid (48 mg, 81%). 'H NMR (400 MHz, DMSO-de) 6 8.12 (dd, J = 8.0, 1.5 Hz, 1H), 7.66
(ddd, J =15.0, 7.9, 1.6 Hz, 1H), 7.47 — 7.42 (m, 1H), 7.41 — 7.35 (m, 2H), 7.31 — 7.27 (m, 3H),
4.63 (s, 2H), 4.50 (s, 2H), 3.83 (d, J = 7.6 Hz, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 170.4
(d, J=2.4 Hz), 166.3, 162.7, 152.7 (d, J = 248.5 Hz), 138.0, 131.5, 130.4 (d, J = 6.5 Hz), 129.1
(20), 128.1 (2C), 127.8, 125.3 (d, J=8.3 Hz), 122.7 (d, /= 3.5 Hz), 120.3 (d, J=23.1 Hz), 109.7,

48.3, 44.9. F{'H} NMR (376 MHz, DMSO-ds) 6 -120.48. HRMS (ESI-QTOF) m/z: [M + H]*

Calcd for C19H16FN20O2" 323.1190; Found 323.1188.

OO0

|
CHj
2215

4-Methyl-2-phenyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.15). Following
procedure C, 2-2.2b (35 mg, 0.20 mmol) was treated with 2-2.1a (70 mg, 0.41 mmol) to obtain 2-
2.15 after column chromatography (3-5% MeOH/CH:Cl;) as an amorphous yellow solid (41 mg,

71%). 'H NMR (400 MHz, DMSO-de) 6 8.31 (dd, J=7.9, 1.5 Hz, 1H), 7.90 — 7.82 (m, 4H), 7.54
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—7.50 (m, 1H), 7.46 — 7.40 (m, 2H), 7.15 - 7.11 (m, 1H), 5.11 (s, 2H), 3.84 (s, 3H). 3C{'H} NMR
(101 MHz, DMSO-ds) 6 171.7, 165.6, 160.8, 141.1, 139.9, 133.2, 129.4 (2C), 128.5, 126.5, 124.9,
123.6, 118.9 (2C), 117.3, 109.9, 48.7, 35.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

Ci1gHisN202" 291.1128; Found 291.1129.

Lo

I
CHj3
2-2.18

5-Methyl-5H-indeno[1,2-b]quinoline-10,11-dione (2-2.18). Following procedure C, 2-2.13 (35
mg, 0.24 mmol) was treated with 2-2.1a (85 mg, 0.48 mmol) to obtain 2-2.18 (40 mg, 67%) as an
amorphous indigo purple solid. '"H NMR (400 MHz, DMSO-ds) § 8.27 (dd, J = 7.9, 1.6 Hz, 1H),
8.20 (d,J=7.4 Hz, 1H), 8.05 (d, /= 8.6 Hz, 1H), 7.83 (ddd, /=8.7, 7.0, 1.7 Hz, 1H), 7.74 - 7.61
(m, 3H), 7.54 (t, J = 7.5 Hz, 1H), 4.30 (s, 3H). *C{'H} NMR (101 MHz, DMSO-ds) 6 187.6,
170.7, 163.2, 141.7, 135.3, 135.2, 133.5, 132.9, 132.7, 129.9, 126.5, 126.1, 125.8, 122.6, 118.5,

110.6, 37.7. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for Ci7H12NO>™ 262.0863; Found:

262.0851.
o o
CO-O
N
CHj
2-2.20
2-Cyclohexyl-4-methyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoline-1,9(4H)-dione (2-2.20).

Following procedure C, N-cyclohexyl tetramic acid (35 mg, 0.19 mmol) was treated with 2-2.1a
(69 mg, 0.41 mmol) to obtain 2-2.20 after column chromatography (3-4% MeOH/CH:Cl) as an
amorphous pale-yellow solid (43 mg, 75%). 'H NMR (400 MHz, DMSO-ds) § 8.27 (dd, J = 8.0,

1.4 Hz, 1H), 7.86 — 7.77 (m, 2H), 7.50 — 7.46 (m, 1H), 4.57 (s, 2H), 3.98 — 3.90 (m, 1H), 3.75 (s,
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3H), 1.84 — 1.79 (m, 2H), 1.73 — 1.65 (m, 3H), 1.57 — 1.47 (m, 2H), 1.43 — 1.32 (m, 2H), 1.19 —
1.08 (m, 1H). *C{'H} NMR (101 MHz, DMSO-ds) 6 171.6, 165.9, 161.5, 141.1, 132.9, 128.5,
126.5, 124.6, 117.0, 110.2, 49.6, 44.8, 35.2, 31.1 (2C), 25.7 (2C), 25.6. HRMS (ESI-QTOF) m/z:

[M + H]" Caled for Ci1sH21N202" 297.1598; Found 297.1596.

L0

I
CHj
2-2.22

10-Methyl-3,4-dihydroacridine-1,9(2H, 10H)-dione (2-2.22). Following procedure C, 1,3-
cyclohexanedione (35 mg, 0.31 mmol) was treated with 2-2.1a (110 mg, 0.62 mmol) to obtain 2-
2.22 after column chromatography (0.8-5% MeOH/CH>Cly) as an amorphous pale-yellow solid
(40 mg, 57%). 'H NMR (400 MHz, DMSO-ds) 6 8.20 (dd, J=7.9, 1.7 Hz, 1H), 7.84 (d, J= 8.5
Hz, 1H), 7.77 =7.73 (m, 1H), 7.45 — 7.41 (m, 1H), 3.80 (s, 3H), 3.13 (t, / = 6.2 Hz, 2H), 2.39 —
2.36 (m, 2H), 2.01 (p, J= 6.3 Hz, 2H). *C{'H} NMR (101 MHz, DMSO-d) 6 193.7, 173.6, 163.1,
141.0, 133.1, 128.2, 126.5, 124.8, 117.6, 115.6, 38.5, 35.7, 29.2, 20.9. HRMS (ESI-QTOF) m/z:
[M + H]" Caled for C1sH1sNO>" 228.1019; Found 228.1021.
Q o

[ N

N
I

CHs,
235

4-Methyl-1,2,3,3a-tetrahydro-9H-pyrrolizino[1,2-b]quinoline-9,10(4H)-dione (2-3.5). Following
procedure C, 2-3.6 (123 mg, 0.88 mmol) was treated with 2-2.1a (313 mg, 1.77 mmol) to obtain
2-3.5 after column chromatography (4.8-5% MeOH/CH:Cl,) as an amorphous off-white solid (134
mg, 60%). '"H NMR (400 MHz, DMSO-ds) J 8.28 —8.25 (m, 1H), 7.87 — 7.76 (m, 2H), 7.51 — 7.47

(m, 1H), 4.89 (dd, J= 9.8, 6.5 Hz, 1H), 3.82 (s, 3H), 3.54 — 3.47 (m, 1H), 3.18 — 3.12 (m, 1H),
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2.49 —2.44 (m, 1H), 2.23 - 2.15 (m, 2H), 1.54 — 1.44 (m, 1H). *C{'H} NMR (101 MHz, DMSO-
ds) 6 172.1, 171.3, 165.3, 141.2, 133.1, 128.7, 126.5, 124.9, 117.4, 109.4, 62.0, 43.0, 36.1, 28.7,

28.6. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C15HisN2O," 255.1128; Found 255.1127.

|
CHj

2-3.1
4-Methyl-9H-pyrrolizino[1,2-b]quinoline-9, 10(4H)-dione (2-3.1). A 4 mL vial was charged with
2-3.5 (20 mg, 0.08 mmol) and commercially available 2,3,5,6-tetrachlorocyclohexa-2,5-diene-1,4-
dione (Chloranil) (78 mg, 0.31 mmol). It was then flushed with Argon(g) followed by addition of
anhydrous toluene (2 mL). The vial was sealed and heated to 125 °C for 16 h. The reaction mixture
was then cooled to room temperature and toluene was removed under reduced pressure to obtain
a crude mixture which was directly purified by column chromatography (MPLC) to obtain
penicinotam, 2-3.1 after column chromatography (0.9-1.1% MeOH/CH>Cl;) as an amorphous
bright yellow solid (14 mg, 72%). '"H NMR (400 MHz, DMSO-ds) § 8.20 (d, /= 7.9 Hz, 1H), 7.91
(d,/=8.5Hz, 1H), 7.79 (t,J=7.8 Hz, 1H), 7.51 — 7.48 (m, 2H), 7.11 (d, /= 3.3 Hz, 1H), 6.44 (d,
J=3.2 Hz, 1H), 3.99 (s, 3H). 3C{'H} NMR (101 MHz, DMSO-ds)  169.9, 159.5, 153.7, 140.4,
132.7,128.7,125.9, 125.6,125.5, 120.2, 117.8, 116.6, 116.6, 104.2, 36.7 HRMS (ESI-QTOF) m/z:

[M + H]" Caled for CisHiiN202" 251.0815; Found 251.0815.

General Procedure D. Annulation using monoketones with LIHMDS

0 0
n n
X 0 X (a) X X
ﬁ f) —
P N/&O O o~ \h P N -2 \h
R? e R b

2-2.1a, e-f, h-i, I-m, s, u-x 2-2.23a-j 2-2.24a-n, 2-2.25 - 2-2.31
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A two-neck round bottom flask equipped with a reflux condenser was charged with the
corresponding isatoic anhydride 2-2.1 (1.0 equiv.) and ketone 2-2.23 (2.1 equiv.). The contents
were dissolved in anhydrous toluene under Argon(g) and cooled to 0°C before addition of
LiHMDS (2.3 equiv., IM in toluene) dropwise. The resulting mixture was heated to 80°C and
stirred for 2 h. The progress of the reaction was monitored by thin layer chromatography. The
reaction mixture was then cooled to room temperature and was added with saturated aqueous
NH4Cl solution followed by extraction with ethyl acetate (3 x 5 mL). The combined organic layers
were washed with brine solution (1 x 5 mL) and concentrated in vacuo to obtain a crude mixture
which was purified by column chromatography (MPLC, Solvents: MeOH/CH>Cl, or
EtOAc/CHCly; 4 g silica column; Flow rate:12 mL/min) to obtain the desired product.

O

CH,
|
N

|
CHs
2-2.24a

2,10-Dimethyl-1,3,4,10-tetrahydroacridin-9(2H)-one (2-2.24a). Following procedure D, 2-2.1a
(100 mg, 0.56 mmol) was treated with 2-2.23a (132 mg, 1.19 mmol) to obtain 2-2.24a after column
chromatography (24-30% EtOAc/CH2CL) as an amorphous light yellow solid (108 mg, 84%
yield). "H NMR (400 MHz, CDCl3) 6 8.47 (dd, J = 8.0, 1.7 Hz, 1H), 7.62 — 7.58 (m, 1H), 7.44 (d,
J=28.6 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 3.69 (s, 3H), 3.04 — 2.97 (m, 1H), 2.90 — 2.71 (m, 2H),
2.18 —=2.07 (m, 1H), 2.03 — 1.94 (m, 1H), 1.79 — 1.67 (m, 1H), 1.49 — 1.36 (m, 1H), 1.11 (d, J =
6.5 Hz, 3H). C{'H} NMR (101 MHz, CDCl3) 6 176.8, 147.9, 141.1, 131.5, 126.8, 124.6, 122.5,
118.8, 114.8, 33.5, 31.1, 30.8, 28.6, 27.5, 21.3. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

CisHisNO™ 228.1383; Found 228.1375.
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2-2.24b
10-Benzyl-2-methyl-1,3,4, 1 0-tetrahydroacridin-9(2H)-one (2-2.24b). Following procedure D, 2-
2.1e (50 mg, 0.19 mmol) was treated with 2-2.23a (46 mg, 0.41 mmol) to obtain title compound
2-2.24b after column chromatography (17-19% EtOAc/CH2Cl2) as an amorphous off white solid
(44 mg, 73% yield). "H NMR (400 MHz, CDCI3) § 8.51 (dd, J= 8.0, 1.7 Hz, 1H), 7.50 — 7.45 (m,
1H), 7.37 — 7.28 (m, 5H), 7.03 (d, /= 7.2 Hz, 2H), 5.43 (s, 2H), 3.17 — 3.00 (m, 1H), 2.79 (br. s,
2H), 2.20 (dd, J=17.0, 10.2 Hz, 1H), 1.96 J = 6.7 Hz 1.87 (m, 1H), 1.83 — 1.71 (m, 1H), 1.49 —
1.37 (m, 1H), 1.11 (d, J = 6.5 Hz, 3H). *C{'H} NMR (126 MHz, CDCls) § 177.1, 148.1, 140.9,
135.9,131.8,129.3(2C), 127.8, 126.8, 125.3(2C), 124.9, 122.8, 118.9, 115.7,49.4,31.2,30.8, 27.9
27.7,21.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C21H22NO™ 304.1696; Found 304.1685.

o)

CH,
|
N
HyCO” i

2-2.24¢
10-(4-Methoxybenzyl)-2-methyl-1,3,4, 10-tetrahydroacridin-9(2H)-one ~ (2-2.24c).  Following
procedure D, 2-2.1f (50 mg, 0.18 mmol) was treated with 2-2.23a (42 mg, 0.37 mmol) to obtain
2-2.24c¢ after column chromatography (50-60% EtOAc/Hexanes) as an amorphous off white solid
(43 mg, 74% yield). "H NMR (400 MHz, CDCl3) § 8.50 (dd, J = 8.2, 1.7 Hz, 1H), 7.48 (ddd, J =
8.8,6.9, 1.8 Hz, 1H), 7.33 — 7.28 (m, 2H), 6.95 — 6.91 (m, 2H), 6.88 — 6.84 (m, 2H), 5.36 (s, 2H),

3.77 (s, 3H), 3.09 — 3.04 (m, 1H), 2.80 — 2.77 (m, 2H), 2.25 — 2.11 (m, 1H), 1.97 — 1.87 (m, 1H),
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1.82 - 1.73 (m, 1H), 1.48 — 1.36 (m, 1H), 1.11 (d, J = 6.6 Hz, 3H). *C{'H} NMR (101 MHz,
CDCls) 6 177.0, 159.1, 148.0, 140.9, 131.7, 127.6, 126.8, 126.4 (2C), 124.8, 122.7, 118.9, 115.66,
114.6 (2C), 55.3, 48.8, 31.1, 30.7, 27.8, 27.7, 21.3. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

C22H24NO;" 334.1802; Found 334.1801.

2-2.24d

2-Methyl-10-(4-(trifluoromethyl)benzyl)-1,3,4, 1 0-tetrahydroacridin-9(2H)-one (2-2.24d).
Following procedure D, 2-2.1v (50 mg, 0.15 mmol) was treated with 2-2.23a (37 mg, 0.33 mmol)
to obtain 2-2.24d after column chromatography (25-29% EtOAc/CH2Clz) as an amorphous yellow
solid (40 mg, 70% yield). '"H NMR (400 MHz, CDCl3) 6 8.51 (dd, J = 8.1, 1.7 Hz, 1H), 7.60 (d, J
= 8.1 Hz, 2H), 7.52 - 7.46 (m, 1H), 7.31 (t, J = 7.5 Hz, 1H), 7.19 — 7.15 (m, 3H), 5.47 (s, 2H),
3.18 —=2.97 (m, 1H), 2.74 (br. s, 2H), 2.19 (dd, J=17.2, 10.2 Hz, 1H), 1.97 — 1.88 (m, 1H), 1.83 —
1.76 (m overlapped, 1H), 1.48 — 1.35 (m, 1H), 1.11 (d, J= 6.5 Hz, 3H). *C{'H} NMR (101 MHz,
CDCl3) 0 177.1, 147.6, 140.7, 140.1, 132.0, 130.3 (q, J = 32.7 Hz), 127.1, 126.3 (q, J = 3.8 Hz),
125.7, 124.8, 123.2 (q, J = 271.7 Hz), 123.0, 119.3, 115.2, 49.0, 31.0, 30.7, 27.9, 27.6, 21.3.
PF{!H} NMR (376 MHz, CDCls) § -62.65. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for
C2H21F3sNO" 372.1570; Found 372.1556.
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|
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2-2.24¢
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8-Fluoro-2,10-dimethyl-1,3,4, 10-tetrahydroacridin-9(2H)-one (2-2.24e). Following procedure D,
2-2.1h (50 mg, 0.25 mmol) was treated with 2-2.23a (60 mg, 0.54 mmol) to obtain 2-2.24e after
column chromatography (35-45% EtOAc/CH2Cl;) as an amorphous off white solid (40 mg, 63%
yield). 'H NMR (400 MHz, CDCl3) 6 7.52 — 7.46 (m, 1H), 7.21 (d, J = 8.8 Hz, 1H), 6.94 — 6.89
(m, 1H), 3.67 (s, 3H), 2.96 (dd, J=17.3, 5.1 Hz, 1H), 2.89 — 2.67 (m, 2H), 2.10 — 1.90 (m, 2H),
1.77 — 1.68 (m, 1H), 1.47 — 1.35 (m, 1H), 1.10 (d, J = 6.6 Hz, 3H). *C{'H} NMR (101 MHz,
CDCl3) 0 175.8 (d, J= 1.4 Hz), 162.2 (d, J = 262.7 Hz), 147.0, 143.3 (d, /=4.0 Hz), 131.4 (d, J
=11.3 Hz), 120.6, 114.8 (d, J=7.5 Hz), 110.5 (d, /=4.6 Hz), 109.0 (d, /= 21.7 Hz), 34.3, 30.74,
30.71,28.6,27.5,21.3. YF{'H} NMR (376 MHz, CDCl3) 6 -111.71. HRMS (ESI-QTOF) m/z: [M
+ H]" Calcd for CisH17FNO™ 246.1290; Found 246.1280.
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2-2.24f

7-Methoxy-2,10-dimethyl-1,3,4, 1 0-tetrahydroacridin-9(2H)-one (2-2.24f). Following procedure
D, 2-2.1i (50 mg, 0.24 mmol) was treated with 2-2.23a (57 mg, 0.51 mmol) to obtain 2-2.24f after
column chromatography (3.5-3.8% MeOH/CH:Clz) as an amorphous white solid (56 mg, 90%
yield). 'H NMR (500 MHz, CDCl3) 6 7.88 (s, 1H), 7.40 (d, J= 9.3 Hz, 1H), 7.23 (d, /= 9.4 Hz,
1H), 3.92 (s, 3H), 3.70 (s, 3H), 3.02 (dd, J = 17.0, 5.0 Hz, 1H), 2.92 - 2.71 (m, 2H), 2.16 — 2.10
(m, 1H), 2.03 — 1.97 (m, 1H), 1.76 (br. s, 1H), 1.47 — 1.39 (m, 1H), 1.11 (d, J = 6.3 Hz, 3H).
BC{'H} NMR (126 MHz, CDCls) 6 176.0, 155.4, 147.1, 135.9, 125.6, 122.2, 117.8, 116.6, 105.5,
55.8,33.6,31.3, 30.8, 28.5, 27.6, 21.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C16H20NO>"

258.1489; Found 258.1479.



93

0]

cl CHs
|
N

|
CHs,
2-2.24g

7-Chloro-2,10-dimethyl-1,3,4, 1 0-tetrahydroacridin-9(2H)-one (2-2.24g). Following procedure D,
2-2.11 (50 mg, 0.24 mmol) was treated with 2-2.23a (56 mg, 0.50 mmol) to obtain 2-2.24g after
column chromatography (16-20% EtOAc/CH2Cl;) as an amorphous off white solid (40 mg, 65%
yield). 'TH NMR (400 MHz, CDCl3) § 8.40 (d, J=2.6 Hz, 1H), 7.50 (dd, J=9.1, 2.6 Hz, 1H), 7.37
(d,/=9.1 Hz, 1H), 3.69 (s, 3H), 3.03 — 2.70 (m, 3H), 2.15 — 1.96 (m, 2H), 1.72 (br s, overlapped,
1H), 1.50 — 1.35 (m, 1H), 1.11 (d, J = 6.6 Hz, 3H). *C{'H} NMR (101 MHz, CDCls) 6 175.6,
148.2, 139.4, 131.6, 128.6, 125.9, 125.5, 119.2, 116.7, 33.7, 31.1, 30.7, 28.6, 27.4, 21.3. HRMS
(ESI-QTOF) m/z: [M + H]" Calcd for C1sHi7CINO™ 262.0993; Found 262.0985.
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2-2.24h

7,10-Dimethyl-9-o0x0-5,6,7,8,9, 10-hexahydroacridine-2-carbonitrile (2-2.24h). Following
procedure D, 2-2.1w (50 mg, 0.24 mmol) was treated with 2-2.23a (59 mg, 0.52 mmol) to obtain
2-2.24i after column chromatography (EtOAc/CH2Cl) as an amorphous white solid (45 mg, 72%
yield). "H NMR (500 MHz, CDCls) 6 8.75 (s, 1H), 7.75 (d, J = 8.5 Hz, 1H), 7.52 (d, J = 8.9 Hz,
1H), 3.75 (s, 3H), 3.04 — 2.72 (m, 3H), 2.14 — 2.00 (m, 2H), 1.72 (s overlapped, 1H), 1.49-1.41
(m, 1H), 1.12 (d, J= 6.5 Hz, 3H). *C{'H} NMR (126 MHz, CDCl3) 6 175.5, 149.1, 142.9, 133.2,
132.4, 124.2, 120.9, 118.7, 116.3, 105.7, 33.9, 31.0, 30.6, 28.8, 27.3, 21.3. HRMS (ESI-QTOF)

m/z: [M + H]" Caled for C16H17N20" 253.1335; Found 253.1326.



94

F CHs
|
N

|
CHs,
2-2.24i

7-Fluoro-2,10-dimethyl-1,3,4, 10-tetrahydroacridin-9(2H)-one (2-2.24i). Following procedure D,
2-2.1m (50 mg, 0.25 mmol) was treated with 2-2.23a (60 mg, 0.54 mmol) to obtain 2-2.24i after
column chromatography (15-22% EtOAc/CH2Clz) as an amorphous yellow solid (45 mg, 72%
yield). '"H NMR (400 MHz, CDCl3) § 8.10 (dd, J=9.0, 3.1 Hz, 1H), 7.45 (dd, J=9.4, 4.1 Hz, 1H),
7.35-7.30 (m, 1H), 3.72 (s, 3H), 3.02 — 2.73 (m, 3H), 2.15 - 1.97 (m, 2H), 1.73 (br s, overlapped,
1H), 1.49 — 1.38 (m, 1H), 1.11 (d, J= 6.6 Hz, 3H). *C{'H} NMR (101 MHz, CDCl;3) 6 176.0 (d,
J=2.7Hz), 158.5 (d, J=243.9 Hz), 148.0, 137.7 (d, /= 1.0 Hz), 125.9 (d, /= 6.8 Hz), 120.0 (d,
J=25.0Hz),118.3,117.0 (d, J=7.6 Hz), 111.0 (d, /= 22.2 Hz), 33.8, 31.1, 30.7, 28.6, 27.5, 21.3.
YF{TH} NMR (376 MHz, CDCls) ¢ -119.63. HRMS (ESI-QTOF) m/z: [M + H]" Caled for
CisH17FNO" 246.12889; Found 246.1280.
o)
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2-2.24j

6,7-Dimethoxy-2,10-dimethyl-1,3,4, 10-tetrahydroacridin-9(2H)-one (2-2.24j). Following
procedure D, 2-2.1x (50 mg, 0.21 mmol) was treated with 2-2.23a (50 mg, 0.44 mmol) to obtain
2-2.24j after column chromatography (4-5% MeOH/CH2Cl) as an amorphous off white solid (19
mg, 32% yield). 'H NMR (400 MHz, CDCls) 6 7.86 (s, 1H), 6.78 (s, 1H), 4.01 (s, 3H), 4.00 (s,
3H), 3.70 (s, 3H), 3.05 — 2.98 (m, 1H), 2.95 — 2.68 (m, 2H), 2.19 — 2.08 (m, 1H), 2.05 — 1.94 (m,
1H), 1.72 (br s, overlapped, 1H), 1.50 — 1.38 (m, 1H), 1.12 (d, J = 6.6 Hz, 3H). 3C{'H} NMR

(101 MHz, CDCl3) 6 175.6, 152.9, 146.5, 146.2, 136.8, 118.9, 118.1, 106.1, 96.5, 56.2, 56.1, 33.7,
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31.2,30.9, 28.6, 27.6, 21.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C17H22NO3" 288.1594;
Found 288.1584.

0]

CHs,
|
F N

I
CH3;
2-2.24k

6-Fluoro-2,10-dimethyl-1,3,4, 10-tetrahydroacridin-9(2H)-one (2-2.24k). Following procedure D,
2-2.1s (40 mg, 0.20 mmol) was treated with 2-2.23a (48 mg, 0.43 mmol) to obtain 2-2.24k after
column chromatography (45-50% EtOAc/CH2Clz) as an amorphous off white solid (28 mg, 56%
yield). "H NMR (400 MHz, CDCI3) 6 8.46 (dd, J = 8.9, 6.8 Hz, 1H), 7.11 — 7.00 (m, 2H), 3.64 (s,
3H), 3.02 — 2.93 (m, 1H), 2.92 — 2.71 (m, 2H), 2.14 — 2.06 (m, 1H), 2.02 — 1.96 (m, 1H), 1.79 —
1.65 (m, 1H), 1.49 — 1.38 (m, 1H), 1.11 (d, J = 6.6 Hz, 3H). *C{'H} NMR (101 MHz, CDCls) ¢
176.2, 164.8 (d, J = 249.5 Hz), 148.2 (d, J = 1.5 Hz), 142.5 (d, J = 11.2 Hz), 129.7 (d, J = 10.6
Hz), 121.4 (d, J= 1.5 Hz), 119.1, 111.2 (d, J =23.0 Hz), 100.9 (d, J=26.7 Hz), 33.7, 30.9, 30.7,
28.6,27.5,21.3. YF{!H} NMR (376 MHz, CDCls) 6 -106.38. HRMS (ESI-QTOF) m/z: [M + H]*
Caled for C1sH17FNO™ 246.12890; Found 246.1279.

0]

CHa
|
N
|

F CHs
2-2.241

5-Fluoro-2,10-dimethyl-1,3,4, 10-tetrahydroacridin-9(2H)-one (2-2.24l). Following procedure D,
2-2.1u (50 mg, 0.25 mmol) was treated with 2-2.23a (60 mg, 0.54 mmol) to obtain 2-2.24l after
column chromatography (35-45% EtOAc/CH2Cl,) as an amorphous off white solid (43 mg, 69%
yield). 'TH NMR (400 MHz, CDCl3) J 8.26 — 8.21 (m, 1H), 7.33 — 7.29 (m, 1H), 7.18 — 7.23 (m,

1H), 3.86 (d, J= 6.7 Hz, 3H), 3.07 — 2.95 (m, 1H), 2.89 — 2.67 (m, 2H), 2.13 — 1.95 (m, 2H), 1.82
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— 1.70 (m, 1H), 1.48 — 1.36 (m, 1H), 1.11 (d, J = 6.5 Hz, 3H). '*C{'H} NMR (101 MHz, CDCl5)
§175.9 (d, J=2.4 Hz), 152.0 (d, J = 247.5 Hz), 149.9, 131.6 (d, J= 5.7 Hz), 127.6, 122.6 (d, J =
8.2 Hz), 122.4 (d, J=3.6 Hz), 119.2, 118.2 (d, J=23.4 Hz), 37.8 (d, J= 17.7 Hz), 30.9, 30.7, 28.5,
27.5,21.4. YF{'H} NMR (376 MHz, CDCls) § -119.02. HRMS (ESI-QTOF) m/z: [M + H]* Calcd

for C1sHi7FNO™ 246.12890; Found 246.1283.

\
CH; CHs
2-2.24m

4,10-Dimethyl-1,3,4,10-tetrahydroacridin-9(2H)-one (2-2.24m). Following procedure D, 2-2.1a
(100 mg, 0.56 mmol) was treated with 2-2.23b (133 mg, 1.19 mmol) to obtain 2-2.24m after
column chromatography (5-7% MeOH/CH>Cl>) as an amorphous white solid (99 mg, 78% yield).
'H NMR (500 MHz, CDCl3) § 8.48 (dd, J= 8.0, 1.7 Hz, 1H), 7.63 (ddd, J = 8.7, 6.9, 1.7 Hz, 1H),
7.50 (d, J = 8.6 Hz, 1H), 7.33 (ddd, J=7.9, 6.8, 0.9 Hz, 1H), 3.78 (s, 3H), 3.22 — 3.16 (m, 1H),
2.97-2.92 (m, 1H), 2.56 — 2.49 (m, 1H), 1.92 — 1.83 (m, 3H), 1.81 — 1.71 (m, 1H), 1.33 (d, J =
7.0 Hz, 3H). “C{'H} NMR (126 MHz, CDCls) 6 177.3, 152.3, 141.5, 131.6, 126.6, 124.5, 122.6,

118.0, 115.2, 33.6, 30.1, 30.1, 22.9, 20.4, 16.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

CisHisNO™ 228.1383; Found 228.1378.

I
CHj
2-2.24n

10-Methyl-2-phenyl-1,3,4, 10-tetrahydroacridin-9(2H)-one ~ (2-2.24n).  Following  general
procedure D, 2-2.1a (50 mg, 0.28 mmol) was treated with 2-2.23¢ (103 mg, 0.59 mmol) to obtain

2-2.24n after column chromatography (21-25% EtOAc/CH>Cl) as an amorphous white solid (66
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mg, 80% yield). 'H NMR (500 MHz, CDCls) § 8.50 (dd, J = 8.0, 1.7 Hz, 1H), 7.64 (ddd, J=8.7,
7.0, 1.7 Hz, 1H), 7.48 (d, J = 8.6 Hz, 1H), 7.37 — 7.28 (m, SH), 7.25 — 7.21 (m, 1H), 3.74 (s, 3H),
3.29 —3.20 (m, 1H), 2.99 — 2.87 (m, 3H), 2.7. — 2.65 (m, 1H), 2.32 — 2.22 (m, 1H), 2.03 — 1.95 (m,
1H). *C{'H} NMR (126 MHz, CDCl3) 5 176.7, 147.8, 145.4, 141.2, 131.7, 128.5(2C), 126.9(2C),
126.8, 126.4, 124.7,122.7, 118.7, 114.9, 38.5, 33.6, 30.3, 29.7, 28.9. HRMS (ESI-QTOF) m/z: [M

+ H]" Calcd for C20H20NO™ 290.1539; Found 290.1530.

|
CH,
2-2.25

10-Methyl-1,10-dihydroacridin-9(2H)-one (2-2.25). Following general procedure D, 2-2.1a (100
mg, 0.56 mmol) was treated with 2-2.23d (114 mg, 1.19 mmol) to obtain 2-2.25 after column
chromatography (1.5-2% MeOH/CH,Cl,) as an amorphous yellow solid (77 mg, 65% yield). 'H
NMR (400 MHz, CDCl3) ¢ 8.48 (dd, J=17.9, 1.6 Hz, 1H), 7.63 — 7.58 (m, 1H), 7.47 (d, J = 8.7
Hz, 1H), 7.35 - 7.31 (m, 1H), 6.66 — 6.60 (m, 2H), 3.77 (s, 3H), 2.91 — 2.86 (m, 2H), 2.34 - 2.29
(m, 2H). *C{'H} NMR (101 MHz, CDCl3) J 175.8, 144.4, 140.7, 139.8, 131.5, 126.8, 125.9,
122.9, 1204, 116.1, 115.2, 34.5, 22.3, 19.3. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for
C1sH14NO" 212.1070; Found 212.1069.

0]

LI
CHs

2-2.26
12-Methyl-6,12-dihydrobenzo[c]acridin-7(5H)-one (2-2.26). Following procedure D, 2-2.1a (50
mg, 0.28 mmol) was treated with 2-2.23e (86 mg, 0.59 mmol) to obtain 2-2.26 after column

chromatography (20-24% EtOAc/CH>Cl>) as an amorphous yellow solid (52 mg, 70% yield). 'H
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NMR (500 MHz, CDCl3) 8.50 (dd, J= 8.0, 1.6 Hz, 1H), 7.68 (ddd, J = 8.5, 6.8, 1.7 Hz, 1H), 7.57
(d, J= 8.6 Hz, 1H), 7.52 — 7.45 (m, 1H), 7.40 — 7.32 (m, 4H), 3.95 (s, 3H), 2.89 — 2.86 (m, 2H),
2.82—2.78 (m, 2H). 3C{'H} NMR (126 MHz, CDCl3) 6 176.3, 148.2, 143.3, 141.9, 131.9, 130.0,
129.6, 128.5, 128.2, 126.7, 126.1, 125.5, 123.1, 122.5, 116.4, 40.9, 29.0, 21.3. HRMS (ESI-QTOF)

m/z: [M + H]" Calcd for C1sHisNO" 262.1226; Found 262.1225.

I
CHs
2-2.27

5-Methyl-1,3,4,5-tetrahydro-10H-pyrano[4,3-b]quinolin-10-one (2-2.27). Following general
procedure D, 2-2.1a (80 mg, 0.45 mmol) was treated with 2-2.23f (95 mg, 0.95 mmol) to obtain
2-2.27 after column chromatography (10% MeOH/CH2Clz) as an amorphous off white solid (88
mg, 90% yield). '"H NMR (400 MHz, CDCl3) 6 8.43 (d, J= 8.0 Hz, 1H), 7.64 (t, J = 7.9 Hz, 1H),
7.46 (d, J=8.7 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 4.75 (s, 2H), 4.01 — 3.98 (m, 2H), 3.69 (s, 3H),
2.83 -2.80 (m, 2H). *C{'H} NMR (101 MHz, CDCl3) 6 174.9, 145.4, 141.0, 131.9, 126.4, 124.9,
123.1, 116.8, 115.0, 64.4, 63.8, 33.1, 27.4. HRMS (ESI-QTOF) m/z: [M + H]" Caled for
Ci3HisNO," 216.1019; Found 216.1019.

o)

N

|
CHj,
2-2.28

tert-Butyl-5-methyl-10-ox0-3,4,5, 10-tetrahydrobenzo[b] [ 1,6]naphthyridine-2(1 H)-carboxylate
(2-2.28). Following general procedure D, 2-2.1a (100 mg, 0.56 mmol) was treated with 2-2.23g
(236 mg, 1.19 mmol) to obtain title compound 2-2.28 after column chromatography (35-40%

EtOAc/CH>Cl) as an amorphous off white solid (137 mg, 78% yield). 'H NMR (500 MHz,
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CDCls) 6 8.47 (d, J = 8.0 Hz, 1H), 7.68 — 7.65 (m, 1H), 7.49 (d, J = 8.7 Hz, 1H), 7.38 — 7.35 (m,
1H), 4.52 (s, 2H), 3.74 (s, 3H), 3.75 —3.73 (m, overlapped 2H), 2.90 — 2.87 (m, 2H), 1.50 (s, 9H).
13C{'H} NMR (126 MHz, CDCls) § 175.4, 154.9, 146.5, 141.2, 132.1, 126.4, 124.8, 123.1, 116.0,
115.1, 80.3, 41.7, 39.5, 33.6, 28.5(3C), 27.9. HRMS (ESI-QTOF) m/z: [M + H]" Caled for
C1sH23N,05" 315.1703; Found 315.1702.

O

LI

I
CH3
2-2.29

4-Methyl-1,2,3,4-tetrahydro-9H-cyclopenta[b]quinolin-9-one (2-2.29). Following procedure D,
2-2.1a (100 mg, 0.56 mmol) was treated with 2-2.23h (100 mg, 1.19 mmol) to obtain title
compound 2-2.29 after column chromatography (1-1.5% MeOH/CH2Cl;) as an amorphous off
white solid (50 mg, 45% yield). '"H NMR (400 MHz, CDCl3) 6 8.49 (dd, J= 8.0, 1.7 Hz, 1H), 7.64
—7.59 (m, 1H), 7.43 (d, J = 8.5 Hz, 1H), 7.37 — 7.33 (m, 1H), 3.72 (s, 3H), 3.11 — 3.07 (m, 2H),
2.99 —2.95 (m, 2H), 2.16 —2.08 (m, 2H). '*C {'H} NMR (101 MHz, CDCl3) 6 175.1, 155.4, 141.3,
131.2, 126.8, 126.7, 122.9, 121.8, 114.7, 35.6, 33.8, 28.4, 21.2. HRMS (ESI-QTOF) m/z: [M +
H]" Calcd for C13H1sNO™ 200.1070; Found 200.1075.
o]

L0

|
CHs,
2-2.30

10-Methyl-1,3,4, 10-tetrahydroacridin-9(2H)-one (2-2.30). Following procedure D, 2-2.1a (100
mg, 0.56 mmol) was treated with 2-2.23i (116 mg, 1.19 mmol) to obtain 2-2.30 after column
chromatography (40-43% EtOAc/CH,Cl>) as an amorphous yellow solid (88 mg, 74% yield). 'H

NMR (500 MHz, CDCl3) 6 8.45 (d, J = 8.0 Hz, 1H), 7.58 (t, J= 7.8 Hz, 1H), 7.41 (d, J=8.7 Hz,
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1H), 7.29 (t, J= 7.5 Hz, 1H), 3.65 (s, 3H), 2.70 (dt, J=27.8, 6.5 Hz, 4H), 1.86 (p, J = 5.9 Hz, 2H),
1.71 (p, J = 6.1 Hz, 2H). *C{'H} NMR (126 MHz, CDCl3) 6 176.8, 148.3, 141.1, 131.5, 126.7,
124.6,122.5, 119.2, 114.9, 33.4, 28.6, 22.9, 22.9, 21.4. HRMS (ESI-QTOF) m/z: [M + H]" Calcd
for C14H1NO* 214.1226; Found 214.1225.

(@]

O

I
CHj3
2-2.31

5-Methyl-5,6,7,8,9,10-hexahydro-11H-cyclohepta[b]quinolin-11-one (2-2.31). Following
procedure D, 2-2.1a (100 mg, 0.56 mmol) was treated with 2-2.23j (133 mg, 1.19 mmol) to obtain
2-2.31 after column chromatography (42-60% EtOAc/CH:Clz) as an amorphous white solid (50
mg, 39% yield). '"H NMR (500 MHz, CDCl3) 6 8.49 (dd, J = 8.0, 1.7 Hz, 1H), 7.60 (ddd, J = 8.7,
6.9, 1.7 Hz, 1H), 7.47 (d, /= 8.6 Hz, 1H), 7.32 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 3.79 (s, 3H), 3.04
—2.99 (m, 4H), 1.90 — 1.85 (m, 2H), 1.75 — 1.72 (m, 2H), 1.67 — 1.58 (m, 2H). *C{'H} NMR (126
MHz, CDCI3) 0 175.5, 155.1, 141.1, 131.3, 127.0, 125.4, 124.1, 122.7, 115.6, 35.4, 31.7, 30.9,
26.9, 24.7, 23.9. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for CisHisNO" 228.1383; Found

228.1382.
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Chapter 3 — Diastereoselective, Telescoped Multicomponent Reaction for the
Synthesis of Tetrahydropyrrolopyrazino|2,1-b]quinazolinones and Progress

Towards Total Syntheses of Quinazolinone-containing Natural Products

This chapter is adapted in part from work prepared for publication.' The project was completed
in collaboration with Lt. Col. Victor Jaffett, PhD, and Jhewelle Fitz-Henley. Reaction development
and optimization was completed by Dr. Jaffett. Substrate scope was investigated in collaboration

with Dr. Jaffett and Jhewelle Fitz-Henley.

Section 3-1: Introduction

As discussed in Chapter 2, the discovery and development of new drugs often requires the
identification of new chemical matter with bioactivity via broad screening of compound libraries.
The design and synthesis of novel molecules for screening libraries, including the development of
efficient methods by which to synthesize them, continues to be a research interest of the Golden
lab. To generate a differentiated library of pharmacologically biased small molecules, we sought
to develop new methods for the synthesis of collections of compounds with embedded, privileged

scaffolds.

The term “privileged scaffold” refers to molecular templates for which a variety of distinct
bioactivities can be optimized based on a common core motif, and articulates that certain molecular
motifs appear in drugs and bioactive natural products more often than others.>* Importantly,
individual compounds that share a centrally embedded “privileged scaffold” may not share the
same bioactivity; indeed it is the ability to arrive at orthogonal bioactivities via different

modifications to the central motif that makes privileged scaffolds so useful for medicinal chemistry.
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Quinazolinones are a well-established privileged scaffold in medicinal chemistry.? They
appear embedded in a plethora of reported compounds, including discovered natural products,
patented synthetic molecules, and approved drugs. The ring-fused subset of related structures
exemplifies this while showcasing the rich diversity of pharmacologically-relevant activity

available from modification of the shared core (Figure 3-1.1, blue highlight).*!!

0 o o
Oy O C
|
ZN ), N Sl
HN N=

Deoxyvasicinone derivs, 3-1.1 Rutaecarpine, 3-1.2 Luotonin A, 3-1.3
AChE & BChE inhibition* COX2 inhibition® TOP1 inhibition®
Antifungal”
NH
[
(0] z (0] (0]
~ O
N N N
N~ N NH N \
R'R? Ar
Fumiquinazolines A-B, 3-1.4a-b Sclerotigenin, 3-1.5 Isaindigotone & derivs, 3-1.6
(R"=H or CHs, R2=CHgor H) Insecticidal® Leukocyte inhibition'°
Cytotoxic® G-quadruplex ligands"

Figure 3-1.1 Selected examples of bioactive compounds featuring a ring-fused quinazolinone
motif (highlighted in blue). AChE: acetylcholinesterase; BChE: butyrylcholinesterase; COX2:
cyclooxygenase 2; TOP1: DNA topoisomerase 1.

Within the ring-fused subgrouping of the expansive privileged scaffold class of quinazolinones,
the tetrahydropyrrolopyrazino-fused framework featured in the series of compounds 3-1.9a-e is
underexplored. They appear in a single report by Hardy ef al. in 2011 in which they are explored
as allosteric metabotropic glutamate receptor 5 modulators.'? The scaffold core is constructed in
four steps from commercial material to arrive at 3-1.8, with no information given regarding

reaction efficiency (Scheme 3-1.2).'> Importantly, the five examples synthesized relied on
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elaboration of the key intermediate 3-1.8, in which the tetrahydropyrrolopyrazino-fused is already
constructed, via coupling at the bromide substituent attached to C8. This significantly narrowed
the accessible chemical space in terms of analog generation, as altering substitution in positions
other than at C8 would require restarting the synthesis at least two steps before the ring-fused
system’s formation. This makes the modifications that accompany a medicinal chemistry
optimization effort on a hit molecule more time and resource intensive to perform. Notably, the
work by Hardy et al. work did not explore substitution at C5 of the tetrahydropyrrolopyrazino-

fused quinazolinone system, likely due to its limited accessibility via their synthetic strategy.

Scheme 3-1.1 Precedent in the synthesis of tetrahydropyrrolopyrazino-fused quinazolinones

Hardy, 201112

fe) 0 Elaboration by 0
H (a) coupling reactions
N/\L7 N — N
Z 8 Z N Z N
Br N)\ Br N)\s/ y N)\/
Cl Ar
31.7 3-1.8 3-1.9a-e
3 steps, no yields given 5 examples

Reagents and conditions: (a) K2COs3, CH3CN, reflux, 1.5 h, yield not given

As part of a research program aimed at the efficient generation of a differentiated library
of pharmacologically-biased templates that could be screened broadly for activity, we were
interested in developing a method that enabled greater access to compounds featuring this
tetrahydropyrrolopyrazino-fused framework. Our group’s experience in the synthesis of other
quinazolinone-containing small molecules provided an excellent opportunity to explore a new
approach to construction of this scaffold. We expected that doing so might expand the tractable

synthetic landscape for tetrahydropyrrolopyrazino-fused quinazolinones and provide opportunities
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for potential drug discovery using an underrepresented heterocyclic motif within a well-established

privileged scaffold class.

We recently disclosed a synthetic method that enabled access to the related motif 3-1.13
via deaminative ring-closure of a transient, unsubstituted ortho-amido cyclic arylguanidine species
3-1.12 (Fig. 3-2.3).!% In an effort to further elaborate on the power of this transformation to access
novel heterocyclic compounds relevant to drug discovery, we sought to expand the application of

such a strategy to the use of ortho-amidobenzamidines.

Scheme 3-1.2 Precedents in related annulation reactions of aryl amidines and guanidines and
proposed approach to synthesis of tetrahydropyrrolopyrazino-fused quinazolinones

Yan, 2019"° _ _
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N PN NH, R @ A N N N R
R1_: )\ l/ NH R'% _ H R1_: * (>)n
e AL NH ZSNZ N
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N/ N’R3 R
3-1.10 3-1.1 \éh, 3-1.13
L R? _
Parfitt, 19634 3-1.12
0 0 H
OCH,4 (b) N
— P
NH - HOCHy N
N
N)W/ 3-1.15
fj N
3-1.14
Proposed work:
0 0

(X N’ R Proposed (X N
% | H R % | /)\(N
R R
N o R2NH, N 1§
HN)\/ 3-1.17

Reagents and conditions: (a) EtsN, CH3CN, 150°C, 2 h, microwave irradiation, 53-90% (b) Neat,
210°C, 1 h, 88%.
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Given the similarity in basicity and nucleophilicity of the guanidine and amidine functional
groups, as well as precedent by Parfitt of an intramolecular annulation using ortho-amidine
benzoic acid esters (see Scheme 3-3.2), we hypothesized that a similar annulation reaction might
be possible using analogous ortho-amidobenzamidines.'#!*> Although we were encouraged by the
precedent in related reactions, it was unclear if the less electron-rich amidine moiety (compared to
the precedented guanidine) would serve as an adequately strong nucleophile. Additionally, amides
are more electron-rich than esters, which renders them less electrophilic. Given the high
temperature (210°C) required in the annulation reactions of relatively electron rich ortho-amidine
benzoic acid ester 3-1.14, and the singular example given, we expected this could be a significant
challenge as our proposed substrates for accessing the ring-fused quinazolinone system were thus
simultaneously less reactive in terms of both the nucleophile and the electrophile. Nonetheless, we
sought to investigate if it were possible to form tetrahydropyrrolopyrazino-fused quinazolinones

3-1.17 from the deaminative ring-closure reaction of ortho-amidobenzamidines 3-1.16.

Section 3-2: Development of a diastereoselective, multicomponent method for the synthesis
of tetrahydropyrrolopyrazino[2,1-b]quinazolin-11-ones

A prerequisite for this investigation was being able to synthesize the appropriate
unsubstituted ortho-amidobenzamidines reliably. Fortunately, our group had recently reported an
efficient multicomponent reaction yielding highly functionalized ortho-amidobenzamidines 3-2.7
(Scheme 3-2.1).'% The method used a sequence of four operations (six reactions, seven chemical
transformations), with the crude material from one being used directly in the next step without
intermediate purification, a practice known as “telescoping”. In the first step, a Ugi
multicomponent reaction between an isocyanide (3-2.1), aldehyde (3-2.2), carboxylic acid (3-2.3),

and mono-Boc diamine (3-2.4) formed a highly substituted imide (3-2.5). In this case, the



111

carboxylic acid was an ortho-azido aryl acid, which enabled the imide to be converted by a
Staudinger/Aza-Wittig combination of reactions to a quinazolinone, tethered to a Boc-protected
diamine (3-2.6) in a single step. These quinazolinones with a tethered Boc-protected diamine 3-
2.6 could then be deprotected under acidic conditions (step c) to quinazolinones with a tethered
amine hydrochloride 3-2.7, which undergo a rearrangement to amidines (3-2.8) under basic

conditions (step d).!”

Scheme 3-2.1 Precedent in synthesis of highly functionalized ortho-amidobenzamidines

Jaffett, 201916

R'NC R2CHO

3-21 3-2.2 o 0 0
R, X )K(Rz 5 X 1 o4
o] BocN (a) (\fl}l BocN’R‘., (b) < NR' R*

— | Ra% R'_,N > | RN NN
K oH R Y R 1
RIS raNH e R®  ~NBoc
3 Vs
3-2.3 3-2.4 3-2.5 3-2.6 R
0 0
s, .R' .R'
| RSP N\\\ T RNy AN
® | VAT
R/ NHC RO W Ry R*

3-2.8a 3-2.8b
(E)-amidine (Z)-amidine
Exclusive product not observed

Reagents and conditions: (a) 4A molecular sieves, 3:1 CH,Cl/CH3;OH, rt, 12 h (b) PS-PPhs,
PhCHjs, rt, 1 h then 110°C, 12 h (c) 4N HCI, dioxane, 0°C —rt, 12 h (d) EtsN, CH30H, 100°C, 1 h,
microwave irradiation, 21-88% over 4 steps. Red highlight indicates putative steric interactions
disfavoring the unobserved (Z)-amidine.

Notably, the amidines were isolated exclusive as © isomers 3-2.8a, presumably due to
steric clash that would occur in the (Z) isomers 3-2.8b between bulky R’-substituents on the

substituted amidine nitrogen and the aryl system of the benzamidine (red highlight). In this earlier
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work with a multicomponent, telescoped strategy for amidine synthesis, annulation to the ring-
fused quinazolinones was not possible since the diamines (3-2.4) being used led to fully substituted
amidines 3-2.8 (R # H). We therefore set out to build upon the established chemistry of these

amidines to develop a method for generation of our ring-fused quinazolinone core of interest.

To generate the desired tetrahydropyrrolopyrazino-fused quinazolinones 3-2.10, we
needed access to the precursor N-unsubstituted (Z)-amidines 3-2.9b, and in particular the
tautomeric form that would be able to undergo deaminative ring closure 3-2.9b’ (Scheme 3-2.2).
We reasoned that the multicomponent method to fully substituted amidines 3-2.8 could be
repurposed to generate the necessary unsubstituted amidines 3-2.9 if the appropriate diamine, a
Boc-protected pyrrolidine-2-methanamine 3-2.4a, was employed. The first three steps would
proceed analogously as in the original methodology that was used to generate fully substituted
amidines. In the final stage, 3-2.7a could rearrange to either (or both) the ©- or (Z)-amidine(s) (3-
2.9a and 3-2.9b, respectively), since the steric bulk from nitrogen substitution on the amidine
would no longer be present. Further, since the resulting amidine 3-2.9 was unsubstituted at nitrogen,
it could tautomerize to a cyclic imine form that can freely rotate between a pseudo-© or pseudo-
(2) configuration (3-2.9a” and 3-2.9b’, respectively). We expected that these species would be free
to interconvert, and that an equilibrium across all four species might be operative; however, since
the pseudo-(Z) tautomer 3-2.9b’ is the only species competent to undergo an irreversible,
deaminative ring-closure to the tetrahydropyrrolopyrazino-fused quinazolinone 3-2.10, the process

should ultimately shuttle to the desired compound by Le Chatelier’s principle.
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Scheme 3-2.2 Proposed route to tetrahydropyrrolopyrazino-fused quinazolinones via N-
unsubstituted ortho-benzamidines

Proposed
R'NC R?CHO o) o)
3-21 3-2.2 X X
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o 3-2.9a 3-2.9a' 3-2.9b' 3-2.9b -
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tautomer tautomer

Undergoes ring-closure

Reagents and conditions: (a) 4A molecular sieves, 3:1 CH,Cl/CH3;OH, rt, 12 h (b) PS-PPhs,
PhCHjs, rt, 1 h then 110°C, 12 h (c) 4N HCI, dioxane, 0°C —rt, 12 h (d) EtsN, CH30H, 100°C, 1 h,
microwave irradiation.

This approach offered several attractive features for our purposes. Firstly, the original
method giving N-substituted amidines (3-2.8, R® # H) enabled diverse substitution at what would
eventually become the C5 position of the resulting tetrahydropyrrolopyrazino-fused quinazolinone
(R?) if the unsubstituted analogs (3-2.9) cyclized as we hoped. The substitution would be
introduced at the start of the synthesis via commercially ubiquitous aldehyde starting materials (3-

2.2), making the strategy highly attractive for diversification and medicinal chemistry purposes.

Secondly, we envisioned that use of chiral starting materials would enable control of the
stereochemistry at the C5 position via the mechanism of the initial reaction in the sequence

(Scheme 3-2.2). In the Ugi multicomponent reaction, isocyanide (3-2.1) attack on the imine (3-
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2.11) determines the configuration at the resulting stereocenter. The state of the art in asymmetric
Ugi reactions rely on steric bulk proximal to the electrophilic carbon to direct attack of the
isocyanide to the opposite face of the imine.!®?° In our system, we envisioned that this could be
induced by the stereocenter at C2 of the pyrrolidine-2-methanamine 3-2.4a, with the preferred (and
therefore major) product 3-2.12 being that of isocyanide addition to the opposite face of the imine
intermediate 3-2.11 relative to the methanamine substituent on the pyrrolidine. This configuration
would then be preserved throughout the remainder of the synthesis, provided that the intervening
steps did not cause epimerization at either stereocenter. Using racemic 3-2.4a would be expected
to give a racemic mixture of diastereomers 3-2.12 and 3-2.12°, while using an enantiopure source
of 3-2.4a would have the potential to produce only the major and minor diastereomeric forms of a
compound with the same configuration at C2 of the pyrrolidine. Beyond the synthetic utility of
such substrate-mediated stereocontrol, the prospect of compound library generation using such a
method was attractive because it would enable simultaneous access to at least two, and up to four,
individual isomers of a single analog after separation. Since the 3D configuration of a molecule
can be critical to its bioactivity, from a library generation perspective such a synthesis of
tetrahydropyrrolopyrazino-fused quinolinones represents a “two (or four) for the price of one”
opportunity. While separation of enantiomers is often a resource-intensive task, the ability to
synthesize only two diastereomers, which are typically much easier to separate from one another
because they do not require chiral column chromatography, by using enantiopure 3-2.4a provided

access to the best of both worlds in terms of multi-analog synthesis and simplicity in isolation.
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Scheme 3-2.2 Mechanism of Ugi 4-component reaction and stereoinduction of resulting imide
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Reagents and conditions: (a) 4A molecular sieves, aldehyde 3-2.2, carboxylic acid 3-2.3, mono-
Boc protected diamine 3-2.4, 3:1 CH>Cl,/CH30H, rt, 10 min (b) isocyanide 3-2.1, CH>Cl, rt, 12
h. #Single enantiomer shown; ®Single enantiomer of major diastereomer shown.

Reaction development based on the previously published method to fully substituted
amidines was performed by Dr. Victor Jaffett. Ultimately, the same conditions that proved optimal
in the preceding work gave the best results for this transformation as well, and these were used to
synthesize a diverse array of tetrahydropyrrolopyrazino-fused quinazolinone derivatives (Scheme
3-2.3). Attempts to improve the atom economy and diastereoselectivity of the reaction beyond

those observed in the pilot reactions met with inferior results. Since the isocyanide substituent is
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ultimately eliminated in the deaminative ring closure for this reaction, smaller isocyanides were
explored to make the process more atom economical. Lower molecular weight isocyanides
(isopropyl isocyanide, cyclohexyl isocyanide) for the reaction led to reductions in overall yield
and/or deterioration in diastereoselectivity. Attempts to reduce the equivalencies of excess starting
materials in the Ugi four-component reaction were also unsuccessful. An inherent
diastereoselectivity of up to 89:11 was observed for the reaction, and attempts to improve this
diastereoselectivity by using sterically demanding aldehydes led to either reduced overall reaction
efficiency (24% yield with pivaldehyde, 3-2.10n) or no selectivity between diastereomers (55:45
d.r. with 2,6-dimethylbenzaldehyde, 3-2.100), presumably because the bulky aldehyde disfavors
attack on either face of the imine altogether during the stereo-determining step. A crystal structure
of the minor diastereomer of iodo-substituted analog 3-2.10e confirmed the reaction outcomes

were consistent with our stereochemical rationale (Figure 3-2.1).

Jhssse
: g

3-2.10e
(minor isomer)

3-2.10e
crystal structure

Figure 3-2.1 Comparison of crystal structure of minor isolated isomer and predicted minor isomer
based on stereochemical rationale.
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Scheme 3-2.3  Substrate scope of telescoped, diastereoselective method to
tetrahydropyrrolopyrazino-fused quinazolinones
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3-2.10n, 24% 3-2.100 83%, 55:45 d.r. 3-2.10p, 72%, 65:35 d.r. 3-2.10q, 20%, 58:42 d.r.
trans isomer only

Reagents and conditions: (a) 4 equiv. aldehyde 3-2.2, 2 equiv. amine 3-2.4a, 1 equiv. carboxylic
acid 3-2.3, 4 equiv. benzyl isocyanide 3-2.1a, 4A molecular sieves, 3:1 CH2Clo/CH3OH, rt, 12 h

(b) PS-PPhs, PhCHj, rt, 1 h then 110°C, 12 h (¢) 4N HCI, dioxane, 0°C —rt, 12 h (d) Et3sN, CH30H,
100°C, 1 h, microwave irradiation. Yields are an average of at least 2 independent experiments.

The scope of tolerated substrates for this reaction was quite broad. Formalin, primary,

secondary, tertiary, and aryl aldehydes were permitted. Substitution on the aryl ring of the 2-azido-
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benzoic acid was broadly tolerated, though a slight reduction in yield for the 8-F analog 3-2.10i
was observed, presumably due to decreased nucleophilicity of the carboxylate during the Ugi
reaction. Heterocycles could be incorporated through the aldehyde (3-2.10p) or the carboxylic acid
substrate (3-2.10q), giving rise to an even more diverse array of derivatives based on the
tetrahydropyrrolopyrazino-fused quinazolinone scaffold. Even the low yield (20%) over four steps
for the thiophene analog 3-2.10q corresponds to an average per-step yield of about 67%. We then
became interested in testing the limits of this ring closure process, as well as investigating potential

applications of transient amidine intermediates in the context of natural product total synthesis.

Section 3-3: Progress towards total syntheses of natural products containing the ring-fused

quinazolinone motif

We wondered if the deaminative ring closure of amidines might provide a new entry into
the quinazolinone-containing natural product family exemplified by glyantrypine 3-3.1.
Retrosynthetic analysis of the glyantrypine scaffold revealed that the quinazolinone 3-2.5 derived
from a simple tetrapeptide 3-3.6 could serve as a precursor for the amidine ring-closure to serve
as the keystone of our synthesis. Employing a ring-opening-polymerization (ROP) strategy to the
tetrapeptide would be expected to generate it in a single step via sequential building block addition,
and finding conditions to cyclize the peptide intermediate to the quinazolinone in situ and under
basic conditions might then enable a completely telescoped, one-pot synthesis of the natural
product scaffold (Scheme 3-3.1).! Since the ROP strategy is amenable to changing each
individual building block in the form of an amino-acid N-carboxy anhydride (“AA NCAs”, 3-3.8),
the synthesis would also be highly modular and might enable access to related natural products
fumiquinazoline F (3-3.2) and fiscalin B (3-3.3) with minimal adjustment to reaction conditions.

The requisite AA NCAs are well characterized, being important building blocks in peptide
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synthesis. Many are commercially available, and ample literature precedent existed reporting their

syntheses.??> 4

Scheme 3-3.1 Retrosynthetic analysis of glyantrypine-type natural products in the context of
deaminative ring-closure of amidines and proposed one-pot total synthesis by ROP/ring-closure
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Previous syntheses of such natural products required high temperatures or long linear
procedures. They also featured epimerization of the stereocenters, which we hoped our approach
might ameliorate. Syntheses by Ganesan and Liu are representative of the best in class for
syntheses of this family of natural products (Scheme 3-3.2). Ganesan’s work in 2000 detailed a 4-
5 step synthesis for these compounds with overall yields in the range of 40-50% and epimerization
rates of < 5% in the finished products.?®> Follow-on work adapted their solution-phase chemistry
to solid-phase, enabling a small library of natural products to be synthesized with 5-10%

epimerization and similar yields.?® Liu’s synthesis 5 years later generated glyantrypine,
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fumiquinazoline F, and fiscalin B in a one-pot, two-step procedure but relied on very high
temperatures to drive in-situ building block deprotection and cyclization (210-230°C), leading to

low yields (20-55%) and substantial epimerization of the products.?’

Scheme 3-3.2 Precedents in the total synthesis of glyantrypine-type natural products
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Reagents and conditions: (a) D-tryptophan methyl ester, EDC, CH3CN, rt, 3 h, 93% (b) Fmoc-
NH(C)CHCOCI, CH2CI2/NaxCOs3 (aq), rt, 2 h, 67-90% (c) PhsP, I, iPrEtN, rt, 8 h, 71-82% (d)
20% piperidine/CH2Cly, rt, 12 min © DMAP, CH3CN, reflux, 19 h, 72-83% over 2 steps (f) Boc-
Gly, P(OPh)3, pyridine, 150°C, 10 min, microwave irradiation (g) D-tryptophan HCI, 220°C, 1.5
min, microwave irradiation (h) Boc-Ala or Boc-Val, P(OPh)3, pyridine, 55°C, 16 h.

Thus, our approach was attractive in that the ring-opening-polymerization (ROP) strategy
might enable a modular, one-pot synthesis of the natural product scaffold under relatively mild
conditions. The ROP phase of synthesis and conversion of the resulting tetrapeptide 3-3.6 to the
quinazolinone precursor 3-3.5 could be conducted at room temperature. The amidine ring-closure
to ring-fused quinazolinones required heating, but not to temperatures as high as used in the Liu

syntheses. However, use of amide tethers, as in quinazolinones of type 3-3.5, and their undergoing
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rearrangement to amidines such as 3-3.4 had not previously been investigated. The successful
rearrangement of such a compound would also have implications for synthesis of antiviral
amidines for medicinal chemistry, as these represented novel examples of a known antiviral

template. 16,17,28,29

To test whether amide-linker quinazolinones of type 3-3.5 could participate in the amidine
rearrangement chemistry prior to attempting a ROP-based strategy for tetrapeptide synthesis, the
quinazolinone precursor to glyantrypine 3-3.11 was synthesized by a routine step-wise peptide
coupling sequence with intermediate protection/deprotection steps. Unfortunately, it did not
undergo rearrangement despite prolonged heating under basic conditions (Scheme 3-3.3). To
determine whether the amide linker was a problem for the reaction or whether the steric bulk from
the methyl-3-indolyl group proximal to the reactive amine was the issue, the quinazolinone 3-3.12
was similarly synthesized and subjected to heating. If cyclization to 3-3.13 was successful, it would
indicate the steric bulk was responsible for failure of 3-3.11 to convert to glyantrypine 3-3.1. Sadly,
the simplified substrate 3-3.12 also failed to turn over to the desired amidine or ring-fused
quinazolinone natural product as assessed by thin-layer chromatography (TLC) and LC-MS. In
both cases, the quinazolinone starting intermediates were stable, exhibiting no degradation or off-
target reactivity. Concurrent to these efforts 3-3.14, the quinazolinone precursor to sclerotigenin
3-3.15, was also synthesized, though we were aware of the additional challenges of 7-membered
ring formation and use of an aniline reactive handle for this substrate. Unsurprisingly, this substrate

also failed to turn over to the desired product.



122

Scheme 3-3.3 Attempted deaminative cyclizations from amide-linked aminoquinazolinones to
access natural product templates

i NH
0 NH 0 =
[ (a-c) 2 0
N NHCI N
O
3-3.11 Glyantrypine, 3-3.1
19%, 6 steps not observed
O O
(a-d) o
NBn |, S N
N/)\/N\H/\NH cl N/)\/NH
3
o
3-3.12 3-3.13
42%, 6 steps not observed
O O
(b)
N/)\/N N/)\/NH
o
3-3.14 Sclerotigenin, 3-3.15
19%, 4 steps not observed

Reagents and conditions: (a) Ets3N, CH30H, 100°C, 1 h, microwave irradiation (b) EtsN, CH3;0OH,
150°C, 2 h, microwave irradiation (c) Ets3N, CH3CN, 150°C, 2 h, microwave irradiation (d) Et3N,
PhCH3;, 150°C, 2 h, microwave irradiation.

Although disappointing in that they consisted of synthetic dead ends, these studies
successfully probed the limitations of the deaminative ring-closure reaction of amidines described
in Section 3-2. We found that the amidines resulting from amide-linked quinazolinones of type 3-
3.5 do not appear to form under even vigorous heating, likely due to the preferred conformation of
the amide disfavoring the rearrangement. Thus the limits of preceding rearrangement chemistry to
access the amidines remains an important consideration, and this work has implications for future
application of the deaminative cyclization in synthesis as new routes to forming the requisite

transient amidine(s) will need to be explored. For this reason, the ring-opening polymerization-
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based synthesis of the glyantrypine-type natural products was not pursued further. In the future,
explorations into different solvents, or high temperature neat reactions may prove fruitful for these
challenging cyclizations. Additionally, exploration of Thorpe-Ingold type effects proximal to the
internal amide in compounds like 3-3.5 may sufficiently favor amidine formation by overcoming

the amide conformation problem and thus driving reaction turnover.

Section 3-4: Conclusion

In this work, we successfully adapted newly developed chemistry in our group to access
transient  ortho-amidobenzamidines  that proceed in a domino fashion to
tetrahydropyrrolopyrazino-fused quinazolinones, an underrepresented group of small molecules
within a large privileged scaffold class. Incorporation of chiral starting materials, by virtue of an
asymmetric Ugi multicomponent reaction, enables control over the resulting product
stereochemistry via sterics whose outcomes can be easily predicted. These outcomes were
confirmed by x-ray crystallography of the reaction products, which can be obtained in up to 88%
yield over four operational steps (6 reactions, 7 chemical transforms) and in an 89:11 ratio of
separable diastereomers when enantiopure amine, which controls the stereochemistry at the
induced stereocenter, is being used. We further explored the limits of applications for this
deaminative cyclization reaction in the context of natural product total syntheses and found that
entry to the requisite transient amidines can be limited by functional groups, particularly amides,
in the quinazolinone intermediate’s linker. This finding implies that new entries into the synthesis
of such amidines could be worthwhile, enabling both ongoing antiviral medicinal chemistry

programs and total synthesis.
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Section 3-5: Experimental
The experimental data for this work, including starting materials, a substantial part of the
substrate scope, and crystal structure of 3-2.10e have been previously reported in part by Lt. Col.
Victor Jaffett in his dissertation. Materials reported here pertain only to newly synthesized
compounds and investigations in total synthesis.
General Information and Methods

Compounds not described below were purchased from commercial vendors. Analytical
TLC experiments were performed on aluminum-backed Silica Gel plates (TLC Silica gel 60 F2s4)
from EMD Millipore and analyzed with 254 nm UV light using diluted samples. All compounds
were characterized with the following instrumentation: Varian Unity-Inova 400 MHz NMR
spectrometer (operating at 400 and 101 MHz, respectively) or a Varian Unity-Inova 500 MHz
NMR spectrometer (operating at 500 and 126 MHz, respectively) in CDCls (CDCls: '"H =6 7.26
ppm, 3C =6 77.16 ppm) or DMSO (DMSO: CDCls: 'H = § 2.50 ppm, *C = 6 39.50 ppm). The
chemical shifts (J) reported are given in parts per million (ppm) and the coupling constants (/) are
in Hertz (Hz). The spin multiplicities are reported as s = singlet, br s = broad singlet, d = doublet,
t = triplet, q = quartet, p = pentuplet, dd = doublet of doublet, ddd = doublet of doublet of doublet,
and m = multiplet. The LC-MS analysis was performed on an Agilent 1290 Infinity II HPLC
system with 1290 Infinity II Diode Array Detector and an Agilent 6120 Quadrupole LC-MS
system. The analytical chromatography method utilized the following parameters: Poroshell 120
EC-C18, 1.9 um column, UV detection wavelength = 254 nm, Flow rate = 1.0 mL/min, Gradient
= 5-100% LC-MS grade Methanol over 4 min; The organic mobile phase and aqueous mobile
phase contained 0.1% LC-MS grade formic acid. The mass spectrometer utilized the following

parameters: an Agilent multimode source that simultaneously acquires ESI+/APCI+; Final
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compounds were determined to be > 95% purity by UV-LCMS at 254 nm. Microwave irradiated
(MWI) reactions were carried out using an Anton Paar Monowave 300 Microwave Synthesis
Reactor or Biotage Initiator+ Fourth Generation Microwave Synthesizer. Flash chromatography
separations were carried out using a Teledyne Isco CombiFlash Rf 200 purification system with
silica gel columns (normal phase). High resolution mass spectra (HRMS) were performed by
Analytical Instrument Center at the School of Pharmacy on an Electron Spray Injection (ESI) mass
spectrometer. Melting points were measured on OptiMelt MPA100 Automated Melting Point
System.

General Procedure A. Synthesis of tetrahydropyrrolopyrazino-fused quinazolinone derivatives

(@] IIIHBoc (e}
3212 322 g NH — g% N/)\/N
3-2.3 3-2.4a 3-2.10 R2

All reactions in procedure A were carried out under N2 atmosphere in oven-dry glassware using
dry, HPLC-grade solvent.
(a) To a solution of diamine 3-2.4a (0.6 mmol, 2 equiv.) and aldehyde 3-2.2 (1.2 mmol, 4
equiv.) in CH>Cl> (0.92 mL) with 4A molecular sieve powder (50 mg) under N> (g) was
added azido-acid 3-2.3 (0.3 mmol, 1 equiv.) as a suspension in 3:1 CH3OH/CHxCl, (0.4
mL), stirred 10 min at rt before addition of benzyl isocyanide 3-2.1a (150 pL, 4 equiv.) as
a solution in CH2Cl; (0.36 mL). The reaction was stirred at rt for 18 h, then filtered through
a 0.45 um syringe filter and concentrated to give a crude residue that was used in the next
step without further manipulation.
(b) The crude residue obtained in step (a) was dissolved in PhCH3 (3 mL), resin-bound
triphenyl phosphine (1.4 mmol/g, 438 mg, 2 equiv.) was added and the reaction stirred at

rt for 1 h. The reaction was then fitted with a reflux condenser and heated to reflux and
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stirred 18 h. The reaction was filtered through celite and concentrated to give a crude
residue that was used in the next step without further manipulation.

(c) The crude residue obtained in step (b) was dissolved in CH>Cl> (3 mL) and cooled to 0°C
before addition of a 4M HCI solution in dioxane (0.73 mL, 10 equiv.). The reaction was
allowed to warm to rt and stirred 18 h before concentrating to give a crude residue that was
used in the next step without further manipulation.

(d) The crude residue obtained in step (c) was dissolved in CH30H (3 mL), then EtsN (3 mL,
10 equiv.) was added and the reaction heated to 100°C by microwave irradiation for 1 h.
The reaction was then concentrated, redissolved in CH»Cl,, washed with brine (1 x 50 mL),

dried over MgSs (s) and purified as described.

Ph
3-2.10q

(9aR)-5-phenyl-8,9,9a,10-tetrahydro-7H-pyrrolo[1',2":4,5 pyrazino[ 1,2-a]thieno[ 3,2-d|pyrimidin-
12(5H)-one (3-2.10q). 3-azido-2-thiophenoic acid (49 mg, 0.29 mmol) was subjected to procedure
A using benzaldehyde and purified by MPLC (12 g, 0-10% EtOAc/CH2Cl, 30 mL/min) to give
3-2.10q as a yellow oil (frans isomer (major): 10.7 mg, 12% yield; cis isomer (minor): 7.7 mg, 8%
yield).
Major isomer

"H NMR (400 MHz, CDCls) § 7.79 (d, J = 5.3 Hz, 1H), 7.43 — 7.27 (m, 6H), 5.16 (s, 1H), 4.54 —
4.39 (m, 1H), 3.77 — 3.64 (m, 1H), 3.38 (dd, /= 14.0, 5.3 Hz, 1H), 3.10 (ddd, /=9.2, 5.8, 4.1 Hz,
1H), 2.70 (q, /= 8.4 Hz, 1H), 2.13 — 1.98 (m, 1H), 1.79 (ddt, /=9.3, 8.0, 5.3 Hz, 2H), 1.47 - 1.31

(m, 1H).
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Minor isomer

"H NMR (400 MHz, CDCls) § 7.66 (d, J = 5.3 Hz, 1H), 7.43 — 7.28 (m, 5H), 7.11 (d, J= 5.3 Hz,
1H), 4.75 (dd, J=13.3, 3.4 Hz, 1H), 4.47 (s, 1H), 3.61 (dd, J=13.3, 10.9 Hz, 1H), 2.88 (ddd, J
=9.3,7.7,2.9 Hz, 1H), 2.78 — 2.67 (m, 1H), 2.63 (s, 1H), 2.24 —2.13 (m, 3H). *C NMR (101
MHz, CDCl3) 6 158.5, 156.6, 156.2, 140.9, 134.1, 129.3, 128.5, 128.0, 125.4, 72.4, 58.9, 53.9,

53.7,48.6,29.4,28.8, 21.8.

3-2.10l
(13aR)-5-cyclopropyl-2,3,13,13a-tetrahydro-1H-pyrrolo[1',2":4,5]pyrazino[2,1-b]quinazolin-
11(5H)-one (3-2.101). 2-azido-benzoic acid was subjected to procedure A using
cyclopropylaldehyde and purified by MPLC (12 g, 20-50% EtOAc/CH>Clz, 30 mL/min) to give
3-2.101 as a yellow oil (trans isomer (major): 36 mg, 41% yield; cis isomer (minor): not isolated).
Major isomer
'H NMR (400 MHz, CDCl3) 6 8.28 (dd, J=7.9, 1.5 Hz, 1H), 7.86 — 7.71 (m, 1H), 7.66 (d, J = 8.1
Hz, 1H), 7.45 (t, J= 7.3 Hz, 1H), 4.28 (dd, J = 14.0, 5.0 Hz, 1H), 4.06 (dd, J = 14.0, 6.5 Hz, 1H),
3.73 -3.59 (m, 1H), 3.29 (d, /= 8.1 Hz, 1H), 3.23 (ddd, /= 9.0, 6.6, 4.5 Hz, 1H), 2.75 —2.59 (m,
1H), 2.14 (ddt, J = 16.8, 7.0, 3.2 Hz, 1H), 1.89 — 1.79 (m, 2H), 1.50 (dq, J = 12.5, 8.7 Hz, 1H),
1.23 (dtd, J=16.1, 8.1, 4.3 Hz, 1H), 0.78 — 0.68 (m, 1H), 0.58 (tdd, J = 13.5, 6.5, 4.2 Hz, 3H). 1°C
NMR (101 MHz, CDCl3) 6 162.1, 155.1, 147.5, 134.3, 127.4, 126.9, 126.5, 120.7, 67.0, 54.4, 53.3,
43.4,30.5,24.1,12.2,5.9,3.2.

General Procedure B. Synthesis of quinazolinone precursors 3-3.11, 3-3.12, 3-3.14
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0 o) o) 0
©\)\i ﬂ ©\)LNHBn Lb)» ©\)LNHBn E)» ©\)LNBn
N“~o NH, NH N/)\/NH3CI
O)\/NHBOC 3-S4

3-82

3-81

(a) To a solution of isatoic anhydride (1.6 g, 10.4 mmol, 1 equiv.) in CH2Cl, (100 mL) was
added benzylamine (1.1 mL, 10.0 mmol, 1 equiv.). The reaction was stirred at rt for 18 h,
then partitioned with brine. The organic layer was separated and concentrated to give 3-S1
as an off-white solid (2.2 g, 97% yield). 'H NMR (400 MHz, CDCl3) 6 7.30-7.26 (m, 5H),
7.16 (t, J = 7.8 Hz, 1H), 6.64 (d, J = 8.3 Hz, 1H), 6.58 (t, /= 7.5 Hz, 1H), 6.49 (s, 1H),
5.37 (s, 2H), 4.54 (d, J= 5.7 Hz, 2H).

(b) To a solution of 3-S1 (893 mg, 4.0 mmol, 1 equiv.) in CH2Cl> (40 mL) was added N-Boc
glycine (1.02 g, 5.8 mmol, 1.5 equiv.) and DMAP (734 mg, 6.0 mmol, 1.5 equiv.) before
cooling the reaction to 0°C. To this was added EDC*HCI (1.15 g, 6.0 mmol, 1.5 equiv.)
and the reaction allowed to warm to rt and stirred 18 h. The reaction was concentrated,
washed with 5% citric acid (aq.) (2 x 25 mL) and brine (3 x 50 mL), separated and the
organic layers concentrated. The crude product was purified by MPLC (24 g, 0-50%
EtOAc/Hexanes, 35 mL/min) to give 3-S2 as an off-white solid (876 mg, 2.3 mmol, 58%
yield). "H NMR (400 MHz, CDCl3) 6 11.54 (s, 1H), 8.57 (d, J = 8.5 Hz, 1H), 7.48 — 7.29
(m, 7H), 7.05 (td, /= 7.7, 1.1 Hz, 1H), 5.21 (t, J= 7.0 Hz, 1H), 4.59 (d, J = 5.6 Hz, 2H),
3.97 (d,J=5.9 Hz, 1H), 1.48 (s, 9H).

(c) A solution of 3-S2 (753 mg, 2.0 mmol, 1.0 equiv.) in 1:1 dioxane/2.5M NaOH (aq.) (24
mL) was stirred at rt for 18 h, then partitioned with EtOAc (75 mL) and brine (100 mL).

The organic layer was washed with brine (2 x 100 mL), then concentrated to give a white
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solid that was used in the next step without further manipulation or characterization as 3-
S3.

(d) The crude material from step (c) was dissolved in CH2Cl, (10 mL) and then a solution of
4M HCI in dioxane was added (5 mL) and the reaction stirred at rt for 18 h. The reaction
was concentrated, filtered, and rinsed with CH>Cl>/hexanes to give 3-S4 a white solid (473
mg, 1.6 mmol, 80% over two steps). 'H NMR (400 MHz, CDCls) 6 8.53 (br s, 3H), 8.23
(d,J=8.03 Hz, 1H), 7.93 (t,J="7.81 Hz, 1H), 7.74 (d, /= 8.3 Hz, 1H), 7.63 (t,J= 7.8 Hz,

1H), 7.40 — 7.22 (m, 5H), 5.39 (s, 2H), 4.19 (s, 2H).

e} NH
0 o) |
NHBn (d) NHBn (b-d) ©\)LNB” H
~
> > N NH,
NH NH S
NHB NH,CI
o ¢ o)\/ 3C 3-3.11
3-52 3-S5

(R)-2-amino-N-((3-benzyl-4-oxo0-3,4-dihydroquinazolin-2-yl)methyl)-3-(1 H-indol-3-

yl)propanamide hydrochloride (3-3.11). Compound 3-S2 (67 mg) was subjected to procedure B,
step d to give 3-S5, which was used without further analysis. 3-S5 was subjected to procedure B,
step ¢ using N-Boc-tryptophan (77 mg) and purified by MPLC (4g, 25-100% EtOAc, 20 mL/min)
to give a white foam, 3-S6, that was used without further manipulation in procedure B, steps ¢ and

d to give 3-3.11. This was used subsequently without characterization.

o 0 0
©\)\Nsn (b) ©\)LNBn ’ @ ©\)LNBn H HCl
— —
N/)\/N'_|3CI N/)\/N\H/\NHBOC N/)\/N\H/\NHZ
o) 0
3-54 3.57 3-3.12

2-Amino-N-((3-benzyl-4-0x0-3,4-dihydroquinazolin-2-yl)methyl)acetamide (3-3.12). Compound
3-S3 (176 mg) was subjected to procedure B, step b to give 3-S7 (235 mg, 95% yield). 'H NMR

(400 MHz, CDCls) & 8.33 (d, J = 8.0 Hz, 1H), 7.78 (t, J = 8.0 Hz, 1H), 7.66 (d, J = 8.3 Hz, 1H),
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7.58 (s, 1H), 7.52 (t, J="7.7 Hz, 1H), 7.29 (dt, J=13.6, 6.8 Hz, 3H), 7.24 — 7.10 (m, 1H), 5.36 (s,
2H), 5.19 (d, J=5.8 Hz, 1H), 4.47 (d, J=4.0 Hz, 2H), 3.88 (d, /= 6.1 Hz, 1H), 1.46 (s, 9H).
S3-7 was subjected to procedure B, step d to give 3-3.12 as a pink-white solid. 'H NMR (400 MHz,
DMSO) & 8.99 (t, J=5.5 Hz, 1H), 8.21 (s, 2H), 8.19 (dd, J = 8.0, 1.5 Hz, 1H), 7.88 (ddd, J = 8.5,
7.2, 1.6 Hz, 1H), 7.71 (dd, J= 8.2, 1.0 Hz, 1H), 7.58 (ddd, J=8.1, 7.2, 1.2 Hz, 1H), 7.35 (dd, J =
8.2,6.5 Hz, 2H), 7.32 — 7.27 (m, 1H), 7.21 (dd, /= 7.0, 1.8 Hz, 2H), 5.40 (s, 2H), 4.49 (d, J=5.5
Hz, 2H), 3.58 (q, J = 5.9 Hz, 2H).

O

H,N
AN
N)\/

@)
3-3.14

2-Amino-N-((3-benzyl-4-0x0-3,4-dihydroquinazolin-2-yl)methyl)benzamide (3-3.14). To a
solution of 3-S3 (30 mg) in CH3CN (1 mL) was added Et;N (0.02 mL, 1.1 equiv.) and the reaction
stirred at rt for 18 h. The reaction was poured over crushed ice and filtered to collect 3-3.14 as a
white solid (15 mg, 40% yield). 'H NMR (400 MHz, DMSO-ds) J 8.62 (t, J = 5.5 Hz, 1H), 8.19
(dd, J=8.0, 1.5 Hz, 1H), 7.85 (td, J=7.7, 7.2, 1.6 Hz, 1H), 7.65 (d, J = 8.1 Hz, 1H), 7.57 (t, J =
7.5 Hz, 1H), 7.50 (dd, J =17.9, 1.5 Hz, 1H), 7.40 — 7.23 (m, 5H), 7.16 (dd, J = 7.4, 1.3 Hz, 1H),
6.70 (d, J = 8.0 Hz, 1H), 6.53 (t, J= 7.5 Hz, 1H), 6.39 (s, 2H), 5.45 (s, 2H), 4.56 (d, /= 5.5 Hz,

2H).
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Chapter 4 — Development of Benzoic Acid-derived Anti-Parasitic Agents

This chapter is adapted in part from works prepared or submitted for publication.'? The
Toxoplasma gondii work was completed in collaboration with Prof. Laura Knoll (University of
Wisconsin-Madison) and Prof. James C. Morris (Clemson University). The Trypanosoma brucei
and Naegleria fowleri work was also executed in collaboration with the Morris lab. The
Leishmania donovani work was executed in collaboration with Prof. Karl A. Werbovetz (The Ohio
State University). Synthesis was supported in part by Soren Rozema, an undergraduate student in

the Golden lab.

Section 4-1: Introduction

Discovery and development of new drugs for infectious diseases caused by parasites
remain important areas of investigation due to continued unmet medical need. The subject
continues to be a research focus of the Golden group, conducted in collaboration with experts in
parasite biology. This chapter discusses the medicinal chemistry optimization of a series of benzoic
acid derivatives against several parasitic threats to human health. These include Toxoplasma gondii,
which is a leading cause of foodborne illness, hospitalizations, and death in the developed world;
Trypanosoma brucei, which causes human African sleeping sickness; and Leishmania donovani,

which is responsible for visceral leishmaniasis (a disease also known as kala-azar).>”

The compounds described in this chapter are derived from a series of benzamidobenzoic
acids (“BABAs”) developed by our group over the course of a substantial medicinal chemistry
campaign targeting T. brucei parasites (see Section 4-2).*%7 The campaign was focused on

identifying selective inhibitors of 7. brucei hexokinase 1 (TbHKI1), an enzyme integral to that
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parasite’s metabolism during the acute stage of human infection.® These inhibitors act by inhibiting
the parasite enzymatic machinery selectively over the most closely related human homolog
enzyme, human glucokinase (hGlk) or human hexokinase 4 (HK IV). Further, it was shown that
the compounds inhibit the enzyme non-competitively with respect to the enzyme’s substrate,
ATP.*%7 Because the T. brucei hexokinase catalyzes the flux-control step of glycolysis, and
because 7. brucei relies exclusively on glycolysis for energy production in its bloodstream form,
inhibition of TbHK1 led to arrest of the downstream pathway and subsequent parasite killing.*
Although the related kinetoplastid Leishmania major is less metabolically reliant on glycolysis
compared to T. brucei, its hexokinase (LmHK1) shares 61% sequence homology with TbHK1.’
The team recognized that inhibiting L. major glycolysis might provide a window of therapeutic
synergy with other agents, thereby reducing or eliminating the need for problematic drugs upon
which the current standards of care rely (see Section 4-5).%!° Assessment of the benzamidobenzoic
acids originally designed as inhibitors of 7. brucei hexokinase 1 revealed hit-level inhibition (ICso
<10 pM) of LmHK 1.* Though we observed comparatively less potency against LmHK1 than for
TbHKI, the data suggested that improved multi-parasite inhibition might be possible from this

template through further structural refinement.

Since then, the Golden group has continued to investigate the benzamidobenzoic acid
template to improve properties that limited these exploratory compounds from further drug
development. These efforts, described in this chapter, have resulted in compounds with improved
physicochemical and ADME (absorption, distribution, metabolism, and excretion) characteristics
and desirable whole parasite growth inhibition despite a loss of activity against the original kinase
target. This suggests discovery of an as-yet unidentified and novel mode of action for this family

of molecules. When these compounds were tested broadly against more phylogenetically distant
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parasites, we discovered significant inhibitory activity beyond kinetoplastids with differentiated
structure-activity relationships, which has further intensified our interest in the development and
optimization of this chemical series. This scaffold-centric, multi-pathogen approach - as opposed
to the pathogen-centric, multi-scaffold approach that is typical of a traditional drug discovery
program - has recently been coined “parasite hopping”, and represents a sub-strategy of the broader

concept of compound repurposing.!'!3

Compound repurposing refers generally to a strategy wherein known compounds (often
approved drugs) are deployed against a disease or target other than the one(s) for which they were
originally designed.'>!* This can dramatically abbreviate the discovery workflow and drug
development timeline by taking advantage of previously-established safety information.!* In a
“parasite hopping” approach, compounds developed for activity against one organism may also
show activity against another parasite, although additional structural optimization of the chemical
scaffold may be required. The required motifs for activity may also diverge between the parasites

of interest.

A recent example from the Ferrins group found lead compounds with distinct activity
against three protozoan pathogens by screening derivatives of NEU-1953, an inhibitor of 7. brucei
and itself the result of multiple rounds of optimization for anti-parasitic activity following
repurposing of the human EGFR tyrosine kinase inhibitor lapatinib.!"'> While all share a
substantial portion of the central aminoquinoline core, divergent structure-activity relationships
(SAR) for each parasite enabled tuning of the scaffold to optimize activity against either
Plasmodium falciparum (NEU-4439, P. falciparum ECso = 0.19 uM), which causes malaria,
Trypanosoma cruzi (NEU-5535, T. cruzi ECso = 0.33 uM), which causes Chagas disease, or

Leishmania major (NEU-2213, L. major ECso = 0.73 uM), which causes cutaneous leishmaniasis
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(Figure 4-1.1).!' The differentiated structure-activity requirements meant that potency
improvements for a given structural modification were parasite-specific: NEU-5535 has high
potency against its optimized target 7. cruzi (ECso = 0.33 pM) but not against L. major (ECso >
15 uM), and the L. major-specialized NEU-2213 is similarly potent against its target (ECso =0.73
uM) but impotent against 7. cruzi (ECso > 15 uM).!! Meanwhile the original compound, NEU-
1953, is comparatively weak against both 7. cruzi (ECso = 6.0 uM) and L. major (ECso > 15 uM)
but highly potent against T. brucei (ECso = 0.43 uM) and P. falciparum (ECso = 0.026 uM).'!
Importantly, desirable physicochemical and ADME properties intrinsic to the core motif of the

original parent compound NEU-1953 were generally retained in the optimized analogs.'!
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Figure 4-1.1 Selected examples of parasite hopping for discovery of new anti-parasitics. Blue
highlights indicate structural differences conferring parasite specificity as dictated by divergent
structure-activity relationships.
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In some cases, the broad spectrum of activity observed when parasite hopping with a
particular scaffold may occur by virtue of targeting relatively conserved biological pathways with
a shared level of importance to pathogenicity or parasite survival, though this is not always clearly
established at the outset. Importantly, the biological targets of a compound need not be known for
a parasite hopping approach to be effective, and even phylogenetically distant pathogens can be
similarly susceptible to a family of chemical matter. The work in this chapter exemplifies such
target-agnostic and phylogenetically distant parasite hopping successes in a number of important
eukaryotic pathogens responsible for human disease, namely Toxoplasma gondii (toxoplasmosis),
Trypanosoma brucei (human African trypanosomiasis, “human African sleeping sickness”,
“HAT”), Leishmania donovani (visceral leishmaniasis, “kala-azar”), and Naegleria fowleri
(primary amoebic meningoencephalitis, “brain-eating amoeba”). The divergent structure-activity
and structure-property relationships of this series against each of the pathogens will be discussed,

as well as synthetic challenges and improvements.

Section 4-2: Benzamidobenzoic acids as an anti-parasitic scaffold

Prior to my involvement, a collection of benzamidobenzoic acids (BABAs) was developed
by the Golden group and representative examples were established as inhibitors of 7. brucei
hexokinase 1 (TbHK1).*%7 TbHK1 catalyzes the flux-control step of glycolysis in T. brucei, a
pathway upon which the parasite is metabolically reliant during acute infection.* It was expected
that inhibition of this enzyme would arrest the downstream pathway and lead to parasite death.*
Following a high-throughput screen of more than 220,000 molecules, the singleton hit compound
4-chloro-2-(4-methoxybenzamido)benzoic acid (4-2.1) was identified with weak inhibition of the
target enzyme in vitro and no efficacy against whole T. brucei parasites.® Medicinal chemistry

optimization yielded 4-(4-(tert-butyl)benzamido-6-chloro-[1,1’-biphenyl]-3-carboxylic acid,
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BABA 1, which featured submicromolar TbHK1 inhibition, good selectivity over human
glucokinase (hGlk), low mammalian cell (IMR90) toxicity, and growth inhibition of whole
bloodstream form (BSF) T. brucei parasites (Scheme 4-2.1).* Subsequent screening of BABA 1
revealed inhibition of the homologous enzyme (L. major hexokinase, LmHKI1) in Leishmania
major, which causes cutaneous leishmaniasis. Despite a 6-fold reduction in potency for LmHK1,
this outcome nonetheless established the potential for parasite hopping using the

benzamidobenzoic acid template. !4

Scheme 4-2.1 Development of BABA 1 as a parasite glycolytic inhibitor*%’
>220,000 Cl cl
compounds >250 analogs
High- :> o) 0
Throughput
Screening N N
H H
HO™ ~O OCHj3 HO™ ~O tBu
4-21 BABA 1
TbHK1 ICs02 = 15.8 uM TbHK1 ICs02 = 0.28 pM

IMR90 CCsq° > 25 M
hGIk IC5° > 10 uM
T. bruceii BSF LDgo® = 1.88 uM
LmHK1 IC50°% = 1.7 pM

“TbHK 1: Trypanosoma brucei hexokinase 1, ICso: half-maximal inhibitory concentration; "IMR90:
human fetal lung cells, CCso: half-maximal cytotoxic concentration; “hGlk: human glucokinase;

4BSF: bloodstream form, LDso: half-maximal lethal concentration; ‘LmHKI1: Leishmania major
hexokinase 1.

Section 4-3: Benzamidopicolinic acids as improved BABA surrogates

As discussed in the previous section, the benzamidobenzoic acids (culminating in BABA
1) were discovered and developed as inhibitors of kinetoplastid parasite glycolysis, especially
focused on 7. brucei with some adventitious inhibition of L. major.**" Despite exciting milestones
in potency and selectivity for an enzymatic target and efficacy in whole parasites, which were

important to establishing the proof-of-concept for hexokinase-mediated parasite inhibition, further
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development of these compounds in a drug discovery context was impaired by high lipophilicity
(LogD74 > 5.0) resulting in poor physicochemical and ADME properties.'** Nonetheless, the
benzamidobenzoic acid series represented a collection of novel chemical probes that might serve

as a template from which better anti-parasitic agents could be derived.

To overcome the physicochemical and ADME limitations, a “methine-to-nitrogen atom
switch” modification of the BABA core was implemented. In some parasites, such as 7. brucei,
the glycolytic enzymes are localized to a specialized subcellular compartment called the
glycosome.!® The glycosomal environment is slightly acidic (pH ~ 6), which can cause some small
molecules with basic residues to be sequestered as ionized species in the organelle.!s!”
Experimental results suggest sequestration can be as high as 15-fold greater than theoretically
predicted.!® As such, the incorporation of a nitrogen atom into the scaffold was anticipated to offer
some benefit in this respect, depending on its placement within the molecule. Moreover, the
introduction of a nitrogen atom into the scaffold, if tolerated, would be expected to reduce
lipophilicity and enhance solubility, both of which were liabilities for the BABA series.*!” With
these considerations in mind, and knowing that an expedient synthesis for rapid assessment called
for minimal alterations to the existing routes used to access the compounds, we opted to
incorporate the nitrogen atom into the benzoic acid moiety of the benzamidobenzoic acid template.
Using BABA 1 as a test case afforded benzamidopicolinic acid derivative BDGR 6001 (Note:
compounds arising from medicinal chemistry optimization in the Golden group are assigned
unique numerical monikers of type “BDGR #### " based on their structure to enable tracking;
compounds are referred to here and in subsequent sections by assigned “BDGR numbers”).

Comparison of the calculated and measured properties of BABA 1 and BDGR 6001 is illustrative

of the effect of a methine-to-nitrogen atom substitution (“CH-to-N atom switch”) in this scaffold:
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lipophilicity was reduced by 1-2 log units, kinetic solubility in phosphate-buffered saline (PBS)
more than doubled, and 15% more of the compound remained after 1 h exposure to mouse
microsomes. These improvements were achieved without reducing membrane permeability

significantly (Scheme 4-3.1).

Scheme 4-3.1 Effects of methine-to-nitrogen atom exchange in the BABA core on
physicochemical properties and compound stability

Cl Cl
CH-to-N atom switch
(3] — U
N
N Z N
H H
HO™ ~0O tBu HO™ ~O tBu

BABA 1 BDGR 6001
cLogD (pH 5.0-7.4)% 6.75 - 5.42 cLogD (pH 5.0-7.4)% 5.18 - 4.32
Solubility (PBS 1X, pH 7.4)°: 2.7 uM Solubility (PBS 1X, pH 7.4)°: 6.4 uM
Microsomal stability®: 69.2% Microsomal stability®: 85.1%
Permeability (PAMPA)%: 6.7 Pe (10 cm/s) Permeability (PAMPA) %: 5.4 Pe (10 cm/s)

3cLogD: calculated partition coefficient octanol/water using ACD/LogD v8.07; °Kinetic aqueous
solubility at pH 7.4, PBS: phosphate-buffered saline; “Microsomal stability: Percent compound
remaining in mouse microsomes after 1 h; PAMPA: parallel artificial membrane permeability
assay.

With a nitrogen-containing analog of BABA 1 in hand (BDGR 6001), along with evidence that
desired physicochemical properties had improved, we sought to test the compounds against 7.
brucei hexokinase 1 and the whole parasite to see if activity was altered. Given that we had
observed growth inhibition against L. major in the benzamidobenzoic acid parent series*®’, we
also sought to expand our screening panel to include other parasites for opportunistic development.
As a result, we were able to evaluate members of the BABA series, as well as BDGR 6001 and
related analogs, against Toxoplasma gondii, Trypanosoma brucei, Leishmania donovani, and

Naegleria fowleri parasites.
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Section 4-4: Picolinic acid derived dual stage inhibitors of Toxoplasma gondii

The apicoplast parasite Toxoplasma gondii is a leading cause for food-borne illness,
hospitalizations, and death in the developed world and is estimated to affect 30-50% of the human
population worldwide.>%2? The disease, toxoplasmosis, affects 60% of the U.S. population and
is characterized by lifelong, chronic infection in immune-competent individuals and disease
resurgence with potentially fatal complications in fetuses and immune-compromised
patients.*?%>% Acute T. gondii infection is typically contracted through consumption of
contaminated food or water, and occurs while the parasite is in its rapidly growing tachyzoite
form.?*?627 The standard of care for acute infection is a synergistic combination of antifolate drugs,

pyrimethamine and sulfadiazine (Figure 4-4.1).2%%

Cl HsC H,N
NN
\N -
LA & 1
HNT N NH, N A
Pyrimethamine Sulfadiazine

Figure 4-4.1 Structure of current standard of care drugs for toxoplasmosis.

Unfortunately, significant side effects and resistance have been reported with use of these
drugs.’®3* After the infamous Turing Pharmaceuticals incident in 2015, during which the price of
pyrimethamine increased more than 55-fold overnight, concerns regarding access to these drugs

has also become an important concern.*>*

Robust host immune response and/or challenge by chemotherapeutics induces parasite
differentiation from the proliferating tachyzoite stage to the cyst-dwelling bradyzoite stage, against
which current treatments are ineffective.?* 253740 Failure of current treatments against bradyzoites

and the resulting inability to clear parasitic infection completely in patients results in lifelong
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opportunistic chronic infection with significant risk of resurgence in immunocompromised

individuals.*!

While immunocompetent individuals who become infected are typically
asymptomatic or may suffer self-limiting flu-like illness, ocular lesions have been reported and
maternal infection during pregnancy can lead to miscarriage or visual or motor disabilities in
newborns.***° Despite new development and drug repurposing efforts, clearing the bradyzoite

stage of the parasite continues to be a major challenge in the battle against 7. gondii.?>33-37:39:46-62

Given that the activity of the BABA series in 7. brucei hinged on inhibition of a
metabolically critical glycolytic enzyme, the rationale for repurposing the benzamidobenzoic acids
towards 7. gondii extended beyond the optimism that must necessarily accompany broad,
opportunistic screening efforts. For example, efforts targeting glycolytic pathways in Plasmodium
falciparum, which causes malaria and is also an apicoplast parasite, have recently met with some
success.® % A key factor of this approach relied on parasite dependence on glycolysis during life
stage(s) relevant to host infection.®*”**7! In the case of T. gondii, the bradyzoite form of the
parasite that characterizes chronic infection relies exclusively on glycolysis for energy
metabolism.>*2637-7273 Despite this known metabolic vulnerability of bradyzoites, therapeutic
approaches targeting 7. gondii glycolysis have not been described. Furthermore, we were unsure

if the picolinic acid derivatives would behave similarly.

Nonetheless, in light of recent successes for such a strategy in campaigns against other
protozoan parasites with glycolysis-dependent infectious stages, we anticipated that a parasite
hopping approach using a collection of known glycolytic inhibitors with evidence of broader-
spectrum activity might provide an opportunity to develop more effective 7. gondii
therapeutics.®763%-% Ag discussed in preceding sections, a series of benzamidobenzoic acids were

previously identified as glycolytic inhibitors of Trypanosoma brucei.*®’ Although the potential
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for successful parasite hopping to the relatively closely-related kinetoplastid Leishmania major
had been demonstrated, assessment against the more phylogenetically-distant, apicoplast parasite

T. gondii had not been explored.

To this end, seven benzamidobenzoic acids were assayed by parasitologists in Prof. Laura
Knoll’s lab at the University of Wisconsin-Madison for in vitro growth inhibition of 7. gondii
tachyzoites and bradyzoites at a single concentration of 10 uM. Human foreskin fibroblast host
cells were infected with parasite, then exposed to compound for 48 h before addition of [*H]-uracil
and incubation for 24 h. Incorporated uracil was assessed by scintillation counter and served as a
measure of replication, a proxy for parasite growth. The growth inhibitory effect of each compound
was normalized to a DM SO negative control and compared to pyrimethamine as a positive control
(tachyzoites only). Excitingly, we observed substantial growth inhibition against both parasite
forms across the compound set, with the best dual stage growth inhibition demonstrated by BABA
1. In contrast to pyrimethamine, which inhibited tachyzoite growth (98.0%) but not bradyzoite
growth (0%), BABA 1 gave robust inhibition of both tachyzoites (99.6%) and bradyzoites (96.7%)

(Table 4-4.1).
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Table 4-4.1 Percent in vitro growth inhibition of 7. gondii tachyzoites and bradyzoites by selected
benzamidobenzoic acids at a single concentration of 10 uM

Cl

Tachyzoite = Bradyzoite

Compound R= CI;04%,D % Growth % Growth

’ Inhibition®  Inhibition®
DMSO - - 0.0 0.0
Pyrimethamine - 3.1 98.0 0.0
BABA 1 Ph 5.4 99.6 96.7
BABA 2 F 4.0 81.0 89.1
BABA 3 2-F-Ph 59 92.0 94.7
BABA 4 2-thiophenyl 5.2 96.9 95.9
BABA S 3-OCHjs-Ph 52 91.7 98.4
BABA 6 3-CFs-Ph 6.4 99.7 96.4
BABA 7 4-CI-Ph 6.0 94.1 98.7

3Calculated partition coefficient octanol/water at pH 7.4 using ACD/LogD v8.07; ®PAverage of at
least three independent experiments; DMSO: dimethyl sulfoxide (control).

Although the set of BABA compounds at initial screening was small, it was curated
primarily to assess a variety of changes on the benzoic acid ring where structure activity
relationships (SAR) in 7. brucei had been most permissive. The rationale was that detection of
permissive SAR in 7. gondii would enable refinement to less lipophilic compounds. Since aryl
substitution at the C5 position of the benzoic acid ring accounted for a substantial portion of
lipophilicity, assessing SAR tolerance at that position became important. For example, exchange
of a phenyl group in BABA 1 for a fluorine atom in BABA 2 leads to a > 10-fold reduction in
calculated lipophilicity (> 1-unit change in cLogD). Indeed, we observed broad tolerance for
substitution changes at this position, with comparable levels of growth inhibition for the aryl

substituted analogs BABA 1 and BABA 3-7, and only slightly reduced activity (~10%) in the
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fluorine-substituted analog BABA 2. This suggested that alteration of the BABA scaffold towards

less lipophilic compounds might be tolerated.

Based on these results, we anticipated that a series of benzamidopicolinic acid analogs
might perform well in the same assessment. These desired compounds were synthesized with the
intent of surveying structure-activity relationships of a series with reduced lipophilicity and
improved physicochemical properties compared to the BABA series, though the synthetic
approach was refined. The benzamidobenzoic acids had generally been prepared by a route
wherein an appropriately substituted methyl 2-aminobenzoate of type 4-4.1 was diversified at C5
of the benzoic acid ring system by Suzuki or other coupling, followed by benzoylation and ester

hydrolysis to give the BABA scaffold (Scheme 4-4.1).*

Scheme 4-4.1 Synthetic route to benzamidobenzoic acid (BABA) series

Cl Cl
XG5 Rl s
a-c (0]
—_—
NH N
2 H)K©\
H,CO™ ~O HO™ ~O t-Bu
4-4.1 BABAs
X=F, Cl, Br, |

Reagents and conditions: (a) Coupling conditions, 21-92% (b) 4-/BuBzCl, CH3CN, 150°C, 1 h,
25-95%; (c) LiOH, 3:2 THF/H2O, 1t, 18 h, 15-93%.

To generate the desired benzamidopicolinic acids and analogs, a similar approach was
adopted, however, several important changes were made to the synthesis that enabled this work.
First, the order of steps was modified such that Suzuki coupling (Scheme 4-4.2, step c), if used,
was conducted after formation of the benzamide (Scheme 4-4.2, step b). This overcame problems
with selectivity between the 6-Br and 5-Cl groups during Suzuki coupling in the synthesis of

BDGR 6001 (Scheme 4-4.2).
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Scheme 4-4.2 Synthesis of benzamidopicolinic and benzamidonicotinic acids
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N BDGR 6014, R2 = CO,CH,
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4-4.6

Reagents and conditions: (a) 2.0M TMS-diazomethane in hexanes, 1:4 CH30H/CHCly, rt, 18 h, 42-

76%; (b) 2.6 M Brz in AcOH, 2M H2SOq, rt, 4-72 h, 51-55%; (c) ArCOCIl, Et3N or iPr2EtN, THF or

CH3CN, r1t-150°C, 6-94%; (d) PhB(OH)2, NaxCOs3, Pd(PPh)3;Cl,, 10:1 CH3CN/H0, 100°C, 0.5 h,
67%; (e) 1.3 M aq. LiOH, 3:2 THF/H:O, rt, 12-48 h, 31-93%.

Second, improvements were made to the synthesis of methyl 3-amino-5-chloropicolinate

4-4.7, a key building block for many of the benzamidopicolinic acids (Scheme 4-4.3). To access

4-4.7 cheaply, expediently, and to obviate the subsequent use of highly toxic TMS-diazomethane

during esterification, I developed an efficient alternative to the initial route. This was achieved by

synthesizing 4-4.7 over two steps from commercially available 3-nitro-5-chloropicolinonitrile 4-
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4.8, which circumvented the need for the expensive picolinic acid 4-4.2 that was purchased during
the initial discovery route. This resulted in a 99% material cost reduction and enabled synthesis of
the key building block 4-4.7 at 20-fold the original scale with only a single net additional step

(Scheme 4-4.3).

Scheme 4-4.3 Route modifications for scale-up

Cl
| X * <0.5g scale
— * TMS-CHN, (toxic)
NHy Expensive
O

Discovery route

Cl
AN a
| —
Z NH,
O

N N
HO HsCO
4-4.2 4-4.7
$231/g $389/g
$40/mmol $73/mmol

Modified route for Scale Up

Cl Cl Cl
| A b | A c | X *> 10g scale
N =~ N~ N__~ *No TMS-CHNz
NO NH; NH; * 99% cost reduction
I HN" Y0 HaCO™ Y0 * Net +1 step
4-4.8 4-4.9 4-4.7
< $3/g - - < $4/g
< $0.6/mmol < $0.8/mmol

Reagents and conditions: (a) 2.0M TMS-diazomethane in hexanes, 1:4 CH3;OH/CHCl, rt, 18 h,
55%; (b) FeCl3+6H20, 65% N>H» (aq), charcoal, CH30H, reflux, 1-2 h; (¢) 1:10 H>SO4/CH30H,
100°C, 48 h, 73% over two steps.

With 14 benzamidopicolinic acids and 2 benzamidonicotinic acids in hand, the compounds
were screened by our collaborators in the Knoll lab. This revealed strong in vitro anti-parasitic
activity across the collection, with 10 of 16 compounds (63%) displaying at least 70% growth
inhibition of both stages of 7. gondii at 10uM. As a result, these compounds were further assayed
in dose-response format to assess potency. They were also assayed to measure toxicity to the

human foreskin fibroblast (HFF) host cells.
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BDGR 6001 represented the most structurally comparable nitrogenated analog to BABA
1, as the only modification to the structure was the methine-to-nitrogen atom switch. As a
substantial amount of undesired lipophilicity can be attributed to the C6-aryl substitution on the
benzamidopicolinic acid, a feature inherited from the parent compound BABA 1, we sought to
investigate whether such functionality in the nitrogenated series was required for activity in 7.
gondii (Table 4-4.2). We were encouraged to find that removal of substitution altogether from the
C6- position of the pyridyl ring system of BDGR 6001, as shown in BDGR 6000, afforded a two-
fold increase in potency against tachyzoites and maintained comparable activity against
bradyzoites. Maintaining the C5-Cl substituent was preferable to its removal, as shown by the
differences in potency and selectivity index between BDGR 6000 and BDGR 6013. Neither of
the benzamidonicotinic acid analogs BDGR 6014 or BDGR 6016 were superior to their
benzamidopicolinic acid counterparts. The benzamidonicotinic acid motif was therefore not
explored further. We also observed some cytotoxicity against the host cells with a selectivity index
between parasite and host cells of about 5-10 for these analogs. BDGR 6000 was selected as a new
benchmark compound despite BDGR 6001 having a higher selectivity index in both tachyzoites
and bradyzoites, primarily in an effort to reduce lipophilicity (a more extensive comparison of the

profiles for both compounds is available in Table 4-4.6).



Table 4-4.2 Potency of derivatives with changes to the pyridyl ring

N
H

0]

)K©\t-3u

Tachyzoite . Bradyzoite . HFF
BDGR  R= ECso Tacg{f‘"te ECso Bra‘;’{f"“e CCso
(uM)? (uM)? (uM)°¢
cl
Ph A
6001 N 0.56 £0.10 86.1 0.41+0.11 117.6 48.2
HO” o
cl
Br8 \5
6005 N 3.85+0.27 >13.0 4.09 +£0.33 >12.2 > 50
HO™ 0
Br: 6| \5
6009 NF# 5.14+0.22 >9.7 3.96 +3.22 >12.6 > 50
HO™ o
cl
PR
6000 N 0.24 £0.04 10.4 0.35+0.01 7.1 2.5
HO” 0
6I =
6013 N A 1.11+1.34 8.1 2.16 £0.59 4.2 9.0
HO” 0
cl
N
6016 L >10 - >10 - 23.6
HO™ 0
cl
N
6014 L 1.69 +£0.37 >29.6 >10 - > 50
HsCO” SO

152

SECso: half-maximal inhibitory concentration; °SI: selectivity index = CCs0/ECso; “HFF: human
foreskin fibroblast, CCso: half-maximal toxicity concentration. All values are an average of at least
three independent experiments.
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Next, we explored the necessity of the acid functional group on the pyridyl ring for the
benzamidopicolinic acids (Table 4-4.3). Compared to the new benchmark compound BDGR 6000,
changes to the acid functional group to a non-acidic group were not well tolerated. BDGR 6010
featured exchange of the carboxylic acid in BDGR 6000 for a primary amide. The primary amide
is isosteric in terms of contributions from a carbonyl functional group but is not acidic under
physiological conditions. The amide containing analog BDGR 6010 was characterized by loss of
activity in both parasite forms. BDGR 6002, which contained an ester functional group in place
of the acid, appeared to be active. However, rapid hydrolysis to the acid was expected under the
assay conditions, especially at the elevated pH and temperature used to induce tachyzoite
differentiation to bradyzoites. Our interpretation was that acidic functionality at the picolinic
position was still required, but the result suggested that forming an ester prodrug that is hydrolyzed
to the acid in vivo might be tolerated. The acidic carboxylic acid isostere 1H-tetrazole enabled
BDGR 6022 to retain some activity against both stages of 7. gondii, however, an increase in

toxicity precluded this compound from further investigation (Table 4-4.3).
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Table 4-4.3 Potency of benzamidopicolinic acid derivatives with replacement of the acid motif

Cl
)9
N~ ”)KO\
R t-Bu
Tachyzoite . Bradyzoite . HFF
BDGR R-= ECso Tacg’{ﬁ"“e ECso Bra‘;{ﬁ""e CCso
(pM)* (pM)? (pM)*
6000 1 0242004 104 035£001 7.1 25
6002 COIO 043+001 >1163 057+009 >877  >50
d
6010 leo > 10 ; > 10 - > 50
6022 HN\IIN 0.80 = 0.29 1.5 2.45+132 0.5 1.2
N=N

SECso: half-maximal inhibitory concentration; °SI: selectivity index = CCs0/ECso; “HFF: human
foreskin fibroblast, CCso: half-maximal toxicity concentration; ‘Average of two independent
experiments, all other values are an average of at least three independent experiments.

With an improved understanding of the structure-activity requirements of the picolinic acid
portion of the scaffold, we turned our attention to the benzamide system (Table 4-4.4).
Substitutions were selected in a further attempt to reduce lipophilicity, in particular through
exchange of the tert-butyl group for a smaller alkyl group like methyl, as in BDGR 6008, or more
polar functionality such a methoxy group in BDGR 6003, 6007, and 6011. Unfortunately, none of
the alternate substitution patterns retained the desired level of potency, though reduced toxicity
was occasionally observed. As the selectivity indices remained comparable, the ters-butyl group
of BDGR 6000 remained the preferred substituent for the benzamide portion of the scaffold,
suggesting that hydrophobic interactions with that portion of the molecule are particularly

important for activity.
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Table 4-4.4 Potency of benzamidopicolinic acids with substitution changes on the benzamide ring

Cl
) 9
(LA
H
HO (@]
Tachyzoite . Bradyzoite . HFF
BDGR  R-= ECso Tacg{ﬁ""e ECso Brag’{ﬁ"“e CCso
(nM)? (uM)? (nM)©
6000 /\Q 0244004 104  035+0.01 7.1 25
t-Bu

6004 &© 242 +0.38 >20.7 4.47+0.48 >11.2 > 50

6008 K@ 148+0.12 123 1.10£0.54 165 18.2
CH

3

6003 m 7104079  >7.0  241+£207 >207  >50
OCHj

OCH;
6007 &(j 1.824+0.60  >27.5 61'280; > 8.1 > 50

OCH;

6011 /\© 3.50+0.61 >14.3 4.91+3.32 >10.2 > 50

SECso: half-maximal inhibitory concentration; °SI: selectivity index = CCs0/ECso; “HFF: human
foreskin fibroblast, CCso: half-maximal toxicity concentration; ‘Average of two independent
experiments, all other values are an average of at least three independent experiments.

In addition to the potency and selectivity of a compound, other attributes such as solubility,
stability, and permeability are vital parameters that determine the likely advancement of a
molecule in a drug discovery pipeline. In preparation for potential studies in vivo, BABA 1 and
BDGR 6000-6002 were selected for a comparative assessment of key properties that inform the

tractability of pre-clinical development and additional study in in vivo models. (Table 4-4.6).
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These compounds were selected because they had the best potency and selectivity, and we
anticipated that significant differences in physicochemical properties would determine selection
of a candidate for further advancement. We found that solubility of BDGR 6000, the carboxylic
acid containing compound without an aryl substitution at the C6-position, was at least 5-fold better
than that of the other compounds (33 uM vs. < 6.5 uM). Furthermore, its microsomal and plasma
stability were among the best of the set, and it maintained moderate membrane permeability. Taken

together, the compound profile for BDGR 6000 appeared to be the best.

In preparation for potential studies in vivo, and to further improve the solubility of BDGR
6000, we undertook screening of formulations for the compound. Over 35 formulations were
screened and included excipients such as methanol, ethanol, DMSO, Tween80, PEGao, and
Captisol at various ratios and concentrations. None was satisfactory, giving visible amounts of
precipitate or incomplete dissolution in our hands. During this process, we observed that
formulation of BDGR 6000 as its sodium salt BDGR 6015 afforded greatly improved solubility
and qualitative dissolution behavior. We were pleased to find that it displayed a comparatively
improved physicochemical profile to the parent acid BDGR 6000 while retaining the anti-parasitic
activity. The result that BDGR 6015 demonstrated a 5-fold improvement in aqueous kinetic

solubility and a 25% increase in microsomal stability was especially important (Table 4-4.6).
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Table 4-4.6 Comparison of activity and property profiles for selected compounds

0]

R‘N
H
t-Bu

cl cl cl cl cl
Ph Ph | N | X N | N
R= N N~ N7 N~
HO” ~0 HO” ~0 HO™ ™0 H,CO™ ~0 NaO” ~0
Compound BABA1 BDGR 6001 BDGR 6000 BDGR 6002 BDGR 6015
Tachyzoite
+ + + + +
ECso (uM)* 046+0.01 0.56=+0.10 024+0.04 043+001 032+£0.02
cachyzolte 1087 86.1 10.4 >116.3 6.6
Bradyzoite
+ + + + +
ECso (uM)* 0.99+0.09 0.41=+0.11 0.35+0.01 0.57+0.09 0.23+0.01
odyzolte - 50.5 117.6 7.1 > 877 9.1
HFF CCso
> 50 48.2 2.5 >50 2.1
(uM)*
LogD7.44 5.4 3.9 2.7 5.3 2.6
Solubility
2.7 6.4 33 <1.6 164
(uM)*
Microsomal 0 o o o o
Stability' 69.2% 85.1% 75.4% 2.7% 100%
Plasma 0 0 o 0 o
Stability® 100% 97.1% 98.4% 24.7% 88.1%
BBB
PAMPA" 6.7 5.4 6.9 ND ND

SECso: half-maximal inhibitory concentration; °SI: selectivity index = CCso/ECso; “HFF: human
foreskin fibroblast, CCso: half-maximal toxicity concentration; YExperimentally determined,;
®Kinetic aqueous solubility at pH 7.4; "Mouse microsomes, percent parent remaining after 1 h
exposure; eMouse plasma, percent parent remaining after 2 h exposure; "BBB PAMPA, Pe (10
cm/s); ND = not determined. All values are an average of three independent experiments.
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Given the improved compound profile, BDGR 6015 was selected for a snapshot
pharmacokinetic experiment in mice to assess plasma and brain exposure of the compound
(experiment performed by Wuxi Apptech). Male Balb/C mice were administered 15 mg/kg of
compound via intraperitoneal (IP) injection as a clear solution. Plasma concentrations were
assessed at 30 min and 2 h post administration, and brain exposure was measured at the 2 h
timepoint. Terminal mean plasma and brain exposure (AUCn, = 7883 ng/mL and AUC>, = 816
ng/g, respectively) were determined, affording a brain-to-plasma (B/P) ratio of 0.1. These values
translate to 22 uM in plasma and 2.3 uM in brain at 2 h post administration without correction for

protein binding.

Although these concentrations are higher than the ECso value for BDGR 6015 against
either tachyzoites or bradyzoites, it does not account for the percentage of compound that is bound
to protein, which can drastically lower the effective concentration available physiologically. A
further concern was that despite the increased solubility obtained by formation of the sodium salt
in our hands, the compound required formulation using a cyclodextrin when it was used at a
contract research organization for the pharmacokinetic studies. Rates of complexation/de-
complexation from the cyclodextrin impact the effective concentration of a compound in vivo,
therefore, additional work is needed to better understand the tissue exposure of BDGR 6015.74
Furthermore, cyclodextrins do not cross the blood brain barrier, and thus the brain exposure values
may be artificially low. While the pharmacokinetic results for sodium salt BDGR 6015 could be
interpreted optimistically — detected plasma concentrations were almost 100-fold that of the ECso
and brain exposure was detected despite a non-CNS penetrant formulation — further work is needed
to improve solubility and/or refine the formulation, as well as to understand the extent of protein

binding for our compound.
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To evaluate if BDGR 6015 could be advanced to an acute or chronic murine model of T.
gondii infection, several factors were considered. First, frequent IP dosing of mice is challenging
over an extended treatment window; therefore, a compound would maximally be dosed twice daily
under these conditions. Given the pharmacokinetic snapshot, a twice daily regimen was unlikely
to provide the requisite compound exposure to expect success. Second, 7. gondii infected mice
launch a robust immunological response that renders them especially susceptible to inherent
toxicities of any compound. /n vivo candidate compounds must therefore demonstrate a
comfortable margin between inhibitory and cytotoxic concentrations, preferably with selectivity
indices > 10. Unfortunately, BDGR 6015 possesses a selectivity index below 10 for both
tachyzoites and bradyzoites. Third, sufficient exposure, especially in brain tissue that is known to
harbor encysted bradyzoites, is essential for a candidate compound. The snapshot pharmacokinetic
study suggested inadequate compound concentrations in the brain, though this conclusion is
confounded by formulation using a cyclodextrin. Although BDGR 6015 demonstrated exposure
at a low dose in both plasma and brain, we determined that in vivo assessment was premature given

these limitations.

Further study in an in vivo model of disease remains a future goal towards which additional
improvements in the selectivity and bioavailability of these compounds will need to be made.
Nonetheless, these dual stage 7. gondii inhibitors culminating in BDGR 6015 represent an
important advancement in the development of effective therapeutics because they provide a new
probe compound with in vitro efficacy. We expect that future efforts will further improve the

profile of this series, enabling efficacy studies in animal models and mode of action identification.

A biological target of the picolinic acids is currently unknown. While we have yet to test

these compounds in a comparable 7. gondii enzymatic assay, the benzamidobenzoic acids from
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which these nitrogenated analogs were derived are inhibitors of the 7. brucei parasite glycolytic
enzyme hexokinase 1 (TbHK1).* T. gondii possesses a single copy of its hexokinase (7. gondii
hexokinase, TgHK), which has recently been classified as essential for parasite fitness during
infection.?>”>~"7 Notably, like T. brucei parasites, T. gondii bradyzoites are glycolysis-dependent.
Metabolic arrest may be a potentially common therapeutic intervention, though this remains to be
determined. As will be discussed in Section 4-5, the benzamidopicolinic acids appear to act in a
non-hexokinase-mediated manner in 7. brucei. Nonetheless, our ability to design derivatives from
a prior glycolytic inhibitor series in one parasite to inhibit another phylogenetically distant, but
glycolysis-dependent, pathogen is a successful demonstration of the power of a “parasite hopping”

approach for the development of novel anti-parasitic agents.

Section 4-5: Discovery and development of Trypanosoma brucei inhibitors based on the
picolinic acid scaffold

The parasite Trypanosoma brucei, specifically the subspecies 7. b. gambiense and T. b.
rhodesiense, s responsible for human African trypanosomiasis (HAT), a potentially fatal disease
also known as “human African sleeping sickness”.*%"-"® The parasite is transmitted by the bite of
the tsetse fly during a blood meal, and infection progresses from an initial hemolymphatic stage to
parasite invasion of the CNS, which marks the neurological stage in late disease.”® Infection is
almost invariably fatal if left untreated.*’® Although treatments exist for 7. brucei infection, they
are limited by adverse side effects (pentamidine, suramin), toxicity to patient subgroups
(melarsoprol), specificity to parasite subspecies or disease stage (pentamidine, suramin,
eflornithine), cumbersome administration routes (pentamidine, suramin, eflornithine, nifurtimox),
and/or emerging pathogen resistance (melarsoprol) (Figure 4-5.1).” As such, new therapeutic

options for 7. brucei infection are urgently needed.
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Figure 4-5.1 Current treatments for 7. brucei infection.”

As reviewed previously in this chapter, our group recently developed benzamidobenzoic
acids (BABA compound series) as anti-trypanosomal agents that act by inhibiting the parasite
hexokinase (TbHK1).*%7 We later discovered that compounds in this series had activity against
multiple parasites (see Section 4-1 and Section 4-2). Follow-on medicinal chemistry optimization
led to a benzamidopicolinic acid series (via a methine-to-nitrogen atom switch) in a bid to improve
physicochemical properties, especially lipophilicity and aqueous solubility (see Section 4-3). Anti-
T. gondii activity was identified in the benzamidobenzoic and benzamidopicolinic acids, enabling
development of a probe compound, sodium salt BDGR 6015, that displayed inhibition of both
tachyzoite and bradyzoites in tissue culture and had improved solubility and microsomal stability
over its benzamidobenzoic acid progenitors (see Section 4-4). In parallel to those efforts, we
sought to leverage the benzamidopicolinic acid scaffold to identify anti-trypanosomal agents with

superior physicochemical and ADME profiles for further medicinal chemistry development.
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To this end, a collection of 16 benzamidopicolinic and 3 benzamidonicotinic acid
derivatives were screened against TbHK 1 and whole 7. brucei bloodstream form (BSF) parasites
at a concentration of 10 uM (Table 4-5.1). For the enzymatic assay, compounds were incubated
with recombinant TbHK 1 before measuring TbHK 1 activity using a secondary reporter assay.* A
counter-assay without TbHK1 was used to correct for any background inhibition by our
compounds on the reporter itself.* Whole parasite inhibition was measured by exposing
bloodstream form (BSF) 7. brucei parasites to compound for 72 h at 37°C, then measuring cell
viability via a fluorescent reporter. Compounds with > 50% inhibition at 10 uM were advanced to
assay in dose response format to determine an ECso and counter screened for cytotoxicity against
human foreskin fibroblasts (HFF). This revealed anti-trypanosomal activity in the low micromolar
range for the picolinic acid series. Furthermore, all tested picolinic acid analogs had TbHK1 ICsg
values greater than 10 uM, indicating that the mode of action for whole parasite growth inhibition

was unlikely to be TbHK1 mediated.

We observed that structure activity relationships for the series in 7. brucei were divergent
from the trends in 7. gondii, signaling potential for further parasite-specific refinement on this
scaffold against an unknown target. For instance, substitution on the pyridyl ring was more broadly
tolerated in 7. brucei, with a C6-Br substituent contributing to improved selectivity for BDGR
6005 and BDGR 6009 compared to the corresponding analogs BDGR 6000 and BDGR 6013,
which lacked the bromine atom. The benzamidonicotinic acid derivatives were inactive with the
notable exception of BDGR 6014, which demonstrated an improved selectivity index despite
reduced potency against 7. brucei and an ester in place of the acid functional group. The
corresponding acid BDGR 6016 was inactive, suggesting other structural changes might

accommodate loss of an acidic group and that the acid alone was insufficient for activity.
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Table 4-5.1 Potency of benzamidopicolinic acids with substitution changes on the pyridyl ring

0]

R‘N
H
t-Bu

} HFF
BSF T. j
BDGR  R= LSD b;‘;ca‘” BSFL prueel - cos
50 (M) (uM)*
Cl
Ph.6 \5
6001 N 9.13+1.35 5.3 48.2
HO [6]
Cl
Br<6 \5
6005 N 3.15+1.29 >15.9 > 50
HO (6]
Br- 6| \5
6009 Nz 2.61+0.37 >19.2 > 50
HO (o]
Cl
6 5
| A
6000 N 2.08+ 031 1.2 2.5
HO (6]
d 3
6013 Nz 3.42+0.38 2.6 9.0
HO (6]
Cl
N
6016 L > 10 - 23.6
HO (6]
Cl
N
6014 L 8.11+1.17 >6.2 > 50
HsCO™ 0O
Cl
SN
6026 | > 10 - > 50
HO (6]

“BSF: bloodstream form, LDso: half-maximal lethal concentration; °SI: selectivity index =
CCso/LDso; “HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration. All
values are an average of at least three independent experiments.
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Toxicity to the host cells (HFFs) was too high, and selectivity indices therefore too low, to
draw meaningful conclusions regarding the structure-activity requirements at the C2 position of
the pyridyl ring, where the acid functional group is attached in BDGR 6000 (Table 4-5.2). No
activity was detected for analogs without an acidic functional group, such as ester BDGR 6002 or

amide BDGR 6010.

Table 4-5.2 Potency of benzamidopicolinic acid derivatives with replacement of the acid motif

: HFF
BSF T, ;
BDGR R= LSD b;‘;ca‘” BSFL prmeel - ces
50 (M) (uM)*
6000 L 208031 12 25
6025 T 991+0.76 1.6 15.4
6002 cholo > 10 i > 50
6010 HzNIO > 10 i > 50
6022 HNI\N 5.39 + 1.45 0.39 12
=N
oo1s L 189+037 11 2.1
6042 T > 10 - > 50

SBSF: bloodstream form, LDso: half-maximal lethal concentration; "SI: selectivity index =
CCso/LDso; ‘“HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration. All
values are an average of at least three independent experiments.

Attempts to exchange the 4-tert-butyl group on the benzamide ring were detrimental to

potency against BSF T. brucei parasites, with no activity detected for the other substitution patterns
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surveyed. However, toleration for the isosteric aromatic system thiophenyl in place of the benzene
ring was observed via BDGR 6033, which by virtue of reduced toxicity improved the selectivity

profile by approximately 10-fold (Table 4-5.3).

Table 4-5.3 Potency of picolinic acid derivatives with changes to the benzamide ring

Cl
B
(L
H
HO™ ~O
: HFF
BSF T. '
BDGR  R= LSD (b;’gf’ BSF g'lb”"”ce’ CCso
o (uM)*
6000 n 2.08+0.31 1.2 25
t-Bu
6004 ’K@ > 10 . > 50
6008 k@ > 50 . 18.2
CHs
6003 'K@ > 10 : > 50
OCHs
OCHg
6007 &(j > 10 - > 50
OCH,
6011 >10 - >50

6033 &@7—@ 3.77+0.33 13.3 > 50

“BSF: bloodstream form, LDso: half-maximal lethal concentration; °SI: selectivity index =
CCso/LDso; “HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration; 9This
value requires additional testing to resolve but initial assessments indicated an ICso > 5 puM. All
values are an average of at least three independent experiments.
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Taken together, the data indicated further investigation was warranted to better understand
the new structure-activity requirements at play with the ultimate goals of improving the selectivity
and physicochemical profile of this chemical series in 7. brucei. To this end, four new picolinic
acid derivatives were prepared to explore the effect of alterations to the linker region between the
two aryl systems. This proved fruitful, as a variety of linkers corresponding to different lengths

and chemical functionality were tolerated (Table 4-5.5).

Table 4-5.5 Potency of picolinic acid derivatives with various linker functional groups

: HFF
BSF T. b ;

BDGR Structure rucet BSF T. brucei o0,

LDso (],IM)Zl SI (HM)c

Cl
Y 9
6000 N NJ\Q 2.08+0.31 12 25
H
HO™ ~O t-Bu
Cl
| N 0 t-Bu
6035 N N*/Q/ 7.144 >7.0 > 50

H
HO™ ~O

Cl
N tBu
6049 P Q 0.59¢ 26.6 15.7

H
HO™ ~O
Cl

| X
N~ N/\@\
H
HO™ O t-Bu
Cl

X

6047 N TBD TBD > 50

6023 0.43+£0.10 53.9 22.9

HO™ ~O t-Bu

SBSF: bloodstream form, LDso: half-maximal lethal concentration; "SI: selectivity index =
CCso/LDso; “HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration; TBD: to
be determined; ‘Due to a technical problem with the assay during initial data collection, additional
testing is required to resolve a standard deviation for the LDso value. All values are an average of
at least three independent experiments.
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Extending the amide group by one methylene unit from the 4-tert-butylphenyl ring in BDGR 6035
gave 3-fold reduced potency but > 6-fold greater selectivity compared to the previous leading
compound BDGR 6015 (sodium salt). Alternatively, excision of the carbonyl (i.e., shortening the
linker to consist of only a single nitrogen atom) afforded BDGR 6049 and resulted in a > 3-fold
increase in potency. The greatest improvement was obtained with BDGR 6023, which featured
reduction of the benzamide functionality to a simple benzylamine. This resulted in a simultaneous
increase in potency (BSF LDso = 0.43 uM) and reduction in toxicity (HFF CCso =22.9 uM) such

that the selectivity index improved over 20-fold compared to BDGR 6015.

Several analogs were also made featuring multiple scaffold modifications in tandem. This
is done routinely in medicinal chemistry programs for more expedient syntheses or to capitalize
on a structurally similar intermediate (and/or serendipitous byproduct) being generated in the
course of accessing other analogs, and can provide SAR information in multiple dimensions more
quickly. For example, the derivatives BDGR 6040, 6041, 6050 and 6052 were generated to further
probe the effect of linker chemistry, especially in the absence of an acidic functional group on the
pyridyl ring (Table 4-5.6). Excitingly, BDGR 6040 and 6052 featuring an N-hydroxyamide linker
were extremely potent (7. brucei LDso = 0.57 uM and < 0.16 uM, respectively) despite featuring
the non-acidic ester functionality on the pyridyl ring system, and in the case of BDGR 6042 absent
the 4-tert-butyl group that was required in the amide linker-containing series (see Table 4-5.3).
The N-hydroxyamides were also non-toxic (HFF CCso > 50 uM), leading to the best selectivity

indices (SI=87.9 and 312.5, for BDGR 6040 and 6052, respectively) observed up to this point.

N-hydroxyamides are much more acidic than their N-H amide counterparts (calculated pKa
= 7.5 for N-hydroxyamide BDGR 6040 vs calculated pKa = 15.5 for the corresponding N-H amide

analog BDGR 6002 at 25°C), which we hypothesized might compensate for the lack of an
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ionizable group in that region of the molecule due to the linker’s close proximity.* Increased linker
acidity contributing to potency would explain the observation that BDGR 6042 (without the 4-
tert-butyl group, whose linker is expected to be more acidic) is more potent than BDGR 6040.
This was significant because it suggested that removal or replacement of the aryl carboxylic acid,
which tends to improve membrane permeability and CNS tissue exposure by reducing compound
polarity, might be tolerated with appropriate changes in the linker to make up for the missing
functionality. Two examples of “scaffold hop” compounds, wherein a structural alteration yields
anew class of compounds distinct from the parent molecule, were also explored but did not display
activity against 7. brucei: BDGR 6053 is an example of the pyrido[3,2-d]pyrimidine-2,4-diones,
a well-known privileged scaffold, while BDGR 6055 is the first example, to our knowledge, of a

benzo[4,5]oxazolo[3,2-a]pyrido[3,2-d]pyrimidin-12-one heterocyclic ring system (Table 4-5.6).
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Table 4-5.6 Potency of derivatives with multiple simultaneous modifications to structure

: HFF
BSF T. '

BDGR Structure SD (b;;;‘el BSF g.lbbrucez CCso
o (uM)*

Cl

N o t-Bu
6034 N NJL\/[::I/ > 10 - > 50
H
H,cO™ Y0

cl
Y 9
6032 No s 64+28 26.6 > 50
” \ / t-Bu
H,CO™ YO
cl

Y 9

6040 N~ NJ\©\ 0.57+0.03 87.9 > 50
H,CO o O tBu

Cl

B
6041 No N > 10 - > 50

© \©\t—8u
Cl

6050 NZ N

a
L
H

t-Bu
Cl
Y 9
6052 N~ NJ\©
HsCO o OH
0 /©/t—Bu
N > 10

N
6053 S
LA A

Cl N™ ~O
H

(o]
6055 /ﬂjEIfLN/{;:> TBD TBD > 50
I NF N/)\O

SBSF: bloodstream form, LDso: half-maximal lethal concentration; "SI: selectivity index =
CCso/LDso; “HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration; TBD: to
be determined. All values are an average of at least three independent experiments.

TBD TBD 15.4

<0.16 >312.5 > 50

- > 50
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We determined that the most promising direction for further investigation lay in new linker
chemistries, especially with a goal to obviate the requirement for a carboxylic acid functional
group on the pyridyl ring and/or the highly lipophilic 4-tert-butyl group of the benzamide system.
Removing the carboxylic acid group was expected to improve membrane permeability and
subsequent CNS exposure, while precluding an aryl 4-tert-butyl group would enable further
reduction in lipophilicity while avoiding a potential metabolic liability.?"8! Evaluation of the best
compounds solely on the basis of potency and selectivity suggested scaffolds with an N-
hydroxyamide linker (exemplified by BDGR 6040 and 6052) or an N-H benzylamine linker
(BDGR 6023) should be explored further, however, consideration of other important properties in
pre-clinical development such as solubility, microsomal stability, plasma stability, and plasma

protein binding revealed otherwise.

The N-hydroxyamide linker-containing compound BDGR 6040 was poorly stable in
microsomes (10.3% remaining after 1 hour), as was the sulfonamide-linker compounds BDGR
6050 (0% remaining after 1 hour). Both BDGR 6040 and BDGR 6050 also suffered from poor
solubility (< 1.6 uM in aqueous buffer at pH 7.4). The benzylamine-linked compound BDGR 6023
was more soluble (83.9 uM), slightly more stable in microsomes (37.3% remaining after 1 hour)
and had good plasma stability (92.5% remaining after 2 hours). This meant that in addition to
superior potency and selectivity against 7. brucei, BDGR 6023 had greater than 2.5-fold improved
solubility compared to the benzamidopicolinic acid parent compound BDGR 6000, and
comparable plasma stability. We reasoned that if the microsomal stability of BDGR 6023 could
be improved by further scaffold optimization, a substantially better compound might be obtained

(Table 4-5.7).
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Table 4-5.7 Comparison of physicochemical and ADME properties for compounds with different
linker chemistry

Solubility Microsomal Plasma Plasn}a
Protein

a oy b 30 c
(nM) Stability Stability Binding®

Cl
Y 9
6000 No NJ\©\ 33 75.4% 98.4% ND
H
HO [6] t-Bu
Cl

X

NI = N/\©\
H
HO™ S0 t-Bu
Cl

Y 9

6040 Nz NJ\©\ <1.6 10.3% ND ND
Hyco™ o OH tBu
Cl

A

O 0
6050 N &
H

BDGR Structure

6023 83.9 37.3% 92.5% 99.1%

<1.6 0% ND ND

-,

t-Bu
O
6055 MN@ 8.3 7.2% 100% ND
I NF N/)\O

*Kinetic aqueous solubility at pH 7.4; "Mouse microsomes, percent parent remaining after 1 h
exposure; ‘Mouse plasma, percent parent remaining after 2 h exposure; ‘Mouse plasma, percent
bound after 4 h; ND: not determined. All values are an average of at least three independent
experiments.

The novel heterocyclic system represented by BDGR 6055 was also evaluated in terms of these
physicochemical and ADME parameters to better understand its potential as a secondary scaffold
series. Given its poor microsomal stability and comparatively low solubility, in combination with

incomplete information regarding its anti-parasitic activity, it was not explored further.

Based on these data, a benzylamine-linked series of analogs based on the BDGR 6023

template was chosen for further investigation. To enable efficient analog generation in the



172

benzylamine linker series, the synthetic route to these compounds required significant retooling.
In the initial discovery route, BDGR 6023 was generated in an analogous way as described in
Section 4-4 for the benzamidopicolinic acids, namely by use of the 3-amino-5-chloro methyl
picolinate building block 4-5.1 as a nucleophile. This synthetic approach was adequate for
generating benzamide-linked compounds such as BDGR 6000 because the exceptionally reactive
acyl chloride building blocks (e.g., 4-5.2) compensated for the poor nucleophilicity of 4-5.1, but
gave mediocre yields with less electrophilic building blocks like the 4-fert-butyl benzyl bromide
4-5.3 used to make BDGR 6023. To overcome this challenge, we adopted a Buchwald-Hartwig
amination paradigm for the syntheses, wherein the pyridyl building block 4-5.4 could act as the
electrophile and an amine (e.g., 4-5.5) could act as the nucleophile. This better aligned the innate
electronic nature of each starting material with the reactivity we desired from it, and enabled
synthesis from commercially available 3-bromo-5-chloro picolinic acid in the same number of
steps. Importantly, analogs such as BDGR 6057, which were inaccessible via other chemistry,

could be generated with good overall efficiency (Scheme 4-5.1).



Scheme 4-5.1 Adjusted synthetic approach for synthesis of benzylamine-based analogs

Discovery route

o]
CI
t-Bu
? ? 0L,
HsCO
4-5.1 BDGR 6000
t-Bu Cl
4-5.3 I N
> N~
N
o t-Bu
BDGR 6023
Modified route
Cl CHs Cl
N| AN HZN)\©\ d b | X CHs
= N~
H
H;CO™ ~O tBu
4-5.4 4-5.5 BDGR 6057
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Reagents and conditions: (a) CH3CN, 150°C, 1 h, 51%; (b) 1.3 M aq. LiOH, 3:2 THF/H2O, rt, 18
h, 71-92%:; (c) iPr2EtN, CH3CN, 85°C, 48 h, 36%:; (d) Pd2(dba)z, Xantphos, Cs2CO3, PhCH3, 85°C,

18 h, 79%.

Initially, scale up of this route beyond 1.5 mmol (250 mg) scale proved problematic due to

the formation of a small amount of an unknown impurity (A, ~ 3% by mass) in batches of 4-5.4

that heavily attenuated the subsequent Buchwald-Hartwig coupling reactions (Figure 4-5.3). We

found that trituration of the contaminated batch of 4-5.4 obtained via TMS-diazomethane

esterification at 10 mmol (2.3 g) scale with toluene as an anti-solvent, followed by filtration

sequentially through 0.45 um and 0.1 um filters, gave a batch of material (B) that could be

converted smoothly via Buchwald-Hartwig coupling in good yield across a range of amine
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substrates. Ultimately, an uncontaminated batch of material (C) could be obtained by using a

Fischer reaction for esterification exceeding 1.5 mmol (250 mg) scale.

Figure 4-5.3 (A) Unidentified impurity in batches of 4-5.4 formed by TMS-diazomethane
esterification at 10 mmol (2.3 g) scale (B) Batch of 4-5.4 after toluene trituration and filtration (C)
Batch of 4-5.4 formed by Fischer esterification at 10 mmol (2.3 g) scale.

With the synthetic route to our desired scaffold greatly enabled, we set out to probe the
structure-activity requirements of the benzylamine-linked template. We sought to improve on
BDGR 6023, especially by increasing microsomal stability. Reduction in plasma protein binding
and/or further improving the selectivity index towards 7. brucei would also be valuable outcomes
in the structural optimization of this series. To this end, 5 benzylamine-linked picolinic acids were
generated to explore modifications to the pyridyl ring system. Of the changes explored, only
removal of the C5-Cl substituent in BDGR 6045 was tolerated, and even this was accompanied by
a deterioration in selectivity by virtue of increased toxicity towards human foreskin fibroblasts

(HFFs) (Table 4-5.8).
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Table 4-5.8 Potency of benzylamine-linked analogs with changes to the pyridyl ring

R\N
H
t-Bu

)  HFF
BDGR  Structure Bff; b e BELare ccs
50 (uM) (uM)*
6023 % 043+ 0.1 53.9 22.9
6038 % TBD 28.5

HaCO
6039 @\/ >10 - > 50
OH
2

6043 > 10 - 37.1

Z

=
5

| A

6045 % 0.56 £0.16 13.0 7.28

6051 ?y - > 50

SBSF: bloodstream form, LDso: half-maximal lethal concentration; "SI: selectivity index =
CCso/LDso; “HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration; TBD: to
be determined. All values are an average of at least three independent experiments.

z

A variety of amines were used to generate eight analogs that featured alterations to the 4-
tert-butylbenzyl group and installation of functional groups at the benzylic position that were

expected to block oxidation, a common metabolic pathway that might account for microsomal
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instability. Unfortunately, due to the covid-19 pandemic, screening is not completed and the anti-
parasitic activity for these compounds remains to be determined. The two examples for which data
was obtained (BDGR 6044 and BDGR 6054) were inferior to the parent compound BDGR 6023

(Table 4-5.9).

Table 4-5.9 Potency and physicochemical ADME properties of analogs with changes to the
benzylamine system

Cl Cl
9 9
Structure N NG 2

O CH,
R= tBu CH; H OCH; F CF; \S{@ \)\Q\ Y\O
t-Bu t-Bu

BDGR 6000 6044 6048 6058 6059 6060 6056 6057 6054

BSF
T. brucei 043 >10 TBD TBD TBD TBD TBD TBD 2.1
LDso (uM)®

BSF
T. brucei 539 TBD TBD TBD TBD TBD TBD TBD 23.8
N

HFF
CCso (uM)*©

Solubility ¢
(M)

Microsomal
Stability (%)°

229 TBD >50 25 20 12.5 19.5 9.47 > 50
8.9 ND ND 178 164 174 140 121 ND

373 ND ND 733  69.1 81.0 37.2 76.0 ND

Plasma
Stability (%)f
Plasma
Protein 99.1 ND ND 98.4 98.9 Inc. 99.0 Inc. ND
Binding (%)8

925 ND ND 829 812 672 78.1 83.5 ND

SBSF: bloodstream form, LDso: half-maximal lethal concentration; "SI: selectivity index =
CCs0/LDso; “HFF: human foreskin fibroblast, CCso: half-maximal toxicity concentration; ‘Kinetic
aqueous solubility at pH 7.4; “Mouse microsomes, percent parent remaining after 1 h exposure;
‘Mouse plasma, percent parent remaining after 2 h exposure; EMouse plasma, percent bound after
4 h; ND: not determined; TBD: to be determined; Inc: data inconclusive, may indicate 100% bound.
All values are an average of at least three independent experiments.
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Nonetheless, BDGR 6056-6060 were concurrently assessed for physicochemical and
ADME properties, which was successfully completed. This showed that improved solubility and
stability could be achieved by alteration of the aryl substituent (BDGR 6058-6060), and/or
blocking of the benzylic position with a methyl group (BDGR 6057). Plasma stability was slightly

reduced for all the new analogs, and plasma protein binding was largely unchanged.

Although additional work remains to determine the anti-7. brucei activity of some of the
latest benzylamino-linked picolinic acid analogs, important physicochemical and ADME
improvements in this series of compounds has been demonstrated. The newest
benzylaminopicolinic acids with changes to the 4-fert-butyl group and/or blocking groups at the
benzylic position feature improved potency, selectivity, solubility, and stability over preceding
compounds derived from the BABA template. They also appear to act in a non-TbHK1 mediated
manner, suggesting a novel mode of action to be elucidated in the future. Nonetheless, this work
in developing 7. brucei inhibitors with improved physicochemical and ADME profiles further
demonstrates the utility of the BABA scaffold as a starting point for development of new anti-

infective agents.
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Section 4-6: Discovery and development of Leishmania donovani inhibitors based on the
picolinic acid scaffold

T. brucei shares a phylogenetic family with several other parasites that cause important
neglected diseases in humans. The Leishmania species L. major causes cutaneous leishmaniasis
and L. donovani causes visceral leishmaniasis (also known as “kala-azar’), which is potentially

fatal without treatment.%?

The parasite is transmitted via the bite of female sandflies, and is
estimated to cause up to 2 million infections with 70,000 deaths each year.®® Leishmaniasis
diseases have a number of treatments in use today, but they suffer from significant toxicity/side
effects (pentavalent antimony compounds, amphotericin B, pentamidine, paromomycin), variable
parasite sensitivity (pentavalent antimony compounds, pentamidine, paromomycin), barriers to
administration/patient compliance (non-liposomal amphotericin B, pentamidine), contraindication
in pregnant patients (meltifosine), and developing parasite resistance (pentavalent antimony

compounds, meltifosine) (Figure 4-5.2).528% Better therapeutics against Leishmania parasites

therefore remain an important unmet medical need.
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Figure 4-5.2 Current treatments for L. donovani infection.

As reviewed previously in this chapter, our group recently developed benzamidobenzoic
acids (BABA compound series) as anti-trypanosomal agents that act by inhibiting the parasite
hexokinase (TbHK1).*%7 We later discovered that compounds in this series had activity against
multiple parasites, which provided an opportunity to adopt a parasite hopping approach to
discovery of novel anti-parasitics (see Section 4-1 and Section 4-2). Follow-on medicinal
chemistry optimization led to a benzamidopicolinic acid series (via a carbon-to-nitrogen atom
switch) in a bid to improve the compounds’ physicochemical properties, especially lipophilicity
and aqueous solubility (see Section 4-3). Better compound profiles for pre-clinical development
were achieved in this new series, albeit in the context of anti-7. gondii, rather than anti-7. brucei,
activity (see Section 4-4). Building on the improvements in profile achieved against 7. gondii, we

repurposed the benzamidopicolinic acid series to identify non-TbHK1 dependent inhibitors of 7.
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brucei. This led to development of benzylamine-linked derivatives that featured divergent
structure activity relationships and improved physicochemical and ADME properties compared to
previous compound series (see Section 4-5). Concurrently to those efforts in 7. brucei, we
explored repurposing the benzamidopicolinic acid series from our 7. gondii work, as well as
selected examples from the benzylamine-linked analogs derived in our 7. brucei campaign, to
identify potential anti-leishmanial agents for further medicinal chemistry development; the results

of that work are described in this section.

Due to the lower-throughput nature of the L. donovani assays compared to 7. brucei assays,
significant curation of the compound set must be exercised. A subset of 20 picolinic and nicotinic
acid derivatives from those described in Section 4-4 were screened against L. donovani axenic
amastigotes, the intracellular stage of the parasite, as well as against the host macrophage cells
(J774) to gauge mammalian cellular toxicity in a relevant cell line. To determine anti-parasitic
activity, host macrophage cells were infected overnight with L. donovani parasites, then exposed
to compound for 72 h at 37°C before the percentage of infected cells was determined

1.35 A similar process using uninfected cells

microscopically and compared to a vehicle-only contro
was used to measure compound toxicity.®® Macrophages are more sensitive to compound toxicity
than human foreskin fibroblasts (HFFs), and are the target of amastigote invasion, so although

HFF toxicity was also assessed for these compounds (see Section 4-4 or Section 4-5), only the

J774 data is presented here.

The prototypical benzamidopicolinic acid BDGR 6000 was potent against axenic
amastigotes with a selectivity index of about 10. Changes to the pyridyl ring did not improve this:
introduction of a bromine substituent in BDGR 6005 reduced potency by 45-fold, although

removal of the chlorine substituent was allowed, with no significant change to potency or



181

selectivity in BDGR 6013 by comparison. The benzamidonicotinic acids BDGR 6016 and 6026

were not active against L. donovani axenic amastigotes (Table 4-6.1).

Table 4-6.1 Potency of derivatives with changes to the pyridyl ring

0]

R\N)K©\
H
t-Bu
_ Amastigote b Macrophage
BDGR R ECso M) S0 CCso (uM)°
Cl
| A
6000 N 0.18+0.05 104 1.88+0.10
HO”™ ~0O
Cl
Br- N
6005 P 8.12+1.70 >3.1 >25
HO (6]
Br: i N
6009 N# >12.5 - >25
HO (@]
| A
6013 N 021+0.04 127 2.59+0.43
HO 0
Cl
N
6016 L >12.5 - ND
HO™ ~0
Cl
6026 P > 125 ] ND
HO”™ ~0O

SECso: half-maximal inhibitory concentration; *SI: °CCso: half-maximal toxicity concentration; SI:

selectivity index = CCso/ECso; ND: not determined. All values are average of at least three
independent experiments.
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Changes to the acidic functional group were also investigated. This revealed that an acidic
group was required at this position for activity in L. donovani: non-acidic analogs BDGR 6010,
6025, and 6042 were all inactive, and the ester compound BDGR 6002 was more toxic against the
host cells than it was active against the parasite. Notably, that the tetrazole isostere in BDGR 6022
did not significantly degrade selectivity as was observed in the 7. gondii or T. brucei campaigns

(Table 4-6.2).

Table 4-6.2 Potency of benzamidopicolinic acid derivatives with replacement of the acid motif

Cl

DR
N~ ”)KO\
R t-Bu
_ Amastigote b Macrophage
BDGR R ECso uMy OV CCso (uM)*
6000 HOIO 0.18 +£0.05 10.4 1.88+£0.10
6025 T >12.5 - ND
6002 H3CO:EO 8.51£0.05 0.4 2.86 +0.27
6010 HZNIO >12.5 - ND
6022 HNI\N 0.80 +0.07 114 9.10+1.13
N=N
6015 Naolo 0.20 +0.03 12.9 2.58+1.20
6042 T >12.5 - ND

“ECso: half-maximal inhibitory concentration; °SI: °CCso: half-maximal toxicity concentration; SI:
selectivity index = CCso/ECso; ND: not determined. All values are average of at least three
independent experiments.
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Alteration to the benzamide portion of the molecule were much more broadly tolerated in
L. donovani than in T. brucei. Although no significant breakthroughs in terms of potency or
selectivity were realized in this series of compounds, this divergent SAR and wide tolerance was
encouraging in terms of the prospects for future work on this scaffold in the context of L. donovani

(Table 4-6.3).

Table 4-6.3 Potency of benzamidopicolinic acids with changes to the benzamide ring

cl
Y 9
L
H
HO” ~O
_ Amastigote b Macrophage
BDGR R ECso uM)y OV CCso (uM)*
6000 f\©\ 0.18 +£0.05 10.4 1.88+0.10
t-Bu
6004 i&ﬂj 2.02+0.17 6.4 12.89 +3.63
6008 m 0.54 +0.09 9.7 526+1.61
CHs
6003 &©\ 1.14+0.12 10.2 11.59+£0.81
OCH,
OCHj
6007 &©/ 1.41+0.34 11.9 16.63 £5.27
OCH,
6011 /\© 3.05+0.61 5.7 17.34 £1.43
6033 &LS/)’&BU 0.22+0.02 7.2 1.62+0.36

SECso: half-maximal inhibitory concentration; SI: °CCso: half-maximal toxicity concentration; SI:
selectivity index = CCso/ECso. All values are average of at least three independent experiments.
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Investigation of the linker chemistries revealed that benzylamine-linked BDGR 6023 was
a better compound than its benzamido precursor BDGR 6000 in L. donovani, in a similar manner
as was found in 7. brucei. Macrophage toxicity was reduced by 10-fold in BDGR 6023 without
substantially altering the potency against amastigotes, resulting in a 3-fold selectivity improvement

(Table 4-6.4).

Table 4-6.4 Potency of picolinic acid derivatives with various linker functional groups

Amastigote Spb Macrophage
ECso (uM)? CCso (uM)©

Cl
Y 9
6000 No NJ\©\ 0.18 +£0.05 10.4 1.88+0.10
H
HO (6] t-Bu
Cl

A
6023 N'%N 031006 334  10.48:+6.59
H
HO™ "0 /\©\t—8u
Cl
N 0 t-Bu
6035  N_ Nw 331£0.10 25  842+2.03
H
HO™ ~O

SECso: half-maximal inhibitory concentration; *SI: °CCso: half-maximal toxicity concentration; SI:
selectivity index = CCso/ECso. All values are average of at least three independent experiments.

BDGR Structure

Work in this project is ongoing, as advancements in the benzylamine series in the context
of T. brucei have indicated further optimization on the scaffold is possible and we have already
observed divergent SAR between the 7. brucei and L. donovani. Important differences in the L.
donovani activity requirements include much greater permissibility in the benzamide portion of
the scaffold, though it remains to be seen if this permissibility extends to the benzylamine analog

set. Combined with what we currently know regarding the improvements to microsomal stability
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that can be obtained by alteration of the benzylamine moiety in BDGR 6023 (see Section 4-5),
this permissible SAR may enable significant improvements to physicochemical and ADME
properties without compromising potency and selectivity. We expect that future work in this series
will involve screening of more benzylamine-linked analogs to elaborate on the structure-activity
relationship information. This will enable us to capitalize on the physicochemical and ADME
improvements and refine a more potent and selective L. donovani inhibitor that benefits from

advancements in solubility and stability for the scaffold.

Section 4-7: Discovery of N. fowleri glucokinase inhibitors based on the benzamidobenzoic,
benzamidopicolinic, and benzylaminopicolinic acid templates

The benzamidobenzoic acids (BABAs) developed in our group as inhibitors of
kinetoplastid glycolysis have since become a rich source for new anti-parasitic optimization after
evidence for parasite hopping potential was established.*%’ Although BABA 1 (and its analogs)
possessed unfavorable physicochemical properties (e.g., high lipophilicity, poor aqueous solubility)
that posed a significant challenge to further advancement in a drug development context, the
scaffold represented an important starting point for bioactive chemical matter in our efforts to
discover novel anti-parasitic agents. The history of the BABA scaffold, as well as recent work in
the refinement of new derivatives towards 7. gondii (see Section 4-4), T. brucei (see Section 4-5),
and L. donovani (see Section 4-6) have been described earlier in this chapter. Those efforts have
enabled discovery of benzamidopicolinic acids and benzylaminopicolinic acids with superior
physicochemical and ADME properties that enable further pre-clinical optimization towards

improved anti-infectives. Meanwhile, continued investigation of the parasite hopping potential for
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the BABA scaffold through broader screening revealed analogs of BABA 1 with anti-amoebic

properties.’

We recently demonstrated that the analogs BABA 8-13 inhibit (ICso < 10uM) the
hexokinase of Naegleria fowleri (NfGlck), a glycolysis-dependent pathogen known colloquially
as the “brain eating amoeba”.? Infection by N. fowleri leads to primary amebic
meningoencephalitis (“PAM”), which although rare is characterized by a 99% mortality rate and
no known cure.®® Discovery of N. fowleri inhibition by a T. brucei-optimized scaffold was
significant, due to the phylogenetic distance between the parasites involved in the “hopping”
approach. The kinetoplastids 7. brucei and L. major (the two parasites for which an initial parasite
hopping approach using the BABA template appeared tractable) are relatively closely related,
being members of different genera in the family Trypanosomatidae, but N. fowleri is comparatively
distant, being of the phylum Percolozoa rather than Euglenozoa.®®®” The N. fowleri glucokinase
shares less than 30% sequence homology with the kinetoplastid glucokinases.? Activity against
both kinetoplastids and N. fowleri was therefore an exciting opportunity. Comparison of the anti-
parasitic activity of various BABA analogs showed the divergent structure-activity requirements
of the scaffold in these parasites (Table 4-7.1). BABA 8 shows inhibition against the hexokinase
of all three parasites, while BABA 9-13 inhibit NfGlck more strongly than either TbHK1 or

LmHK1, and BABA 1 is potent against TbHK1 and LmHK 1 but not NfGlck.>*
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Table 4-7.1 Activity of selected benzamidobenzoic acids against hexokinases of glycolysis-

dependent pathogenic parasites®*
3
4 2
Z Cl
R |
(0]
N
“)KCL
HO™ ~O t-Bu
BABA 1, 8-13

_ TbHK1 ICso LmHKI1 ICso  NfGlck ICso
Compound R=

(uM)* (nM)° (uM)*°
BABA 1 H 0.28 1.70 >10
BABA 8 3-Cl 2.70 1.70 6.5
BABA9  3-NO, >10 ND 9.3
BABA 10  3-Cl, 4-F >10 ND 5.9
BABA 11 34-diCl >10 ND 2.9
BABA12  4-CF; >10 ND 6.0
BABA 13 4-OCF; >10 ND 5.0

“TbHK 1: Trypanosoma brucei hexokinase 1; °LmHK1: Leishmania major hexokinase 1; NfGlck:
Naegleria fowleri glucokinase; ICso: half-maximal inhibitory concentration; ND: not determined.
All values are average of at least three independent experiments.

Discovery of NfGlck inhibition occurred during the course of a structural and enzymatic
elucidation effort by our collaborators in which a crystal structure of the enzyme was obtained.?
Subsequent efforts, which are ongoing, have been focused on obtaining a co-crystal structure of
our small molecule inhibitors bound to the enzyme in order to identify the binding site and enable
rational- or structure-based compound design. In the meantime, the nitrogenated derivatives of the
BABA template were screened for NfGlck and whole parasite inhibition (Table 4-7.2). For the
enzymatic assay, compounds were incubated with recombinant NfGlck before measuring
enzymatic activity using a secondary reporter assay.” A counter-assay without NfGlck was used
to correct for any background inhibition by our compounds on the reporter itself.? Whole parasite

inhibition was measured by exposing N. fowleri trophozoites to compound or vehicle for 48 h at
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37°C, then monitoring cultures visually by cell imaging.? Compounds were screened at a single
concentration of 10 uM against the N. fowleri glucokinase (NfGlck), and those with > 50%
inhibition against the enzyme were further assayed in dose response format to obtain an ICso and
then evaluated against the whole parasite. We found only low levels of NfGlck inhibition (< 50%
at 10 uM) for the benzamidopicolinic acids BDGR 6000, 6001, and 6015, but were pleased to find
more substantial inhibition in the case of the benzylamine-linked derivative BDGR 6023, with low

micromolar ICso values and a selectivity index of almost 3.

Table 4-7.2 Potency of selected benzamido- and benzylamino- picolinic acids

O/fo;;l;h NIGIck N, fowleri HFF

BDGR Structure il(l)hgibi tion ICso ECso SI4  CCso
b c e

(10 pM)? (uM) (uM) (uM)

Cl
Y 9
6000 No _— NJ\©\ 492 +4.1 8.73+0.53 ND - 2.5
H
HO (6] t-Bu
Cl

X
6001 T j)\@ 3574122 >10 ND - 482
N
H
HO Yo t-Bu
Cl
R
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In sum, hit-level potency (ICso < 10 uM) was detected against both the enzyme NfGlck,
and more significantly, the whole parasite N. fowleri. Additional optimization will be required to
improve selectivity for the parasite and to further understand the structure activity relationships at
play. We anticipate that analogs in the benzylamine-linked picolinic acid series (examples of
which have been discussed in Section 4-5, but have not yet been tested in N. fowleri) will help us
to further refine this scaffold in the context of N. fowleri and potentially identify better inhibitors

for use in the development of new therapeutics.

Section 4-8: Conclusions

Our group’s work in identifying benzamidobenzoic acid (BABA) small molecules that
inhibit kinetoplastid glycolysis in a hexokinase-dependent manner has led to the development of
inhibitors along a broad pathogen spectrum using a parasite hopping approach (Fig. 4-8.1). The
BABA series displayed anti-parasitic activity against kinetoplastid pathogens Trypanosoma brucei
(human African sleeping sickness) and Leishmania major (cutaneous leishmaniasis) but was
limited by high lipophilicity and concomitantly poor solubility and physiologically relevant
stability (see Section 4-2). By using the BABA template as a starting point despite limitations in
the compound series’ physicochemical and ADME properties, we identified that the scaffold also
had activity against another kinetoplastid, Leishmania donovani (visceral leishmaniasis), the
apicoplast pathogen Toxoplasma gondii (toxoplasmosis), and the amoeba Naegleria fowleri

(primary amoebic meningoencephalitis).
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Figure 4-8.1 Summary of results in our parasite hopping approach using the BABA template. Blue
highlights indicate structural differences conferring parasite specificity as dictated by divergent
structure-activity relationships.

Medicinal chemistry efforts focusing on reducing the lipophilicity of the BABA template
resulted in a benzamidopicolinic acid series that featured improved solubility and microsomal
stability (see Section 4-3). The structure-activity relationship for the benzamidopicolinic acid
scaffold was explored in 7. gondii, leading to a compound that retained activity against both 7.
gondii tachyzoites and bradyzoites without compromising physicochemical and ADME needs.
Several advancements in the synthesis of such compounds were developed that enabled routine
scale-up in a safer and more cost-effective manner. We thus developed a new set of probe

compounds for the study of 7. gondii (see Section 4-4).

Further investigation revealed that the benzamidopicolinic acids also possessed
hexokinase-independent inhibitory activity against kinetoplastids, making them anti-trypanosomal
compounds with a new, and as-yet unidentified, mode of action compared to the parent BABA

series (see Section 4-5). Follow-up medicinal chemistry led to a benzylamine-linked picolinic acid
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derivative with better activity but poor microsomal stability. Improvements to the synthetic route
for the benzylamine-linked template enabled access to analogs designed to overcome this
microsomal stability limitation and revealed divergent structure-activity relationships for the
compounds in 7. brucei and L. donovani (see Sections 4-5 and 4-6). The new analogs also featured
improved microsomal stability and solubility. Future work will be focused on delineating SAR

with the objective of improving compound the profile further.

Advancements in other parasite campaigns often benefitted other efforts, as was the case
with building upon the BABA activity observed against N. fowleri. By identifying screening
candidates from benzamido picolinic and benzylamino picolinic acids with improved
physicochemical and ADME properties from our 7. gondii, T. brucei, and L. donovani efforts, we
quickly arrived at a benzylamino picolinic acid scaffold with hit-level potency against a newly
identified enzyme target and whole parasite activity. Work in this area is ongoing, but the power
of the parasite hopping approach in this context is evident in the compound profile improvements

achieved over just a handful (< 10) compounds screened to date (see Section 4-7).

The collective result of our parasite hopping efforts from the BABA scaffold was development of
differentiated picolinic acid derivatives with improved physicochemical profiles and anti-parasitic
activity in a number of important eukaryotic pathogens responsible for human disease, namely 7.
gondii, T. brucei, L. donovani, and N. fowleri (Figure 4-8.1). As is common in parasite hopping,
the compounds displayed divergent structure-activity relationships in different pathogens and
could be optimized towards a given parasite. The optimization efforts benefited from the
physicochemical and ADME advantages inherent to the improved picolinic acid-derived scaffolds.
Increasing potency via pathogen-specific SAR enabled increases in compound selectivity, and

future work will be focused on additional improvements to advance the drug discovery workflow.
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Section 4-9: Experimental

The experimental data has been adapted from work prepared for publication with minimal

modification."

Assay of compounds against Toxoplasma gondii tachyzoites: The assay employed was modified
from Pfefferkorn et al.' Confluent monolayers of Human Foreskin Fibroblast (HFF-1) were
infected with 2 x 10° ME49 tachyzoites for 4 hours, then new media (DMEM; Gibco 21013024,
plus 10% FBS; Gibco 26140079) was added containing different compounds to evaluate potential
growth inhibition. In the negative control, only DMSO (Santa Cruz, 67-58-5) was added. As a
positive control for parasite growth inhibition, pyrimethamine (Sigma, P7771) was used at 1 uM.
Parasites were grown for 48 hours, and then 1 puCi of [°H] (Moraveck, MT 512) uracil was added
in each well. After additional 24 hours, monolayers were quenched by adding 1 mL ice-cold 0.6
N (10%) Trichloroacetic acid (TCA; Merck, 100807) to the existing medium and incubated at 4 °C
for 1 hour to fix the monolayer. TCA was removed and properly discarded, and the plates were
washed with tap water for at least 4 hours. After the wash was added 500 mL of 1 M NaOH
(Honeywell, 35256) per well, and the plates were gently shaken for one hour at room temperature.
4 ml of Scintillation fluid (RPI, 111167) was added to each vial. Then each vial received 400 mL

of sample for each well, and after overnight incubation, [°H] was measured.

Assay of compounds against Toxoplasma gondii bradyzoites: Tachyzoites were differentiated
into bradyzoite for 4 days in RPMI (Gibco, 31800089) pH 8.1, as previously described.? After
differentiation, the growth assay was performed similarly to the one described for tachyzoites;

however, 10 uCi of [3H] uracil was used per well instead.
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Cytotoxicity assay of compounds in HFF cells: 1000 human foreskin fibroblasts cells per well
were plated in a 384 well plate. The cells were treated with a single compound at eight
concentrations in duplicate, for 72 hours. Following treatment, 20 uLL of CellTiterGLO reagent

was added per well and submitted to a plate reader to assess toxicity.

In vitro blood brain barrier parallel artificial membrane permeability assay (BBB PAMPA):
A 96-well filter plate and the donor plate was used, along with the following reagents: porcine
polar brain lipid (PBL), clonidine, theophylline, Verapamil, hydrocortisone, DMSO, PBS,
Dodecane. Procedure: The 96-well filter plate (catalog no. MAIPN4550) and the donor plate
(catalog no. MATRNPS50) were both purchased from Millipore. The porcine polar brain lipid
(PBL) was purchased from Avanti Polar Lipids (catalog no. 141101P). Dodecane and DM SO were
obtained from Sigma-Aldrich. Verapamil, clonidine, hydrocortisone, and theophylline were
purchased from Sigma-Aldrich and used as positive control. Tested compounds were dissolved in
DMSO at 5 mg/mL as stock solutions, which were diluted in PBS to make a final solution (final
concentration 25 ug/mL). The PBL was dissolved in dodecane as 20 mg/mL PBL solution. A 350
1L final solution was added to the donor well, the filter membrane of the filter plate was coated
with 4 L. of PBL solution, and then the filter plate well was filled with 150 uL. of PBS. The filter
plate was carefully put on the donor plate to form a “sandwich” with tested compounds solution
on the bottom, artificial lipid membrane in the middle, and the acceptor PBS on the top. The
sandwich was incubated at room temperature for 18 h. The donor plate was removed after
incubation. The solution from donor and filter wells were carefully transferred into the HPLC vials.
The concentration ratios were determined by HPLC. Every sample was analyzed in triplicate. The

P. (cm/s) was obtained by the following equations:
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where Vg4p (mL) = volume of the donor plate (0.35 mL), Vg (mL) = volume of the filter plate (0.15
mL), [drug]s = compound concentration (area under the curve of the compound peak in the HPLC
plot) of the filter plate, [drug]dp = compound concentration (area under the curve of the compound
peak in the HPLC plot) of the donor plate, s (cm? ) = membrane area (0.28 cm?), and t (s) =

incubation time (64,800 s).

Reagents/supplies were sourced as follows:

Reagent/Supply Vendor Catalog No.
96-well filter plate EMD Millipore MATRNPSS50
96-well donor plate EMD Millipore MAIPN4550
PBL Avanti Polar Lipids 141101P
PBS Thermal Fisher 10010-031
Dodecane Sigma-Aldrich 297879-100ML
DMSO Sigma-Aldrich D8418-500ML
Verapamil hydrochloride Sigma-Aldrich PHRI1131-1G
Clonidine hydrochloride Sigma-Aldrich C7897-100MG
Hydrocortisone Sigma-Aldrich H4001-1G
Theophylline Sigma-Aldrich T1633-50G

Kinetic Solubility assessment: Media prep: The phosphate buffer was prepared (pH at 7.4). The
preparation of 50 mM NaH>PO4 in water (pH 4.50): 6.06 g of NaH>PO4-2H>O was dissolved in
778 mL of water in a 1000 mL volumetric flask, and the measured pH was 4.50. Separately, 50
mM Na;HPOy in water (pH 9.35) was prepared by dissolving 6.48 g of Na,HPO4 in 914 mL of
water in a 1000 mL volumetric flask, and the pH measured was 9.35. The preparation of 50 mM

phosphate buffer pH 7.4 was completed by adding 15 mL of 50 mM Na>HPOy in water (pH 9.35)
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into a 50 mL tube, and then adjusting pH to 7.4 with 50 mM NaH>PO4 in water (pH 4.50).
Procedure: Compound (10 mM in DMSO,10 pL) was added into lower chambers of a Whatman
miniuniprep vial (Miniuniprep (PTFE filter media with polypropylene housing, cat. no.
UN203NPUORG, GE Halthcare Whatman), and then 490 pL of buffer at pH 7.4 was added into
lower chamber of the Whatman miniuniprep vial. The solubility sample was vortexed for at least
2 minutes. The miniuniprep vial was agitated on a Barnstead shaker for 24 h at RT at the speed of
800 rpm, and then centrifuged 20 min (eg.4000 rpm). The miniuniprep was compressed to prepare
the filtrate for injection into HPLC system to calculate the concentration with standard curve. The
positive controls, amiodarone hydrochloride, carbamazepine, and chloramphenicol, were included

in the analysis.

In vitro plasma stability assay: Pooled frozen plasma from a CD-1 mouse was thawed in a water
bath at 37 °C prior to experiment. Plasma was centrifuged at 4000 rpm for 5 min and the clots
were removed if any. The pH was adjusted to 7.4 + 0.1 if required. Preparation of compound and
positive control: 1 mM intermediate solution was prepared by diluting 10 pL of the stock solution
with 90 uL DMSO; 1 mM intermediate of positive control Propantheline was prepared by diluting
10 uL of the stock solution with 90 uL ultrapure water. 100 uM dosing solution was prepared by
diluting 10 pL of the intermediate solution (1 mM) with 90 uL. DMSO. 98 uL of blank plasma
was spiked with 2 pL of dosing solution (100 uM) to achieve 2 uM of the final concentration in
duplicate and samples were Incubated at 37 °C in a water bath. At each time point (0,10, 30, 60
and 120 min), 400 pL of stop solution (200 ng/mL tolbutamide and 200 ng/mL Labetalol in 50%
ACN/MeOH) was added to precipitate protein and mixed thoroughly. Centrifuged sample plates
at 4,000 rpm for 10 min. An aliquot of supernatant (50 uL) was transferred from each well and

mixed with 100 pL ultrapure water. The samples were agitated via shaker at 800 rpm for about 10
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min before submitting to LC-MS/MS analysis. The % remaining of test compound after incubation
in plasma was calculated using following equation: % Remaining= 100 x (PAR at appointed
incubation time / PAR at TO time) where PAR is the peak area ratio of analyte versus internal

standard (IS). Propantheline bromide was used as reference compound in this assay.

In vitro mouse microsomal stability assay: Intermediate solution: 5 pL. of compound stock
solution (10 mM in dimethyl sulfoxide (DMSO)) was diluted with 495 pL of methanol (MeOH)
(intermediate solution concentration: 100 pM, 99% MeOH). Working solution: 50 pL of
compound intermediate solution (100 uM) were diluted with 450 uL of 100 mM potassium
phosphate buffer (working solution concentration: 10 uM, 9.9% MeOH). NADPH Cofactor
Preparation: NADPH powder: B-Nicotinamide adenine dinucleotide phosphate reduced form,
tetrasodium salt; NADPH-4Na (Vendor: Chem-Impex International, Cat. No. 00616). The
appropriate amount of NADPH powder was weighed and diluted into a 10 mM MgCl, solution
(working solution concentration: 10 unit/mL; final concentration in reaction system: 1 unit/mL).
Liver Microsomes Preparation: CD-1 Mouse (MLM, Cat No. BQM1000, Lot No. MIC255036
from Biopredic). The appropriate concentrations of microsome working solutions were prepared
in 100 mM potassium phosphate buffer. Stop Solution Preparation: Cold (4°C) acetonitrile (ACN)
containing 100 ng/mL tolbutamide and 100 ng/mL labetalol as internal standards (IS) was used as
the stop solution. Using an Apricot automation workstation, 10 pL/well of compound working
solution were added to all 96-well reaction plates except the blank (TO, TS5, T10, T20, T30, T60,
and NCF60). An Apricot automation workstation was used to add 80 pL/well of microsome
solution to all reaction plates (Blank, TO, T5, T10, T20, T30, T60, and NCF60). All reaction plates
containing mixtures of compound and microsomes were pre-incubated at 37 °C for 10 minutes.

An Apricot automation workstation was used to add 10 pL/well of 100 mM potassium phosphate
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buffer to reaction plate NCF60. Reaction plate NCF60 was incubated at 37 °C, and timer 1 was
started. After pre-incubation, an Apricot automation workstation was used to add 10 puL/well of
NADPH regenerating system to every reaction plate except NCF60 (Blank, TO, TS5, T10, T20, T30,
and T60) to start the reaction. The reaction plates were incubated at 37°C, and timer 2 was started.
An Apricot automation workstation was used to add 300 puL/well of stop solution to each reaction
plate at its appropriate end time point to terminate the reaction. Each plate was sealed and shaken
for 10 minutes. After shaking, each plate was centrifuged at 4000 rpm and 4°C for 20 minutes.
During centrifugation, an Apricot automation workstation was used to add 300 uL/well of HPLC
grade water to eight new 96-well plates. After centrifugation, an Apricot automation workstation
was used to transfer 100 pL of supernatant from each reaction plate to its corresponding
bioanalysis plate. Each bioanalysis plate was sealed and shaken for 10 minutes prior to LC-MS/MS
analysis. The equation of first order kinetics was used to calculate T1/2 and CLint(mic)

(uL/min/mg). Controls used in the analysis included testosterone, diclofenac, and propafenone.

Snapshot pharmacokinetic analysis of compound 23: Six fed, male Balb/c Mouse and 6 in 1
internal standard (Labetalol & tolbutamide & Verapamil & dexamethasone & glyburide &
Celecoxib 100 ng/mL for each) in acetonitrile were used for this study. Each mouse was
administered a single IP dose of 15 mg/kg (formulation: 3 mg/ml in 12% SBE-B-CD, clear
solution). Plasma samples were evaluated 30 min and 120 min. Brain homogenate of each mouse
was analyzed at 120 min. For plasma and brain homogenate samples: Brain homogenate was
prepared by homogenizing brain with 5 volumes (w:v) of homogenizing solution (PBS (pH=7.4)
buffer : MeOH (v:v, 2:1)). An aliquot of 20 uL sample, calibration standard, quality control, dilute
quality control, single blank and double blank samples were added to the 1.5 mL tube; each sample

(except the double blank) was quenched with 200 pL IS solution respectively (double blank sample
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was quenched with 200 uL ACN), and then the mixture was vortex-mixed well (at least 15 s) with
vortexer and centrifuged for 15 min at 12000 g, 4 °C; 5 uL the supernatant were directly injected
for LC-MS/MS analysis. Dilution factor: an aliquot of 2 uL sample was added with 18 pL blank

plasma. Samples were analyzed by LC-MS/MS.

Assay of compounds against Trypanosoma brucei hexokinase 1: Experiments were performed

as previously reported.*

Assay of compounds against whole parasite Trypanosoma brucei bloodstream form:

Experiments were performed as previously reported.*

Assay of compounds against Leishmania donovani axenic amastigotes: Experiments were

performed as previously reported.®®

Cytotoxicity assay of compounds in human macrophage cells (J774): Experiments were

performed as previously reported.®®

Assay of compounds against V. fowleri glucokinase: Experiments were performed as

previously reported.?

Assay of compounds against N. fowleri whole parasite (trophozoites): Experiments were
performed using a modified procedure to the one previously reported.> N. fowleri trophozoites
were seeded in a treated 24-well white plate at a concentration of 1*10%*cells/mL. Compounds were
serially diluted and added to wells. Plate was incubated at 37°C for 48 hours. Plate was removed
from incubator and allowed to sit at RT for 10 minutes. CTGlo reagent was added to each well and
the ATP bioluminescence signal was measured at 490nm using a BioTek Synergy H1 plate reader.

Prism was used to determine resulting ECso values and standard deviation of the triplicate.
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In vitro mouse plasma protein binding assay:

Plasma/Matrix and Dialysis Membrane Preparation:

1) The dialysis membrane strips were soaked in ultra-pure water at room temperature for
approximately 1 hour. Each membrane strip containing 2 membranes was separated and soaked
in 20:80 ethanol/water (v/v) for approximately 20 minutes, after which they were ready for use
or were stored in the solution at 2-8°C for up to a month. Prior to the experiment, the membrane

was rinsed and soaked for 20 minutes in ultra-pure water

2) On the day of experiment, the plasma was thawed by running under cold tap water and
centrifuged at 3220 rpm for 5 minutes to remove any clots. The pH value of the resulting
plasma was checked. Only plasma with pH value within 7.0-8.0 could be used

Buffer Preparation:

1) A basic solution was made by dissolving 64.44g Na;HPO4-12H>0 and 15.66g NaCl in 1.8L
deionized water.

2) An acidic solution was made by dissolving 7.8g NaH2PO4-:2H>O and 4.39g NaCl in 0.5L
deionized water.

3) The basic solution was titrated with the acidic solution to pH 7.3~7.5. Titrated solution was
stored at 4°C for up to 1 month.

Stop Solution Preparation:

1) An aliquot of internal standard stock solution was added to a solution of methanol:acetonitrile
(50:50, v:v) to obtain a solution of concentration 200 ng/mL tolbutamide, 200 ng/mL labetalol,
and 50 ng/mL metformin

Test Compound and Control Compound Preparation:
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Test compound and control compound were dissolved in dimethyl sulfoxide (DMSO) to

achieve 10 mM stock solutions

Working solutions (400 pM) of test compound and control compound were prepared by

diluting 10 pL of stock solutions with 240 uLL of DMSO

Loading matrix solutions (2 uM) of test compound and control compound were prepared by

diluting 5 pL of working solutions with 995 puL of blank matrix

Dialysis Procedure:

1y

2)

3)

To prepare the loading matrix containing the test compound or control compound, aliquots of
test compound working solutions or control compound working solution were spiked into
blank matrix to achieve final test concentrations. The concentration of organic solvent in the
final solutions were no more than 1% (normally 0.5%). The samples were mixed thoroughly

before the next step

To prepare the time zero (TO) samples to be used for recovery determination, 50 pL aliquots
of loading matrix were transferred in triplicate to the sample collection plate. The samples were
immediately matched with opposite blank buffer to obtain a final volume of 100 uL of 1:1
matrix/dialysis buffer (v/v) in each well. 500 pL of stop solution were added to these TO
samples. They were then stored at 2-8°C pending further processes along with other post-

dialysis samples

To load the dialysis device, an aliquot of 150 pL of the loading matrix was transferred to the
donor side of each dialysis well in triplicate, and 150 pL of the dialysis buffer was loaded to
the receiver side of the well. The dialysis plate was placed in a humidified incubator at 37 °C

with 5% CO: on a shaking platform that rotated slowly (about 100 rpm) for 4 hours
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At the end of the dialysis, aliquots of 50 uL of samples were taken from both the buffer side
and the matrix side of the dialysis device. These samples were transferred into new 96-well
plates (the sample collection plates). Each sample was mixed with an equal volume of opposite
blank matrix (buffer or matrix) to reach a final volume of 100 pL of 1:1 matrix/dialysis buffer
(v/v) in each well. All samples were further processed by adding 500 uL of stop solution
containing internal standards. The mixture was vortexed and centrifuged at 4000 rpm for about
20 minutes. An aliquot of 100 puL of supernatant of all the samples was then removed for LC-

MS/MS analysis

The single blank samples were prepared by transferring 50 pL of blank matrix to a 96 well
plate and adding 50 pL of blank PBS buffer to each well. The blank plasma must match the
species of plasma used in the plasma side of the well. Then the matrix-matched samples were
further processed by adding 500 pL of stop solution containing internal standards, following

the same sample processing method as the dialysis samples.

Data Calculation:

The % Unbound, % Bound, and % Recovery values were calculated using the following equations:

B [F]
%Unbound = 100 X m

%Bound = 100 X (1 — @)
[T]

_ [F]+[T]
%Recovery = 100 X | —=——

[To]
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Where [F] is the analyte concentration or peak area ratio of analyte/internal standard on the buffer
(receiver) side of the membrane, [T] is the analyte concentration or peak area ratio of
analyte/internal standard on the plasma (donor) side of the membrane, and [To] is the analyte
concentration or the peak area ratio of analyte/internal standard in the plasma sample at time zero.

Reagents/supplies were sourced as follows:

Reagent/Supply Vendor Catalog No.
HTD 96 a/b dialysis membrane strips HT Dialysis LLC Cat # 1101
96-well polypropylene plate
Apricot DWP-22-96-SQ-U-C-L
(2.2 mL/well)
96-well equilibrium dialysis plate
HT Dialysis LLC Cat # 1006
(Model 96b)
Beijing Vital River
Laboratory Animal Lot #20190116-14
CD-1 Mouse plasma Technology Co., Ltd
SC-16139
Warfarin Stru Chem

Lot #20141222
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Synthetic procedures and characterization for compounds 1-23

General Information. Commercial reagents (3-amino-5-chloropicolinic acid, 3-aminopicolinic
acid, 5-chloro-3-nitropicolinonitrile, 5-chloropyridin-3-amine, 4-amino-6-chloronicotinic acid, 2-
amino-6-chloronicotinic acid, methyl 2-amino-5-bromo-4-chlorobenzoate, all boronic acids, and
all benzoyl chlorides) and solvents were used as received. All thin layer chromatography was
performed using precoated silica gel 60 Fyss4 plates (EMD Millipore). Flash chromatography
separations were carried out using a Teledyne ISCO CombiFlash Rf 200 purification system
(MPLC) with silica gel columns. Purity of all final compounds was confirmed by HPLC/MS
analysis on an Agilent 1290 LCMS and determined to be > 95% AUC at 254 nm or 218 nm. 'H
and °C nuclear magnetic resonance (NMR) spectra were recorded on a Varian Unity-Inova 400
MHz NMR Spectrometer (operating at 400, 376, and 101 MHz, respectively) or a Varian Unity-
Inova 500 MHz NMR Spectrometer (operating at 500, 470, and 126 MHz, respectively) or Bruker
Ascend 400 MHz Spectrometer (operating at 400, 376, and 101 MHz, respectively) in CDCls,
MeOD, or DMSO-ds. The chemical shifts (o) reported are given in parts per million (ppm). The
signal splitting patterns were described as s = singlet, d = doublet, t = triplet, ¢ = quartet, p =
pentuplet, dd = doublet of doublet, dt = doublet of triplet, td = triplet of doublet, tt = triplet of
triplet, ddd = doublet of doublet of doublet, br = broad and m = multiplet, with coupling constants
(/) in hertz (Hz). The LC-MS analysis was performed on an Agilent 1290 Infinity I HPLC system
with 1290 Infinity IT Diode Array Detector and an Agilent 6120 Quadrupole LC-MS system. The
analytical chromatography method utilized the following parameters: Poroshell 120 EC-C18, 1.9
um column, UV detection wavelength = 254 nm, Flow rate = 1.0 mL/min, Gradient = 5-100%
LC-MS grade Methanol over 4 min; The organic mobile phase and aqueous mobile phase

contained 0.1% LC-MS grade formic acid. The purity analysis of some compounds was performed
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on Waters Prep LC-150 HPLC system with Waters 2545 Binary Gradient Module Pump, and
Waters 2998 Photodiode Array Detector. The analytical chromatography method utilized the
following parameters: XBridge® C18, 4.6 x 50 mm, 3.5 pm column; UV detection wavelength =
254 nm, Flow rate = 1.0 mL/min, Gradient = 5-100% HPLC grade Methanol over 10 min. The
organic mobile phase and aqueous mobile phase contained 0.1% HPLC grade ammonium chloride.
The mass spectrometer utilized the following parameters: an Agilent multimode source that
simultaneously acquires ESI+/APCI+. High resolution mass spectra (HRMS) were performed by
the Analytical Instrument Center at the School of Pharmacy on a Bruker MaXis 4G mass
spectrometer. Chemical nomenclature was generated using ChemBioDraw Ultra version 14.0.
Calculated cLogD and cLogP values were obtained using MarvinSketch version 18.25,
ChemAxon: Budapest, Hungary, 2018 or ACD/LogD version 8.07, Advanced Chemistry

Development, Inc., Toronto, ON, Canada, 2004.

Syntheses of compounds BABA 1-13 have been previously reported.>* Intermediates 4-S1a-c¢ and
4-S2a-b have been previously reported via alternative synthetic routes.’®* 3-(4-(tert-
Butyl)phenyl)oxetan-3-amine hydrochloride was synthesized by adapting a published
procedure.”® Spectral data for known compounds that were resynthesized matched reported values.
All final compounds were assessed for purity by LCMS/UV and determined to be > 95% prior to

assessments.



205

General Procedure A. Esterification of picolinic and nicotinic acids.

R R
N PN
R=H,Cl Y 7~ Procedure A Y A
Y=CH N X~ e X A
X =CH, N NH; NH
HO O H;CO O

4-S1a-c

To a solution of the corresponding acid (1 equiv.) in 1:4 MeOH/CHCl; (0.1M) was added
dropwise a solution of TMS-diazomethane (2M in hexanes, 2 equiv.) and the reaction stirred at rt

for 18 h. The reaction was then concentrated and purified as indicated give the title compound.

Cl
I\
=

N
NH,

H;CO™ O
4-S1a

3-Amino-5-chloropicolinic acid (251 mg, 1.5 mmol) was subjected to procedure A, then purified
by MPLC (4g SiO2, 0-25% EtOAc, 30 mL/min) to give methyl 3-amino-5-chloropicolinate 4-S1a

as a yellow solid (149 mg, 0.8 mmol, 55% yield). Characterization matched literature report.®

N
Z NH,

H;CO™ ~O
4-S1b

3-Aminopicolinic acid (499 mg, 3.6 mmol) was subjected to procedure A, then purified by MPLC
(12g SiO2, 0-100% EtOAc/Hexanes, 30 mL/min) to give methyl 3-aminopicolinate 4-S1b as a

white solid (232 mg, 1.5 mmol, 42% yield). Characterization matched literature report.®
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Cl

NH,
H;CO™ ~O
4-S1c

4-Amino-6-chloronicotinic acid was subjected to procedure A, then purified by MPLC (4g SiO2,
0-25% EtOAc/Hexanes, 20 mL/min) to give methyl 4-amino-6-chloronicotinate 4-Slc as a white

solid (83 mg, 0.45 mmol, 76% yield). Characterization matched literature report.’

Cl

| X

N
/Br

H,CO™ YO
4-s1d

3-Bromo-5-chloropicolinic acid (2.30 g, 9.7 mmol) was subjected to procedure A, then triturated
with toluene and filtered sequentially through a 0.45um, then 0.10 um syringe filter. The filtrate
was concentrated to give 4-S1d as a light tan solid (1.61 g, 6.4 mmol, 66% yield). 'H NMR (400

MHz, CDCl3) 6 8.56 (d, J= 2.1 Hz, 1H), 8.03 (d, J = 2.1 Hz, 1H), 4.00 (s, 3H).

Alternatively, to a solution of 3-bromo-5-chloropicolinic acid (1.05 g, 4.5 mmol) in methanol
(0.23M) was added concentrated HoSO4 (2 mL). The reaction vessel was sealed in a screwcap
flask and placed behind a blast shield, heated to 110°C, and stirred 18 h. The reaction was then
cooled to rt, neutralized to pH 7 with sat. NaHCO3 (aq) and filtered to collect 4-S1d as a white
solid (892 mg, 3.6 mmol, 80% yield). '"H NMR (400 MHz, CDCl3) § 8.57 (d, J=2.0 Hz, 1H), 8.04

(d, J=2.0 Hz, 1H), 4.01 (s, 3H).
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General Procedure B. Bromination of methyl 3-amino picolinates.

R R
Br-
_ [ N Procedure B | N
R = H, Cl N__~ — N _
NH, NH,
H;CO” ~O

H,CO™ ~0
4-S1a-b 4-S2a-b

To a suspension of the corresponding methyl 3-amino picolinate in water (0.5M) was added 2M
H>S04 (aq) (10 mL/mmol, 20 equiv.) and this was stirred until the starting material was dissolved.
To the reaction solution was then added 2.6M Brz (AcOH) solution dropwise (0.4 mL/mmol, 1
equiv.), and the mixture stirred at rt for 18 h. The pH was then adjusted to 12 using 1M NaOH (aq)

and the resulting precipitate collected by filtration.

Cl
I\

N
7 “NH,

Br:

H;CO™ ~O
4-S2a

4-S1a (369 mg, 1.98 mmol) was subjected to general procedure B to give methyl 3-amino-6-
bromo-5-chloropicolinate 4-S2a as an off-white solid (268 mg, 1.0 mmol, 51% yield).

Characterization matched literature report.®®

4-S1b (23 mg, 0.15 mmol) was subjected to general procedure B, then purified by MPLC (4g SiO,
25% EtOAc/Hexanes, 20 mL/min) to give methyl 3-amino-6-bromopicolinate 4-S2b as a white

solid (91 mg, 0.40 mmol, 55% yield). Characterization matched literature report.®
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General Procedures C-1 and C-2. Amide coupling of (hetero)aryl amine building blocks to give

benzamido compounds.

R3 Procedure C-1 R3
or

X =N, CH Y)§Z Procedure C-2 Y)§Z o]
Y=NCHCB & — L &
Z= N, CH w)\NHZ w)\N | \_R4

R! R! H %

4
4-S3a-i

BDGR 6002, 6010, 6022, 6014, 6016
BDGR 6025-6026, 6032, 6034, 6042

Procedure C-1: To a solution of the corresponding (hetero)aryl amine (1 equiv.) in CH3CN (1M)
was added the corresponding benzoyl chloride (1.1 equiv.), then Et3N or iPr2EtN as indicated (2.2
equiv.), and the reaction stirred at rt for 18 h. The reaction mixture was then diluted with EtOAc
and washed with 1M HCI (aq) (2 x 10 mL), the organic layer separated, dried over MgSOs4 (s),

concentrated, and purified as indicated to give the title compound.

Procedure C-2: To a G10 microwave vial equipped with stir bar was added the corresponding
(hetero)aryl amine (1 equiv.) in CH3CN (0.06M) and the corresponding benzoyl chloride (1.1
equiv.). The vessel was sealed and heated to 150°C by microwave irradiation with stirring for 1

hour. The reaction mixture was then treated as indicated to give the title compound.

Cl
Br. | X o
N~ N)K@\
H
H,;CO 6] t-Bu

4-S3a

4-S2a (399 mg, 1.5 mmol) was subjected to procedure C-2 using 4-(fert-butyl)benzoyl chloride,

then concentrated and purified by MPLC (12g Si02, 0-25% EtOAc, 30 mL/min) to give methyl 6-
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bromo-3-(4-(tert-butyl)benzamido)-5-chloropicolinate S3a as a white solid (371 mg, 0.87 mmol,
58% yield). 'TH NMR (400 MHz, CDCls) 6 11.89 (s, 1H), 9.56 (s, 1H), 7.96 (d, J = 8.5 Hz, 2H),

7.57 (d, J= 8.5 Hz, 2H), 4.06 (s, 3H), 1.37 (s, 9H).

Br. N o

|
N~ N)K@\
H
HyCO™ ~0O t-Bu

4-S3b

4-S2b (15 mg, 0.07 mmol) was subjected to procedure C-2 using 4-(tert-butyl)benzoyl chloride,
then the reaction was diluted with CH>Cl,, washed with sat. NaHCO3 (aq) (3 x 10 mL), brine (1 x
10 mL), separated and dried over MgSO4 (s), then purified by MPLC (4g SiO2, 0-10%
EtOAc/Hexanes, 20 mL/min) to give methyl 6-bromo-3-(4-(tert-butyl)benzamido)picolinate 4-
S3b as a white solid (8 mg, 0.02 mmol, 30% yield). '"H NMR (400 MHz, CDCls) § 11.90 (s, 1H),
9.36 (d, J=9.0 Hz, 1H), 7.96 (dd, J = 8.5, 1.6 Hz, 2H), 7.57-7.54 (m, 3H), 4.06 (s, 3H), 1.37 (s,

9H).

N 0

|
N
H
H;CO™ ~O t-Bu

4-S3c

4-S1b (40 mg, 0.26 mmol) was subjected to procedure C-1 using 4-(tert-butyl)benzoyl chloride
and iPr;EtN, then purified by MPLC (4g SiO2, 0-25% EtOAc/Hexanes, 20 mL/min) to give methyl
3-(4-(tert-butyl)benzamido)picolinate S3c¢ as a brown oil (73 mg, 0.23 mmol, 89% yield). '"H NMR
(400 MHz, CDCl3) 0 11.87 (s, 1H), 9.27 (d, /= 8.6 Hz, 1H), 8.38 (d, /J=4.4 Hz, 1H), 7.92 (d, J =

7.0 Hz, 2H), 7.50 (d, J= 7.1 Hz, 2H), 7.47 (t, J= 4.5 Hz, 1H), 4.01 (s, 3H), 1.31 (s, 9H).
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Cl
Y 9
N~ NJ\©\
H
H,CO™ Y0 CHs

4-S3d

4-S1a (29 mg, 0.16 mmol) was subjected to procedure C-2 using 4-methylbenzoyl chloride. The
reaction mixture was filtered to collect methyl 5-chloro-3-(4-methylbenzamido)picolinate S3d as
a white solid (20 mg, 0.06 mmol, 41% yield). 'H NMR (400 MHz, CDCl3) 6 11.95 (s, 1H), 9.45
(d, J=2.2 Hz, 1H), 8.38 (d, /= 2.2 Hz, 1H), 7.93 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H),

4.08 (s, 3H), 2.45 (s, 3H).

cl
?\ :
H
H,CO™ N0
4-S3e
4-S1a (35 mg, 0.19 mmol) was subjected to procedure C-2 using benzoyl chloride. The reaction
mixture was filtered to collect methyl 3-benzamido-5-chloropicolinate 4-S3e as an off-white solid

(25 mg, 0.09 mmol, 47% yield). '"H NMR (400 MHz, CDCls) 6 12.01 (s, 1H), 9.46 (d, J=2.2 Hz,

1H), 8.40 (d, J= 2.2 Hz, 1H), 8.05-8.03 (m, 2H), 7.62-7.54 (m, 3H), 4.08 (s, 3H).

Cl
? :
N~ N)b\
H
H,CO~ YO OCHs
4-S3f
4-S1a (38 mg, 0.20 mmol) was subjected to procedure C-2 using 4-methoxybenzoyl chloride. The

reaction mixture was filtered to collect methyl 5-chloro-3-(4-methoxybenzamido)picolinate 4-S3f

as a white solid (27 mg, 0.09 mmol, 43% yield). "H NMR (400 MHz, CDCl3) 6 11.92 (s, 1H), 9.44
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(d, J=2.2 Hz, 1H), 8.37 (d, J = 2.2 Hz, 1H), 8.01 (d, J = 8.9 Hz, 2H), 7.04 (d, J = 9.0 Hz, 2H),

4.08 (s, 3H), 3.90 (s, 3H).

(o]
IR’
N~ N)K©/OCH3
H
HaCO™ SO
4-S3g

4-S1a (39 mg, 0.20 mmol) was subjected to procedure C-2 using 3-methoxybenzoyl chloride. The
reaction mixture was filtered to collect a white solid, which was purified by MPLC (4g SiO2, 0-
50% EtOAc/Hexanes, 20 mL/min) to give methyl 5-chloro-3-(3-methoxybenzamido)picolinate 4-
S3g as a white solid (48 mg, 0.15 mmol, 72% yield). 'H NMR (400 MHz, CDCls) 6 12.00 (s, 1H),
9.44 (d,J=2.2 Hz, 1H), 8.39 (d, /=2.2 Hz, 1H), 7.60-7.58 (m, 2H), 7.46 (t, /= 8.2 Hz, 1H), 7.15

(ddd, J = 8.3, 2.4, 1.2 Hz, 1H), 4.08 (s, 3H), 3.91 (s, 3H).

Cl

7 0 0ocH,

N
/N
H

H,CcO™ YO
4-S3h

4-S1a was subjected to procedure C-2 using 2-methoxybenzoyl chloride. The reaction mixture was
filtered to collect methyl 5-chloro-3-(2-methoxybenzamido)picolinate 4-S3h as an off-white solid
(18 mg, 0.06 mmol, 38% yield). "H NMR (500 MHz, CDCls) 6 12.36 (s, 1H), 9.51 (d, J=2.2 Hz,
1H), 8.36 (d, J=2.2 Hz, 1H), 8.21 (dd, /=7.9, 1.8 Hz, 1H), 7.54 (ddd, J = 8.8, 7.4, 1.9 Hz, 1H),

7.12 (dd, J= 8.0, 7.2 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 4.13 (s, 3H), 4.04 (s, 3H).
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cl
B
r 0

N
H)k©\
H,CO™ YO t-Bu

4-S3i

Methyl 2-amino-5-bromo-4-chlorobenzoate was subjected to general procedure C-2 using 4-(tert-
butyl)benzoyl chloride, then filtered to give methyl 5-bromo-2-(4-(tert-butyl)benzamido)-4-
chlorobenzoate 4-S3i as a light brown solid (1.6 g, 3.8 mmol, 50% yield). '"H NMR (400 MHz,
CDCl3) 6 11.94 (s, 1H), 9.20 (s, 1H), 8.29 (s, 1H), 7.95 (d, J = 8.8 Hz, 1H), 7.55 (d, J = 8.8 Hz,

1H), 3.98 (s, 3H), 1.36 (s, 7H).

Cl
Y 9
N~ NJ\©\
H
HsCO™ YO t-Bu

Methyl 3-(4-(tert-butyl)benzamido)-5-chloropicolinate (BDGR 6002).

4-S1a (95 mg, 0.51 mmol) was subjected to procedure C-2 using 4-(fert-butyl)benzoyl chloride.
The reaction mixture was filtered, and the filtrate concentrated and redissolved in CH2Cly. The
organic layer was washed with sat. NaHCO3 (aq) (3 x 10 mL), brine (1 x 10 mL), separated and
dried over MgSOs4 (s), then purified by MPLC (4g SiO2, 0-50% EtOAc/Hexanes, 20 mL/min) to
give BDGR 6002 as a white solid (90 mg, 0.26 mmol, 51% yield). "H NMR (500 MHz, CDCl3) 6
11.97 (s, 1H), 9.46 (d, J=2.2 Hz, 1H), 8.38 (d, /= 2.2 Hz, 1H), 7.97 (d, J = 8.5 Hz, 2H), 7.57 (d,
J = 8.5 Hz, 2H), 4.08 (s, 3H), 1.37 (s, 9H). 1*C NMR (126 MHz, CDCls) § 168.0, 166.4, 156.6,
142.5, 140.2, 137.2, 131.0, 129.8, 127.9, 127.5, 126.2, 53.6, 35.3, 31.3. HRMS (ESI-QTOF) m/z:

[M + H]" Calcd for C1sH20N203" 347.1157; Found: 347.1157. HPLC Purity > 96%.
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o]
Y 9
N
= N)KO\
H
H,N7 0 t-Bu

3-(4-(tert-Butyl)benzamido)-5-chloropicolinamide (BDGR 6010).

5-chloro-3-nitropicolinonitrile (187 mg, 1.0 mmol, 1 equiv.) was dissolved in MeOH (10 mL)
before the addition of FeCl3*6H>0 (25 mg, 0.09 mmol, 0.09 equiv.) and activated charcoal (45
mg, 3.8 mmol, 3 equiv.). The reaction flask was fitted with reflux condenser, heated to reflux, and
stirred 10 min before the dropwise addition of hydrazine monohydrate (0.2 mL, 4.1 mmol, 4
equiv.). The reaction was stirred at reflux for 1 hour, then cooled to rt, filtered through celite,
concentrated, and purified by MPLC (4g SiO2, 0-50% EtOAc/Hexanes, 20 mL/min) to give 3-
amino-5-chloropicolinamide 4-S4a as a white solid (76 mg, 0.44 mmol, 44% yield).

Characterization matched literature report.’!

4-S4a (66 mg, 0.43 mmol) was subjected to procedure C-2 using 4-(fert-butyl)benzoyl chloride.
The reaction was filtered to give BDGR 6010 as a green solid (85 mg, 0.27 mmol, 63% yield). 'H
NMR (500 MHz, CDCl3) 6 12.91 (s, 1H), 9.44 (d, J=2.2 Hz, 1H), 8.20 (d, J = 1.9 Hz, 1H), 8.06
(br s, 1H), 7.98 (d, J = 8.3 Hz, 2H), 7.54 (d, J = 8.4 Hz, 2H), 5.71 (br s, 1H), 1.36 (s, 9H). °C
NMR (126 MHz, CDCl3) 6 169.6, 166.6, 156.3, 141.0, 139.5, 136.5, 131.2, 130.8, 127.9, 127.5,
126.0,35.2,31.3. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for C17H19CIN30>" 332.11603; Found:

332.1156. HPLC Purity > 98%.

cl
Y @
N
4 N)K©\
H
HN SN t-Bu
N=N
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4-(tert-Butyl)-N-(5-chloro-2-(/ H-tetrazol-5-yl)pyridin-3-yl)benzamide (BDGR 6022).

5-chloro-3-nitropicolinonitrile (1.8 g, 9.6 mmol, 1 equiv.) was dissolved in n-BuOH (25 mL)
before the addition of zinc chloride (1.3 g, 9.9 mmol, 1 equiv.) and sodium azide (0.83 g, 13 mmol,
1.2 equiv.). The reaction mixture was heated to 110°C with vigorous stirring for 1.5 h, then cooled
to rt and concentrated to a cream residue. The residue was redissolved in 1M NaOH (aq) (50 mL)
and stirred 20 min before filtering. The filter cake was washed with water (2 x 25 mL). The
resulting filtrate was acidified with concentrated HCI until a precipitate formed (pH 6), this was
collected to give 5-chloro-3-nitro-2-(1H-tetrazol-5-yl)pyridine 4-S5a as a brown solid (1.4 g, 6.1

mmol, 63% yield), used without purification.

4-S5a (223 mg, 0.99 mmol, 1 equiv.) was dissolved in MeOH (10 mL) before the addition of
FeCl3*6H>0 (21 mg, 0.08 mmol, 0.07 equiv.) and activated charcoal (37 mg, 3.1 mmol, 3 equiv.).
The mixture was heated to reflux and stirred 10 min before the dropwise addition of hydrazine
monohydrate (0.2 mL, 4.1 mmol, 4 equiv.). The reaction was stirred at reflux for 4 hours, then
cooled to rt, filtered through celite, concentrated, and triturated with MeOH to give 5-chloro-2-
(1H-tetrazol-5-yl)pyridin-3-amine 4-S6a as a green/off-white solid (67 mg, 0.34 mmol, 35% yield).

'H NMR (400 MHz, CDCl3) § 7.99 (d, J = 2.0 Hz, 1H), 7.44 (d, J= 2.1 Hz, 1H), 7.01 (br s, 2H).

4-S6a (31 mg, 0.16 mmol) was subjected to procedure C-1 using 4-(zert-butyl)benzoyl chloride
and iPr;EtN, then purified by MPLC (4g Si0O2, 0-10% EtOAc/Hexanes, 20 mL/min) to give BDGR
6022 as an off-white solid (16 mg, 0.05 mmol, 30% yield). '"H NMR (500 MHz, MeOD) 6 9.36 (d,
J=2.1Hz, 1H), 8.47 (d, /= 2.2 Hz, 1H), 8.13 (d, /= 8.5 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 1.40
(s, 9H). *C NMR (126 MHz, MeOD) 6 '3C NMR (MHz,) § 168.0, 157.9, 156.0, 144.0, 137.2,
135.3, 132.0, 130.4, 128.7, 128.3, 127.1, 36.0, 31.5. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

C17H18CINsO" 357.1225; Found: 357.12260. HPLC Purity > 95%.
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Methyl 4-(4-(tert-butyl)benzamido)-6-chloronicotinate (BDGR 6014).

4-Slc (48 mg, 0.25 mmol) was subjected to procedure C-1 using 4-(tert-butyl)benzoyl chloride
and /Pr2EtN, then purified by MPLC (4g SiO2, 0-25% EtOAc/Hexanes, 20 mL/min) to give BDGR
6014 as an off-white solid (83 mg, 0.24 mmol, 94% yield). '"H NMR (500 MHz, CDCl3) § 12.09
(s, 1H), 8.98 (s, 1H), 8.94 (s, 1H), 7.97 (d, J = 8.5 Hz, 2H), 7.57 (d, J = 8.5 Hz, 2H), 4.02 (s, 3H),
1.37 (s, 9H). 3*C NMR (101 MHz, CDCl3) § 168.1, 166.2, 157.6, 156.9, 152.7, 149.6, 130.7, 127.6,
126.2, 113.8, 110.0, 53.1, 35.3, 31.3. HRMS (ESI-QTOF) m/z: [M - H]" Calcd for C1sHisCIN2O3"

345.1011; Found: 345.1009. HPLC Purity > 98%.

Cl
'\Ej\ :
= N)K©\
H
HO™ ~O t-Bu

4-(4-(tert-Butyl)benzamido)-6-chloronicotinic acid (BDGR 6016).

4-Amino-6-chloronicotinic acid (25 mg, 0.15 mmol) was subjected to procedure C-1 using 4-(tert-
butyl)benzoyl chloride and iPr;EtN, then purified by MPLC (4g SiO2, 0-10% EtOAc/Hexanes, 20
mL/min) to give BDGR 6016 as a white solid (9 mg, 0.03 mmol, 20% yield). '"H NMR (500 MHz,
CDCl3) 6 9.20 (s, 1H), 8.24 (d, J=8.3 Hz, 2H), 7.57 (s, 1H), 7.56 (d, J= 8.3 Hz, 2H), 1.38 (s, 9H).
3C NMR (126 MHz, CDCl3) 6 3*C NMR (126 MHz,) § 162.5, 158.6, 158.6, 157.5, 154.8, 152.0,
129.3, 126.3, 126.2, 120.6, 112.0, 35.5, 31.2. HRMS (ESI-QTOF) m/z: [M - H] Calcd for

C17H16CIN203™ 331.0855; Found: 331.0848. HPLC Purity > 96%.
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4-(tert-Butyl)-N-(5-chloropyridin-3-yl)benzamide (BDGR 6025).

5-chloropyridin-3-amine (25 mg, 0.19 mmol) was subjected to procedure C-1 using 4-(tert-
butyl)benzoyl chloride and iPr2EtN, then purified by MPLC (4g SiO2, 0-30% EtOAc/Hexanes, 20
mL/min) to give BDGR 6025 as an off-white solid (35 mg, 0.12 mmol, 63% yield). "H NMR (400
MHz, CDCl3) 6 8.58 — 8.39 (m, 2H), 8.33 (t, J = 2.0 Hz, 1H), 8.04 (s, 1H), 7.91 — 7.75 (m, 2H),
7.60 —7.44 (m, 2H), 1.35 (s, 9H). *C NMR (101 MHz, CDCl3) § 166.1, 156.5, 144.0, 138.9, 135.7,
132.4, 131.0, 127.3, 127.2, 126.1, 35.3, 31.3. HRMS (ESI-QTOF) m/z: [M + H]" Calcd for

Ci6sH1sCIN2O" 289.1102; Found: 289.1094. HPLC Purity > 98%.

Cl
K/E\t :
SRe!
H
HO™ ~O t-Bu
2-(4-(tert-Butyl)benzamido)-6-chloronicotinic acid (BDGR 6026).

2-Amino-6-chloronicotinic acid (173 mg, 1.0 mmol) was subjected to procedure C-1 using 4-(tert-
butyl)benzoyl chloride and Et3N, then purified by MPLC (4g SiO2, 50-100% EtOAc/Hexanes, 20
mL/min) to give BDGR 6026 as a white solid (20 mg, 0.06 mmol, 6% yield). '"H NMR (400 MHz,
DMSO-ds) 6 11.71 (s, 1H), 8.25 (d, J=9.0 Hz, 1H), 7.93 (d, /=9.1 Hz, 2H), 7.58 (d, /= 9.0 Hz,
2H), 7.38 (d, J=10.1 Hz, 1H), 1.32 (s, 9H). *C NMR (101 MHz, DMSO-ds) 6 167.5, 164.9, 155.9,
151.37,151.35, 143.0, 131.5, 128.1, 126.0, 120.1, 118.0, 35.3, 31.4. HRMS (ESI-QTOF) m/z: [M

- H] Calcd for C17HisCIN20O3" 333.1001; Found: 333.0990. HPLC Purity > 99%.
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Methyl 3-(5-(tert-butyl)thiophene-2-carboxamido)-5-chloropicolinate (BDGR 6032).

4-S1a (38 mg, 0.20 mmol) was subjected to procedure C-1 using 5-(tert-butyl)thiophene-2-
carbonyl chloride and Et3N in THF. The reaction mixture was filtered to collect a tan solid, which
was then purified by MPLC (4g SiO2, 0-10% EtOAc/Hexanes, 20 mL/min) to give BDGR 6032
as a yellow oil that solidified (38 mg, 0.11 mmol, 54% yield). '"H NMR (400 MHz, CDCl3) ¢ 11.81
(s, 1H), 9.33 (d, /= 2.2 Hz, 1H), 8.35 (d, J = 2.2 Hz, 1H), 7.63 (d, /= 3.9 Hz, 1H), 6.92 (d, J =
3.9 Hz, 1H), 4.07 (s, 3H), 1.43 (s, 9H). '3C NMR (101 MHz, CDCl3) 6 168.0, 166.0, 161.2, 142.4,

140.1, 137.2, 135.4, 129.6, 129.5, 127.7, 123.0, 53.6, 35.4, 32.4. HPLC Purity > 95%.

Cl
| _ wt-Bu
N
7 N
H

HsCO”™ ~O
Methyl 3-(2-(4-(tert-butyl)phenyl)acetamido)-5-chloropicolinate (BDGR 6034).

4-S1a (113 mg, 0.61 mmol) was subjected to procedure C-1 using 2-(4-(tert-butyl)phenyl)acetyl
chloride and iPrEtN in THF. The reaction mixture was filtered, and the filtrate washed with sat.
IM NaOH (aq) (3 x 20 mL), brine (1 x 20 mL), and separated. The aqueous layer was back-
extracted with CH2Cl> (3 x 10 mL) and the organic layers combined, dried over MgSOys (s), then
purified by MPLC (4g Si02, 0-25% EtOAc/Hexanes, 20 mL/min) to give BDGR 6034 as a light
brown solid (40 mg, 0.11 mmol, 18% yield). "H NMR (400 MHz, CDCls) § 10.96 (s, 1H), 9.24 (d,

J=2.1Hz, 1H), 8.31 (d, J=2.2 Hz, 1H), 7.42 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 3.94
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(s, 3H), 3.76 (s, 2H), 1.33 (s, 9H). 3C NMR (101 MHz, CDCl3) § 171.3, 167.3, 150.2, 142.5,

139.5,137.0, 130.5, 129.3, 127.8, 126.2, 53.3, 45.4, 34.7, 31.5. HPLC Purity > 95%.

Cl
N o)

|
@m*@
OH t-Bu

4-(tert-Butyl)-N-(5-chloro-2-hydroxypyridin-3-yl)benzamide (BDGR 6042).

3-Amino-5-chloropyridin-2-ol (50 mg, 0.35 mmol) was subjected to procedure C-1 using 4-(tert-
butyl)benzoyl chloride and iPr2EtN in THF. The reaction mixture was diluted with EtOAc, washed
with 1M HCI (aq) (2 x 10 mL), 1M NaOH (aq) (2 x 10 mL), and separated. The organic layer was
dried over MgSOs4 (s) and purified by MPLC (4g Si02, 0-25% EtOAc/Hexanes, 20 mL/min) to
give BDGR 6042 as a pink solid (16 mg, 0.05 mmol, 15% yield). 'H NMR (400 MHz, CDCls) ¢
12.67 (s, 1H), 9.03 (s, 1H), 8.72 (d, J=2.6 Hz, 1H), 7.88 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 8.5 Hz,
2H), 7.16 (d, J = 2.6 Hz, 1H), 1.37 (s, 9H). *C NMR (101 MHz, CDCls) § 165.9, 157.8, 156.3,

131.1, 129.9, 127.3, 126.0, 125.0, 124.0, 115.4, 35.2, 31.3. HPLC Purity > 95%.

General Procedure D. Alkylation of 3-amino pyridyl building blocks to give benzylamine-linked

compounds.
R! R' R'=H,Cl
| X Procedure D | N Rj =H, OH, CO,CH3,
[ R® = CH3, t-Bu
N~ NH, N~ ”/\©\
R3

4-S7a-b
BDGR 6038-6039, 6043
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To a solution of the corresponding pyridyl amine (1 equiv.) in CH3CN (0.1M) was added the
corresponding benzyl bromide (1.2 equiv.), then iPr2EtN (0, 1.2, or 2.2 equiv. as indicated), and
the reaction stirred at the indicated temperature for the specified time. The reaction mixture was

then concentrated and purified as indicated to give the title compound.

Cl

| X
N
= N/\@\
H
H,CO™ 0 CHs

Methyl 5-chloro-3-((4-methylbenzyl)amino)picolinate (4-S7a).

4-S1a (37 mg, 0.20 mmol) was subjected to procedure D using 4-methylbenzyl bromide and 1.2
equiv. of iPr2EtN at 150° for 1 h with microwave irradiation. The reaction was purified by MPLC
(4g Si02, 0-25% EtOAc/Hexanes, 20 mL/min) to give 4-S7a as a white solid (13 mg, 0.04 mmol,
22% yield). "H NMR (400 MHz, CDCl3) 6 8.20 (s, 1H), 7.91 (d, J = 2.3 Hz, 1H), 7.24 — 7.13 (m,

4H), 7.02 (s, 1H), 4.37 (d, J = 5.5 Hz, 2H), 3.96 (s, 3H), 2.34 (s, 3H).

| AN
N~ N/\@\
H
H;CO™ ~O t-Bu

Methyl 3-((4-(tert-butyl)benzyl)amino)picolinate (4-S7b).

4-S1b (70 mg, 0.46 mmol) was subjected to procedure D using 4- fert-butylbenzyl bromide and
1.2 equiv. of iPrEtN at 60° for 24 h. The reaction was purified by MPLC (4g SiO2, 10-25%
EtOAc/Hexanes, 20 mL/min) to give 4-S7b as a yellow oil (52 mg, 0.18 mmol, 41% yield). 'H
NMR (400 MHz, CDCl3) 0 8.12 (t, J= 5.5 Hz, 1H), 8.01 (d, /= 4.0 Hz, 1H), 7.37 (d, J= 8.1 Hz,
2H), 7.31 = 7.19 (m, 3H), 7.05 (d, /= 8.6 Hz, 2H), 4.42 (d, /= 5.6 Hz, 2H), 3.97 (s, 3H), 1.31 (s,

9H).
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Cl

| X
N
= N/\@\
H
H;CO™ "0 t-Bu

Methyl 3-((4-(tert-butyl)benzyl)amino)-5-chloropicolinate (BDGR 6038).

4-S1a (24 mg, 0.13 mmol) was subjected to procedure D using 4-fert-butylbenzyl bromide and 1.2
equiv. of iProEtN at 85° for 42 h. The reaction was concentrated, dissolved with EtOAc (15 mL),
washed with 1M NaOH (aq) (3 x 10 mL) and brine (1 x 10 mL), dried over MgSQy4 (s), and then
purified by MPLC (4g SiO2, 10-15% EtOAc/Hexanes, 20 mL/min) to give BDGR 6038 as a
yellow oil that solidified (60 mg, 0.18 mmol, 36% yield). '"H NMR (400 MHz, CDCls) § 8.19 (t, J
=4.6 Hz, 1H), 7.92 (d, J=2.0 Hz, 1H), 7.39 (d, /= 8.4 Hz, 2H), 7.26 (d, J= 8.3 Hz, 2H), 7.06 (d,
J=2.1Hz, 1H), 4.38 (d, J= 5.5 Hz, 1H), 3.96 (s, 3H), 1.32 (s, 9H). '*C NMR (101 MHz, CDCls)
0 168.0, 150.9, 148.3, 136.9, 135.6, 134.1, 127.0, 126.04, 125.94, 118.9, 52.7, 46.5, 34.7, 31.5.

HPLC Purity > 99%.

Cl
N
N~ H/\©\
OH t-Bu
3-((4-(tert-Butyl)benzyl)amino)-5-chloropyridin-2-ol (BDGR 6039).

3-Amino-5-chloropyridin-2-ol (52 mg, 0.36 mmol) was subjected to procedure D using 4-tert-
butylbenzyl bromide without base at rt for 48 h, then 60°C for 1 h. The reaction was filtered, and
the collected solid purified by MPLC (4g SiO2, 25-50% EtOAc/Hexanes, 20 mL/min) to give
BDGR 6039 as an off-white solid (23 mg, 0.08 mmol, 22% yield). '"H NMR (400 MHz, CDCl3) 6

11.46 (s, 1H), 7.38 (d, J= 8.3 Hz, 2H), 7.27 (d, J = 8.6 Hz, 4H), 6.68 (d, J=2.4 Hz, 1H), 6.22 (d,
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J=2.4Hz, 1H), 5.39 (s, 1H), 4.27 (s, 2H), 1.33 (s, 9H). 3C NMR (101 MHz, CDCls) 6 157.8,

150.8, 139.0, 134.5, 127.4, 125.8, 116.3, 115.6, 109.3, 47.1, 34.7, 31.5. HPLC Purity > 95%.

Cl

| X

N
/ N
H
t-Bu

N-(4-(tert-butyl)benzyl)-5-chloropyridin-3-amine (BDGR 6043).

3-Amino-5-chloropyridine (31 mg, 0.24 mmol) was subjected to procedure D using 4-fert-
butylbenzyl bromide without base at 85°C for 18 h. The reaction was concentrated and purified by
MPLC (4g Si02, 0-20% CH30H/CHCl>, 20 mL/min) to give the BDGR 6043 hydrobromide salt
as a tan foam (41 mg, 0.11 mmol, 48% yield). '"H NMR (400 MHz, CDCl3) 6 9.00 (s, 1H), 7.87 (s,
1H), 7.73 (s, 1H), 7.43 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 6.98 (s, 2H), 5.63 (s, 2H),
1.25 (s, 9H). 3C NMR (101 MHz, CDCl3) 6 3*C NMR (101 MHz, CDCl3) & 153.6, 149.3, 135.2,

129.4, 129.0, 128.9, 127.7, 126.8, 126.7, 65.3, 34.9, 31.3. HPLC Purity > 95%.

General Procedure E. Buchwald-Hartwig amination of 3-bromo pyridyl building blocks.

Cl cl o
| N Procedure E | N N
N__~ —_— No _— ,R2 | N N
Br N P 4l\
R rt H Cl N~ O
R"=CN, CO,CH; 4-S7c+j BDGR 6055

BDGR 6051

To a solution of the corresponding pyridyl bromide (1 equiv.) in CH3CN, toluene, or dioxane
(0.25M) was added Pd>(dba); (5 mol%), XantPhos (10 mol%), and Cs>COs3 (1.4 equiv.) before
heating to the specified temperature for 5 min. Upon observation of a color change, the

corresponding amine (1.1 equiv.) was added and the reaction was stirred and heated at the same
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temperature for 18 h. The reaction was then concentrated and purified as indicated to give the title

compound.

Cl

N
N~ N/\©
H
HyCO™ Y0
Methyl 3-(benzylamino)-5-chloropicolinate (4-S7c¢).
4-S1d (60 mg, 0.24 mmol) was subjected to procedure E using benzylamine in dioxane at reflux,
then purified by MPLC (4g SiO2, 0-25% EtOAc, 20 mL/min) to give 4-S7¢ as an off-white solid
(14 mg, 0.05 mmol, 22% yield). "H NMR (400 MHz, CDCls) 6 8.25 (t, J = 5.7 Hz, 1H), 7.91 (s,

1H), 7.38 — 7.28 (m, SH), 7.01 (s, 1H), 4.42 (d, J = 5.6 Hz, 2H), 3.96 (s, 3H).

Cl
O
N~ N

H
H,cO™ YO

Methyl 3-((4-(tert-butyl)phenyl)amino)-5-chloropicolinate (4-S7d).
4-S1d (67 mg, 0.27 mmol) was subjected to procedure E using 4-tert-butylaniline in CH3CN at

reflux, then purified by MPLC (4g SiO2, 0-25% EtOAc, 20 mL/min) to give 4-S7d as an orange
semisolid (65 mg, 0.21 mmol, 77% yield). 'H NMR (400 MHz, CDCl3) 6 9.44 (s, 1H), 7.98 (d, J
=2.0 Hz, 1H), 7.47 (d, J=2.0 Hz, 1H), 7.43 (d, /= 8.7 Hz, 2H), 7.15 (d, J = 8.6 Hz, 2H), 4.00 (s,

3H), 1.35 (s, 9H).

Cl

l\
N~ N/\O
H
HzCO™ ~O

Methyl 5-chloro-3-((cyclohexylmethyl)amino)picolinate (4-S7e).
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4-S1d (59 mg, 0.23 mmol) was subjected to procedure E using cyclohexylamine in dioxane at
reflux, then purified by MPLC (4g SiO2, 0-10% EtOAc, 20 mL/min) to give 4-S7e as colorless oil

that was used as a crude mixture without further manipulation.

C

I
?\ :
N
H
HsCO™ Y0 tBu

Methyl 3-((3-(4-(tert-butyl)phenyl)oxetan-3-yl)amino)-5-chloropicolinate (4-S7f).
4-S1d (62 mg, 0.25 mmol) was subjected to procedure E using 3-(4-(tert-butyl)phenyl)oxetan-3-

amine hydrochloride in toluene at 85°C, then purified by MPLC (4g SiO2, 0-20% EtOAc, 20
mL/min) to give 4-S7f as colorless oil (34 mg, 0.09 mmol, 36% yield). '"H NMR (400 MHz, CDCl3)
08.76 (s, 1H), 7.92 (d, J= 2.5 Hz, 1H), 7.47 (d, J = 8.8 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 6.15 (d,

J=2.6 Hz, 1H), 4.99 (d, /= 6.7 Hz, 2H), 4.94 (d, J = 6.0 Hz, 2H), 4.01 (s, 3H), 1.31 (s, 9H).

Cl

Y cHg
N Ay
H
H,CO™ YO tBu

Methyl 3-((1-(4-(tert-butyl)phenyl)ethyl)amino)-5-chloropicolinate (4-S7g).
4-S1d (59 mg, 0.24 mmol) was subjected to procedure E using 1-(4-(fert-butyl)phenyl)ethan-1-

amine in toluene at 85°C, then purified by MPLC (4g SiO2, 0-10% EtOAc, 20 mL/min) to give 4-
S7g as a yellow oil (65 mg, 0.19 mmol, 79% yield). '"H NMR (400 MHz, CDCl3) 6 8.25 (d, J= 6.1
Hz, 1H), 7.84 (d, /= 1.9 Hz, 1H), 7.34 (d, J = 8.3 Hz, 2H), 7.22 (d, J = 8.6 Hz, 2H), 6.86 (d, J =

1.8 Hz, 1H), 4.49 (t, J = 6.6 Hz, 1H), 3.97 (s, 3H), 1.58 (d, J = 6.7 Hz, 3H), 1.29 (s, 9H).

Cl

| AN
N~ N/\©\
H
H,CO™ O OCH3
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Methyl 5-chloro-3-((4-methoxybenzyl)amino)picolinate (4-S7h).
4-S1d (62 mg, 0.25 mmol) was subjected to procedure E using (4-methoxyphenyl)methanamine
in toluene at 85°C, then purified by MPLC (4g SiO2, 0-30% EtOAc, 20 mL/min) to give 4-S7h as
an off-white solid (40 mg, 0.13 mmol, 52% yield). 'H NMR (400 MHz, CDCls) 6 8.14 (t, J= 5.6
Hz, 1H), 7.89 (d, /= 2.0 Hz, 1H), 7.23 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 2.0 Hz, 1H), 6.88 (d, J =

8.6 Hz, 2H), 4.32 (d, J = 5.4 Hz, 2H), 3.94 (s, 3H), 3.78 (s, 3H).

Cl

N
N~ N/\@\
H
H;CO™ ~O F
Methyl 5-chloro-3-((4-fluorobenzyl)amino)picolinate (4-S71i).
4-S1d (62 mg, 0.25 mmol) was subjected to procedure E using (4-fluorophenyl)methanamine in
toluene at 85°C, then purified by MPLC (4g SiO2, 0-25% EtOAc, 20 mL/min) to give 4-S7i as an
off-white solid (55 mg, 0.19 mmol, 75% yield). 'H NMR (400 MHz, CDCl3) § 8.23 (t,J = 5.6 Hz,
1H), 7.93 (d, J=2.0 Hz, 1H), 7.35 — 7.22 (m, 2H), 7.05 (t, J = 8.6 Hz, 2H), 6.99 (d, J = 2.0 Hz,

1H), 4.39 (d, J= 5.6 Hz, 2H), 3.96 (s, 3H).

Cl

| AN
N~ N/\©\
H
HsCO™ ~O CF;

Methyl 5-chloro-3-((4-(trifluoromethyl)benzyl)amino)picolinate (4-S7j).

4-S1d (62 mg, 0.25 mmol) was subjected to procedure E using (4-
(trifluoromethyl)phenyl)methanamine in toluene at 85°C, then purified by MPLC (4g SiO2, 0-25%

EtOAc, 20 mL/min) to give 4-S7j as a light yellow solid (62 mg, 0.18 mmol, 72% yield). '"H NMR
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(400 MHz, CDCl3) ¢ "H NMR (400 MHz, CDCls) & 8.34 (d, J= 5.9 Hz, 1H), 7.95 (s, 1H), 7.63 (d,

J=17.9 Hz, 2H), 7.45 (d, J= 7.9 Hz, 2H), 6.95 (s, 1H), 4.51 (d, J= 5.7 Hz, 2H), 3.98 (s, 3H).

Cl
A

|
N
/N
IIH
-B
N t-Bu

3-((4-(tert-Butyl)benzyl)amino)-5-chloropicolinonitrile (BDGR 6051).

3-Bromo-5-chloropicolinonitrile (212 mg, 0.98 mmol) was subjected to procedure E using 4-fert-
butylbenzylamine in CH3CN, then purified by MPLC (4g Si02, 0-5% EtOAc, 20 mL/min) to give
BDGR 6051 as a white solid (44 mg, 0.14 mmol, 14% yield). "H NMR (400 MHz, CDCl3) 6 7.92
(d, J=1.9 Hz, 1H), 7.41 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 7.03 (d, J = 1.9 Hz, 1H),
5.09 (t, J = 5.3 Hz, 1H), 4.37 (d, J = 5.4 Hz, 2H), 1.33 (s, 9H). *C NMR (101 MHz, CDCI3) ¢
151.5, 147.9, 138.3, 136.8, 133.07, 127.3, 126.3, 118.0, 116.9, 115.7, 47.1, 34.8, 31.4. HPLC

Purity > 96%.

0
Joess
o N/)\O

3-Chloro-12H-benzo[4,5]oxazolo[3,2-a]pyrido[3,2-d]|pyrimidin-12-one (BDGR 6055).

4-S1d (62 mg, 0.25 mmol) was subjected to procedure E using benzo[d]oxazol-2-amine in toluene
at 85°C, then purified by MPLC (4g Si0O2, 0-30% EtOAc, 20 mL/min) to give BDGR 6055 as a
white solid (23 mg, 35% yield). 'H NMR (400 MHz, CDCl3) 6 8.79 (d, J = 2.2 Hz, 1H), 8.53 (dd,
J=1.6,1.7Hz, 1H), 8.09 (d, J=2.2 Hz, 1H), 7.59 — 7.45 (m, 3H). 3*C NMR (101 MHz, CDCls)
6 3C NMR (101 MHz, CDCls) & 156.9, 152.8, 147.7, 145.3, 145.1, 137.1, 134.0, 133.5, 127.6,

126.4,125.8,116.6, 111.1. HPLC Purity > 99%.
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General Procedure F. Suzuki coupling of (hetero)aryl benzamido bromide esters to give 6-

substituted (hetero)aryl benzamido methyl esters.

Cl Cl
Br | N 0 Procedure F | X 0
X =N, CH X F X A
N N
H H
HsCO™ 0 t-Bu He,CO™ Y0 £Bu

4-S3a, 4-S3i 4-S3j, 4-S8a-b

To a G4 microwave vial equipped with stir bar was added the corresponding (hetero)aryl bromide
(1 equiv.), corresponding boronic acid (1.2 equiv.), bis(triphenylphosphine)palladium dichloride
(0.1 equiv.), and sodium carbonate (1.5 equiv.) before addition of a 10:1 (v/v) CH3CN/H0O
solution (0.1M). The vessel was sealed and heated at 100-150°C by microwave irradiation with
stirring for 30 min. Upon cooling to room temperature, the reaction was diluted with EtOAc (5
mL) and washed with water (2 x 5 mL) and brine (2 x 5 mL). The organic layer was separated and
dried over MgSO4 (s), filtered, and concentrated. The resulting crude material was purified as

indicated to give the title compound.

Cl
N o)

|
N~ NJ\©\
H
H3;CO O t-B

4-S3]

u

4-S3a (47 mg, 0.11 mmol) was subjected to procedure F using phenylboronic acid (20 mg, 0.16
mmol) at 100°C, then purified by MPLC (4g SiO2, 0-5% EtOAc, 20 mL/min) to give methyl 3-(4-

(tert-butyl)benzamido)-5-chloro-6-phenylpicolinate 4-S3j as a white solid (31 mg, 0.07 mmol, 67%
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yield). '"H NMR (400 MHz, CDCls) 5 11.95 (s, 1H), 9.54 (s, 1H), 8.00 (d, J = 8.5 Hz, 2H), 7.78-

7.76 (m, 2H), 7.58 (d, J = 8.1 Hz, 2H), 7.49-7.41 (m, 3H), 4.04 (s, 3H), 1.38 (s, 9H).
Cl O cl
P
0L
H
H,cO0” S0 t-Bu

4-S8a

4-S3i (50 mg, 0.12 mmol) was subjected to procedure F using 4-chlorophenylboronic acid (20 mg,
0.14 mmol, 1.2 equiv.) at 150°C, then purified by MPLC (4g Si02, 0-2% EtOAc/Hexanes over 10
min, 20 mL/min) to give methyl 4-(4-(tert-butyl)benzamido)-4',6-dichloro-[1,1'-biphenyl]-3-

carboxylate 4-S8a (27 mg, 0.07 mmol, 49% yield). Used without analysis.

9§
o % O o)
N)k©\
H
H,CO™ SO t-Bu

4-S8b

4-S3i (50 mg, 0.12 mmol) was subjected to procedure F using 3-(trifluoromethyl)phenylboronic
acid (27 mg, 0.14 mmol, 1.2 equiv.) at 150°C, then purified by MPLC (4g SiO2, 0-5%
EtOAc/Hexanes over 10 min, 20 mL/min) to give methyl 4-(4-(tert-butyl)benzamido)-6-chloro-3'-
trifluoromethyl-[1,1'-biphenyl]-3-carboxylate 4-S8b (35 mg, 0.07 mmol, 61% yield). Used

without analysis.
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General Procedure G. Hydrolysis of (hetero)aryl methyl esters to give (hetero)aryl acid

compounds.

R! R!
X=N, ?H \I(I X 0 Procedure G \I(I)§z o
Y =CR —
H H
H,CO™ Y0 HO™ YO
4-S3a-j, 4-S8a-b BDGR 6000-6001, 6003-6005,
BDGR 6002 6007-6009, 6011, 6013, 6015,

6021, 6024, 6033, 6035

R1

R1
| A Procedure G | A
3 — 3
N~ N’R N~ N’R
H H
HzCO™ ~O HO™ O
4-S7a-j BDGR 6023, 6044-6045,
BDGR 6038 6048-6049, 6054, 6056-6060

To a 1-dram vial equipped with stir bar was added the corresponding methyl ester (1 equiv.) as a
solution in THF (0.1M). 1.3M LiOH (aq) solution (7 equiv.) was added and the solution stirred at
rt for 18 h. The reaction mixture was then acidified with 1M HCI (aq) to pH 2 and the resulting

precipitate isolated by vacuum filtration to give the title compound.

Cl
N o)

|
N
Z N
H
HO Yo t-Bu

3-(4-(tert-Butyl)benzamido)-5-chloro-6-phenylpicolinic acid (BDGR 6001).

4-S7j (31 mg, 0.07 mmol) was subjected to procedure G to give BDGR 6001 as a white solid (21
mg, 0.05 mmol, 70% yield). 'H NMR (400 MHz, DMSO-ds) 6 11.95 (s, 1H), 9.22 (s, 1H), 7.98-
7.83 (m, 2H), 7.73 (d, J = 7.1 Hz, 2H), 7.67-7.62 (m, 2H), 7.55-7.47 (m, 3H), 1.33 (s, 9H). 13C

NMR (101 MHz, DMSO-ds) 6 168.4, 165.3, 155.8, 149.0, 137.2,136.8, 132.6, 132.5, 130.8, 129.3,
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129.1, 128.9, 128.1, 127.1, 126.0, 34.9, 30.9. HRMS (ESI-QTOF) m/z: [M - H] Calcd for

C23H20CIN2037407.1168; Found: 407.1156. HPLC Purity > 98%.

Cl
Br N o

I
N
O NJ\@\
H
HO™ ~O t-Bu

6-Bromo-3-(4-(tert-butyl)benzamido)-5-chloropicolinic acid (BDGR 6005).

4-S3a (50 mg, 0.12 mmol) was subjected to procedure G to give BDGR 6005 as a white solid (16
mg, 0.04 mmol, 31% yield). 'H NMR (400 MHz, CDCl3) § 11.87 (s, 1H), 9.67 (s, 1H), 7.97 (d, J
= 8.2 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 1.37 (s, 9H). '*C NMR (126 MHz, CDCl3) 6 166.4, 165.6,
157.1, 149.5, 138.9, 131.9, 131.7, 130.2, 127.6, 126.3, 35.3, 31.2. HRMS (ESI-QTOF) m/z: [M -

H] Calcd for C17H1sBrCIN20O3™ 410.9939; Found: 410.9930. HPLC Purity > 95%.

Br: | N o
N
H
HO™ ~O t-Bu

6-Bromo-3-(4-(tert-butyl)benzamido)picolinic acid (BDGR 6009).

4-S3b (8 mg, 0.02 mmol) was subjected to procedure G to give BDGR 6009 as a white solid (6
mg, 0.02 mmol, 80% yield). '"H NMR (500 MHz, DMSO-ds) 6 11.92 (s, 1H), 9.43 (d, J = 9.0 Hz,
1H), 7.97 (d, J= 8.5 Hz, 2H), 7.60 (d, J = 9.0 Hz, 1H), 7.55 (d, J = 8.6 Hz, 2H), 1.36 (s, 9H). °C
NMR (126 MHz, CDCl3) 0 166.4, 156.8, 142.4, 139.2, 138.9, 132.4, 132.0, 130.8, 130.6, 127.6,
126.2, 35.3, 31.2. HRMS (ESI-QTOF) m/z: [M - H] Caled for C17H1sBrN20O3"375.0350; Found:

375.0344. HPLC Purity > 97%.
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cl
Y 9
N~ N)K@\
H
HO” YO tBu

3-(4-(tert-Butyl)benzamido)-5-chloropicolinic acid (BDGR 6000).

BDGR 6002 (41 mg, 0.12 mmol) was subjected to general procedure G to give BDGR 6000 as a
white solid (36 mg, 0.11 mmol, 92% yield). "H NMR (500 MHz, CDCls)  11.94 (s, 1H), 9.52 (d,
J=2.1Hz, 1H), 8.25 (d, J=2.1 Hz, 1H), 7.98 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 1.37
(s, 9H). °C NMR (126 MHz, CDCls) 6 166.6, 166.5, 156.9, 140.9, 139.9, 138.6, 130.5, 128.6,
128.0, 127.6, 126.2, 35.3, 31.3. HRMS (ESI-QTOF) m/z: [M - H] Caled for C17H1sCIN205"

331.0855; Found: 331.0844. HPLC Purity > 95%.

?\ :

N

0 NJ\@\

H

HO (0] t-Bu

3-(4-(tert-Butyl)benzamido)picolinic acid (BDGR 6013).

4-S3c¢ (36 mg, 0.12 mmol) was subjected to procedure G to give BDGR 6013 as a white solid (26
mg, 0.09 mmol, 77% yield)."H NMR (500 MHz, CDCl3) 6 11.97 (s, 1H), 9.43 (d, J = 8.6 Hz, 1H),
8.31 (d, J=4.4 Hz, 1H), 8.00 (d, J = 8.0 Hz, 2H), 7.65 (dd, J = 8.7, 4.5 Hz, 1H), 7.56 (d, J = 8.0
Hz, 2H), 1.37 (s, 9H). *C NMR (126 MHz, CDCls) § 167.0, 166.6, 156.5, 141.2, 139.8, 130.8,
130.04, 129.95, 129.8, 127.5, 126.1, 35.2, 31.2. HRMS (ESI-QTOF) m/z: [M - H]" Calcd for

C17H17N205™ 297.1245; Found: 297.1241. HPLC Purity > 97%.

Cl
Y 9
N
4 N)K©\
H
HO” Y0 CHs
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5-Chloro-3-(4-methylbenzamido)picolinic acid (BDGR 6008).

4-S3d (20 mg, 0.07 mmol) was subjected to procedure G to give BDGR 6008 as a white solid (17
mg, 0.06 mmol, 92% yield). '"H NMR (400 MHz, CDCl3) § 11.94 (s, 1H), 9.52 (d, J = 2.0 Hz, 1H),
8.25(d,J=2.1 Hz, 1H), 7.94 (d, J= 7.9 Hz, 2H), 7.34 (d, J = 7.8 Hz, 2H), 2.45 (s, 3H). ’'C NMR
(126 MHz, CDCl3) 6 166.7, 166.5, 143.9, 140.9, 139.9, 138.6, 130.5, 129.9, 128.6, 128.0, 127.7,
21.8. HRMS (ESI-QTOF) m/z: [M - H] Calcd for C14H10CIN203™ 289.03854; Found: 289.0378.

HPLC Purity > 99%.

Cl
N 0]

|
N~ N)KO
H
HO™ ~O

3-Benzamido-5-chloropicolinic acid (BDGR 6004).

4-S3e (18 mg, 0.06 mmol) was subjected to procedure G to give BDGR 6004 as a white solid (16
mg, 0.06 mmol, 93% yield). '"H NMR (400 MHz, CDCl3) 6 11.99 (s, 1H), 9.52 (d, J=2.0 Hz, 1H),
8.27 (d, J=2.0 Hz, 1H), 8.11 — 7.97 (m, 2H), 7.76 — 7.45 (m, 3H). *C NMR (126 MHz, CDCl;)
0166.7,166.5, 141.1, 139.8, 138.7, 133.3, 133.1, 129.2, 128.7, 128.1, 127.7. HRMS (ESI-QTOF)

m/z: [M - H]™ Caled for C13HsCIN203™ 275.0229; Found: 275.0219. HPLC Purity > 98%.

Cl
N 0]

|
N~ NJ\@\
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HO” YO OCH;
5-Chloro-3-(4-methoxybenzamido)picolinic acid (BDGR 6003).

4-S3f (22 mg, 0.07 mmol) was subjected to procedure G to give BDGR 6003 as a tan solid (14

mg, 0.05 mmol, 67% yield). "H NMR (400 MHz, CDCl3) 6 11.89 (s, 1H), 9.50 (d, J=2.1 Hz, 1H),
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8.24 (d, J=2.0 Hz, 1H), 8.02 (d, J = 8.9 Hz, 2H), 7.03 (d, J= 8.8 Hz, 2H), 3.90 (s, 3H). *C NMR
(126 MHz, CDCl3) J 166.8, 166.0, 163.5, 140.8, 140.0, 138.6, 129.8, 128.5, 127.9, 125.6, 114.5,
55.7. HRMS (ESI-QTOF) m/z: [M - H]" Caled for C14HioCIN2O4™ 305.0335; Found: 305.0328.

HPLC Purity > 95%.

Cl
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5-Chloro-3-(3-methoxybenzamido)picolinic acid (BDGR 6007).

4-S3g (29 mg, 0.09 mmol) was subjected to procedure G to give BDGR 6007 as an off-white solid
(24 mg, 0.08 mmol, 87% yield). 'H NMR (400 MHz, CDCls) § 9.50 (d, J = 2.0 Hz, 1H), 8.27 (d,
J=2.0 Hz, 1H), 7.63 — 7.55 (m, 2H), 7.45 (t, J= 8.0 Hz, 1H), 7.15 (dd, J= 8.1, 2.5 Hz, 1H), 3.90
(s, 3H). *C NMR (126 MHz, CDCls) 6 166.6, 166.4, 160.3, 141.1, 139.7, 138.7, 134.7, 130.3,
128.6, 128.1, 119.7, 119.6, 112.5, 55.7. HRMS (ESI-QTOF) m/z: [M - H] Caled for

C14H10CIN204 305.0335; Found: 305.0326. HPLC Purity > 95%.

Cl

7 o ocH;

N
/N
H

HO™ ~O
5-Chloro-3-(2-methoxybenzamido)picolinic acid (BDGR 6011).

4-S3h (18 mg, 0.06 mmol) was subjected to procedure G to give BDGR 6011 as a white solid (13
mg, 0.04 mmol, 68% yield). '"H NMR (500 MHz, CDCls) 6 12.55 (s, 1H), 11.32 (br s, 1H), 9.67
(s, 1H), 8.23 (s, 2H), 8.20 (s, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 7.06 (d, J =

8.4 Hz, 1H), 4.13 (s, 3H). 13C NMR (126 MHz, CDCls) 6 165.6, 165.2, 158.1, 140.5, 139.6, 138.1,



233

134.5,132.8,129.9, 128.8, 121.3,121.1, 111.6, 55.8. HRMS (ESI-QTOF) m/z: [M - H]" Calcd for

Ci14H10CIN204 305.0335; Found: 305.0322. HPLC Purity > 98%.

|
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O
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4-(4-(tert-Butyl)benzamido)-4',6-dichloro-[1,1'-biphenyl]-3-carboxylic acid (BDGR 6021).

4-S8a (27 mg, 0.07 mmol) was subjected to procedure G to give BDGR 6021 as an off-white solid
(19 mg, 0.04 mmol, 57% yield). 'H NMR (400 MHz, DMSO-ds) 6 12.23 (s, 1H), 8.97 (s, 1H),
8.01 (s, 1H), 7.91 (d, J=8.5 Hz, 2H), 7.63 (d, J = 8.6 Hz, 2H), 7.58 — 7.48 (m, 4H), 1.33 (s, 9H).
3C NMR (101 MHz, DMSO-de) 6 169.1, 164.8, 155.6, 141.2, 136.7, 136.3, 133.5, 132.9, 132.7,
131.2, 131.1, 128.4, 127.0, 125.9, 120.4, 115.7, 34.8, 30.8. HRMS (ESI-QTOF) m/z: [M - H]

Calcd for C24H20C12:NO3 440.0826; Found: 440.0818. HPLC Purity > 96%.

L2
CF3 O 0

N

HJKO\
HO” YO tBu

4-(4-(tert-Butyl)benzamido)-6-chloro-3'-(trifluoromethyl)-[ 1,1'-biphenyl]-3-carboxylic acid

(BDGR 6024).

4-S8b (35 mg, 0.07 mmol) was subjected to procedure G to give BDGR 6024 as an off-white solid
(26 mg, 0.06 mmol, 86% yield). '"H NMR (400 MHz, Acetone -ds) 6 12.36 (s, 1H), 9.23 (s, 1H),
8.21 (s, 1H), 7.99 (d, J = 8.3 Hz, 2H), 7.88 — 7.70 (m, 4H), 7.65 (d, J = 8.2 Hz, 2H), 1.37 (s, 9H).
3C NMR (101 MHz, Acetone -ds) § 165.1, 165.0, 155.9, 142.6, 142.4,139.2, 137.9, 133.9, 133 .4,

132.7, 131.6 (d, J = 5.1 Hz), 130.1 (d, J = 32.2 Hz), 129.3, 127.2, 126.1 (g, J = 3.9 Hz), 125.9,
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124.6 (q, J=4.1 Hz), 124.3 (d, J=271.6 Hz) 120.6 (d, J= 5.3 Hz), 34.7, 30.5. HRMS (ESI-QTOF)

m/z: [M - H]” Caled for C25H20CIF3NO3™ 474.1089; Found: 474.1084. HPLC Purity > 95%.

C
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Sodium 3-(4-(tert-butyl)benzamido)-5-chloropicolinate (BDGR 6015).

To a solution of BDGR 6002 (1.0 g, 2.9 mmol, 1 equiv.) in THF (25 mL) was added 1M NaOH
(aq) (2.9 mL, 1 equiv.) and stirred at rt for 18 h. The reaction was then concentrated to give BDGR
6015 as a white solid (1.0 g, 2.8 mmol, 97% yield). '"H NMR (400 MHz, DMSO-dc) § 15.64 (s,
1H), 9.11 (d, J= 2.4 Hz, 1H), 8.21 (d, /= 2.3 Hz, 1H), 7.94 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.5
Hz, 2H), 1.33 (s, 9H). '*C NMR (126 MHz, DMSO-ds) J 167.6, 165.3, 155.0, 140.2, 140.1, 138.3,
131.7, 131.1, 127.1, 125.6, 125.1, 34.7, 30.9. HRMS (ESI-QTOF) m/z: [M - H] Calcd for

C17H16CIN20O3 331.0855; Found: 331.0846. HPLC Purity > 96%.
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3-(5-(tert-Butyl)thiophene-2-carboxamido)-5-chloropicolinic acid (BDGR 6033).

BDGR 6032 (21 mg, 0.06 mmol) was subjected to procedure G to give BDGR 6033 as a yellow
solid (17 mg, 0.05 mmol, 82% yield). '"H NMR (400 MHz, DMSO) § 11.78 (s, 1H), 9.40 (d, J =
0.9 Hz, 1H), 8.24 (s, 1H), 7.66 (d, J=2.4 Hz, 1H), 6.92 (d, J= 2.4 Hz, 1H), 1.43 (s, 9H). 3*C NMR
(101 MHz, DMSO) 6 166.7, 166.5, 161.3, 140.8, 139.8, 138.6, 134.8, 130.1, 128.4, 127.7, 123.2,

35.4, 32.4. HPLC Purity > 97%.
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3-(2-(4-(tert-Butyl)phenyl)acetamido)-5-chloropicolinic acid (BDGR 6035).

BDGR 6034 (20 mg, 0.06 mmol) was subjected to procedure G to give BDGR 6035 as an off-
white solid (11 mg, 0.03 mmol, 57% yield). '"H NMR (400 MHz, DMSO) 6 11.03 (s, 1H), 9.30 (d,
J=2.0 Hz, 1H), 8.19 (d, /= 2.1 Hz, 1H), 7.41 (d, /= 7.8 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 3.76
(s, 2H), 1.32 (s, 9H). 1*C NMR (101 MHz, DMSO) 6 171.5, 166.0, 150.9, 140.9, 139.3, 138.4,

130.3, 129.2, 128.6, 127.9, 126.2, 45.3, 34.7, 31.5. HPLC Purity > 96%.
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3-((4-(tert-Butyl)benzyl)amino)-5-chloropicolinic acid (BDGR 6023).

BDGR 6038 (42 mg, 0.13 mmol) was subjected to procedure G to give BDGR 6023 as a white
solid (34 mg, 0.11 mmol, 84% yield). 'H NMR (400 MHz, DMSO) 6 9.90 (t, /= 5.8 Hz, 1H), 7.58
(s, 1H), 7.37 (d, J= 7.9 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 7.04 (s, 1H), 4.33 (d, /= 5.8 Hz, 2H),
1.27 (s, 9H). 3*C NMR (126 MHz, DMSO) 6 170.0, 149.9, 147.5, 136.7, 136.3, 132.8, 131.8, 127.4,

125.8,117.5,45.7, 34.7, 31.7. HPLC Purity > 97%.

Cl
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N~ N/\@\
H
HO™ ~O CH,
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5-Chloro-3-((4-methylbenzyl)amino)picolinic acid (BDGR 6044).

4-S7a (42 mg, 0.13 mmol) was subjected to procedure G to give BDGR 6044 as a white solid (5
mg, 0.02 mmol, 38% yield). '"H NMR (400 MHz, DMSO) 6 8.23 (s, 1H), 7.74 (s, 1H), 7.18 (q, J
= 7.9 Hz, 4H), 7.04 (s, 1H), 4.41 (d, J = 5.7 Hz, 2H), 2.35 (s, 3H). 3C NMR (101 MHz, DMSO)
0166.9, 147.5,137.9, 137.7, 134.0, 133.8, 129.8, 127.0, 124.6, 119.6, 46.4, 21.3. HPLC Purity >

95%.
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3-((4-(tert-Butyl)benzyl)amino)picolinic acid (BDGR 6045).

4-S7b (53 mg, 0.18 mmol) was subjected to procedure G to give BDGR 6045 as a pale yellow
solid (41 mg, 0.14 mmol, 80% yield). '"H NMR (400 MHz, DMSO) ¢ 8.22 (s, 1H), 7.82 (d, J = 4.3
Hz, 1H), 7.36 (d, J = 8.1 Hz, 2H), 7.32 — 7.20 (m, 4H), 7.08 (d, /= 8.6 Hz, 1H), 4.44 (d, /= 5.8
Hz, 2H), 1.31 (s, 9H). *C NMR (101 MHz, CDCls) § 166.6, 150.6, 147.5, 134.4, 132.3, 128.9,

127.0, 126.8, 125.9, 122.1, 46.3, 34.6, 31.5. HPLC Purity > 97%.
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3-(Benzylamino)-5-chloropicolinic acid (BDGR 6048).

4-S7¢ (14 mg, 0.05 mmol) was subjected to procedure G to give BDGR 6048 as an off-white solid
(10 mg, 0.04 mmol, 78% yield). '"H NMR (400 MHz, CDCl3) 6 8.27 (s, 1H), 7.75 (s, 1H), 7.47 —
7.23 (m, 5SH), 7.04 (s, 1H), 4.46 (s, 2H). 3*C NMR (101 MHz, CDCls) 6 166.9, 147.5, 138.0, 136.9,

134.1,129.2,127.9, 127.0, 124.6, 119.6, 46.6. HPLC Purity > 99%.
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3-((4-(tert-Butyl)phenyl)amino)-5-chloropicolinic acid (BDGR 6049).

4-S7d (58 mg, 0.18 mmol) was subjected to procedure G to give BDGR 6049 as a yellow solid
(43 mg, 0.14 mmol, 78% yield). '"H NMR (400 MHz, CDCls) § 9.43 (s, 1H), 7.82 (s, 1H), 7.50 (s,
1H), 7.43 (d, J= 6.6 Hz, 2H), 7.16 (d, J = 5.3 Hz, 2H), 1.35 (s, 9H). *C NMR (101 MHz, CDCl5)
0166.9, 149.3, 145.9, 137.8, 135.5, 135.2, 126.9, 124.7, 123.9, 120.9, 34.7, 31.5. HPLC Purity >

99%.
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5-Chloro-3-((cyclohexylmethyl)amino)picolinic acid (BDGR 6054).

4-S7e (14 mg, 0.05 mmol) was subjected to procedure G to give BDGR 6054 as an off-white solid
(10 mg, 0.04 mmol, 78% yield). '"H NMR (400 MHz, DMSO-d¢) 6 9.56 (t, J = 5.2 Hz, 1H), 7.51
(s, 1H), 7.00 (s, 1H), 2.93 (t, J = 6.1 Hz, 2H), 1.86 — 1.47 (m, 6H), 1.30 — 1.08 (m, 3H), 1.05 —
0.91 (m, 2H). *C NMR (126 MHz, DMSO-d6) § 169.7, 147.7, 132.5, 131.0, 116.4, 48.7, 37.5,

31.1, 26.6, 26.0. HPLC Purity > 95%.
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3-((3-(4-(tert-Butyl)phenyl)oxetan-3-yl)amino)-5-chloropicolinic acid (BDGR 6056).
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4-S7f (34 mg, 0.09 mmol) was subjected to procedure G to give BDGR 6056 as a white solid (24
mg, 0.07 mmol, 74% yield). '"H NMR (400 MHz, DMSO-de) 6 8.90 (s, 1H), 7.90 (d, J = 1.9 Hz,
1H), 7.49 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 6.19 (d, /= 2.0 Hz, 1H), 4.94 (d, /= 6.6
Hz, 2H), 4.85 (d, J = 6.6 Hz, 2H), 1.27 (s, 9H). *C NMR (101 MHz, DMSO-d¢) 6 169.0, 150.5,

145.5,137.9, 135.1, 135.0, 127.8, 126.2, 125.4, 119.5, 82.6, 59.3, 34.7, 31.6. HPLC Purity > 95%.
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3-((1-(4-(tert-Butyl)phenyl)ethyl)amino)-5-chloropicolinic acid (BDGR 6057).

4-S7g (65 mg, 0.19 mmol) was subjected to procedure G to give BDGR 6057 as an off-white solid
(45 mg, 0.13 mmol, 71% yield). 'H NMR (400 MHz, DMSO-ds) J 8.36 (d, J = 7.2 Hz, 1H), 7.82
(d, J=1.9 Hz, 1H), 7.37 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.17 (d, /= 1.9 Hz, 1H),
4.79 (p, J= 6.8 Hz, 1H), 1.47 (d, J = 6.6 Hz, 3H), 1.25 (s, 9H). 3*C NMR (101 MHz, DMSO-ds)
0168.7,149.5, 146.8, 140.6, 135.3, 133.7, 126.0, 125.5, 125.4, 119.3, 50.6, 34.2, 31.1, 24.1. HPLC

Purity > 96%.

Cl
|\

N~ N/\©\
H
HO™ Yo OCH,
5-Chloro-3-((4-methoxybenzyl)amino)picolinic acid (BDGR 6058).

4-S7h (21 mg, 0.07 mmol) was subjected to procedure G to give BDGR 6058 as a white solid (12
mg, 0.04 mmol, 63% yield). "H NMR (400 MHz, DMSO-d¢) 6 8.28 (t,J= 5.8 Hz, 1H), 7.84 (d, J

=2.0 Hz, 1H), 7.33 — 7.24 (m, 2H), 6.92 (d, J = 8.6 Hz, 2H), 4.42 (d, J = 5.0 Hz, 2H), 3.73 (s, 3H).
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3C NMR (101 MHz, DMSO-de) 6 168.4, 158.5, 147.5, 135.4, 133.5, 129.9, 128.5, 126.0, 118.8,

114.0, 55.0, 44.8. HPLC Purity > 95%.
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5-Chloro-3-((4-fluorobenzyl)amino)picolinic acid (BDGR 6059).

4-S7i (25 mg, 0.08 mmol) was subjected to procedure G to give BDGR 6059 as an off-white solid
(16 mg, 0.05 mmol, 69% yield). '"H NMR (400 MHz, DMSO-d¢) 6 8.37 (t, J = 6.0 Hz, 1H), 7.85
(d, J=1.9 Hz, 1H), 7.39 (dd, J = 8.4, 5.6 Hz, 2H), 7.28 (d, /= 2.0 Hz, 1H), 7.18 (t, J = 8.8 Hz,
2H), 4.51 (d, J = 5.6 Hz, 2H). '°F NMR (376 MHz, DMSO-d¢) ¢ -115.59. *C NMR (101 MHz,
DMSO-ds) 6 168.9, 161.8 (d, J = 242.8 Hz), 147.9, 135.9, 134.9 (d, /= 2.9 Hz), 134.1, 129.6 (d,

J=28.3Hz), 126.7, 119.3, 115.9 (d, /= 21.5 Hz), 45.0. HPLC Purity > 95%.
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5-Chloro-3-((4-(trifluoromethyl)benzyl)amino)picolinic acid (BDGR 6060).

4-S7j (30 mg, 0.09 mmol) was subjected to procedure G to give BDGR 6060 as a yellow solid (11
mg, 0.07 mmol, 75% yield). '"H NMR (400 MHz, DMSO-de) 6 8.49 (t, J = 6.3 Hz, 1H), 7.86 (d, J
=2.1 Hz, 1H), 7.72 (d, J= 8.0 Hz, 2H), 7.55 (d, J= 8.0 Hz, 2H), 7.25 (d, J=2.2 Hz, 1H), 4.66 (d,
J = 6.0 Hz, 2H). '°F NMR (376 MHz, DMSO-ds) 6 -60.83. '3C NMR (101 MHz, DMSO-ds) ¢
168.4, 147.4, 143.5, 135.4, 133.9, 127.73 (q, J = 31.8 Hz), 127.68, 126.4, 125.5 (q, J = 3.5 Hz),

124.3 (d, J=271.9 Hz), 118.8, 44.7. HPLC Purity > 97%.
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General Procedure H: Peptide couplings to produce alternatively linked pyridyl species.

Cl Cl

2
@ Procedure H @\ R
— 2 _
N~ N__~ R4 =H, t-Bu
X Y
R1 R1
R'=H, CO,CH3 BDGR 6040-6041, 6052

To a solution of the corresponding pyridyl compound (1.0 equiv) in CH2Cl> (0.05M) was added
the substituted phenyl compound (1.2 equiv), EDC*HCI (1.5 equiv), and HOBt or DMAP (1.5
equiv) before stirring at rt for the indicated time. The reaction was concentrated and purified as

indicated to give the title compound.

Cl
Y
N~ N)K@\
6} OH t-Bu

HsCO
Methyl 3-(4-(tert-butyl)-N-hydroxybenzamido)-5-chloropicolinate (BDGR 6040).

Methyl 5-chloro-3-(hydroxyamino)picolinate (32 mg, 0.16 mmol) was subjected to procedure H
using 4-fert-butylbenzoic acid and HOBt for 18 h and purified by MPLC (4g SiO2, 0-10%
EtOAc/Hexanes, 20 mL/min) to give BDGR 6040 as a white solid (40 mg, 0.11 mmol, 69% yield).
"H NMR (400 MHz, CDCl3) § 11.31 (s, 1H), 8.25 (d, J = 2.1 Hz, 1H), 8.06 (d, J = 8.5 Hz, 2H),
7.61 (d,J=2.1 Hz, 1H), 7.55 (d, J = 8.5 Hz, 2H), 4.05 (s, 3H), 1.37 (s, 9H). 3C NMR (101 MHz,
CDCl3) 0 166.6, 165.4, 158.5, 147.6, 141.1, 137.0, 129.8, 128.1, 126.1, 124.2, 122.9, 53.3, 35.5,

31.2. HPLC Purity > 94%.
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N-(4-(tert-butyl)phenyl)-5-chloronicotinamide (BDGR 6041).

5-Chloronicotinic acid (41 mg, 0.26 mmol) was subjected to procedure H using 4-tert-butylaniline
and DMAP for 5 h and purified by MPLC (4g Si02, 0-25% EtOAc/Hexanes, 20 mL/min) to give
BDGR 6041 as a white solid (62 mg, 0.20 mmol, 82% yield). "H NMR (400 MHz, CDCls) 6 8.93
(d,/=1.8 Hz, 1H), 8.72 (d, /= 2.4 Hz, 1H), 8.18 (t, J=2.1 Hz, 1H), 7.87 (s, 1H), 7.53 (d, J=8.3
Hz, 2H), 7.40 (d, J= 8.6 Hz, 2H), 1.33 (s, 9H). '*C NMR (101 MHz, CDCl3) 6 162.5, 151.6, 148.7,

145.5, 135.2, 134.6, 132.8, 132.0, 126.2, 120.5, 34.7, 31.5. HPLC Purity > 97%.
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Methyl 5-chloro-3-(N-hydroxybenzamido)picolinate (BDGR 6052).

Methyl 5-chloro-3-(hydroxyamino)picolinate (7 mg, 0.04 mmol) was subjected to procedure H
using benzoic acid and HOBt for 18 h and purified by MPLC (4g SiO2, 0-10% EtOAc/Hexanes,
20 mL/min) to give BDGR 6052 as a white solid (6 mg, 0.02 mmol, 58% yield). "H NMR (400
MHz, CDCl3) 6 11.37 (s, 1H), 8.26 (s, OH), 8.13 (d, /= 7.2 Hz, 2H), 7.75 — 7.46 (m, 4H), 4.05 (s,
2H). 3*C NMR (101 MHz, CDCl3) § 166.6, 165.4, 147.4, 141.2, 137.0, 134.4, 129.9, 129.1, 128.1,

127.1, 123.0, 53.3. HPLC Purity > 97%.
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HO™ ~O t-Bu

3-(4-(tert-Butyl)phenethyl)-5-chloropicolinic acid (BDGR 6047).

To a solution of diisopropylamine (0.21 mL, 1.5 mmol, 1.5 equiv) in dry THF (5 mL) at -78°C
was added n-butyllithium (2.5M solution in hexanes, 0.65 mL, 1.6 mmol, 1.6 equiv.) and stirred 1
minute before addition of a solution of 5-chloro-3-methylpicolinic acid (168 mg, 0.98 mmol, 1.0
equiv.) and EtzN (0.14 mL, 1.0 mmol, 1.0 equiv.) in dry THF (5 mL). To the resulting indigo
colored solution was added 4-tert-butylbenzyl bromide (0.18 mL, 0.98 mmol, 1.0 equiv) and the
reaction was stirred and warmed to rt over 18 h. The reaction was quenched with a solution of
acetyl chloride (0.14 mL) in ethanol (3 mL) and then filtered to collect a white solid. This crude
material was dissolved in EtOAc, washed with 1M HCI (aq) (2 x 20 mL), brine (1 x 20 mL), and
dried over MgSOs4 (s) before purifying by MPLC (4g SiO2, 0-10% CH30OH/CH2Cl,, 20 mL/min)
to give BDGR 6047 as a white solid (186 mg, 0.59 mmol, 60% yield). 'TH NMR (400 MHz, CDCls)
0841 (d,J=2.2Hz, 1H), 7.55 (d, J=2.2 Hz, 1H), 7.32 (d, /= 8.3 Hz, 2H), 7.15 (d, J = 8.3 Hz,
2H), 3.53 —3.39 (m, 2H), 2.96 — 2.87 (m, 2H), 1.32 (s, 9H). *C NMR (101 MHz, CDCls) 6 163.3,
149.4, 144.7, 142.7, 141.2, 140.6, 137.6, 136.3, 128.4, 125.5, 36.3, 35.3, 34.6, 31.5. HPLC Purity

> 96%.
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4-(tert-Butyl)-N-(5-chloropyridin-3-yl)benzenesulfonamide (BDGR 6050).
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To a solution of 3-bromo-5-chloropyridine (56 mg, 0.29 mmol, 1.2 equiv.) in CH3CN (3 mL) was
added 4-tert-butylbenzenesulfonamide (43 mg, 0.20 mmol, 1.0 equiv) and K>CO3 (81 mg, 0.59
mmol, 2.5 equiv) before sparging with N> (g) for 5 min. To the sparged reaction mixture was added
Cul (5 mg, 10 mol%) and 1,2-dimethylethylenediamine (0.01 mL, 0.5 equiv.) and the reaction as
heated to 130°C for 15 min by microwave irradiation. The reaction was filtered and then purified
by MPLC (4g SiO2, 0-10% EtOAc/CH2Clz, 20 mL/min) to give BDGR 6050 as a white solid (40
mg, 0.12 mmol, 61% yield). '"H NMR (400 MHz, DMSO-d¢) 6 10.88 (s, 1H), 8.30 (d, J=2.0 Hz,
1H), 8.26 (d, J=2.1 Hz, 1H), 7.74 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.56 (d, J = 2.1
Hz, 1H), 1.26 (s, 9H). '*C NMR (101 MHz, DMSO-ds) 6 156.5, 143.2, 139.0, 136.1, 135.6, 130.9,

126.5, 126.5, 125.7, 34.9, 30.7. HPLC Purity > 99%.
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3-(4-(tert-Butyl)phenyl)-7-chloropyrido[3,2-d]|pyrimidine-2,4(1 H,3H)-dione (BDGR 6053).

To a solution of 4-S1a (44 mg, 0.23 mmol, 1 equiv.) in CH>Cl> (2.5 mL) was added EtsN (0.10
mL, 0.72 mmol, 3.0 equiv.) followed by phosgene (15 wt% solution in toluene, 0.18 mL, 0.25
mmol, 1.0 equiv.). The reaction mixture was stirred 20 min at rt, then 4-fert-butylaniline (0.04 mL,
0.25 mmol, 1.0 equiv.) was added and the reaction was stirred at rt for 18 h. The reaction was
diluted with hexanes (2.5 mL) and filtered to collect an off-white solid, which was purified by
MPLC (4g SiO2, 25-50% EtOAc/Hexanes, 20 mL/min) to give BDGR 6053 as a white solid (16
mg, 0.04 mmol, 16% yield). '"H NMR (400 MHz, DMSO-d¢) § 11.74 (s, 1H), 8.53 (d, J=2.9 Hz,

1H), 7.67 (d, J= 3.0 Hz, 1H), 7.51 (d, J= 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 1.35 (s, 9H). °C
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NMR (101 MHz, DMSO-ds) 6 160.7, 151.1, 150.2, 143.6, 138.2, 135.7, 133.4, 130.7, 128.8, 126.2,

122.9, 34.9, 31.6. HPLC Purity > 97%.
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Appendix II: Copies of NMR Spectra
Spectra of Compounds in Chapter 2
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