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ABSTRACT
Kynurenine monooxygenase (KMO) is a key enzyme involved in the degradation of

tryptophan via the kynurenine pathway (KP). KMO has been implicated in various
neurodegenerative and non-neurodegenerative disorders due to its role in regulating levels of
several critical metabolites. Inhibition of KMO offers a promising therapeutic strategy. This
dissertation focuses on the development of novel KMO inhibitors containing a tetrazole moiety
and the investigation of their protein—ligand interactions with KMO. The tetrazole group is a
well-established bioisosteric replacement for carboxylic acids. We designed and synthesized a
series of tetrazole-containing derivatives and conducted structure—activity relationship (SAR)
studies to optimize their potency. KMO crystals were obtained, and the protein structures
complexed with our compounds were successfully solved. Additionally, we designed a substrate
analog, 5-nitrokynurenine(5-Nkyn), which acts as an uncoupler of KMO activity. We explored
the binding mechanisms of both competitive and uncoupling inhibitors. Furthermore, during the
synthesis of 5-nitrokynurenine, we developed a novel aromatic nitration method using lithium
nitrate under mild conditions. This method is effective for a wide range of deactivated aromatic

substrates and heterocyclics and affords moderate to excellent yields. These collective findings



provide a comprehensive framework for rational KMO inhibitor design and offer valuable

insights for future therapeutic development targeting the kynurenine pathway.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Kynurenine Pathway

Tryptophan is an essential amino acid, and over 95% of tryptophan is metabolized through
the Kynurenine Pathway (KP) (figure 1).!"* The KP is the primary route for tryptophan catabolism
in many organisms, including mammals.> The Kynurenine Pathway (KP) starts with the
oxygenation of tryptophan, a reaction catalyzed by either tryptophan 2,3-dioxygenase (TDO) or
indoleamine 2,3-dioxygenase (IDO), resulting in the formation of N-formyl L-kynurenine.% ” This
intermediate is then converted into L-kynurenine by the enzyme kynurenine formamidase.® L-
kynurenine can be metabolized through three different pathways: it can be hydroxylated to 3-
hydroxykynurenine (3-HK) by kynurenine 3-monooxygenase (KMO); it can form kynurenic acid
(KynA) via a transamination reaction catalyzed by kynurenine aminotransferase (KAT); or, it can
be converted to anthranilic acid by kynureninase, which can subsequently be transformed into 3-
hydroxyanthranilic acid (3-HANA) by anthranilate 3-monooxygenase.”!! Another enzyme, 3-
hydroxy-anthranilate dioxygenase, acts on 3-hydroxyanthranilic acid to produce 2-amino-3-
carboxymuconate semialdehyde, which spontaneously cyclizes to form quinolinate (QUIN).!?
Quinolinate is then converted into nicotinic acid mononucleotide (NaMN), and ultimately
NAD(P)*, by the action of quinolinate phosphoribosyltransferase.!> Notably, the Kynurenine
Pathway produces several neuroactive metabolites, including KynA, 3-HK, 3-HANA, and QUIN.>
14 KynA is considered a neuroprotective agent due to its role as an antagonist of the N-methyl D-

aspartate (NMDA) receptor.'® In contrast, other metabolites in the pathway, such as 3-HK, 3-



HANA, and QUIN, exhibit neurotoxic properties.! 3-HK and 3-HANA act as free-radical
generators, while QUIN functions as an excitotoxic NMDA agonist.!® 7 Since KMO has the
highest binding affinity for L-kynurenine, the KMO branch is considered the most crucial
metabolic route and an optimal drug target within the Kynurenine Pathway.!® Regulating KMO
activity could potentially increase levels of the neuroprotective metabolite KynA while reducing
the neurotoxic metabolites 3-HK, 3-HANA, and QUIN. Therefore, inhibiting KMO is expected to
shift the pathway away from producing toxic metabolites toward the formation of protective

KynA.

OH

m
Z
N~ “COOH

Kynurenine acid (KYNA)

(KAT)

NH, NH, OH
1Do/TDg @fl\ﬂcoon Formamidase @\)\/\COOH XYSW(KMO) coon __KAT N
H N”>cooH

cHo L-kynurenine (KYN)

‘ Kynurenine aminotransferase

N-formyl-L-kynurenine 3 hydroxy L-kynurenine Xanthurenic acid

L-tryptophan kynureninase
kynureninase

o ) o o
Anthranilate-3- 3-Hydroxyanthraniliate
CKLOH monooxygenase OH  oxidase (3-HAO) [ ©oH
—_— -_— P
NH NH; — N OH
o

2 2
OH
3-hydroxyanthranilic acid Quinolinic acid

11

NAD(P)*

Anthranilic acid

Figure 1.1.1 Overview of the kynurenine pathway (KP).
1.2 Involvement of KMO in neurodegenerative diseases

Kynurenine 3-monooxygenase (KMO) is a crucial enzyme in the kynurenine pathway
(KP), responsible for catalyzing the production of neuroactive metabolites. Notably, intermediates
such as 3-HK, 3-HANA, and QUIN significantly influence neuronal function and have been
strongly associated with the progression of neurodegenerative diseases, including Alzheimer’s

disease, Huntington’s disease, and Parkinson’s disease.!®-?!



Alzheimer's disease is the leading cause of dementia, and it is rapidly emerging as one of
the most burdensome and fatal diseases of the 21st century.?? Increased tryptophan (TRP)
degradation and concurrent alterations in kynurenine levels have been observed in the plasma of
Alzheimer’s disease (AD) patients.”> Demented patients exhibited lower TRP and KYNA
concentrations. Although there was a non-significant increase in KYN, 3-HK, and anthranilic acid
(AA) levels, a marked elevation of QUIN was observed in AD patients. Positive correlations were
observed between cognitive function test scores and plasma KYNA levels, whereas inverse
correlations were found between these tests and QUIN levels in Alzheimer-type dementia.??
Additionally, QUIN compromises the integrity of the blood-brain barrier (BBB), induces the
generation of reactive oxygen species, depletes endogenous antioxidants, and promotes lipid
peroxidation, ultimately leading to oxidative stress and neuronal damage.?* Furthermore, QUIN
stimulates nitric oxide production in neurons and astrocytes by activating neuronal nitric oxide
synthase, thereby intensifying oxidative damage.?®> Therefore, the development of kynurenine 3-
monooxygenase (KMO) inhibitors appears to present novel therapeutic opportunities and holds
promise as a strategy for brain neuroprotection.

Huntington's disease (HD) is among the most common inherited neurodegenerative
disorders.?® It is characterized by uncontrolled movements, known as chorea, as well as impaired
memory, attention deficits, and psychiatric disturbances.?’” The disease results from an abnormally
expanded CAG repeat sequence, which leads to an expanded polyglutamine (polyQ) tract in the
huntingtin (Htt) protein.?® Research has shown that targeting the KP is related to HD through
several lines of evidence.!” Elevated levels of 3-HK and QUIN have been observed in the
neostriatum and cortex during the early stages of disease progression.?” Conversely, KYNA levels

are significantly reduced in the brain and cerebrospinal fluid of striatal regions.?*-3? In addition,



increased KMO activity has been implicated in the elevated 3-HK levels in the brain. Reduced
KAT activity has also been observed in the striatum of HD patients.?* Campesan and colleagues
have conducted research on the genetic and pharmacological inhibition of KMO and TDO.°
Reduced activity of KMO and TDO has been shown to increase neuroprotective KYNA levels
while decreasing 3-HK and QUIN levels, thereby demonstrating that neurodegeneration is directly
modulated by 3-HK and KYNA. Thus, inhibition of KMO has demonstrated neuroprotective
effects. Consequently, KMO inhibitors are considered a promising strategy for mitigating
neurodegeneration in HD.

Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by
motor symptoms such as tremors, muscle rigidity, postural instability, and cognitive decline.?* 3
It is an age-related disorder, with onset and progression typically occurring after the age of 60.3>
36 Symptoms progressively worsen over time, eventually leading to significant disabilities. PD is
marked by the loss of dopaminergic neurons and localized neuroinflammation in the midbrain,
which often begins years before the clinical manifestation of symptoms.3”- 3 Research has shown
that KP metabolites may play a role in the inflammatory response associated with PD.*-*! QUIN,
an agonist of the N-methyl-D-aspartate (NMDA) receptor, contributes to neuronal damage by
overactivating NMDA receptors, leading to excitotoxicity and amplifying the inflammatory
response.*? Additionally, 3-HK and 3-HANA generate reactive oxygen species (ROS), promoting

oxidative stress and further accelerating dopaminergic neuron degeneration.?® 42

In contrast,
KYNA acts as an antagonist of NMDA receptors, mitigating excitotoxicity and offering potential
neuroprotection.** Thus, modulating KMO activity in PD could potentially shift KYN metabolism

toward the production of the neuroprotective metabolite KYNA and reduce the generation of



neurotoxic compounds, such as 3-HK and QUIN.** Therefore, The KMO inhibitors represent a
promising therapeutic approach for PD.
1.3 Involvement of KMO in non-neurodegenerative diseases

KMO has also been implicated in non-neurodegenerative diseases, such as acute
pancreatitis (AP) and hepatocellular carcinoma (HCC).%% 4" In the case of AP, heightened KMO
activity can lead to an excess of 3-HK and downstream toxic metabolites like quinolinic acid,
which collectively contribute to tissue injury and amplify inflammatory responses.*® Experimental
models have shown that inhibiting KMO can dampen inflammation by reducing the production of
these harmful metabolites. This not only limits immune cell infiltration—particularly of pro-
inflammatory T cells—but also shifts the metabolic balance toward protective compounds.*’
Furthermore, immune cells such as Thl17 cells and macrophages express KMO, and its
upregulation under inflammatory conditions suggests it acts as a mediator between metabolic
stress and immune dysregulation.’® Thus, targeting KMO may offer therapeutic benefits in acute
pancreatitis by curbing the excessive immune response and mitigating oxidative damage,
potentially preserving tissue function and improving clinical outcomes.

Another non-neurodegenerative disorder includes hepatocellular carcinoma (HCC).
Elevated KMO expression has been observed in HCC tissues compared to adjacent normal liver,
and higher levels are linked to worse clinical outcomes, including shorter overall survival and
increased recurrence risk.’! Functionally, KMO enhances tumor cell proliferation, migration, and
invasion, which was demonstrated through in vitro assays where silencing KMO expression
reduced these malignant behaviors. Additionally, downstream metabolites regulated by KMO,
such as quinolinic acid and 3-hydroxyanthranilic acid, may contribute to immune evasion and

tumor-promoting inflammation.>?> These bioactive products potentially alter the tumor



microenvironment to favor cancer progression. Therefore, KMO is more than a passive
biomarker—it actively drives tumor aggressiveness and may serve as a promising target for
therapeutic intervention in HCC.>: 54
1.4 Kynurenine 3-monooxygenase

Kynurenine 3-monooxygenase (KMO) is primarily expressed in the kidney and liver, with
significantly lower levels in the brain.>> Within the brain, KMO is predominantly expressed in
microglial cells, with minimal expression in neurons, underscoring its connection to inflammatory
processes.’® 37 At the cellular level, KMO is located in the outer membrane of mitochondria with
a transmembrane domain near its C-terminus.’®%" KMO belongs to the family of NADPH-
dependent flavin monooxygenases and is encoded by a single gene.®! It contains a flavin adenine
dinucleotide (FAD) cofactor and utilizes either NADPH or NADH for flavin reduction,
subsequently releasing NADP" or NAD*. KMO has a Rossmann fold dinucleotide-binding
domain, classifying it as a class A flavoprotein aromatic hydroxylase.®?
1.5 Reaction mechanism of KMO

As in the mechanism of many oxidoreductases, the catalytic mechanism of KMO can be
divided into two half reactions, including the first reductive half, and the following oxidative half.
The mechanism was extensively studied using a stable form of KMO from Pseudomonas
Sfluorescens.5> %* As shown in Figure 1.5.1, the substrate L-Kyn first binds to KMO, a process that
is relatively slow, making the reductive half of the reaction L-Kyn dependent. Next, NADPH binds
to the enzyme. Once both the substrate and NADPH are bound to KMO, the FAD cofactor is
reduced by a hydride transfer from NADPH. This is followed by the dissociation of NADP* from
the enzyme, completing the reductive half of the reaction. During the oxidative half of the reaction,

the reduced FAD cofactor reacts with molecular oxygen to form a highly reactive C4a-



peroxyflavin intermediate. This intermediate subsequently hydroxylates the aromatic ring of the
substrate, resulting in a C4a-hydroxyflavin. The C4a-hydroxyflavin then undergoes rapid
dehydration, returning to its oxidized form. The enzyme complex undergoes a conformational
change to facilitate the release of the product, 3-HK. This conformational change also leads to a
shift in the visible spectrum of the oxidized enzyme upon product release. Finally, the dissociation

of 3-HK completes the catalytic cycle and represents the rate-limiting step of this mechanism.
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Figure 1.5.1. The proposed catalytic mechanism of KMO.
1.6 KMO structure and species specificity

Human KMO (hKMO) is 486 amino acids in length with a molecular weight about
56kDa.f! % Tt is a mitochondrial outer membrane protein with two transmembrane domains
(TMDs) and a mitochondrial signal sequence located in its C-terminal region.®® Due to these
membrane-binding properties, the expression and purification of human KMO (hKMO) present
significant challenges, particularly in the crystallization of the protein. It was only recently that the

first structure of hKMO was published. As a result, kinetic studies and crystal structures of KMO



in complex with either substrates or inhibitors have primarily been conducted using KMO from
other species, which share a similar active site.” The following sections will review all published
KMO crystal structures across different species.
1.6.1 Saccharomyces cerevisiae

The first crystal structure of KMO was derived from Saccharomyces cerevisiae and
published in Nature in 2013.57 It shares 38% sequence identity and 51% sequence similarity with
human KMO (hKMO). The structures of S. cerevisiae KMO (ScKMO) were solved as a dimer and
truncated at residue 394. However, the activity of SCKMO (A396) was not affected by this
truncation, unlike hKMO. Although a crystal structure of SCKMO with the substrate bound was
not successfully obtained, structures were resolved in both the free form (PDB 4J33) and in
complex with the tight-binding inhibitor UPF648 (PDB 4J36). In the inhibitor-bound structure, the
UPF648 carboxylate interacts with conserved polar residues Arg83 and Tyr97, while the aromatic
dichlorobenzene moiety is surrounded by hydrophobic residues (Leu221, Met230, [1e232, Leu234,
Phe246, Pro321, Phe322), which are conserved in many other KMOs, as confirmed by
mutagenesis and functional assays. The crystal structure of SCKMO has been an important
template for advancing drug discovery, offering a high-resolution framework for docking screens
with virtual compound libraries. This has also enabled the identification of promising lead
compounds while providing valuable insights into structure-activity relationships, thereby guiding
the rational design of innovative inhibitor scaffolds.
1.6.2 Pseudomonas fluorescens

The most commonly studied crystal structure of KMO is from Pseudomonas fluorescens
(PfKMO).%7-74 The enzyme from P. fluorescens has been shown to exhibit good stability, allowing

it to be heterologously expressed in Escherichia coli. It can be expressed in high yields as a soluble



protein and efficiently purified.®* PfKMO contains two domains, with the main domain holding
the Rossmann fold, the active site, the FAD cofactor and a C-terminal domain. All the residues in
the catalytic site are conserved for PFKMO compared to hKMO. The first structure of PfKMO was
published in 2016 and was resolved in complex with the inhibitor GSK180 (PDB 5FNO0).”* The
carboxylate moiety of GSK180 forms a salt bridge with Arg84 and establishes hydrogen bonds
with the side chains of Tyr98 and Asn369. The oxazolidinone carbonyl group forms a hydrogen
bond with the side chain of the C-terminal domain residue Tyr404, while the 5-chlorine atom
engages in a van der Waals interaction with Phe238. Although the level of conserved residues is
high, the potency of GSK180 against PfKMO is significantly lower compared to hKMO, with
IC50 values of 500 nM and 6 nM, respectively. Subsequently, the same team conducted structure-
activity relationship (SAR) studies on numerous GSK180 structural analogs and published
structures of PFKMO in complex with the substrate and several analogs.”!"”* They then developed
a series of 3-(2-ox0-2,3-dihydro-1,3-benzoxazol-3-yl)propanoic acid derivatives and extensively
studied the interactions between PfKMO and these inhibitors. The most potent inhibitors, named
GSKO065 and GSK366, exhibited ICso values of 4.5 nM and 2.3 nM against hKMO, respectively.’”?
In the crystal structure, the flavin cofactor is tilted due to the presence of pyridine or pyrazidine.
This flavin movement creates a solvent-filled channel from the active site to the surface of the
protein, allowing hydrogen bonding with the water network. This structural shift significantly
increases the binding affinity of inhibitors and explains the potency of these inhibitors against
hKMO. Even though the interactions of these inhibitors with hKMO remain unknown, the PfKMO
structures have successfully enabled researchers to develop novel inhibitors that exhibit high

potency to hKMO.



1.6.3 Mammalian

The first human KMO structure was published by Kim and coworkers in 2018.%° They
resolved the crystal structure of hKMO-374, a truncated mutant containing residues 1-374, at a
2.1 A resolution. This variant was specifically engineered by removing the transmembrane
domains (TMDs) to generate a human KMO protein suitable for crystallization. As previously
reported by Hirai,¢ hKMO is localized in the outer mitochondrial membrane, containing two
transmembrane domains and a C-terminal region responsible for mitochondrial signaling. The
hKMO-374 structure revealed a catalytic mechanism consisting of two domains, a characteristic
feature of the FAH enzyme class. The first domain housed the FAD-binding region, which was
fully occupied at a 1:1 stoichiometric ratio, while the second comprised a small N-terminal domain
consisting of alpha helices and an antiparallel beta sheet.

In 2021, the full-length Rattus norvegicus (rat) crystal structure of KMO in its membrane-
embedded form was published, along with its complexes with compounds, named inhibitors 3 and
4, at a resolution of 3.0 A.”> Their findings suggest that KMO is actually a single-pass
transmembrane protein, with the second predicted domain lying laterally along the membrane and
forming part of the ligand-binding pocket, in contrast to previous predictions by Kim and
coworkers suggesting that KMO has two transmembrane domains.®® They found that KMO exists
as a dimer. The dimerization is crucial for catalytic activity. The dimer interface is formed via
intermolecular B-sheets at residues F183-Y 189 (B12). These B-sheets create 10 hydrogen bonds,
stabilizing the dimer structure. Mutations in these B-sheet residues significantly reduce dimer
formation, with the Y185P mutation nearly abolishing enzyme activity entirely. The ligand-
binding pocket comprises residues from both the FAD-binding domain and the C-terminal region.

A residue, R380, from the C-terminal region forms a hydrogen bond interaction with the
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carboxylic acid moiety of the inhibitor but does not affect enzymatic activity when mutated. Based
on their findings, they developed compound 5, which features an isostere replacement of the
carboxylic acid moiety with quinazolinedione, identifying it as a brain-penetrant inhibitor. This
study provides new insights into the ligand-binding mechanism of mammalian KMO and
represents significant progress in developing potential treatments for neurodegenerative diseases.
1.7 Development of KMO inhibitors

Before the KMO crystal structure was available, inhibitor design was based on the structure
of kynurenine (compound 1, fig 1.7.1). A series of kynurenine-based analogs were synthesized,
and their SAR were studied. The kynurenine analog, nicotinylalanine (compound 2, fig 1.7.1), was
developed to selectively prevent excitotoxic QUIN buildup while enhancing the neuroprotective
production of KYNA in the kidneys of Wistar rat models.”® The first specific KMO inhibitor, m-
nitrobenzoyl alanine (m-NBA, compound 3, fig 1.7.1), was reported in 1994 and demonstrated an
ICso of 3 uM against KMO from resuspended, homogenized rat organs.””> ® m-NBA later served
as a lead compound for the development of more potent inhibitors. Halogen substitutions on
aromatic rings significantly improved potency, leading to the development of 3,4-dichlorobenzoyl
alanine (compound 4, fig 1.7.1), which exhibited greater potency (ICso = 0.2 uM), longer-lasting
effects, and higher KYNA elevation compared to m-NBA.” Ro61-8048 (compound 5, fig 1.7.1)
was later developed through SAR optimization of a screening hit that identified a sulfonamide
compound.®’ Ro61-8048 was found to be a competitive inhibitor of KMO, with an ICso of 37 nM
and a K; of 4.8 nM, making it the most potent KMO inhibitor developed at the time. It was believed
that the sulfonamide group acts as a bioisostere for the carboxyl group, providing strong hydrogen
bonding, while the phenylthiazole ring enhances hydrophobic interactions. /n vivo validation of

Ro061-8048 also demonstrated excellent oral bioavailability and a longer-lasting inhibitory effect
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on KMO. In 1999, a series of pyrrolo[3,2-c]quinoline derivatives were synthesized.®! Among these
compounds, 7-chloro-3-methyl-1H-pyrrolo[3,2-c]quinoline-4-carboxylic acid (compound 6, fig
1.7.1) was identified as a lead compound, exhibiting an IC50 of 24 uM against KMO in rat liver
and an IC50 of 8.2 pM against KMO in the brain, suggesting potential CNS activity. After
determining that the a-amino group is not required for inhibition, and that the acid moiety is indeed
essential for inhibition, one of the most extensively studied compound, UPF 648 (compound 7, fig
1.7.1), was developed in 2003 with ICso of 20 nM and was used in the first KMO crystal
structure.®’- 82 Both in vivo and in vitro studies indicated that UPF 648 effectively increases brain
KYNA levels, reduces QUIN neurotoxicity, and protects neurons from NMDA receptor-mediated
excitotoxicity.®? 8% In 2012, Ianthellamide A (compound 8, fig 1.7.1), isolated from the Australian
marine sponge lanthella quadrangulate, was shown to selectively inhibit KMO with an ICso of 1.5
uM.3* This achievement marked the beginning of structure-based drug design of KMO.

The availability of the KMO crystal structure has significantly enhanced the precision of inhibitor
design through computational approaches. High-throughput screening of a library of 78000
compounds was conducted, targeting hKMO, using RapidFire mass spectrometry (RF-MS).® This
screening identified two new compounds: 5-(3-nitrobenzyl)-1H-tetrazole (compound 9, fig 1.7.1)
and 6-(3,4-dichlorophenyl)pyrimidine-4-carboxylic acid (compound 10, fig 1.7.1), with ICso of
6.3 uM and 0.0016 uM respectively. The latter arylpyrimidine compound was further optimized
using the structural data, and its SAR was studied.®® The pyrimidine ring acts as a bioisostere of
the carbonyl group in L-kynurenine. Among these arylpyrimidine derivatives, compound 11 (fig
1.7.1), was identified as the most potent inhibitor, with an ICso of 0.5 nM in the enzymatic assay
and an ICso of 33 nM in the cell-based assay. Structural binding analysis of compound 11 revealed

that the pyrimidine N3 forms hydrogen bonds with Arg83 and Thr244, mimicking the carboxylate

12



group of L-kynurenine. Additionally, the carboxylate moiety interacts with Asn369 and Tyr98,
while the chlorophenyl substitution stabilizes hydrophobic interactions with Leu221 and Phe238.
One of the most potent inhibitors, GSK180 (compound 12, fig 1.7.1), was developed through high-
throughput screening followed by structure-based optimization of kynurenine analogs.”* This
compound exhibited high potency against hLKMO, with an ICso of 6 nM in the enzymatic assay
and an ICsp of 2.0 uM in the cell-based assay. In contrast, its inhibition of rat KMO was weaker,
with an ICso of 7 pM, indicating potential species differences in binding affinity. Additionally,
GSK180 was found not to significantly inhibit other kynurenine pathway enzymes. Further
optimization of GSK180 led to the discovery of GSK065 (compound 13, fig 1.7.1) and GSK366
(compound 14, fig 1.7.1).71-73 The oxazolidinone core was replaced with a benzisoxazole core for
compound 13 and 14, and one chlorine was replaced to 1-(pyridin-2-ylethoxy) group for
compound 13 and to 1-(6-methylpyridazin-3-ylethoxy) group for compound 14. These
improvements not only enhanced potency but also improved cell solubility and pharmacokinetic
properties. Compound 13 was found to have an ICso of 1.3 nM against hKMO in the enzymatic
assay and an ICso of 8.5 uM in the cell-based assay. GSK366 (compound 14) exhibited ICso values
of 2.3 nM for hKMO and 0.7 nM for PfKMO. Both compounds did not stimulate the KMO to
produce peroxide, as flavin tilting prevents NADPH oxidation, unlike GSK180.

A pharmacophore model was developed using the first SCKMO structure along with known KMO
inhibitors. A virtual screening of a database of commercially available chemicals was then
conducted, leading to the identification of a high-fit compound, 3.,4-dichlorohippuric acid
(compound 15, fig 1.7.1), which demonstrated strong in vitro inhibitory potency with a K; of 34
uM.%7 A ligand-based molecular similarity method and drug repurposing approach led to the

identification of diclofenac (compound 16, fig 1.7.1), an FDA-approved anti-inflammatory drug,
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as a KMO binder and inhibitor with an ICso of 13.6 uM and K4 of 64.8uM.®® A combination of
ligand- and structure-based virtual screening was used to evaluate over 1,000 compounds, leading
to the identification of 19 new KMO inhibitors through high-throughput assays for PfKMO and
HsKMO.% Among these, compound 17 (fig 1.7.1) was discovered as the most potent, with an ICsg
0f 9.3 uM for PFKMO and 2.6 uM for HsSKMO. Additionally, a prodrug was designed by replacing
the carboxylic acid with an ethyl carboxylate, enabling it to cross the blood-brain barrier, release
the active form in the CNS, and effectively reduce 3-HK levels. Unlike other substrate analogs,
this prodrug does not stimulate the production of hydrogen peroxide. The full-length structure of
mammalian KMO in its membrane-embedded form was determined, and a high kynurenine-
content enzymatic assay was used to evaluate inhibitors for crystal structural analysis.”> From the
optimization of their lead compound, compounds 18 and 19 were discovered (fig 1.7.1).
Compound 18 exhibited the highest potency, with an ICso of 3.8 nM against hLKMO and 9.0 nM
against rat KMO. In the cell-based assay, it had an ICso of 12 nM in human cells and 0.24 pM in
rat cells. Meanwhile, compound 19 demonstrated exceptional brain permeability, showing a 27-
fold increase in CNS exposure compared to compound 18. More recently, a compound library was
screened, leading to the discovery of the pyridazinylsulfonamide scaffold. Through optimization
of SAR, brain penetration, and pharmacokinetic properties, compound 20 (fig 1.7.1) was
developed, exhibiting high potency and brain permeability. It was identified as the most promising

compound, with an ICso of 12.8 nM against human KMO (hKMO).%- %
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CHAPTER 2
STRUCTURE-ACTIVITY RELATIONSHIP OF TETRAZOLE DERIVATIVES AS
KYNURENINE 3-MONOOXYGENASE INHIBITORS

2.1 Introduction

The kynurenine pathway (KP) is the dominant route of tryptophan catabolism in mammals,
accounting for over 95% of its degradation (figure 2.1.1).! Initiated by tryptophan 2,3-dioxygenase
(TDO) or indoleamine 2,3-dioxygenase (IDO), the pathway begins with the formation of N-
formyl-L-kynurenine, which is then rapidly converted to L-kynurenine. From this branching point,
L-kynurenine can be metabolized into several biologically active compounds.® 7 One route
involves kynurenine aminotransferase (KAT), producing kynurenic acid (KynA), a
neuroprotective NMDA receptor antagonist. Alternatively, kynureninase converts L-kynurenine
into anthranilic acid, which leads to the formation of 3-hydroxyanthranilic acid (3-HANA) and,
eventually, quinolinate (QUIN)—a neurotoxic NMDA agonist and precursor to NAD(P)*. A third
and critical route is mediated by kynurenine 3-monooxygenase (KMO), which hydroxylates L-
kynurenine to form 3-hydroxykynurenine (3-HK), a known generator of reactive oxygen species.”
' The neuroactive profile of these metabolites underscores the importance of pathway regulation:
while KynA offers protective effects, 3-HK, 3-HANA, and QUIN contribute to neurotoxicity.
Among the metabolic branches, KMO plays a central role due to its high affinity for L-kynurenine,
making it a strategic target for therapeutic intervention. Inhibiting KMO shifts the metabolic flux
toward KynA, reducing the accumulation of toxic intermediates and presenting a promising

approach for treating neurodegenerative diseases.> !4
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Figure 2.1.1. Overview of the kynurenine pathway (KP).
2.2 Rational design and tetrazole replacement

A number of KMO inhibitors have been developed,®®: 7!-75 86-88 most of which share a
similar pharmacophore model, including the natural substrate L-kynurenine (1), with four critical
features identified (Figure 2.2.1): (a) two hydrophobic centers, (b) a core aromatic ring, (c) an
electron-rich hydrogen bond acceptor, and (d) an acidic moiety.)” The receptor-based

pharmacophore model was built using a known biologically active molecule, UPF648 (2, figure



2.2.2), bound to yeast KMO. This model was later applied in virtual screening to identify potential
inhibitors. Two recently developed compounds, 6-(3,4-dichlorophenyl)pyrimidine-4-carboxylic
acid (3, figure 2.2.2) and GSK180 (4, figure 2.2.2), have shown exceptional potency against
human KMO.’* % These two compounds align with the pharmacophore model. 6-(3,4-
dichlorophenyl)pyrimidine-4-carboxylic acid features a replacement of the pyrimidine group with
the carbonyl group of the natural substrate, while GSK180 replaces the benzoyl moiety with
oxazolidinone core. Both modifications have significantly improved potency and pharmacokinetic
properties. Additional structure—activity relationship (SAR) studies were carried out to refine

substitutions on the phenyl ring of the core scaffold, aiming to develop more potent compounds.

Figure 2.2.1. Receptor-based pharmacophoric models of 3,4-dimethoxyhippuric acid aligned with

the conformation of UPF468 as bound to yeast KMO (PDB: 4J36).
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Most research has focused on optimizing the carbonyl group in the substrate, whereas little
attention has been given to modifying the acidic moiety of the natural substrate. Since the a-amino
group is not essential for inhibition, it is typically omitted in the design of most KMO inhibitors.”:
91

Here, we report a replacement of the carboxylic acid with a bio-isosteric tetrazole group
(figure 2.2.3). The first example of a tetrazole-containing KMO inhibitor was identified through
high-throughput screening of a library of 78,000 compounds targeting KMO using RapidFire mass
spectrometry (RF-MS).%° This screening led to the discovery of a new compound, 5-(3-
nitrobenzyl)-1H-tetrazole (5, figure 2.2.2), with an ICso of 6.3 uM. The tetrazole group shares
many common properties with carboxylic acid. For example, both have a similar size and

comparable pK. values, often resulting in similar electrostatic potentials in protein-ligand

interactions.?? %3
0 N o} N HN-N. N
|// l// sy I// H
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NH, O NH, 0 o] O N-y
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Figure 2.2.3. Replacement of carboxylic acid group with tetrazole group.

The initial modifications began with simplification of the L-kynurenine structure by
removing both amino groups. The o-amino group was found to be non-essential for KMO
inhibition. The aromatic amino group was also removed and further optimized through SAR
studies to enhance hydrophobic interactions. This led to a simplified core structure. Subsequently,
the carboxylate group was replaced with a tetrazole moiety. From this point, the linker length
between the carbonyl and the tetrazole group was optimized. We synthesized three derivatives
featuring either a one-carbon or two-carbon linker and compared their inhibitory potencies (Figure
2.2.4). SAR analysis indicated that compounds with a one-carbon linker exhibited lower K; values
than those with two-carbon linkers. For derivatives containing two chlorine substituents on the

aromatic ring, the K; values were nearly identical regardless of linker length. Based on these

results, we decided to proceed with the one-carbon linker design.
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Figure 2.2.4. SAR analysis of the linker length from one to two carbons (one carbon: top row;

two carbons: bottom row).

2.3 Materials and Methods

Enzyme expression and purification: The expression, isolation and purification of

Pseudomonas fluorescens KMO (pfKMO) are carried out as previously reported.®®-** The gene for
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pfKMO is first transformed into E.coli BL21(DE3) competent cells for expression. Protein is
expressed by growing transformed cells in auto induction LB medium containing 100 mg/L
ampicillin for 24h at 23°C. Cells are harvested by centrifugation at 4000 rpm for 15min at 4 °C,
suspended in lysis buffer (20 mM HEPES buffer pH7.5, 10 mM NaCl, 1 mM DTT, 10 uM FAD),
lysed by sonication (15x15s). The cell lysate is centrifuged at 4000 rpm for 90min at 4 °C to remove
cell debris. The soluble cell lysate is loaded onto a prepared diethylaminoethyl Sepharose (DEAE)
column, and bound protein is eluted with 20 mM HEPES buffer pH 7.0, 100 mM NacCl, and 1 mM
DTT. Then fractions containing the protein are collected and precipitated in 50% saturated
ammonium sulphate. The precipitated protein is pelleted by centrifugation at 4000 rpm for 90 mins
and resuspended in a small volume of size exclusion buffer (20 mM HEPES buffer pH 7.0, 0.15
M sodium acetate, and 1 mM DTT). Then the protein is passed down a Sepharose CL-6B column.
Fractions containing the pure pfKMO are collected. Concentration of pure enzyme is measured at

280nm (Ae= 12300 M-! cm™') on Nanodrop.

Enzyme inhibition assays: As described previously,*” The absorbance change of NADPH
at 340 nm is measured. The assays contained 20 mM HEPES pH 7.5 buffer, 2 mM NaCl, 0.2 mM
NADPH, 1 mM DTT, 5 uM FAD, with varying amounts of L-kynurenine (20-160 yM) and/or
inhibitors, in a final volume of 0.8 mL at 25 °C. The reactions are followed at 340 nm (A€ = -
2.8x10° M! cm™) in a Cary 100 UV/Vis spectrophotometer. The initial NADPH consumptions are
calculated as the velocities. Then, the kinetic parameters are determined by fitting to the Michaelis-

Menten equation for competitive inhibition.

Protein Crystallization: The crystallization condition of pfKMO has been discovered and

repeated with small changes.”® All crystals were grown at room temperature by the hanging drop

22



vapor diffusion method in a 24-well hanging-drop tray with a pfKMO concentration of 12-15
mg/mL and mixed with the precipitant solution at a 1:1 ratio. The reservoir solution is 12%-14%
PEG 8000, 0.11 M-0.13 M Ca(OAc),, 14% glycerol, and 0.08 M sodium cacodylate, pH 6.5. The
crystallization drops are set with 1 uL. of well solution and 1 pL of protein solution. Diffraction-
quality crystals are usually obtained within 3 days. To make the crystal soaking solutions, the
pfKMO crystals are transferred into 5 uL cryo solution, containing: 10% EDG (DMSO:ethylene
glycol:glycerol,1:1:1) and same concentrations of the components from the reservoir solution. The
inhibitors are pre-dissolved in the EDG solution with 10-fold excess molar concentration before
soaking. The crystal soaking solution is left at room temperature for 5 hours. Crystals were then
flash frozen in liquid nitrogen directly from the soaking drops, without any additional cryo-

protectant.

X-ray data collection and crystal structure determination: X-ray diffraction data were
collected from single cryo-protected crystals of PFKMO at the NSLS2 beamline. The collected
data were indexed, integrated, and scaled using standard data processing software XDS.* Initial
phases were obtained by molecular replacement in Phaser,’ using the previously solved P/KMO
structure (PDB ID: SNAK) as the search model. Model building and refinement were performed
through an iterative process combining automated tools in Phenix”” and manual adjustments in
COOT*8. The final refined models exhibited excellent stereochemistry and agreement with the
electron density maps. Complete data collection and refinement statistics are provided in the

Supplementary Materials.

2.4 Results and discussion
Aromatic modifications led to the discovery of derivatives with diverse substitutions, as

shown in Table 2.4.1. The non-substituted Compound 1 exhibited a K; value of 49.4 uM against
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pfKMO. Initially, the benzene ring was replaced with a naphthalene ring to investigate whether
aromatic ring size influences inhibitory activity. Compound 2 displayed a Ki of 40.5 uM,
representing only a modest improvement, suggesting that increasing aromatic size does not
significantly enhance inhibition. Next, a chloro group was introduced at either the R2 or R3
position. Compound 3 exhibited a K; of 19.7 uM, while compound 4 had a K; of 28.4 uM,
suggesting that substitution at the R2 position plays a more significant role in fitting into the
hydrophobic pocket. Substitution of both R2 and R3 with chloro groups significantly reduced the
K value to 3.6 uM against pfKMO. Subsequently, bulky functional groups were introduced at the
R2 position to evaluate the impact of hydrophobicity on overall potency. Kinetic analysis
demonstrated that bulky substituents fit well within the hydrophobic site, resulting in low
micromolar K; values. Compounds 6 and 7, bearing phenyl and cyclohexyl groups at the R2
position, exhibited K; values of 5.8 uM and 2.9 uM, respectively. Both groups substantially
reduced K; values. The difference in potency between compounds 6 and 7 may be attributed to the
greater flexibility of the cyclohexyl group compared to the more rigid phenyl group. In contrast, a
trifluoromethyl group at the R2 position yielded a poor result, indicating limited interaction with
surrounding residues.

Next, a chloro group was introduced at the R3 position, and substitutions at the R2 position
were optimized, yielding compounds 9-12. With either a methoxy or methyl group at the R2
position, the compounds exhibited similar potencies, with K; values of 5.0 uM and 4.8 uM,
respectively. Compound 11, bearing a cyclohexyl group at R2 and a chloro group at R3, was
subsequently synthesized. It was initially expected that this compound would be more potent than
compound 7. However, compound 11 exhibited a K; of 9.4 uM, which is approximately 3-fold

higher than that of compound 7. This discrepancy may be attributed to a conformational change in
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the cyclohexyl group. In the absence of a chloro group at R3, the cyclohexyl group lies coplanar
with the aromatic ring. In the presence of the chloro group, however, the cyclohexyl moiety adopts
a tilted conformation relative to the aromatic ring, thereby reducing its interactions with
surrounding residues. Finally, an even bulkier group, benzyloxy, was introduced at R2 along with
a chloro group at R3, resulting in compound 12, which exhibited a K; of 4.5 pM—Iess potent than

compound 7, which contains only a cyclohexyl group at R2.

Ri
Ro
N
Ra Y
Ry, O N-\
Comp. R: R: R; R4 Ki(uM)
pfKMO
1 H H H H 49+5
2 H Naphthyl H 40+13
3 H Cl H H 20+5
4 H H Cl H 2846
5 H Cl Cl H 4+1
6 H Ph H H 613
7 H Cy H H 3+0.4
8 H CF; H H 59+18
9 H OMe Cl H 5+0.7
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10 H Me Cl H 5+1

11 H Cy Cl H 9+1

12 H PhCH-O Cl H 512

Table 2.4.1. Kinetics data of tetrazole derivatives with aromatic modifications.

Crystal structures were successfully obtained for Compounds 4, 6, and 7. Analysis of these
structures revealed that all three compounds form similar and essential hydrogen bonds with key
residues in the active site (figures 2.4.1 and 2.4.2). Their crystal structures were compared with
that of the substrate to investigate protein—ligand interactions. In the crystal structure of the
substrate bound to pfKMO (figure 2.4.1B), the L-kyn occupies only one active site. The amino
acid moiety forms extensive interactions with polar residues on the right side of the binding pocket,
including Asn369, Tyr404, Arg84, and Tyr98. The carbonyl group does not participate in any
interactions. The aromatic ring is positioned in a hydrophobic pocket near the FAD cofactor. The
amino group on the aromatic ring forms a hydrogen bond with the oxygen atom of FAD. In the
crystal structure of compound 4 bound to pfKMO, similar interactions were observed. Upon
replacement of the carboxylate moiety with a tetrazole moiety (figure 2.4.1C), the N2 nitrogen of
the tetrazole ring forms a hydrogen bond with Arg84, while the carbonyl oxygen interacts with
Tyr404, substituting for the o-amino group interactions observed in the substrate. The

chlorophenyl moiety occupies the same hydrophobic pocket as the aromatic ring of the substrate.
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TYR404

ARG84

Figure 2.4.1. A) Overview of pfKMO with L-kyn bound to one active site (PDB: 6FOX). B)
Intereactions of L-kyn with surrounding residues. C) Interactions of compound 4 with surrounding
residues (9B2Y).

In contrast, both compounds 6 and 7 bind to both active sites of pfKMO, which may explain
their stronger binding affinities compared with compound 4 and the substrate. In one active site of
compound 6 bound to pfKMO (Figure 2.4.2B), similar interactions were observed between the
carbonyl oxygen and tetrazole moiety and polar residues such as Arg84, Tyr96, and Tyr404
through direct hydrogen bonds and water-mediated interactions. In the other active site (Figure
2.4.2A), extended interactions were observed between the carbonyl group and multiple residues

located above the active site via water-mediated hydrogen bonds. These residues include Gly321,
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GIn322, His320, Ala56, and Thr408. Similar interactions are observed in the co-crystal structure
of compound 7 (Figure 2.4.2C and 2.4.2D). In one active site (Figure 2.4.2D), the carbonyl
oxygen and tetrazole moiety form direct hydrogen bonds with Tyr404 and Arg84. In the other
active site (Figure 2.4.2C), similar water-mediated interactions are observed with residues located
above the active site. The tetrazole group also forms additional interactions with Asn369 through
both direct and water-mediated hydrogen bonds. In both active sites, interactions with Tyr96 were
not observed. This may be due to the bulky cyclohexyl group, which likely causes the tetrazole
moiety to orient away from Tyr96. Overall, the additional hydrogen bonds, particularly the water-
mediated interaction networks observed in compounds 6 and 7, may account for their greater
potency compared to compound 4. Notably, compound 7 exhibits higher potency than compound
6, which may be attributed to its more extensive hydrogen bonding network, especially through
water-mediated interactions, and more favorable accommodation of the cyclohexyl group within

the hydrophobic pocket.
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TYR404

Figure 2.4.2. Co-crystal structure of pfkKMO and compound 6 (PDB: 9B07) and 7 (PDB: 9AZS).
A and B: compound 6 bound to both active sites. C and D: compound 7 bound to both active sites.

A superposition of the crystal structures of compounds 4, 6, and 7 was performed to
compare their structural differences (Figure 2.4.3). The tetrazole moieties of compounds 4 and 7
adopt nearly identical conformations, aligning closely with each other. Tyr404 and Arg84 also
exhibit minimal conformational changes in response to these compounds. In contrast, the tetrazole
moiety of compound 6 undergoes a significant conformational change, pointing toward the bottom
of the active site, with the adjacent methylene group appearing slightly bent. To enable hydrogen
bonding with the tetrazole group, Arg84 must rotate to accommodate this altered orientation. This

unique conformation of the tetrazole moiety in compound 6 may result from the rigidity and
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inflexibility of the phenyl group, which could otherwise lead to steric clashes with Tyr404 and

Argg4.

FAD

ARG84

Figure 2.4.3. superposition of compound 4 (yellow), 6 (pink), and 7 (gray) within pfKMO active
site at one active site. A: sideview of superposition structures. B: top view of superposition
structures.

The structural superposition of pfkKMO with Compound 7 and the L-kynurenine substrate
is studied (Figure 2.4.4). The tetrazole moiety of Compound 7 forms the same hydrogen bonds as
the carboxylate group of the substrate. However, the interaction between the amino group of the
substrate and Tyr404 is replaced by a hydrogen bond between the carbonyl group of Compound 7
and Tyr404. Despite the presence of the bulky cyclohexyl substitution on the aromatic ring, the
hydrogen binding distance remains unchanged. Additionally, the presence of the cyclohexyl group
in the hydrophobic pocket pushes the tetrazole moiety closer to Arg84, resulting in a 0.2 A
reduction in distance. This enhanced proximity strengthens the interaction and is accompanied by

a significant conformational change in Arg84.
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Figure 2.4.4. view of compound 7 (yellow) within pfKMO active site overlaid with structure of
pfKMO-L-Kyn substrate (pink).

Next, we compared compound 7 with the only published crystal structure containing a
structurally analogous tetrazole moiety replacement (Figure 2.4.5). The published tetrazole-
containing compound, like compound 7, binds to both active sites of pfKMO. From the crystal
structures of both active sites, the tetrazole groups of the two compounds align closely and adopt
the same orientation. Additionally, in one of the active sites (Figure 2.4.5A), they form nearly
identical interactions with residues located above the active site via water-mediated hydrogen
bonding. One major difference between the two structures is the conformation of Arg84, which
tilts upward to interact with the tetrazole moiety in the published compound. A similar
conformational change was also observed in the crystal structure of compound 6. These findings

suggest that Arg84 is highly flexible and can readily adapt to interact with acidic center groups.
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GLN321

GLN321

Figure 2.4.5. Superposition of compound 7 (yellow) with published tetrazole-containing
compound (green, PDB:6FPH) bound to pfKMO at both active sites.
2.5 Chemistry

General procedure for Synthesis of substituted 2-chloro-1-phenylethan-1-one
derivatives (A) (Sc, 6¢,7¢c, and 9c¢): To a solution of chloroacetyl chloride (1equiv) and aluminum
chloride (lequiv) in 15 mL dichloromethane, substituted benzene (1 equiv) was added. The
reaction was stirred at room temperature and monitored by TLC until completion. Then the
reaction mixture was slowly poured into cold-ice water with stirring, extracted with DCM (20
mLx3). Organic layer was combined, dried over Na,SO, and concentrated under vacuum to give
crude acylated product. Flash column chromatography was then performed (hexane: ethyl acetate)

to give pure phenacyl chloride products.

General procedure for Synthesis of 3-oxo-3-phenylpropanenitrile (B) (2¢-12¢): To a
solution of substituted phenacyl chloride (1 equiv) in 15 mL ethanol sodium cyanide (2.5 equiv)
in 15 mL water was added dropwise at room temperature. Reaction mixture was monitored by

TLC until completion. Then the reaction mixture was concentrated to remove ethanol, then
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acidified by 6M HCI to pH~5. Precipitations were filtered and purified by flash column

chromatography (hexane: ethyl acetate) to yield pure cyanoacetophenone.

General procedure for synthesis of tetrazole derivatives (C) (1d-12d): To a stirring
solution of cyanoacetophenone (1 equiv) and aluminum chloride (3 equiv) in anhydrous
tetrahydrofuran (THF) was added sodium azide (3 equiv) in one portion. Reaction mixture (RM)
was heated and refluxed under nitrogen atmosphere. The reaction was monitored by TLC until
completion. Then, the RM was filtered and concentrated under reduced pressure to form yellow
residue. Water (30mL) was added to the residue and allowed to stir for 30 mins until precipitate
formed, then filtration gave the crude tetrazole product. The crude product was recrystallized from

chloroform to give pure product as a white solid.

R1 R1 R1 R1
R2 a Rz b Rz C Hz
—_— — —p H
Rs R Rs cl Ry CN Ry Ny
Rq Ry, O Ry O R, O N-N
1-12a 1-12b 1-12c 1-12d
Riand Ry =H
1: R2=H R3=H 7: R2=Cy R3=H
2: RzRs=naphthyl 8: R,=CF3 Rs=H
3: R2=C| R3=H 9: R2=OM9 R:’:Cl
4: R,=H R,=Cl 10: R.=Me R3=Cl
5: R2=CI R3=CI 11: R2=Cy R3=C|
6: R.=Ph Rs=H 12: R,=PhCH.0 R;=ClI

Scheme 2.5.1. General synthesis route of tetrazole derivatives. (a) chloroacetyl chloride, AICl;,

DCM. (b) NaCN, EtOH/H,0=1:1, 50°C, 0.5h. (c) NaNj3, AlICl;, anhydrous THF, reflux, 12hrs.

3-Oxo0-3-phenylpropanenitrile (1d): To a solution of methyl benzoate (3 mL, 24.11 mmol, 1 equiv)
in dry THF (15 mL) was added NaH (2.0 g, 60% in oil, 50.0 mmol, 2 equiv) and CH;CN (2.6 mL,

50 mmol, 2 equiv). The reaction mixture was refluxed on oil bath for 6 h. When the reaction was
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completed (monitored by TLC), it was cooled to room temperature and H,O (60 mL) was added
slowly, then the system was neutralized with HCI (12 N). The aqueous phase was extracted with
EtOAc (3x30 mL). The combined organic phases were washed water, brine, dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo. A flash column chromatography was performed to
yield the 1c (2.78¢g, 79%) as light-yellow solid. 'H NMR (400 MHz, CDCl;) 6 7.92 (d,J = 7.0 Hz,
2H), 7.67 (t, J = 7.5 Hz, 1H), 7.62 — 7.45 (t, 2H), 4.09 (s, 2H).'*C NMR (101 MHz, CDCl;) &

187.15,134.72, 13434, 129.16, 128.48, 113.79, 29 .37.

1-Phenyl-2-(1H-tetrazol-5-yl) ethan-1-one (1d): according to general procedure C, NaN; (0.67g,
10.31mmol, 3 equiv) was added to a solution of 1¢ (0.5g, 3.44 mmol, lequiv) and AICl; (1.50g,
10.35mmol, 3 equiv) in 15 mL anhydrous THF to give 1d (0.56g, 87%) as a white solid. 'H NMR
(400 MHz, DMSO) 6 8.09 (d,J = 6.9 Hz, 2H), 7.72 (t,J = 7.4 Hz, 1H), 7.59 (t,J = 7.6 Hz, 2H),
495 (s, 2H). *C NMR (101 MHz, DMSO) 6 194.37, 135.95, 13448, 129.38, 128.92, 34.52.

HRMS: m/z calcd for CoHgN,O [M + H]*189.0771, found 189.0771.

2-Chloro-1-(naphthalen-2-yl)ethan-1-one (2b): N-chlorosuccinimide (NCS) (2.36 g, 17.6 mmol, 1
equiv) was added to a stirring solution of 2-Acetonaphthone 2a (3 g, 17.6 mmol, 1.0 equiv) and p-
toluenesulfonic acid monohydrate (3.93g, 17.6 mmol, 1 eq) in anhydrous acetonitrile (20 mL). The
mixture was stirred under reflux conditions for 8 hours. When reaction completed (monitored by
TLC), the reaction mixture was evaporated under reduced. The resulting residue was dissolved in
40 mL EtOAc, washed with water (3x30 mL), 30 mL brine, dried over Na,SO,, filtered,
concentrated under reduced pressure. The crude product was purified by silica gel column
chromatography (Hexane : EtOAc = 18:1 to 15:1) to give 2b (3.08 g, 85%) as white solid. 'H NMR

(600 MHz, cdcls) 6 8.47 (s, 1H), 8.05 - 7.81 (m, 4H), 7.61 (dddd, J = 33.5, 8.1, 6.8, 1.3 Hz, 2H),
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4.87 (s, 2H). *C NMR (101 MHz, CDCl;) 6 191.08, 135.93, 132.42, 131.62, 130.48, 129.66,

129.04, 128.88,127.88, 127.12,123.87,45 91.

3-(Naphthalen-2-yl)-3-oxopropanenitrile (2¢): according to general procedure B, sodium cyanide
(1.68 g,34.3 mmol, 2.5 equiv) in 20mL was added to a solution of 2b (2.8 g, 13.7 mmol, 1 equiv)
in 20mL ethanol. After flash column chromatography (hexane: ethyl acetate = 10:1 to 8:1), 2¢
(2.13 g, 80%) was obtained as white solid. "H NMR (400 MHz, CDCl;) 6 8.42 (s, 1H), 8.06 — 7.87
(m, 4H), 7.64 (dddd, J =24.7,8.1,6.9, 1.3 Hz, 2H), 4.21 (s, 2H)."*C NMR (101 MHz, CDCl;) &
186.92, 136.20, 132.33, 131.70, 130.72, 129.74, 129.53, 129.24, 127 .96, 127 .44, 123.42, 113.79,

29.39.

1-(Naphthalen-2-yl)-2-(1H-tetrazol-5-yl)ethan-1-one (2d): according to general procedure C,
NaN; (0.59 g, 9.0 mmol, 3 equiv) was added to a solution of 2¢ (0.59 g, 3.0 mmol, 1 equiv) and
AlCl; (1.21 g, 9.0 mmol, 3 equiv) in 15 mL anhydrous THF to give 2d (0.52 g, 72%) as white
solid. 'H NMR (400 MHz, DMSO) 6 8.87 (s, 1H), 8.16 (d, J = 8.0 Hz, 1H), 8.11 — 8.02 (m, 3H),
7.75 - 7.65 (m, 2H), 5.09 (s, 2H)."3C NMR (101 MHz, DMSO) & 194.29, 135.84, 133.26, 132.61,
131.38, 130.20, 129.57, 129.01, 128.23, 127.66, 123.99, 34.53. HRMS: m/z calcd for C;;H,,N,O

[M + H]*239.0927, found 239.0929.

2-Chloro-1-(4-chlorophenyl) ethan-1-one (3b): N-chlorosuccinimide (NCS) (6.17 g,46 mmol, 1.5
equiv) was added to a stirring solution of 4-chloroacetophenone (4 mL, 30.79 mmol, 1.0 equiv)
and p-toluenesulfonic acid monohydrate (8.78 g, 46 mmol, 1.5 eq) in acetonitrile (30 mL). The
mixture was stirred under reflux conditions for 8 hours. When reaction completed (monitored by
TLC), the reaction mixture was evaporated under reduced. Water (50 mL) was added into the

resulting residue, and the solution was stirred for 30 minutes to form precipitate. Filtration gave
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the crude product (mixture of mono and di chlorinated products). The crude product was purified
by silica gel chromatography (hexane to ethyl acetate = 25:1 to 10:1) to give 3b (3.49 g, 60%) as
white solid. "H NMR (400 MHz, CDCl3) 6 791 (d,J = 8.7 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 4.66

(s, 2H). C NMR (101 MHz, CDCl5) § 190.05, 140.59, 132.55, 129.99, 129.27,45.53.

3-(4-Chlorophenyl)-3-oxopropanenitrile (3¢): according to general procedure B, sodium cyanide
(2.26 g, 46.12 mmol, 2.5 equiv) in 15 mL was added to a solution of 3b (3.49 g, 18.46 mmol, 1
equiv) in 15 mL ethanol. After flash column chromatography (hexane: ethyl acetate = 10:1 to 6:1),
3¢ (2.41 g, 73%) was obtained as a white solid. '"H NMR (400 MHz, CDCl;) 6 7.87 (d,J = 8.6 Hz,
2H),7.51 (d,J = 8.6 Hz,2H), 4.05 (s,2H).*C NMR (101 MHz, CDCl;) 6 185.89, 141.52,132.61,

129.84,129.57,113.36, 29.33.

1-(4-Chlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (3d): according to general procedure C,
NaN; (0.87 g, 13.38 mmol, 3 equiv) was added to a solution of 3¢ (0.80 g, 4.45 mmol, 1 equiv)
and AlCI; (1.80 g, 13.50 mmol, 3 equiv) in 15mL anhydrous THF to give 3d (0.90 g, 91%) as
white solid. '"H NMR (400 MHz, DMSO) 6 8.09 (d,J = 8.6 Hz,2H), 7.67 (d,J = 8.6 Hz,2H),4.95
(s, 2H). *C NMR (101 MHz, DMSO) 6 193.49, 139.44, 134.66, 130.84, 129.50, 34.59. HRMS:

m/z caled for CoH;CIN,O [M + H]*223.0381, found 223.0385.

2-Chloro-1-(3-chlorophenyl) ethan-1-one (4b): N-chlorosuccinimide (NCS) (2.15g, 16.10 mmol,
1.05equiv) was added to a stirring solution of 3-chloroacetophenone (2mL, 15.39mmol, 1.0equiv)
and p-toluenesulfonic acid monohydrate (3.38g, 17.77mmol, 1.1 eq) in acetonitrile (30 mL). The
mixture was stirred under reflux conditions for 8 hours. When reaction completed (monitored by

TLC), the reaction mixture was evaporated under reduced. The resulting residue was dissolved in

40mL EtOAc, washed with water (3x30mL), 30mL brine, dried over Na,SO,, filtered,
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concentrated under reduced pressure. The crude product was purified by silica gel chromatography
to give 4b (2.11g, 74%) as white solid. 'H NMR (400 MHz, CDCl;) 6 7.94 (s, 1H), 7.83 (d,J =
7.6 Hz, 1H), 7.59 (d,J =8.0 Hz, 1H), 7.45 (t,J = 7.9 Hz, 1H), 4.67 (s, 2H). 3C NMR (101 MHz,

CDCl;) 6 189.98, 135.76, 135.33, 133.93, 130.22, 128.66, 126.63,45.61.

3-(3-Chlorophenyl)-3-oxopropanenitrile (4¢): according to general procedure B, sodium cyanide
(1.10 g, 22.45 mmol, 2.5 equiv) in 15 mL was added to a solution of 4b (1.70 g, 8.99 mmol, 1
equiv) in 15 mL ethanol. After flash column chromatography (hexane: ethyl acetate = 15:1 to 8:1),
4c¢ (1.32 g, 82 %) was obtained as light-yellow solid. '"H NMR (400 MHz, CDCls) 6 7.90 (s, 1H),
7.80 (d,J=7.8Hz, 1H),7.64 (d,J =79 Hz, 1H),7.49 (t,J =7.9 Hz, 1H), 4.06 (s, 2H). *C NMR

(101 MHz, CDCl;) & 185.91, 135.75, 135.69, 134.68, 130 .48, 128.52, 126.50, 113.19,29.44.

1-(3-Chlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (4d): according to general procedure C,
NaN; (0.48 g, 7.35 mmol, 3 equiv) was added to a solution of 4¢ (0.44 g,2.45 mmol, 1 equiv) and
AlCl; (0.98 g, 7.35 mmol, 3 equiv) in 15 mL anhydrous THF to give 4d (0.45 g, 83%) as white
solid. '"H NMR (400 MHz, DMSO) 6 8.11 (s, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.80 (d, J = 7.9 Hz,
1H),7.63 (t,J =7.9 Hz, 1H),4.99 (s,2H). *C NMR (101 MHz, DMSO) 6 193.48, 137.76, 134.32,
134.13, 131.34, 128.62, 127.54, 34.70. HRMS: m/z calcd for CoH,CIN,O [M + H]*223.0381,

found 223.0385.

2-Chloro-1-(3 4-dichlorophenyl) ethan-1-one (Sb): in a dry 250 mL round-bottom flask equipped
with a reflux condenser (under nitrogen) and dropping funnel, suspend AICl; (5.02 g, 38 mmol, 1
equiv) in 30 mL of 1,2-dichlorobenzene Sa. The suspension was cooled in an ice bath to 0 °C, then
chloroacetyl chloride (3 mL, 38 mmol, 1 equiv) was added dropwise under vigorous stirring while

maintaining the temperature below 5°C. After the addition was complete, the ice bath was
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removed, and the mixture was allowed to warm up to room temperature. Then, the reaction mixture
was heated to 100-105 °C, observing the color turned to dark red. After 12 hours, the reaction was
stopped by cautiously adding 150 mL ice cold water under stirring. the resulting mustard-colored
paste was extracted with ethyl acetate (40mL x 3). The organic layer was combined and neutralized
with saturated sodium bicarbonate solution and washed with water (50 mL) and brain. The organic
layer was dried over sodium sulfate and concentrated under reduced pressure. The remaining 1,2-
dichlorobenzene was air dried to give dark oil. The dark oil was purified with silica gel
chromatography (hexane: ethyl acetate = 25:1 to 20:1) to yield the 6b as a white solid (7.35 g,
87%).'H NMR (400 MHz, CDCl;) 6 8.03 (d,/=2.1 Hz, 1H), 7.78 (dd,J = 8.4,2.1 Hz, 1H),7.58
(d,J=8.4Hz, 1H),4.65 (s,2H).3*C NMR (101 MHz, DMSO) & 184.44, 133.96, 128.95, 128.94,

126.27,125.77,122.81, 40.66.

3-(3,4-Dichlorophenyl)-3-oxopropanenitrile (Sc¢): according to general procedure B, sodium
cyanide (3.66 g, 74.69 mmol, 2.3 equiv) in 20mL was added to a solution of Sb (7.35 g, 32.89
mmol, 1 equiv) in 20mL ethanol. After flash column chromatography (hexane: ethyl acetate = 15:1
to 10:1), 5¢ (6.51 g, 92%) was obtained as a white solid. 'H NMR (400 MHz, CDCl;) 6 8.01 (d,J
=2.1Hz,1H),7.75(dd,J=8.4,2.1 Hz, 1H),7.62 (d,J = 8.4 Hz, 1H), 4.05 (s, 2H). *C NMR (101

MHz, CDCl;) 6 185.04,139.75,134.19, 133.71, 131.33, 130.38, 127.32, 112.96, 29.39.

1-(3 4-Dichlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (5d): according to general procedure C,
NaN; (1.98 g, 30.46 mmol, 3 equiv) was added to a solution of Sc (2.17 g, 10.14 mmol, 1 equiv)
and AICl; (4.06 g, 30.46 mmol, 3 equiv) in 20mL anhydrous THF to give 5d (0.90 g, 91%) as a
white solid. '"H NMR (400 MHz, DMSO) 6 8.31 (s, 1H), 8.03 (dd,J=84,2.1 Hz, 1H),7.88 (d,J

= 8.4 Hz, 1H), 4.99 (s, 2H). *C NMR (101 MHz, DMSO) 6 192.79, 137.32, 136.12, 132.46,
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131.72, 13091, 128.87, 34.71. HRMS: m/z calcd for CoHsCL,N,O [M + HJ* 256.9991, found

256.9993.

1-([1,1'-Biphenyl]-4-yl)-2-chloroethan-1-one (6b): according to general procedure A, biphenyl 6a
(4.62 g,29.96 mmol, 1 equiv) was added to a solution of chloroacetyl chloride (3 mL, 37.64 mmol,
1.25 equiv) and aluminum chloride (5.02 g, 37.65 mmol, 1.26 equiv) in 20 mL dichloromethane.
After flash column chromatography (hexane: ethyl acetate = 25:1 to 20:1), 6b (5.44 g, 79%) was
obtained as white solid. 'H NMR (400 MHz, CDCl;) 6 8.03 (d,J =8.4 Hz,2H),7.71 (d,J =82
Hz,2H),7.62 (d,J =7.6 Hz, 2H), 7.48 (t,J = 7.5 Hz, 2H), 7.41 (t,J = 7.2 Hz, 1H), 4.73 (s, 2H).
3C NMR (101 MHz, CDCl;) 6 190.74, 146.73, 139.54, 132.92, 129.18, 129.05, 128.54, 127 .51,

127.31,45.95.

3-([1,1'-Biphenyl]-4-yl)-3-oxopropanenitrile (6c): according to general procedure B, sodium
cyanide (1.45 g, 29.48 mmol, 2.5 equiv) in 15mL was added to a solution of 2b (2.72 g, 11.79
mmol, 1 equiv) in 15 mL ethanol. After flash column chromatography (hexane: ethyl acetate =
10:1to 5:1), 6¢ (1.86 g, 71%) was obtained as a light-yellow solid. "H NMR (400 MHz, CDCl;) 6
799 (d,J=85Hz,2H),7.74 (d,J = 8.5 Hz, 2H), 7.63 (d,J = 6.9 Hz, 2H), 749 (t,J = 7.2 Hz,
2H),7.43 (t,J =7.3 Hz, 1H), 4.10 (s, 2H). *C NMR (101 MHz, CDCl;) 6 186.58, 147.50, 139.25,

132.97,129.10, 129.10, 128.74,127.72,127.32, 113.76, 29 .34.

1-([1,1'-Biphenyl]-4-yl)-2-(1H-tetrazol-5-yl)ethan-1-one (6d): according to general procedure C,
NaN; (0.66 g, 10.15 mmol, 3 equiv) was added to a solution of 6c¢ (0.75 g, 3.39 mmol, 1 equiv)
and AICI; (1.36 g, 10.20 mmol, 3 equiv) in 15 mL anhydrous THF to give 6d (0.89g, 66%) as a
white solid. 'H NMR (400 MHz, DMSO) & 8.17 (d,J = 8.1 Hz,2H),7.90 (d,J = 8.1 Hz,2H), 7.79

(d,J=75Hz,2H),7.53 (t,J =7.5Hz,2H),7.45 (t,J =7.3 Hz, 1H), 4.98 (s, 2H). 3C NMR (101
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MHz, DMSO) 6 193.90, 145.79, 139.18, 134.76, 129.69, 129.61, 129.05, 127.55, 127.52, 34.57.

HRMS: m/z calcd for C;sH,N,O [M + H]*265.1084, found 265.1085.

2-Chloro-1-(4-cyclohexylphenyl) ethan-1-one (7b): according to general procedure A,
cyclohexylbenzene 7a (4 mL, 24.51 mmol, 1 equiv) was added to a solution of chloroacetyl
chloride (2.15 mL, 26.97 mmol, 1.1 equiv) and aluminum chloride (3.6 g, 27 mmol, 1.1 equiv) in
15 mL dichloromethane. After flash column chromatography (hexane: ethyl acetate = 30:1 to
20:1),7b (4.7 g, 81%) was obtained as a white solid. "H NMR (400 MHz, CDCl;) 6 7.89 (d,J =
84 Hz,2H),7.32 (d,J =8.3 Hz,2H),4.69 (s, 2H), 2.65 - 2.51 (m, 1H), 1.98 - 1.69 (m, 5H), 1.50
— 1.18 (m, 5H). *C NMR (101 MHz, CDCl;) 6 190.71, 154.88, 132.09, 128.77, 127.40, 45.95,

44.77,34.04,26.68, 26.00.

3-(4-Cyclohexylphenyl)-3-oxopropanenitrile (7¢): according to general procedure B, sodium
cyanide (2.43 g,49.63 mmol, 2.5 equiv) in 15 mL water was added to a solution of 7b (4.7 g, 19.85
mmol, 1 equiv) in 15mL ethanol. After flash column chromatography (hexane: ethyl acetate = 20:1
to 15:1),7¢ (3.72 g, 80%) was obtained as light-yellow solid. '"H NMR (400 MHz, CDCl;) 6 7.85
(d,J=84Hz,2H),7.35(d,J =85 Hz,2H),4.04 (s,2H),2.58 (s, 1H), 1.97 - 1.69 (m, 5H), 1.52
—1.17 (m, 5H)."*C NMR (101 MHz, CDCl;) 6 186.60, 155.77, 132.15, 128.75, 127.66, 113.93,

44.80,33.99,29.24, 26.63, 25.96.

1-(4-Cyclohexylphenyl)-2-(1H-tetrazol-5-yl) ethan-1-one (7d): according to general procedure C,
NaN; (0.77 g, 11.22 mmol, 3 equiv) was added to a solution of 7¢ (0.85 g, 3.74 mmol, 1 equiv)
and AlCl; (1.50 g, 11.22 mmol, 3 equiv) in 15 mL anhydrous THF to give 7d (0.72g, 71%) as a
white solid. 'H NMR (400 MHz, DMSO) & 8.01 (d,J = 8.0 Hz,2H), 7.44 (d,J = 8.0 Hz, 2H), 4.90

(s,2H),2.62 (t,J = 11.2 Hz, 1H), 1.76 (dd, J = 35.1, 12.1 Hz, 5H), 1.53 — 121 (m, 5H). *C NMR
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(101 MHz, DMSO) 8 193.81, 154.60, 151.34, 133.86, 129.19, 127.69,44 .31, 34.38, 33.96, 26.65,

25.94. HRMS: m/z calcd for C;sH3sN,O [M + H]*271.1553, found 271.1554.

2-Bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one (8b): cupric bromide (4.25 g, 19 mmol, 2
equiv) was added to a stirring solution of 4-trifluoromethylacetophenone (1.79 mL, 9.5 mmol, 1.0
equiv) in ethyl acetate and chloroform (10 mL/10 mL). The mixture was stirred under reflux
conditions for 10 hours. When reaction completed (monitored by TLC), the reaction mixture was
filtered and evaporated under reduced. The resulting residue was dissolved in 30mL EtOAc,
washed with water (3x20 mL), 20 mL brine, dried over Na,SQO,, filtered, concentrated under
reduced pressure. The crude product was purified by silica gel chromatography to give 8b (2.12g,
83%) as a pale-yellow solid. 'H NMR (400 MHz, CDCl;) 6 8.10 (d, J = 8.1 Hz,2H), 7.77 (d,J =
8.2 Hz,2H), 4 .45 (s, 2H)."3C NMR (101 MHz, CDCl;) 6 190.40, 129.33, 128.62, 125.92, 125.71,

30.20.

3-Oxo0-3-(4-(trifluoromethyl)phenyl)propanenitrile (8c): according to general procedure B,
sodium cyanide (0.97 g, 19.9 mmol, 2.5 equiv) in 15 mL water was added to a solution of 8b (2.12
g,7.9 mmol, 1 equiv) in 15 mL ethanol. After flash column chromatography 8¢ (0.4 g, 31%) was
obtained as a yellow solid. "H NMR (400 MHz, CDCl;) 6 8.05 (d,/J=8.2 Hz,2H),7.81 (d,/=8.2
Hz, 2H), 4.11 (s, 2H). *C NMR (101 MHz, CDCl;) 6 186.26, 136.85, 136.17, 128.88, 126.31,

124.57,113.06, 29.63.

2-(1H-Tetrazol-5-yl)-1-(4-(trifluoromethyl)phenyl)ethan-1-one  (8d): according to general
procedure C, NaN; (0.37 g, 5.7 mmol, 3 equiv) was added to a solution of 8¢ (0.4 g, 1.9 mmol, 1
equiv) and AICl; (0.77 g, 5.7 mmol, 3 equiv) in 15 mL anhydrous THF to give 8d (0.28 g, 58%)

as a white solid. 'H NMR (400 MHz, DMSO) & 8.28 (d, J = 8.1 Hz, 2H), 7.98 (d, J = 8.2 Hz, 2H),
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5.04 (s, 2H). C NMR (101 MHz, DMSO) & 193.98, 139.12, 133.79, 133.47, 129.77, 126 41,
126.37, 126.34, 126.30, 34.93. HRMS: m/z calcd for C,(H;F;N,O [M + H]* 257.0645, found

257.0649.

2-Chloro-1-(3-chloro-4-methoxyphenyl)ethan-1-one (9b): according to general procedure A, 2-
chloroanisole 8ab (2.7 g, 18.94 mmol, 1 equiv) was added to a solution of chloroacetyl chloride
(1.5 mL, 18.94 mmol, 1 equiv) and aluminum chloride (3 g, 22.5 mmol, 1.2 equiv) in 20mL
anhydrous dichloromethane. After flash column chromatography (hexane: ethyl acetate = 15:1 to
10:1), 9b (3.55 g, 85%) was obtained as white solid. 'H NMR (400 MHz, CDCl;) 6 7.99 (d, J =
22Hz,1H),7.87 (dd,J=8.7,2.2 Hz, 1H),6.99 (d,J = 8.7 Hz, 1H), 4.63 (s, 2H), 3.98 (s, 3H)."*C

NMR (101 MHz, CDCl;) 6 188.89, 159.47, 130.83,129.18, 127.68, 123.33,111.52, 56 .48, 45.38.

3-(3-Chloro-4-methoxyphenyl)-3-oxopropanenitrile (9c¢): according to general procedure B,
sodium cyanide (2.38 g,40.5 mmol, 2.5 equiv) in 15 mL water was added to a solution of 9b (3.55
g, 16.2 mmol, 1 equiv) in 15 mL ethanol. After flash column chromatography (hexane: ethyl
acetate = 10:1 to 6:1),9¢ (2.45 g, 72%) was obtained as a white solid. 'H NMR (400 MHz, CDCl;)
0795(d,J=23Hz, 1H),7.84 (dd,J =8.7,2.3 Hz, 1H),7.02 (d,J = 8.7 Hz, 1H),4.01 (d,/=5.0
Hz, 5H)."*C NMR (101 MHz, CDCl;) 6 184.64, 160.09, 130.73, 129.15, 127.77, 123.75, 113.60,

111.66,56.58,29.04.

1-(3-Chloro-4-methoxyphenyl)-2-(1H-tetrazol-5-yl)ethan-1-one  (9d): according to general
procedure C, NaN; (2.28 g, 35.06 mmol, 3 equiv) was added to a solution of 9¢ (2.45 g, 11.69
mmol, 1 equiv) and AICl; (4.78 g,35.06 mmol, 3 equiv) in 15 mL anhydrous THF to give 9d (2.09
g,71%). '"H NMR (400 MHz, DMSO) & 8.12 (s, 1H), 8.08 (dd, J=8.7,2.1 Hz, 1H),7.34 (d,J =

8.7 Hz, 1H), 491 (s, 2H), 3.98 (s, 3H). *C NMR (101 MHz, DMSO) 8 192.09, 159.35, 130.61,
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130.14, 129.46, 122.07, 113.15, 57.24, 34.25. HRMS: m/z calcd for C,(H,CIN,O, [M + HJ*

253.0487, found 253.0488.

2-Bromo-1-(3-chloro-4-methylphenyl)ethan-1-one (10b): 4-methylacetophenone (5 mL, 37.4
mmol) was added dropwise to a mixture of 8 mL sulfuric acid and 8 mL nitric acid under ice bath
while maintaining the temperature below 5°C. The reaction was monitored by TLC until
completion. The reaction mixture was poured into 100 mL ice-water mix, followed by vacuum
filtration to yield 4-methyl-3-nitroacetophenone (6.5g, 97%) as a yellow solid without further
purifications. Iron powder (4.68 g, 5 equivalent) was added to a solution of 4-methyl-3-
nitroacetophenone (6.5 g, 36.28 mmol, 1 equivalent) in 40 mL MeOH/ AcOH (1:1). the reaction
was heated to 50 °C for 1 hour under N». The reaction mixture was concentrated in vacuo. EtOAc
(100 mL) and 1 M NaOH (50 mL) were then added to the residue. Precipitate was removed by
centrifugation. The aqueous layer was extracted with EtOAc (3 x 50 mL). All organic layers were
combined, dried over NaSQ4, and concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography (Hexane : EtOAc = 8:1 to 5:1) to yield 3-amino-4-
methylacetopenhone (3.5g, 64.7%) as an orange solid. the Sandmeyer reaction was performed
using standard reagents, sodium nitrite and cuprous chloride, to give 3-chloro-4-
methylacetophenone (3.0 g, 75.6%) as a precursor of 10b. Cupric bromide (7.7 g, 35.4 mmol, 2
equiv) was added to a stirring solution of 3-chloro-4-methylacetophenone (3.0 g, 17.7 mmol, 1.0
equiv) in ethyl acetate and chloroform (20 mL/20 mL). The mixture was stirred under reflux
conditions for 10 hours. When reaction was complete (monitored by TLC), the reaction mixture
was filtered and evaporated under reduced. The resulting residue was dissolved in 50 mL EtOAc,
washed with water (3x30 mL), 30 mL brine, dried over Na>SQOs, filtered, concentrated under

reduced pressure. The crude product was purified by silica gel chromatography to give 10b (3.0 g,
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70%) as an orange solid. '"H NMR (600 MHz, cdclz) 8 7.96 (d, J= 1.8 Hz, 1H), 7.76 (dd, J= 7.9,
1.9 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 4.40 (s, 2H), 2.45 (s, 3H). 3*C NMR (101 MHz, CDCI3) 8
189.94, 142.85, 135.29, 133.27, 131.34, 129.57, 127.11, 30.41, 20.45.
3-(3-Chloro-4-methylphenyl)-3-oxopropanenitrile(10c): according to general procedure B,
sodium cyanide (1.51 g, 30.8 mmol, 2.5 equiv) in 15 mL water was added to a solution of 10b (3.0
g, 12.4 mmol, 1 equiv) in 15 mL ethanol. After flash column chromatography (hexane: ethyl
acetate = 10:1 to 6:1), 10¢ (2.4 g, 99%) was obtained as a yellow solid. 'H NMR (400 MHz, CDCls)
0790 (d, J=1.9 Hz, 1H), 7.70 (dd, J = 8.0, 1.9 Hz, 1H), 7.40 (s, 1H), 4.04 (s, 2H), 2.47 (s, 3H).
BC NMR (101 MHz, CDCI3) & 185.64, 143.85, 135.64, 133.53, 131.59, 129.08, 126.56, 113.38,
29.28,20.51.

1-(3-Chloro-4-methylphenyl)-2-(1H-tetrazol-5-yl)ethan-1-one(10d):  according to  general
procedure C, NaNj3 (2.42 g, 37.2 mmol, 3 equiv) was added to a solution of 10¢ (2.4 g, 12.3 mmol,
1 equiv) and AICI3 (4.96 g, 37.2 mmol, 3 equiv) in 25 mL anhydrous THF to give 10d (2.1 g, 71%)
as a white solid. "H NMR (400 MHz, DMSO) 6 8.09 (d, /= 1.8 Hz, 1H), 7.95 (dd, /= 8.0, 1.9 Hz,
1H), 7.58 (d, J = 8.0 Hz, 1H), 4.95 (s, 2H), 2.43 (s, 3H).!*C NMR (101 MHz, DMSO) & 193.11,
142.56, 135.51, 134.44, 132.19, 129.15, 127.58, 34.56, 20.34. HRMS: m/z calcd for C1oHoCINsO
[M + H]*237.0538, found 237.0535.

2-Chloro-1-(3-chloro-4-cyclohexylphenyl)ethan-1-one (11b): similar to the synthesis of 10b,
acetyl chloride (4.5 mL, 63 mmol) was first added to a mixture of 7a (10 mL, 61.3 mmol) and
aluminum chloride (8.4 g, 63 mmol) in 30 mL DCM to yield 1-(4-cyclohexylphenyl)ethan-1-one
(12.4g, 90%), followed by aromatic nitration using sulfuric acid and nitric acid, reduction of the
nitro group to amino group using iron powder in methanol and acetic acid (1:1), and conversion

of the amino group to chloride by a Sandmeyer reaction to yield 1-(3-chloro-4-
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cyclohexylphenyl)ethan-1-one (2.8 g,20.0%) as a precursor of 11b. N-Chlorosuccinimide (NCS)
(158 g, 11.8 mmol, 1 equiv) was added to a stirring solution of 1-(3-chloro-4-
cyclohexylphenyl)ethan-1-one (2.8 g, 11.8 mmol, 1.0 equiv) and p-toluenesulfonic acid
monohydrate (2.25 g, 11.8 mmol, 1 equiv) in anhydrous acetonitrile (15 mL). The mixture was
stirred under reflux conditions for 4 hours. When reaction was complete (monitored by TLC), the
reaction mixture was evaporated under reduced. The resulting residue was dissolved in 40 mL
EtOAc, washed with water (3x30 mL), 30 mL brine, dried over Na,SQ,, filtered, concentrated
under reduced pressure. The crude product was purified by silica gel column chromatography
(Hexane : EtOAc = 30:1 to 20:1) to give 11b (2.31g, 72%) as white solid. 'H NMR (400 MHz,
CDCl3) 6 7.94 (d,J = 1.9 Hz, 1H), 7.80 (dd, J = 8.2, 1.9 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 4.64
(s,2H),3.06 (ddd,J=11.5,8.5,3.0 Hz, 1H), 1.94 — 1.79 (m, 5H), 1.51 — 1.31 (m, 5H). *C NMR
(101 MHz, CDCl5) § 189.77, 151.34, 134.46, 133.00, 129.65, 127.66, 127.03,45.57,40.95, 32.75,

26.66,26.06.

3-(3-Chloro-4-cyclohexylphenyl)-3-oxopropanenitrile (11¢): according to general procedure B,
sodium cyanide (0.36 g, 7.35 mmol, 2.5 equiv) in 10 mL water was added to a solution of 11b
(0.79 g, 2.9 mmol, 1 equiv) in 10 mL ethanol. After flash column chromatography (hexane: ethyl
acetate = 12:1 to 6:1), 11c (0.45 g, 59%) was obtained as a yellow solid. 'H NMR (400 MHz,
CDCl3) 6 7.89 (d,J =2.0 Hz, 1H), 7.76 (dd, J = 8.2,2.0 Hz, 1H), 7.42 (d, J = 8.2 Hz, 1H), 4.02
(s,2H),3.07 (t,J=11.5 Hz, 1H), 1.85 (dd, J = 33.5,12.6 Hz, 5H), 1.49 — 1.21 (m, 5H). *C NMR
(101 MHz, CDCls) 6 134.78,134.75,133.72,129.53,127.92,126 .91, 118.23,41.02,32.71,29.25,

26.61,26.02.

1-(3-Chloro-4-cyclohexylphenyl)-2-(1 H-tetrazol-5-yl)ethan-1-one (11d): according to general

procedure C, NaN3 (0.30 g, 4.6 mmol, 3 equiv) was added to a solution of 11¢ (0.40 g, 1.5 mmol,
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1 equiv) and AICI3 (0.61 g, 4.6 mmol, 3 equiv) in 15 mL anhydrous THF to give 11d (0.30 g, 64%)
as a white solid. 'H NMR (400 MHz, DMSO) 6 8.08 (d, /= 1.9 Hz, 1H), 7.99 (dd, /= 8.2, 1.9 Hz,
1H), 7.60 (d, J = 8.2 Hz, 1H), 4.94 (s, 2H), 3.01 (ddd, /= 12.2, 8.5, 3.0 Hz, 1H), 1.93 — 1.69 (m,
5H), 1.56 — 1.18 (m, 5H). *C NMR (101 MHz, DMSO) 4 193.11, 150.57, 135.19, 133.53, 129.62,
128.55, 127.98, 40.96, 34.54, 32.61, 26.70, 25.93. HRMS: m/z calcd for CisH17CIN4O [M + H]*

305.1164, found 305.1160.
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Scheme 2.5.2. Preparation of 1-(4-(benzyloxy)-3-chlorophenyl)-2-chloroethan-1-one (12b). (a)
Mel, K,CO;, acetone, reflux, 8hrs. (b) acetyl chloride, AICl;, DCM, 0°C-rt, Shrs. (c)AICl;,
anhydrous benzene, reflux, 6hrs. (d) PhCH,Br, K,COs;, acetone, reflux, 2hrs. (e) NCS,

TsOH-H,0O, MeCN, reflux, 8hrs.

2-Chloroanisole (12ab): to a stirring solution of 2-chlorophenol (10 mL, 98 mmol, 1 equiv) and
potassium carbonate (20.32 g, 147 mmol, 1.5 equiv) in 50 mL acetone, methyl iodide (9.15 mL,
147 mmol, 1.5 equiv) was added. The reaction mixture was heated to reflux. When the reaction
was completed (checked by TLC), the reaction mixture was filtered and concentrated under
reduced pressure to remove the acetone. Then, the resulting residue was dissolved in ethyl acetate
(50 mL), washed with water (30 mL x 3) and brine, dried over sodium sulfate, concentrated under
reduced pressure to yield a colorless oil, 12ab (11.73 g, 84%). No further purification needed. '"H
NMR (400 MHz, CDCl;) 6 7.36 (dd,J=7.8,1.6 Hz, 1H),7.25-7.17 (m, 1H), 6.90 (ddd,J=17.1,
7.9, 1.4 Hz, 2H), 3.89 (s, 3H).*C NMR (101 MHz, CDCl;) 6 155.07, 130.27, 127.74, 122.53,

121.30, 112.18, 56 .07.
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1-(3-Chloro-4-methoxyphenyl)ethan-1-one (12ac): To a stirring suspension of acetyl chloride
(4.52 mL, 63.33 mmol, 1 equiv) and aluminum chloride (8.44 g, 63.33 mmol, 1 equiv) in 40 mL
anhydrous dichloromethane on ice bath, 12ab (9.03 g, 63.33 mmol, 1 equiv) was slowly added
while maintaining the temperature below 5°C. The ice bath was then removed, and the reaction
was stirred at room temperature while being monitored by TLC until completion. Then, the
reaction mixture was slowly poured into cold-ice water with stirring, extracted with DCM (30
mLx3). Organic layer was combined, washed with water, brine, dried over Na,SO, and
concentrated under vacuum to give crude acylated product. Flash column chromatography was
then performed (hexane: ethyl acetate = 20:1 to 12:1) to give pure 12ac as a milk-white solid
(11.69 g, 100%).'H NMR (400 MHz, CDCl5) 6 7.96 (d,J =2.2 Hz, 1H), 7.84 (dd, J = 8.6,2.2 Hz,
1H), 6.95 (d, J = 8.6 Hz, 1H), 3.96 (s, 3H), 2.54 (s, 3H). 3*C NMR (101 MHz, DMSO) 8 190.87,

153.95,125.98,125.74, 124,01, 118.00, 106.49, 51.58, 21 45.

1-(3-Chloro-4-hydroxyphenyl)ethan-1-one (12ad):12ac (11.69 g, 63.32 mmol, 1 equiv) was added
to a stirring suspension of aluminum chloride (12.66 g,94.95 mmol, 1.5 equiv) in 60 mL anhydrous
benzene at room temperature. Then the reaction mixture was heated and refluxed for 6 hours
(checked by TLC). The reaction mixture was cooled down to room temperature, poured into ice-
cold water, extracted with ethyl acetate (50 mL x 3). The organic layers were combined, washed
with water, brine, dried over sodium sulfate, concentrated under reduced pressure. The residue was
purified by silica gel chromatography to give pure 12ad as a light-pink solid (8.45g,82%) '"H NMR
(400 MHz,) 6 7.99 (d, J = 2.1 Hz, 1H), 7.82 (dd, J = 8.5, 2.1 Hz, 1H), 7.08 (d, J = 8.5 Hz, 1H),
6.15 (s, 1H), 2.55 (s, 3H)."*C NMR (101 MHz, CDCl;) 6 195.61, 155.50, 131.21, 129.81, 129.27,

120.44,116.09, 26.24.
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1-(4-(Benzyloxy)-3-chlorophenyl)ethan-1-one (12ae): benzyl bromide (1.73 mL, 14.10 mmol, 1
equiv) was added to a suspension of 12ad (2.4 g, 14.0 mmol, 1 equiv) and K,CO5(1.95 g, 14.1
mmol, 1 equiv) in acetone (20 mL). The reaction mixture was refluxed for 2 hours (checked by
TLC). Then the reaction mixture was filtered after cooling to room temperature. Acetone was
removed under reduced pressure, then water was added to the resulting residue, filtered, washed
the filer cake with water, dried under air to give a peach-colored solid (3.6g, 98%). No further
purification was needed. '"H NMR (400 MHz, CDCl;) 6 8.00 (d,/=2.2 Hz, 1H),7.81 (dd,J = 8.7,
2.2 Hz, 1H), 7.48 — 7.30 (m, 5H), 6.99 (d, J = 8.6 Hz, 1H), 5.22 (s, 2H), 2.53 (s, 3H). *C NMR
(101 MHz, CDCl3) 6 195.65, 157.90, 135.70, 131.04, 130.76, 128.73, 128.58, 128.27, 127.03,

123.51,112.87,70.88, 26.26.

1-(4-(Benzyloxy)-3-chlorophenyl)-2-chloroethan-1-one (12b): N-chlorosuccinimide (NCS) (1.8
g, 13.4 mmol, 1 equiv) was added to a stirring solution of 12ae (3.48 g, 13.4 mmol, 1.0 equiv) and
p-toluenesulfonic acid monohydrate (2.55 g, 13.4 mmol, 1 eq) in acetonitrile (20 mL). The mixture
was stirred under reflux conditions for 8 hours. When reaction completed (monitored by TLC), the
reaction mixture was evaporated under reduced. The resulting residue was dissolved in 40mL
EtOAc, washed with water (3x30mL), 30mL brine, dried over Na,SOy, filtered, concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography to give
12b (2.44 g, 62%) as white solid. 'H NMR (400 MHz, CDCl;) & 8.02 (d, J = 2.2 Hz, 1H), 7.83
(dd,J=8.6,2.2 Hz, 1H), 7.49 - 7.30 (m, 5H), 7.03 (d, J = 8.7 Hz, 1H), 5.25 (s, 2H), 4.60 (s, 2H).
3C NMR (101 MHz, CDCl;) 6 188.89, 158.61, 135.44, 131.01, 129.02, 128.79, 128.38, 127.87,

127.03, 123.96, 113.04, 70.99, 45 .30.

3-(4-(Benzyloxy)-3-chlorophenyl)-3-oxopropanenitrile (12¢): according to general procedure B,

sodium cyanide (0.51 g, 10.41 mmol, 2.5 equiv) in 15mL water was added to a solution of 12b
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(1.22 g,4.13 mmol, 1 equiv) in 15 mL ethanol. After flash column chromatography (hexane: ethyl
acetate = 3:1 to 2:1), 12¢ (1.06 g, 90%) was obtained as a white solid. 'H NMR (600 MHz, cdcl;)
0798 (s,1H),7.79 (d,J =8.6 Hz, 1H),7.47 - 7.34 (m, 5H), 7.05 (d, J = 8.6 Hz, 1H), 5.26 (s, 2H),
4.02 (s, 2H). 3C NMR (101 MHz, CDCl;) & 184.60, 159.20, 135.22, 130.85, 128.97, 128.83,

128.47,127.91,127.04,124.32,113.55,113.16,71.11,29.02.

1-(4-(Benzyloxy)-3-chlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (12d): according to general
procedure C, NaNj (0.18 g,2.77 mmol, 3 equiv) was added to a solution of 12¢ (0.26 g,0.91 mmol,
1 equiv) and AlCl; (0.36 g,2.7 mmol, 3 equiv) in 15 mL anhydrous THF to give 12d (0.21 g, 70%)
as white solid. 'H NMR (400 MHz, DMSO) 6 8.14 (d, J = 2.2 Hz, 1H), 8.06 (dd, J = 8.7,2.2 Hz,
1H),7.50 (d,J=7.0 Hz,2H), 7.46 — 7.40 (m, 3H), 7.39 — 7.34 (m, 1H), 5.37 (s, 2H), 4 91 (s, 2H).
3C NMR (101 MHz, DMSO) & 192.10, 158.36, 136.41, 130.72, 130.00, 129.63, 129.06, 128.65,
128.04, 122.54, 114.40, 70.96, 34.26. HRMS: m/z calcd for C,sH;;CIN,O, [M + H]*329.0800,

found 329.0797.

2.6 Conclusion

Our investigation into the bio-isosteric replacement of the carboxylic acid with a tetrazole
group has led to the discovery of a series of novel derivatives. Through extensive SAR analysis,
we identified the cyclohexyl group as an optimal substituent for accommodating the hydrophobic
region, offering superior fit compared to other functional groups. Crystal structures of compounds
4, 6, and 7 revealed that the tetrazole moiety forms extensive interactions with surrounding
residues through both direct hydrogen bonds and water-mediated bridges. These findings provide
valuable insights into protein—ligand interactions and will help in the development of more potent

and promising KMO inhibitors.
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CHAPTER 3
5-NITROKYNURENINE AS AN UNCOUPLER OF BOTH PSEUDOMONAS FLUORESCENS
AND CYTOPHAGA HUTCHINSONII KYNURENINE MONOOXYGENASE

3.1 Introduction

Over the past two decades, kynurenine monooxygenase (KMO) has been of great
therapeutic interest because of its involvement in defining the balance between N-Methyl-D-
aspartic acid (NMDA) receptor agonism and antagonism.’? Furthermore, the hydroxylation of
kynurenine (KYN) by KMO (Figure 3.1.1) is the entry point to the synthesis of two free radical

)?%- 190 and an

generators: 3-hydroxykynurenine (3-HK) and 3-hydroxyanthranillic acid (3-HAA
NMDA receptor agonist, quinolinic acid (QA)?> 101-193, KMO inhibition has therefore emerged as
a therapeutic target for neurogenerative disorders such as Alzheimer’s (AD) and Huntington (HD)
and Parkinson’s (PD) diseases!®* 195, KMO inhibition not only eradicates the production of the
above neurotoxic metabolites, but it also promotes an increased production of a neuroprotectant
NMDA receptor antagonist!®®: Kynurenic acid. Since KMO and KAT share the same substrate,
the inhibition of KMO increases the bioavailability of KYN, which, in turn leads to
neuroprotection as it increases the levels of KA in the brain. Chronic oral administration of a KMO
inhibitor, JM6, in a transgenic mouse model of AD reduced extracellular glutamate owing to the
increase of KA levels in the brain. KMO inhibition also results in amelioration of HD symptoms

in a mouse model.!% Brain changes associated with AD, such as high-affinity to choline and a

significant decrease in cortical choline acetyltransferase, were observed when QA was introduced
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in the nucleus basalis of rats; however, when KA and QA were co-injected, there were no such

changes, suggesting that KA protects the brain against damages caused by QA neurotoxicity.!%
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Figure 3.1.1. Schematic overview of kynurenine pathway highlighting metabolites involves in

neurotoxicity (red labels) and neuroprotection (green label).
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Figure 3.1.2. Structure of 5-nitrokynurenine, a proposed kynurenine analog binder.
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Kynurenine analogs were the first set of KMO binders to be examined for competitive inhibition3*
107. 108 " Given their structural similarities with the physiological substrate, they often bind to the
active site with greater affinity than KYN and competitively inhibit KMO. Both structure activity
relationships (SAR) and crystallographic studies had shown that the key requirement for KMO
inhibition are: The aromatic moiety to occupy the hydrophobic region in the active site; and
approximately three spacers atoms between the aromatic region and the carboxylic acid moiety in
order to keep charge-charge interaction with a conserved Arginine residue in the active site.®” 7
The SAR studies revealed that the amino group does not involve in binding between ligands and
active site. Since KMO is a NADPH dependent flavoenzyme, substrate-like inhibitors can
stimulate FAD reduction of dioxygen without going through hydroxylation as expected for
monooxygenases, a phenomenon that leads to the accumulation of hydrogen peroxides.®® The
paradoxical importance of these enzymes led us to develop 5-nitrokynurenine (5-Nkyn, Figure
3.1.2), a kynurenine analog, with the potential to inhibit KMO and thus shift the pathway towards
neuroprotection. meta-Nitrobenzoylalanine (m-NBA), the desamino analog of 5-NKyn, was
shown previously to inhibit KMO in rats.”’
3.2 Materials and Methods

Expression and purification of Cytophaga hutchinsonii KMO (chKMO). chKMO was
expressed in E. coli BL21 (DE3). A single colony grown on LB/kanamycin agar plates, was
removed, and transferred to 5 ml of sterile LB broth with 5ul kanamycin for overnight at 37 °C
with shaking at 180 rpm. That overnight culture was then added to separate 1 L flasks containing
1 L Studier autoinduction'® medium supplemented with 200 mg/L kanamycin. The cells were
grown at 37 °C for 24 hours with shaking (220 rpm). Cells were then collected by centrifugation

for 15 minutes at 4000 rpm at 4 °C and stored at -80°C until used for enzyme purification. Cells
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were resuspended in 30 ml 0.05M Tris-acetate buffer supplemented with 1 mM DTT, 0.2% Triton
X-100, and 5 uM FAD. The yellow suspension was sonicated on ice in 4 20-second bursts with 3
minutes cooling between bursts. Debris were removed by centrifugation for 1 hour 30 minutes at
4000 rpm at 4 °C. The enzyme solution from the previous step was loaded on the Ni-chelate
column equilibrated with 0.05 M Tris-acetate buffer (pH 8.0, 5 uM FAD, 0.5 mM DTT), followed
by washing with 100 ml 0.05M Tris-acetate buffer (PH 8.0, 5 uM FAD, 0.5 mM DTT, 20 mM
imidazole) buffer. The protein was eluted using 0.05 M Tris-acetate buffer (0.2 M mannitol, 0.2%
Triton X-100, 5 uM FAD, 1 mM DTT, 200 mM imidazole, pH 8.0). The fractions that possessed
a brilliant yellow color and contained significant KMO activity (steady state observations section)
were pooled and concentrated using a centrifugal concentrator (30 kDa cutoff) at 4 °C for 1 hour
3 times using the exchange buffer (0.05 M Tris-acetate buffer pH 8.0, 5 uM FAD, 0.5 mM DTT).
For further purification, the protein was loaded onto a DEAE-Sepharose column (30 cm - 2.5 cm)
pre-equilibrated with the same buffer used for Ni-NTA column, followed by washing with the
same buffer with 20 mM NaCl. The protein was eluted overnight using 0.05 M Tris-acetate buffer
and 200 mM NaCl. The fractions that possessed a brilliant yellow color and contained significant
KMO activity were pooled and concentrated using a centrifugal concentrator (30 kDa cutoff) at 4
°C for 1 hour. The concentrated KMO was then distributed into several Eppendorf tubes, flash
frozen with liquid nitrogen, then stored at -80°C. The concentration of KMO was measured at 280
nm (Ae= 12300 M™! cm™) by Nanodrop.

Expression and purifications of Pseudomonas fluorescens KMO (pfKMO)%. pfKMO was
expressed in E. coli BL21 (DE3). A single colony grown on LB/ampicillin agar plates was
transferred to 5 ml of sterile LB broth with Spg/ml ampicillin for overnight at 37 °C with shaking

at 180 rpm. That overnight culture was then added to separate 1 L flasks containing 1 L Studier
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autoinduction medium supplemented with 200 mg/L ampicillin. The cells were grown at 25 °C for
24 hours with shaking (220 rpm). Cells were then collected by centrifugation for 15 minutes at
4000 rpm at 4 °C, resuspended in 20 mM HEPES pH 7.5, 10 mM NaCl, 1 mM DTT. The light-
yellow suspension was sonicated on ice in 4 20-second bursts with 4 minutes cooling between
bursts. Debris were removed by centrifugation for 1 hour 30 minutes at 4000 rpm at 4 °C. The
enzyme solution from the previous step was loaded on the DEAE Sepharose column equilibrated
with 20 mM HEPES pH7.5, 1 mM DTT with 10 mM NaCl, followed by eluting with 100 ml 20
mM HEPES pH7.5, 1 mM DTT with 100 mM NacCl. Fractions containing KMO were combined
and precipitated in 50% saturated ammonium sulphate. The precipitated protein was collected by
centrifuge at 4000 rpm at 4 °C, resuspended in SmL size exclusion buffer (10 mM HEPES pH 7.0,
150 mM sodium acetate, | mM DTT) and passed down a Sephacryl S-300 column. Fractions with
pure KMO were pooled and distributed into several Eppendorf tubes and stored at -80°C. The
concentration of KMO was measured by Nanodrop.

Steady-state Kinetics. The enzyme activities were determined by monitoring the NADPH
consumption at 340 nm. For KMO the reaction mixture consisted of total 800 ul of buffer (0.05 M
Tris-acetate, pH 8.0 for chKMO or 0.02 M HEPES for pfKMO, 1 mM DTT, 5 uM FAD, 0.015M
KCl, 0.2 mM NADPH), varied concentrations of kynurenine or 5-Nkyn and 22 uM enzyme.
Reaction was initiated by the addition of 10 pl of enzyme sample. Kinetic parameters were
determined by initial-velocity measurements at varying concentrations of substrates. the Michaelis

constant ,K,, was calculated using GraphPad Prism 10.

High-performance liquid chromatography. The reaction of 5-NKyn was measured by following
the product formation using a Nucleosil 120-5 C-18 silica gel column from Machery-Nagel. The

reaction mixture consisted of 100 pl reaction buffer (0.05 M Tris-acetate pH 8.0 for chKMO or
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0.02 M HEPES pH 7.5 for pfKMO, 1 mM DTT, 5 uM FAD, 50 uM kynurenine) 100 uM NADPH,
4 uM KMO, (0-100 uM) of 5-NKyn. Elution was in 0.1% acetic acid/5% methanol for 5 minutes,
then a gradient from 5% methanol to 70% methanol at 25 minutes was applied.
Synthesis of 5-Nitrokynurenine. 5-NKyn was prepared from L-tryptophan, starting with
esterification to give tryptophan methyl ester hydrochloride 2, and then acetylation to give
intermediate N-acetyl tryptophan methyl ester 3 (Scheme 3.4.1). Oxidative ring-opening of indole,
and second acetylation gave N* N-diacetyl kynurenine methyl ester 4, which was followed by
electrophilic aromatic nitration to give N® N-diacetyl-5-nitro-L-kynurenine methyl ester 5.
Hydrolysis of 5 led to the formation of desired compound 5-NKyn (details see 3.4 Chemistry).
3.3 Results and discussion

In this study, we present the novel synthesis of 5-NKyn and its inhibition potential using
biochemical KMO inhibition and binding assays. The nitration of 5-NKyn was unexpectedly
challenging. Reaction of protected kynurenine under standard nitration conditions (HNO3:H2SOs4,
1:1) resulted in unreacted starting material. This is most likely due to the protonation of the
substrate in the strongly acidic medium resulting in deactivation. Under more severe conditions,
KNO3; in H2SOg4, nitration proceeded, but there were a number of products detected by TLC.
Hence, we tried a less acidic solvent, trifluoroacetic acid, with LiNOj; and stoichiometric H2SO4.!1?
This condition resulted in rapid reaction to form two nitrated products by TLC. The 5-nitrated
product can be easily separated from the 3-nitro product by column chromatography. Hydrolysis
of the protected 5-nitrokynurenine was performed, giving the desired 5-nitrokynurenine isolated
in modest yield.

Our interest in 5-nitrokynurenine is based on the reaction mechanism of KMO.% Our initial

hypothesis was that 5-NKyn may act as inhibitor, substrate, or a non-substrate effector of KMO,
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like most other kynurenine analogs.%*-%” We observed a high blank rate in inhibition assays in the
presence of 5-Nkyn for both chKMO and pfKMO, which suggested that it could be either an
uncoupler of NADPH oxidation, or a potential KMO substrate as observed in other kynurenine
analogs. In order to calculate the Michaelis constant K for 5-NKyn, inhibition assays were then
performed without adding substrate kynurenine. As we expected the rate of consumption of
NADPH increased as we increased the concentrations of 5-NKyn for both chKMO and pfKMO
(figure 3.3.1). The plot was fitted to the Michaelis-Menten equation to give Ky of 7 £ 1 uM for

pfKMO and 6 + 3 uM for chKMO. They are 10-fold and 12-fold lower than the Km of L-kyn

(67+15 uM),?’ respectively, suggesting a stronger binding than L-kyn to KMO.
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Figure 3.3.1: Consumption rate of NADPH vs the varied concentrations of 5-Nkyn with chKMO

(A) and pfKMO (B).

Given that the 3-position on the aromatic ring was still open, we thought that 5-NKyn could be
also acting as a substrate of KMO. However, using HPLC, we did not observe a new peak with

absorbance around 370-400 nm as expected for where hydroxylation of kynurenines occur (Figure
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3.3.2) which indicated that indeed, 5-NKyn was consuming NADPH without hydroxylation, a

phenomenon associated in the accumulation of highly toxic oxygen species® .

Kyn

Absorbance

lme (min.)

Figure 3.3.2: HPLC analysis of 5-Nkyn reaction with KMO-orange line; black line: control;

blue line: reaction of kynurenine with KMO.

The structurally similar KMO ligand, m-nitrobenzoylalanine (m-NBA), had already been shown
to function as both an inhibitor or a substrate effector of KMO depending on the enzyme species.®’
Another structurally similar KMO inhibitor, 5-bromo-L-kynurenine, was found to not only oxidize
NADPH and reduce FAD but also get hydroxylated to form the 5-bromo-3-hydroxykynurenine
product.®- 7 Relative to 5-Nkyn, the enhanced deactivation effect is attributed to the nitro group,
which is a more deactivating group compared to the bromo group. The presence of the nitro group
significantly reduces the reactivity of the aromatic system, thereby inhibiting the electrophilic
aromatic hydroxylation. Consequently, 5-Nkyn is defined as an uncoupler , stimulating oxidation

of NADPH to generate H>O».
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Using Autodock Vina, we followed the protocol proposed and validated by Amaral®’, Toledo-
Sherman®® and Steven® to assess the binding mode of this compound. As expected for KMO
binders, 5-NKyn interacted with the conserved Arg 83 residue in the active site via its carboxylate
moiety. The benzene ring of 5-NKyn also occupies the hydrophobic pocket close to the FAD
binding site where the nitro group forms interactions with FAD and water molecule. This explains

the stronger binding for 5-Nkyn that kynurenine doesn’t form hydrogen bonds with FAD and water

molecule.

Figure 3.3.3: Active site of yeast KMO (PDB: 4J36) in complex with 5-NKyn.

In conclusion, 5-NKyn functions as an uncoupler of KMO. The introduction of a nitro group on
the aromatic ring prevents the formation of hydroxylated product by deactivating the ring.
However, adding a nitro group greatly increases the binding affinity to the active site, owing to the
hydrogen bond formation between nitro group and FAD and water molecule. We believe this 5-

NKyn will offer us better insight into the development of more potent inhibitors of KMO.
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3.4 Chemistry
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Scheme 3.4.1. Synthesis of 5-NKyn.

Tryptophan methyl ester hydrochloride (2): Tryptophan (4.90 g, 24 mmol) 1 was added
to a solution of chlorotrimethylsilane (6 mL, 48 mmol) in methanol (45mL). The resulting solution
was stirred at room temperature until completion (monitored by TLC). The reaction mixture was
concentrated on a rotary evaporator to give the product tryptophan methyl ester hydrochloride 2
(6.13 g, 98%) as a white solid. 'H NMR (400 MHz, Deuterium Oxide) & 7.53 (d, J = 8.5 Hz, 1H),
7.45 (d,J=7.9 Hz, 1H), 7.26 — 7.05 (m, 3H), 4.37 (s, 1H), 3.71 (s, 3H), 3.40 (t, ] = 7.0 Hz, 2H).
BC NMR (101 MHz, Deuterium Oxide) § 170.44, 136.27, 126.36, 125.37, 122.24, 119.60, 118.02,
112.06, 105.99, 53.55, 53.31, 25.66.

Synthesis of N-acetyl tryptophan methyl ester(3): Tryptophan methyl ester hydrochloride (6.13
g ) 2 was dissolved in 100 mL water. 50 mL 2M sodium hydroxide was added to the solution,
immediately followed by adding 10 mL acetic anhydride. The solution was allowed to stir for 10

minutes. Precipitates were filtrated and washed with 100 mL water to afford the product N-acetyl
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tryptophan methyl ester 3 (4.82g, 77%) as white powder. 'H NMR (400 MHz, Chloroform-d) &
8.38 (s, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.34 (s, 1H), 7.15 (dt, J = 29.0, 7.3 Hz, 2H), 6.95 (s, 1H),
6.07 (d, J =7.9 Hz, 1H), 4.98 —4.92 (m, 1H), 3.69 (s, 3H), 3.32 (t, ] = 6.2 Hz, 2H), 1.94 (s, 3H).
13C NMR (101 MHz, Chloroform-d) 8 172.49, 169.90, 136.16, 127.74, 122.78, 122.24, 119.70,
118.50, 111.37, 109.96, 53.12, 52.40, 27.61, 23.23.

Synthesis of N* N-diacetyl-L-kynurenine(4):

4.82 g of N“*-acetyl tryptophan methyl ester 3 was dissvoled in 60 ml methanol and cooled to -78
°C using a dry ice / acetone bath. Ozone was bubbled through the cold reaction mixture while
maintaining temperature below at -70 °C. Reaction was monitored by TLC until completion. The
RM was quenched with sodium bisulphite solution (prepared by dissolving 40 gm of sodium
bisulfite in 120 ml water) and stirred for about 10 mins as the RM attains RT. Methanol was
removed under reduced pressure and 50 ml water was added to the residue. Extract the residue
with two 30 ml EtOAc (x3). The EtOAc layers were combined and washed with 50 ml water,
followed by 50 ml brine. The organic layer was dried over anhydrous sodium sulfate and
concentrated under vacuum to give yellow oil (4.33 g) which is used as it is for the next acylation
step. The oil from the previous step was dissolved in 60 ml MeOH. 10 ml trifluoroacetic acid
(TFA) was added. The RM was stirred at RT and monitored by TLC until completion. The RM
was concentrated under vacuum to remove the solvent MeOH and yielded 6.22 g of a reddish-
brown oil. Then the oil was dissolved in 100ml chloroform, added 10 ml acetic anhydride. The
RM was stirred at RT for about 3 hrs until completion. The RM was washed with two 50 ml
portions of saturated sodium bicarbonate solution followed by 50 ml brine. Dried the organic layer
over anhydrous sodium chloride, concentrated under vacuum to remove the solvent completely.

The resulting oil was taken in about 20 ml n-hexane. A spatula was used to scratch the inner walls
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to induce crystallization. The solid was filtered, washed with n-hexane, and allowed to air dry to
afford 4 as light yellow solid (2.78g, 49%).'"H NMR (400 MHz, Chloroform-d) & 11.45 (s, 1H),
8.74 (d, 1H), 7.90 (d, 1H), 7.58 (t, 1H), 7.13 (t, 1H), 6.56 (d,1H), 4.99 (t, 1zH), 3.77 (s, 3H), 3.83-
3.66 (m, 2H), 2.24 (s, 3H), 2.04 (s, 3H)."*C NMR (101 MHz, Chloroform-d) & 201.94, 171.67,
169.88, 169.47, 141.36, 135.89, 130.94, 122.53, 120.86, 120.61, 52.83, 48.19, 41.78, 25.67, 23.19.
N“N-diacetyl-4-nitro-L-kynurenine methyl ester(5): Lithium nitrate (0.849 g, 12.31 mmol) and
N,N-diacetyl-L-kynurenine methyl ester 4 (0.94 g, 3.07 mmol) was added to 5 mL trifluoroacetic
acid, with stirring. Then, 1.36 mL H>SO4 (24.48 mmol) was added, and the orange solution was
stirred at room temperature. After 5 hours, TLC (EtOAc) showed that the reaction was complete.
The reaction mixture was diluted with 50mL water and extracted with 20mL x3 ethyl acetate. The
organic layers were combined and concentrated under reduced pressure. The residue was purified
by column chromatography (hexane: ethyl acetate = 3:1 to 1:2) to give 5 as yellow solid (0.52 g,
48%). 'H NMR (400 MHz, Chloroform-d) 6 11.74 (s, 1H), 9.00 (d, J = 9.3 Hz, 1H), 8.80 (d, J =
2.4 Hz, 1H), 8.41 (dd, J =9.3,2.5 Hz, 1H), 6.50 (d, ] = 7.7 Hz, 1H), 5.02 (dd, ] = 7.8, 4.1 Hz, 1H),
3.84 (dd, J=10.6, 3.7 Hz, 2H), 3.79 (s, 3H), 2.31 (d, J = 1.6 Hz, 3H), 2.05 (s, 3H).!3C NMR (101
MHz, Chloroform-d) 6 201.06, 171.30, 169.90, 169.78, 146.30, 141.47, 130.31, 126.68, 121.03,
119.72, 53.02, 48.20, 41.97, 25.81, 23.15.

Synthesis of S-nitro-L-kynurenine(5-NKyn): 6M HCI (10mL) was added to N*N-diacetyl-4-
nitro-L-kynurenine 5 (0.18 g, 0.512mmol) and refluxed overnight. The resulting solution was dried
under reduced pressure. The residue was dissolved in 5 mL water and passed through a cation
exchange column Dowex-50-X8 (H"), washed with water until the washings were colorless. The
products were then eluted with 8 mL ammonium hydroxide. The orange filtrate was collected and

dried under reduced pressure. The residue was triturated with acetone and the precipitates were
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filtered to afford 4-nitro-L-kynurenine 6 as red-brown solid (18.3 mg, 15%). '"H NMR (400 MHz,
Deuterium Oxide) 8.59 (s, 1H), 7.95 (d, J=8.0Hz, 1H), 6.69 (d, J=8.0 Hz, 1H), 3.62 (s, 1H). 13C
NMR (101 MHz, Deuterium Oxide): 201.61, 181.87, 155.69, 135.30, 129.76, 129.33, 117.36,
115.29, 52.64. HRMS: m/z calcd for C10H11N30s [M + H]+ 254.0771, found 254.0774.
3.5 Conclusion

In conclusion, 5-NKyn functions as an uncoupler of KMO. The introduction of a nitro
group on the aromatic ring prevents the formation of hydroxylated product by deceiving the ring.
However, adding a nitro group greatly increases the binding affinity to the active site, owing to the
hydrogen bond formation between nitro group and FAD and water molecule. We believe this 5-

NKyn will offer us better insight into the development of more potent inhibitors of KMO.
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CHAPTER 4
NITRATION OF DEACTIVATED AROMATIC COMPOUNDS USING LITHIUM NITRATE
4.1 Introduction
As crucial organic compounds and synthetic precursors, nitroarenes have played a
significantly important role in dyes'!!, materials''?, pesticides!!3, explosives!!¥, and
pharmaceuticals'!®. Electrophilic nitration is one of the most important chemical reactions in

making nitro aromatic compounds!!®-!!8

. Electrophilic nitration involving electron-rich or
activated aromatic compounds is comparatively straightforward and feasible, facilitated by the
presence of activated functional groups on the aromatics that enhance the attack on the nitronium
ion. However, electrophilic nitration on deactivated aromatics continues to have significant
challenges. The standard condition for nitration uses large amounts of strong mineral acids, such
as nitric acid and sulfuric acid!'!®> '2°, This method is environmentally unfriendly and costly to
manage. In addition, this traditional method has shown challenges for nitration of deactivated
aromatic compounds, as well as functional group tolerance. Thus, different methods have been
developed for nitration of deactivated aromatic compounds. For example, N-nitro-type reagents,

such as dinitro-5,5-dimethylhydantoin'?!,  N-nitropyrazole!'??, ~ N-nitroimidazole!'?®, N-

nitrosaccharin'?, N-nitropyridinium salts!?> 126, N-nitropyrrolidinones!?’, N-Nitrosuccinimide!?8

and N-nitrophthalimide!?®, have been developed by different groups for electrophilic nitration.

129 130-

Mixtures of concentrated sulfuric acid and nitrates, such as guanidinium nitrate'=”, urea nitrate
133 nitrourea'*’, nitroguanidine!4, and nitrate ester'**, are also reported to nitrate the deactivated

aromatic compounds. In addition, nitrate salts, such as Bi(NO3)3-5H,O0'%, Ca(NO;3),!3¢,
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Ni(NO3);-9H>0"7, NaNO;"3¥141 Fe(NOs3);-9H,0'#21#  Cu(NO3),'*"1*8, etc, have been
extensively used for electrophilic aromatic nitration. However, most of those nitration conditions
have shown disappointing nitration capabilities, a limited range of applicable substrates, or poor
functional group tolerance.

In this chapter, I will discuss our published novel nitration method utilizing LiNO3 as the source
of nitronium ion, in the presence of sulfuric acid and trifluoroacetic acid (TFA). This condition
was first developed for the synthesis of S5-nitrokynurenine - an inhibitor of kynurenine
monooxygenase (KMO), by nitration of N N3-diacetylkynurenine methyl ester. We found that the
standard nitration conditions (98 % H2S04/70 % HNOs3, 1,1) gave recovered starting material in
this reaction. Next, KNO3 in H2SO4 was employed as the nitronium ion source, but the reaction
resulted in numerous byproducts and required purification by HPLC with low yield. We thought
that the low reactivity of N N3-diacetylkynurenine methyl ester is due to protonation of the
acetamido group of the substrate in the strongly acidic medium. Hence, we performed the reaction
in a weaker acid, TFA, where the amount of TFA did not significantly affect reactivity or yield,
using stoichiometric amounts of H.SOa to generate the nitronium ion. Acetic acid was also tested
as a solvent for this reaction, but it failed, likely due to its basicity, which causes it to react with
sulfuric acid, reducing the formation of the nitronium ion. Of the common nitrates tested,
LiNOs gave the best results. LiNOs3 selectively yields only 3-nitrated and 5-nitrated products, with
significant improvement in yield, reaching 72 % (Ma and Phillips, in preparation). We reported
further investigations on this reaction, with the focus on the reactivity, functional group tolerance,

regioselectivity, and position of substitutions.
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4.2 Optimization of reaction condition

The electrophilic nitration ability was evaluated and optimized using benzene with varying
equivalents of LiNO3 in sulfuric acid and TFA at either room temperature or heated (table 4.2.1).
Initially, one equivalent of LiNO;3 was used. The reaction proceeded quickly and exothermically
at room temperature, completing within 30 minutes (entry 1). Two equivalents of LiNO3 were
added, aiming to yield the 1,3-dinitrobenzene in one-pot (entry 2). However, after 24 hours, TLC
showed only the presence of nitrobenzene. When the temperature was raised to 55°C for 24 hours
(entry 3), TLC showed a mixture of nitrobenzene and 1,3-dinitrobenzene, with 'TH-NMR showing
a majority of 1,3-dinitrobenzene (nitrobenzene: 1,3-dinitrobenzene = 1:1.2). Then, three
equivalents of LiNO; were used with the same reaction temperature and time (entry 4). The
reaction resulted in a similar mixture of nitrobenzene and 1,3-dinitrobenzene (with a ratio of 1:
1.5). Four equivalents of LiNO3 were used to further optimize the nitration reactivity (entry 5).
After 24 hrs, TLC indicated a mixture of nitrobenzene and 1,3-dinitrobenzene. However, upon
heating to 90°C for 5 hours, TLC displayed only 1,3-dinitrobenzene. Subsequent trials using
nitrobenzene as the starting material (entries 6-8) identified optimal conditions at 55°C with four
equivalents of LiNO3 (entry 8). This condition guarantees both a rapid reaction time and high yield.
We have tried to use this condition to nitrate 1,3-dinitrobenzene to 1,3,5-trinitrobenzene, but no

product was obtained after 3 days under reflex.

NO,

[:jemw1 entry 6-8 [i]\
| 1

entry 2-5

Scheme 4.2.1: nitration of benzene and nitrobenzene?.
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Entry Equivalents of | Temp | Time(h) | Yield of NB | Yield of DNB
LiNOs3 (%) (%)

1 1 r.t 0.5 96 0

2 2 r.t 24 94 0

3 2 55°C |24 27 33

4 3 55°C |24 27 42

5° 4 90°C |29 0 83

6°¢ 1 55°C |24 11 67

7¢ 2 55°C 8.5 0 92

8¢ 4 55°C |25 0 89

Table 4.2.1: screening of the reaction conditions®.

2 conditions: benzene (5 mmol), conc. sulfuric acid (20 mmol), LiNO3 (20mmol), and TFA (3
mL).

b: first 24 hrs was done at 55 °C and then 5 hrs was done at 90 °C.

¢: nitrobenzene (5 mmol) was used as the starting material.

4.3 Nitration of mono- and di-substituted aromatics

With the optimized conditions in hand, we began by examining the nitration of a series of mono-
substituted aromatic compounds featuring electron-withdrawing groups (EWGs), including nitro,
aldehyde, ester, cyano, carboxylic acid, ketone, halides, and trifluoromethyl. They are all well-
tolerated under this condition. As expected for inductive effects, the nitro group was added on the
m-position for arenes with EWGs (2-6,12), except for halobenzenes (9-11). In the case of
benzaldehyde, the o-nitrated product was also isolated alongside the m-product in a 1:3 ratio (3).

Nitration of toluene at room temperature produced a mixture of 2,4-dinitrotoluene and 2,6-
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dinitrotoluene in an 84% yield, with a ratio of 5:1 (7). Nitration of cinnamaldehyde gave the same
yield of mixture of p- and o-nitrated products (8). The trifluoromethyl group remained stable under

these conditions, resulting in 3-nitrobenzotrifluoride with a yield of 58% (12).

NO, NO, CHO O8O~ CN COOH Me o X CF,
sHoWs: sTisT el oo O

NO, NO, NO, NO, NO, Y O,N * NO,
1 2 3 4 5 6 7 8 NO, 12
96% 89% 71% 58% 92% 73% 84% 95%  X=F:p0=12:1,71%,9  58%

m:o=3:1 2,4-di:2,6-di = 5:1 po=1:1 Cl: p:0=7:1, 82%, 10
Br: p:o=4:1, 78%, 11

Figure 4.3.1: Nitration of mono-substituted aromatic compounds. Reaction conditions: 1-12
(5mmol), conc. LiNO3 (20mmol) and sulfuric acid (20mmol) in TFA (4mL) at room temperature
(1,3-6,9,10,12, 0°C for 7 and 8, and 55°C for 2 and 11) for overnight. Unless noted otherwise, the
yields indicated are the isolated yields.

Disubstituted aromatic compounds were also evaluated. We first examined 1,4-disubstituted
aromatic derivatives (13-23). m-Nitrated products were obtained for all derivatives, as expected.
Notably, when there is a strong electron donating group, amino, the o-dinitrated product (16) was
obtained at room temperature, and the reaction was complete in 15 minutes with 72% yield. A
similar nitrated product was obtained for ethyl 4-aminobenzoate (19), with similar reaction time,
but higher yield of 87% at room temperature. When both substituents are deactivating groups, heat
is required (14-15, 23). For 4-hydroxybenzonitrile, mixtures of mono- and di-nitrated products
were obtained in a ratio of 3 to 2 (18). However, when both substituents were strong deactivating
groups, such as in methyl p-nitrobenzoate, no products were obtained. In the case of p-
halobenzonitrile derivatives, no reaction occurred at room temperature; however, upon heating,
the nitrile group was hydrolyzed to benzoic acid, yielding 4-halo-3-nitrobenzoic acid derivatives.

A similar outcome was observed with 4-nitrobenzyl bromide, where the benzylic carbon was
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oxidized to an aldehyde under heating, producing 2,4-dinitrobenzaldehyde. It appears that an
electrophilic carbon is highly unstable under these conditions.

1,2-disubstituted aromatic compounds (24-31) were examined to investigate the regioselectivity
of this reaction. o-Nitrobenzene (24-26) derivatives were tested. Products nitrated at the 3- and 5-
position are obtained for all of them, with the 5-nitro product as the major product. When there is
a strong electron-donating group (-OMe) at the o-position, the dinitration product was isolated
(24). Arenes with complex functional groups were also well-tolerated in this condition with
moderate yields (28-29). Symmetric aromatic compounds resulted in symmetrically dinitrated

products (30-31).

COOEt COOH

NO, NO, NO,
OH F Cl

13 14 15
63% 72% 85% 72% 67% 84% 87% 88%
mono:di=3:2
cl
Kj Q ﬁj ’
N02 02
Cl NO,
78% 85% 96% 27
80% 82% 72% mono:di=3:2 po=6:1 p:o=5:3 80%
(o)
e @5“« e
28 30
31
57% 29 0 .
91% 93%
p:o=3:2 48%

po=53

Figure 4.3.2: Nitration of di-substituted aromatic compounds. Reaction conditions: 13-31

(5mmol), conc. LiNO3 (20mmol) and sulfuric acid (20mmol) in TFA (4mL) at room temperature
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(13,17,18,24,26-29, 0°C for 16,19-22,30,31, and 55°C for 14,15,23,25) for overnight. Unless noted
otherwise, the yields indicated are the isolated yields.

4.4 Nitration of heterocyclics

We then shifted our focus to the nitration of heterocyclic compounds, which are typically
considered as highly challenging. Nitration of 2-chlorobenzothiazole gave a mixture of 5-, 6-, and
7- nitrated products in a 58% yield, with a ratio of 3:4:1 (32). 3,5-dimethylpyrazole was nitrated
to give 4-nitro-3,5-dimethylpyrazole with 66% yield (33). Thiophene derivatives were examined
(34-35). Nitration of thiophene gave mixture of 2-, 2,4-di, and 2,5-dinitro thiophene with total
yield of 45%. Nitration of 3-bromothiphene gave only 3-bromo-2-nitrothiophene with good yield.
Nitration of 1-methylimidazole gave a mixture of 4-nitro and 5-nitro products (36). This reaction
was done under heating and completed after 2 days. We have observed limitations for some
heterocyclics, such as 4-methylthiazole, indole, and imidazole. There was no reaction for 4-
methylthiazole and imidazole. This could be attributed to the protonation of the heterocyclic
compounds, which significantly deactivates the ring. Dimerization of indole occurred in acidic

media to give unwanted products.'#’

H
02N6 { S N\ O2N S o —S OoN s NMe
;@: >—Cl | N jy/\/) E/fNo2 \[ S
N O5N Br * 4 N
33 34 35 36

32
58% 66% 71% 45% 39%
5:6:7=3:4:1 2:2,4-di:2,5-di=6:3:1 5:4=1.2:1

Figure 4.4.1: Nitration of heteroarenes. Reaction conditions: 32-36 (5mmol), conc. LiNO3
(20mmol) and sulfuric acid (20mmol) in TFA (4mL) at 0°C (32,34,35, and 55°C for 33,36) for

overnight. Unless noted otherwise, the yields indicated are the isolated yields.
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4.5 Chemistry

General Experimental Procedure for Nitration of different substrates: Concentrated sulfuric
acid (0.89mL, 20mmol, 4.0 equiv) was added dropwise to reaction mixture of arenes (5 mmol, 1.0
equiv) and LiNO;3 (1.1 gram, 20mmol, 4.0 equiv) in TFA (4mL) on ice bath. The reaction was
slowly warmed to room temperature (or 55°C if needed). The reaction was monitored by TLC until
completion. Then the reaction mixture was added to cold ice water and extracted with ethyl acetate
(3 x I5mL). The combined organic layers were washed with brine and dried over sodium sulfate,
filtered, and concentrated under reduced pressure. The crude product was purified by flash column

chromatography on silica gel the give the pure nitrated product.

N02 NOz N02

©/Me M(NOs), (4 equiv) @Me C[Me
> +
H,SO, (4 equiv) O.N NO,
TFA, 55°C, 3h 26a 26b
Nitrate salts Total yield(%) Ratio of 26a:26b
LiNO3 96 1.7:1
NaNQOs3 86 2.4:1
KNO; 51¢ 2.4:1
Fe(NO3);-9H,0O 40 1.9:1
(NH4)2Ce(NO3)s 84 2.7:1
Bi(NO3)3-5H20 84 2.7:1
Ca(NO:3): -4H20 59¢ 2.4:1
Cu(NOs3)::2.5H0 92 2.5:1

Table 4.5.1 Screening of the reactivity and regioselectivity of different nitrate salts with 2-

nitrotoluene.
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“: reaction did not go to completion in 3 hours.
Nitrobenzene (1):'>°

NO,

O

room temperature (r.t), 96%, colorless oil. 'H NMR (400 MHz, CDCl3) 6 8.23 (d, J = 8.0 Hz, 1H),
7.71 (t, J = 7.5 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H). *C NMR (101 MHz, CDCl;3) § 148.23, 134.59,
129.32, 123.49.

3-dinitrobenzene (2):!3!

NO,

NO,

55°C. 89%, white solid, m.p.= 84-88°C. "H NMR (400 MHz, CDCls) & 9.09 (t, J = 2.1 Hz, 1H),
8.59 (dd, J = 8.2, 2.1 Hz, 2H), 7.83 (t, ] = 8.2 Hz, 1H). '*C NMR (101 MHz, CDCls) § 119.11,
128.90, 130.75, 148.57.

3-nitrobenzaldehyde (3a): '#?

CHO

A,

r.t, 54%, light yellow solid. m.p.= 54-58°C. '"H NMR (400 MHz, CDCls) § 10.13 (s, 1H), 8.73 (s,

2

1H), 8.50 (d, J = 8.2 Hz, 1H), 8.24 (d, J = 7.6 Hz, 1H), 7.78 (t, ] = 7.9 Hz, 1H). *C NMR (101
MHz,) & 189.67, 148.85, 137.45, 134.59, 130.37, 128.57, 124.48.

2-nitrobenzaldehyde (3b): 4

CHO
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r.t, 17%, white solid. m.p.= 43-45°C 'H NMR (400 MHz, CDCls)  10.43 (s, 1H), 8.13 (d, J = 7.3
Hz, 1H), 7.96 (d, J = 7.3 Hz, 1H), 7.89 — 7.66 (m, 2H). *C NMR (101 MHz, CDCl;) & 188.07,
149.62, 134.04, 133.68, 131.37, 129.62, 124.48.

Methyl 3-nitrobenoate (4): 152

OO

NO,

r.t, 58%, white solid, m.p.= 75-78°C 'H NMR (400 MHz, CDCls) & 8.85 (s, 1H), 8.42 (d, J = 8.1
Hz, 0H), 8.37 (d, J = 7.7 Hz, 1H), 7.68 (t, J = 8.0 Hz, 1H), 4.00 (s, 3H). 3C NMR (101 MHz,
CDCls) & 164.91, 148.25, 135.24, 131.84, 129.65, 127.35, 124.54, 52.77.

3-nitrobenzonitrile (5):!>

CN

A,

r.t, 92%, white solid, m.p.= 115-117°C 'H NMR (400 MHz, CDCls) & 8.55 (s, 1H), 8.49 (d, J =

2

8.4 Hz, 1H), 8.02 (d, J = 7.7 Hz, 1H), 7.76 (t, J = 8.1 Hz, 1H). 3C NMR (101 MHz, CDCls) &
148.25, 137.63, 130.70, 127.56, 127.25, 116.55, 114.15.

3-nitrobenzoic acid (6):'%

COCH

NO,

r.t, 73%, white solid. m.p.= 129-132°C 'H NMR (400 MHz, CDCls) 5 8.97 (t, J = 1.9 Hz, 1H),
8.58 — 8.41 (m, 2H), 7.73 (t, J = 8.0 Hz, 1H). 3C NMR (101 MHz, CDCls) § 169.72, 148.43,

135.80, 130.90, 129.91, 128.37, 125.30.
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2,4-dinitrotoluene (7a and 26a): '

ﬁj N
O,N

Ice-bath (0°C) to r.t, 70%, white solid. m.p.= 69-73°C. 'H NMR (400 MHz, CDCl3) 4 8.83 (d, J =
2.4 Hz, 1H), 8.36 (dd, J = 8.5, 2.4 Hz, 1H), 7.59 (d, ] = 8.4 Hz, 1H), 2.74 (s, 3H). 1*C NMR (101
MHz, CDCIs) 6 149.07, 146.43, 140.73, 134.02, 127.01, 120.25, 20.73.

trans-4-Nitrocinnamaldehyde (8a):'>

W "
O,N

Ice-bath (0°C), 48%, pale yellow solid. m.p.= 148-151°C. 'H NMR (400 MHz, ) 9.77 (d, J=2.8
Hz, 1H), 8.30 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 8.8 Hz, 2H), 7.53 (d, /= 16.0 Hz, 1H), 6.82 (dd, J
=16.1, 7.4 Hz, 1H). *C NMR (101 MHz, ) 8 192.77, 149.05, 148.78, 139.94, 131.74, 129.07,
124.33.

trans-2-Nitrocinnamaldehyde (8b): !>

(0]
o
NO,
Ice-bath (0°C), 47%, pale yellow solid. m.p.= 124-128°C 'H NMR (400 MHz, CDCls3) § 9.79 (d,
J=17.6 Hz, 1H), 8.18 — 7.97 (m, 2H), 7.80 — 7.55 (m, 3H), 6.64 (dd, J = 15.8, 7.6 Hz, 1H). 13C
NMR (101 MHz, CDCIl3) & 193.00, 148.11, 147.15, 133.76, 132.70, 131.10, 130.05, 129.06,

125.21.

4-fluoro-nitrobenzene (9): >
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NO,
r.t, 66%, light yellow oil. 'H NMR (400 MHz, CDCls) & 8.28 (dd, J = 9.2, 4.6 Hz, 2H), 7.22 (dd,
J=9.3,7.7 Hz, 2H). 3C NMR (101 MHz, CDCls) & 167.55, 144.44, 126.35, 116.51.

4-chloro-nitrobenzene (10a): '>°

Cl

NO,
r.t, 72%, pale yellow solid. m.p.=84-86°C . 'H NMR (400 MHz, CDCl3) § 8.19 (d, J= 9.0 Hz, 1H),
7.52 (d, J=9.0 Hz, 1H). 3C NMR (101 MHz, CDCls) § 146.58, 141.38, 129.58, 124.93.

2-chloro-nitrobenzene (10b): !>

Cl

r.t, 10%, pale yellow solid. m.p.=34-35°C. 'H NMR (400 MHz, CDCl3) 4 7.87 (dd, J = 8.1, 1.6
Hz, 1H), 7.62 — 7.49 (m, 2H), 7.42 (ddd, J = 8.1, 7.0, 1.8 Hz, 1H). 3C NMR (101 MHz, CDCl3) 5
148.12, 133.14, 131.90, 127.58, 127.09, 125.56.

4-bromo-nitrobenzene (11): '>°

Br

NO,
55°C, 63%, pale yellow solid. m.p.=126-130°C. 'H NMR (400 MHz, CDCls) 6 8.11 (d, J=9.0 Hz,

1H), 7.69 (d, J=9.0 Hz, 1H). 3C NMR (101 MHz, CDCl3) & 147.08, 132.63, 129.96, 125.01.
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3-nitrobenzotrifluoride (12): '>°

CF5

NO,
r.t, 58%, yellow oil. "H NMR (400 MHz, CDCl3) & 8.52 (s, 1H), 8.45 (d, J = 8.2 Hz, 1H), 7.98 (d,
J=71.8 Hz, 1H), 7.74 (t,J = 8.1 Hz, 1H). *C NMR (101 MHz, CDCls) & 148.35, 132.23, 131.13,
130.31, 126.65, 121.49, 120.90.
2,4-dinitrophenol (13): 1>
NO,
NO,
OH
r.t, 63%, pale yellow solid. m.p.=120-124°C. 'H NMR (400 MHz, CDCl3) § 11.03 (s, 1H), 9.08
(d, J=2.7 Hz, 1H), 8.47 (dd, J=9.3, 2.7 Hz, 1H), 7.34 (d, J= 9.2 Hz, 1H). 3C NMR (101 MHz,
CDCl3) 6 159.07, 140.34, 132.64, 131.65, 121.91, 121.26.

4-fluoro-1,3-dinitrobenzene (14): %
NO,
NO,
F
55°C, 72%, pale yellow oil. 'H NMR (400 MHz, CDCls) § 8.9 (dd, J = 6.4, 2.7 Hz, 1H), 8.56 (d,
J=92,32 Hz, 1H), 7.55 (t, ] = 9.3 Hz, 1H). 3C NMR (101 MHz, CDCls) & 160.13, 157.39,
143.69, 130.34, 122.51, 120.06.

4-chloro-1,3-dinitrobenzene (15): '
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NO,

NO,
Cl

55°C, 85%, light yellow solid. m.p.=48-50°C. '"H NMR (400 MHz, CDCl3) 6 8.76 (d, J = 2.6 Hz,
1H), 8.40 (dd, J=8.8, 2.6 Hz, 1H), 7.80 (d, J = 8.8 Hz, 1H). *C NMR (101 MHz, CDCl3) § 121.14,
127.29, 133.23, 133.98, 146.34, 147.83.
2,4,6-trinitroaniline (16): 1>

NO,
O,N NO,

NH,
0°C to r.t, 72%, brown solid. m.p.=200-205°C. '"H NMR (400 MHz, DMSO) § 9.05 (s, 2H), 8.98
(s, 2H). BC NMR (101 MHz, DMSO) & 144.02, 134.71, 133.07, 128.51.
4-isopropyl-3-nitrobenzonitrile (17):

CN

NO,

r.t, 67%, yellow solid. '"H NMR (400 MHz, CDCls) & 8.00 (s, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.63
(d,J=8.4 Hz, 1H), 3.45 (p, ] = 6.4 Hz, 1H), 1.32 (d, ] = 6.8 Hz, 6H). '*C NMR (101 MHz, CDCl;)
0 149.77, 147.84, 135.35, 129.07, 127.51, 116.65, 111.08, 29.07, 23.25.
4-Cyano-2-nitrophenol (18): 1>

CN

NO,
OH
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r.t,, 51%, orange solid. 'H NMR (400 MHz, ) 5 10.90 (s, 1H), 8.48 (d, /= 2.1 Hz, 1H), 7.83 (dd,
J=28.,2.1 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H). *C NMR (101 MHz, ) § 157.81, 139.55, 134.37,
130.11, 121.77, 116.58, 104.57.
Ethyl 4-amino-3,5-dinitrobenzoate (19):

COOEt

O,N NO,
NH,

0°C to r.t, 87%, orange solid. '"H NMR (400 MHz, CDCl3) 8 9.15 (s, 2H), 8.80 (s, 2H), 4.43 (q, J
= 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDCIl3) § 163.20, 143.54, 134.76,
134.71, 116.70, 62.08, 14.33.
4-Methoxy-3-nitrobenzoic acid (20): '’

COOH

NO,

OMe
Ice-bath (0°C) to r.t, 88%, white solid. m.p.=198-200°C. 'H NMR (400 MHz, CDCls) 6 8.57 (d, J
=2.2 Hz, 1H), 8.28 (dd, /= 8.8,2.2 Hz, 1H), 7.17 (d, J= 8.9 Hz, 1H), 4.05 (s, 3H). 3*C NMR (101
MHz, CDCl3) & 168.56, 156.68, 139.54, 135.82, 127.89, 121.71, 113.25, 56.93.
4-(dimethylamino)-3-nitrobenzaldehyde (21):!%

CHO

NO,
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Ice-bath (0°C) to r.t, 80%, white solid. m.p.=101-103°C. '"H NMR (400 MHz, CDCl3) & 9.80 (s,
1H), 8.25(d, J=2.0 Hz, 1H), 7.89 (dd, J= 8.9, 2.0 Hz, 1H), 7.06 (d, J= 8.9 Hz, 1H), 3.04 (s, 6H).
BC NMR (101 MHz, CDCl3) & 188.67, 149.37, 137.17, 132.33, 130.89, 125.47, 117.31, 42.25.
4-Methoxy-3-nitrobenzaldehyde (22):!%7

CHO
NO,
OMe
Ice-bath (0°C) to r.t, 82%, white solid. m.p.=105-108°C 'H NMR (400 MHz, CDCl3) & 9.94 (s,
1H), 8.35 (t,J= 1.5 Hz, 1H), 8.10 (dd, J= 8.7, 2.1 Hz, 1H), 7.24 (s, 1H), 4.07 (s, 3H). ’*C NMR
(101 MHz, CDCIs) 6 188.72, 157.16, 139.96, 134.68, 129.11, 127.39, 113.84, 57.07.

4-chloro-3-nitrobenzaldehyde (23): '>°

CHO
NO,
Cl
55°C, 72%, white solid. m.p.=57-60°C 'H NMR (400 MHz, CDCl3) § 10.05 (s, 1H), 8.37 (d, J =
1.9 Hz, 1H), 8.04 (dd, J= 8.2, 1.9 Hz, 1H), 7.76 (d, J= 8.3 Hz, 1H). 3C NMR (101 MHz, CDCls)
5 188.39, 148.59, 135.48, 133.10, 133.01, 132.70, 126.33.

2,4-dinitroanisole (24a):!?

15 B
O,N

r.t, 46%, white solid. m.p.=89-93°C. 'H NMR (400 MHz, CDCls) & 8.76 (d, J = 2.7 Hz, 1H), 8.46
(dd,J=9.2,2.6 Hz, 1H), 7.23 (s, 1H), 4.11 (s, 3H). *C NMR (101 MHz, CDCls) & 157.32, 140.19,

138.89, 129.17, 121.94, 113.63, 57.50.
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2,4,6-trinitroanisole (24b):'%°

r.t, 32%, pale yellow solid. m.p.=73-75. °C 'H NMR (400 MHz, CDCls) & 8.89 (s, 2H), 4.18 (s,
3H). *C NMR (101 MHz, CDCl3) § 152.12, 144.76, 141.46, 124.16, 65.36.

2,4-dinitrochlorobenzene (25a):'>2

ﬁj ;
O,N

55°C, 72%, yellow solid. m.p.=55-58. °C 1H NMR (400 MHz, DMSO) § 8.91 (d, ] = 2.1 Hz, 1H),
8.51 (dd, J = 8.9, 2.2 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H). 13C NMR (101 MHz, DMSO) & 147.93,
146.80, 133.59, 132.18, 128.47, 121.48.

2,6-dinitrochlorbenzene (25b):!>2

NO,
CC
NO,
55°C, 13%, pale yellow solid. m.p.=89-90°C. 1H NMR (400 MHz, DMSO) 6 8.40 (d, J = 8.2 Hz,

2H), 7.87 (t, J = 8.2 Hz, 1H). '*C NMR (101 MHz, DMSO) & 149.35, 130.40, 129.24, 118.70.

2,6-dinitrotoluene (26b):'6!

NO,

o
NO,
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r.t, 80%, white solid. m.p.=58-60°C. 'H NMR (400 MHz, CDCl;3) & 8.34 (s, 1H), 8.09 (d, J = 8.9
Hz, 1H), 7.65 (d, ] = 8.7 Hz, 1H). 3C NMR (101 MHz, CDCl3) & 146.71, 139.87, 133.94, 131.09,
125.62, 122.58.

4-nitro-1,2-dichlorobenzne (27):1%°

Cl
Cl
NO,
r.t, 80%, white solid. m.p.=46-47°C. 'H NMR (400 MHz, CDClz) & 8.34 (s, 1H), 8.09 (d, J= 8.9
Hz, 1H), 7.65 (d, J = 8.7 Hz, 1H). 3*C NMR (101 MHz, CDCl3) 8 146.71, 139.87, 133.94, 131.09,
125.62, 122.58.

N-(2-acetyl-4-nitrophenyl) acetamide (28):

r.t, 57%, light yellow solid. 'H NMR (400 MHz, CDCls) & 12.01 (s, 1H), 8.98 (d, J = 9.4 Hz, 1H),
8.81 (d, J = 2.6 Hz, 1H), 8.40 (dd, J = 9.4, 2.6 Hz, 1H), 2.78 (s, 3H), 2.30 (s, 3H). °C NMR (101
MHz, CDCls) & 201.65, 170.02, 146.09, 141.45, 134.25, 129.84, 127.32, 120.90, 28.67, 25.69.

Methyl (S)-2-acetamido-4-(2-acetamido-5-nitrophenyl)-4-oxobutanoate (29):
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r.t, 48%, yellow solid. m.p.=152-155°C. '"H NMR (600 MHz, CDCl3) 8 11.77 (s, 1H), 9.00 (d, J =
9.4 Hz, 1H), 8.80 (d, J= 2.6 Hz, 1H), 8.41 (dd, J= 9.3, 2.6 Hz, 1H), 6.53 (d, J= 7.6 Hz, 1H), 5.09
— 4.89 (m, 1H), 3.93 — 3.76 (m, 5H), 2.31 (s, 3H), 2.06 (s, 3H). >*C NMR (101 MHz, CDCL) &
201.06, 171.30, 169.90, 169.78, 146.30, 141.47, 130.31, 126.68, 121.03, 119.72, 53.02, 48.20,
41.97,25.81,23.15.

2,7-dinitro-9-fluorenone (30):

0°C, 92%, yellow solid. 'H NMR (400 MHz, DMSO) 8 8.60 (dd, J= 8.2, 2.2 Hz, 1H), 8.38 — 8.28
(m, 2H). *C NMR (101 MHz, DMSO) 8 188.96, 149.78, 147.66, 135.81, 131.31, 124.49, 119.42.

2,7-Dinitro-9H-xanthen-9-one (31):

(@)
(@)

0°C, 93%, white solid. "H NMR (400 MHz, CDCl3) & 9.24 (d, J = 2.6 Hz, 1H), 8.65 (dd, J = 9.2,
2.8 Hz, 1H), 7.74 (d, J = 9.4 Hz, 1H). *C NMR (101 MHz, CDCl3) & 174.38, 158.73, 144.75,
130.05, 123.65, 121.42, 120.02.

2-chloro-6-nitrobenzothiazole (32a):!%?

OoN S
\@ )—Cl
N

0°C, 1.34g, 93%, white solid. '"H NMR (400 MHz, CDCl3) & 8.75 (d, J= 2.3 Hz, 1H), 8.38 (dd, J
=9.0,2.3 Hz, 1H), 8.07 (d,/=9.0 Hz, 1H). ®CNMR (101 MHz, CDCl3) 8 158.75, 154.78, 145.48,
136.48, 123.36, 122.24, 117.66.

2-chloro-5-nitrobenzothiazole (32b):'%
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S
Crpe
O.N N

0°C, 1.34g, 93%, white solid. "H NMR (400 MHz, CDCls) & 8.81 (d, J = 2.2 Hz, 1H), 8.32 (dd, J
—8.8,2.2 Hz, 1H), 7.95 (d, /= 8.9 Hz, 1H). 3C NMR (101 MHz, CDCls) 5 156.78, 150.87, 142.49,
123.36, 121.70, 120.35, 118.41.

3,5-dimethyl-4-nitropyrazole (33):!¢°

0>

zZ
/FQI
2

55°C, 1.34g, 93%, white solid. m.p.=120-124°C. "H NMR (400 MHz, CDCls) & 10.05 (s, 1H), 2.61
(s, 6H). 3C NMR (101 MHz, CDCls) & 144.46, 131.16, 13.11.

3-bromo-2-nitrothiophene (34):!6°

)W,

0°C, 1.34g, 93%, white solid. m.p.=80-82°C. '"H NMR (400 MHz, CDCls) & 7.50 (d, J = 5.6 Hz,

O,N

Br

1H), 7.12 (d, J = 5.7 Hz, 1H). 3C NMR (101 MHz, CDCls) & 146.72, 132.64, 130.75, 112.98.

2-nitrothiophene (35a):!6°

0°C, 1.34g, 93%, white solid. m.p.=42-43°C. 'H NMR (400 MHz, CDCl3) § 7.93 (dd, J=4.1, 1.6
Hz, 1H), 7.55 (dd,J=5.4, 1.6 Hz, 1H), 7.07 (dd, J= 5.3, 4.1 Hz, 1H). 3*C NMR (101 MHz, CDCl3)
0 152.69, 132.41, 128.50, 126.95.

2,4-dinitrothiophene (35b):!%4
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O,N
0°C, 1.34g, 93%, white solid. m.p.=56-58°C. '"H NMR (400 MHz, CDCls) & 8.45 (d, J = 2.0 Hz,
1H), 8.41 (d, J = 2.0 Hz, 1H). 3C NMR (101 MHz, CDCl3) 8 146.52, 130.65, 122.36.
1-methyl-5-nitroimidazole (36a):'%
Me

N
A

N

55°C, 1.34g, 93%, white solid. m.p.=58-59°C. '"H NMR (400 MHz, CDCl3) & 8.02 (s, 1H), 7.70

O,N

(s, 1H), 4.04 (s, 3H). 3C NMR (101 MHz, CDCl3) 5 141.08, 139.04, 131.64, 35.46.

1-methyl-4-nitroimidazole (36b):'%}

55°C, 1.34g, 93%, white solid. m.p.=133-135°C. 'H NMR (400 MHz, CDCl3) § 7.76 (d, J= 1.6
Hz, 1H), 7.42 (d, J = 1.5 Hz, 1H), 3.82 (s, 3H). *C NMR (101 MHz, CDCls) § 148.24, 136.62,
120.09, 34.58.
4.6 Conclusion

In summary, we explored the electrophilic nitration of various substituted aromatic
compounds and heterocyclic compounds employing lithium nitrate in the presence of sulfuric acid
and trifluoroacetic acid. We believe that the reaction does not proceed with TFA or sulfuric acid
alone for deactivated compounds but may be effective for activated compounds. Additionally, for
weakly basic compounds such as kynurenine, sulfuric acid presents challenges as it induces strong
deactivation, requiring more severe reaction conditions that may result in decomposition and side

product formation. This method demonstrated exceptional capability in nitration of deactivated
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arenes, high rate of reactivity, great functional group tolerance, and moderate to high yield, which

distinguish this method for nitration of highly deactivated aromatic and heterocyclic compounds.
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APPENDICES

A. X-ray diffraction data processing, structure determination and refinement

Table A1. Data collection and refinement statistics.

9AZS8 9B07 9IB2Y
KMO- KMO- KMO-3-
cyclohexylphenyl- biphenylacetyl- Chlorophenylacetylt
acetyltetrazole (7d) tetrazole (6d) etrazole (4d)
Wavelength, A 1.0000 1.0000 1.0000
Resolution range, A | 41.9 -1.95 5538 -1.88 43.68 -2.05
(2 -1.95) (1.93 -1.88) (2.1 -2.05)
Space group P1211 P1211 P1211
Unit cell 69.54 52.54 136.51 90 | 70.05 52.19 135.88 90 | 69.41 51.66 134.98 90
104.11 90 103.7 90 103.86 90
Total reflections 225870 (14399) 243685 (17778) 238514 (17748)
Unique reflections 129564 (8707) 142993 (10121) 104865 (7765)
Multiplicity 1.7 (1.7) 1.7 (1.8) 23(2.3)
Completeness (%) 97.16 (93.63) 98.08 (96.70) 93.68 (90.88)
Mean I/sigma(l) 5.39 (0.44) 6.59 (0.34) 6.09 (0.37)
Wilson B-factor 41.58 43.95 50.67
R-merge 0.06663 (1.519) 0.04834 (1.859) 0.06949 (2.023)
R-meas 0.09202 (2.06) 0.06782 (2.588) 0.08806 (2.541)
R-pim 0.06321 (1.383) 0.0475 (1.795) 0.05325 (1.516)
CC1/2 0.997 (0.258) 0.998 (0.195) 0.998 (0.176)
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CC* 0.999 (0.64) 1(0.572) 1 (0.547)
Reflections used in | 68209 (4630) 76624 (5369) 55104 (3797)
refinement
Reflections used for | 2015 (133) 2003 (143) 2022 (138)
R-free
R-work 0.1699 (0.3130) 0.1943 (0.3974) 0.2060 (0.4163)
R-free 0.2111 (0.3295) 0.2290 (0.3786) 0.2417 (0.4578)
Number of non-| 7673 7782 7436
hydrogen atoms

macromolecules 7103 7155 7055

ligands 153 152 122

solvent 417 475 259
Protein residues 902 902 899
RMS(bonds) 0.012 0.004 0.006
RMS(angles) 1.16 0.65 0.83
Ramachandran 98.00 98.55 98.66
favored (%)
Ramachandran 2.00 1.34 1.12
allowed (%)
Ramachandran 0.00 0.11 0.22
outliers (%)
Rotamer outliers | 1.07 0.80 0.68

(“o)




Clashscore 5.27 3.99 3.72

Average B-factor 55.38 66.55 67.46
macromolecules 55.50 67.28 68.02
ligands 47.77 53.30 50.16
solvent 56.10 59.70 60.56

Statistics for the highest-resolution shell are shown in parentheses.
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B. 'H and 3C NMR for tetrazole synthesis
"H NMR for 3-0x0-3-phenylpropanenitrile (1¢)
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"H NMR for 1-phenyl-2-(1H-tetrazol-5-yl)ethan-1-one (1d)
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"H NMR for 2-chloro-1-(naphthalen-2-yl)ethan-1-one (2b)
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"H NMR for 3-(naphthalen-2-yl)-3-oxopropanenitrile (2¢)
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"H NMR for 1-(naphthalen-2-yl)-2-(1 H-tetrazol-5-yl)ethan-1-one (2d)
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"H NMR for 2-chloro-1-(4-chlorophenyl) ethan-1-one (3b)
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"H NMR for 3-(4-chlorophenyl)-3-oxopropanenitrile (3¢)
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"H NMR for 1-(4-chlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (3d)
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"H NMR for 3-(3-chlorophenyl)-3-oxopropanenitrile (4¢)
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"H NMR for 3-(3-chlorophenyl)-3-oxopropanenitrile (4¢)
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"H NMR for 1-(3-chlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (4d)
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"H NMR for 2-chloro-1-(3,4-dichlorophenyl)ethan-1-one (5b)
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'H 3-(3,4-dichlorophenyl)-3-oxopropanenitrile (5¢)
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'H 1-(3,4-dichlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (5d)
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"H NMR for 1-([1,1'-biphenyl]-4-yl)-2-chloroethan-1-one (6b)
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"H NMR for 3-([1,1'-biphenyl]-4-yl)-3-oxopropanenitrile (6¢)
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"H NMR for 1-([1,1'-biphenyl]-4-y1)-2-(1 H-tetrazol-5-yl)ethan-1-one (6d)
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"H NMR for 2-chloro-1-(4-cyclohexylphenyl) ethan-1-one (7b)
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"H NMR for 3-(4-cyclohexylphenyl)-3-oxopropanenitrile (7¢)
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'"H NMR for 1-(4-cyclohexylphenyl)-2-(1H-tetrazol-5-yl) ethan-1-one (7d)
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"H NMR for 2-bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one (8b)
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"H NMR for 3-0x0-3-(4-(trifluoromethyl)phenyl)propanenitrile (8c)
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"H NMR for 2-(1H-tetrazol-5-yl)-1-(4-(trifluoromethyl)phenyl)ethan-1-one (8d)
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"H NMR for 2-chloro-1-(3-chloro-4-methoxyphenyl)ethan-1-one (9b)
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"H NMR for 3-(3-chloro-4-methoxyphenyl)-3-oxopropanenitrile (9¢)
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'"H NMR for 1-(3-chloro-4-methoxyphenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (9d)

mmmmmmm

10000

=

T

(o}
250 DMSO

1
S
0
0
0
3
3:

491

mmmmmmm
9000

/ N
-~ N/ 8000
[~7000
~6000
5000
4000
3000

2000

[~1000

T T T T T T T T T T T T T T T T T T T T

6
1 (ppm)

BC NMR for 1-(3-chloro-4-methoxyphenyl)-2-(1H-tetrazol-5-yl)ethan-1-one (9d)
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'"H NMR for (10b)
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'"H NMR for (10c¢)
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'"H NMR for (10d)
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'H NMR for 11b
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'"H NMR for (11¢)
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'"H NMR for (11d)
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"H NMR for 1-chloro-2-methoxybenzene (12ab)

55000
N\/ Vw 50000
45000
[~40000
35000
30000
25000
[~20000
15000
10000

5000

~-5000

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 T T
130 1256 120 M5 110 105 100 95 90 85 80 725 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

13C NMR for 1-chloro-2-methoxybenzene (12ab)

10000

27

— 12774
7734€DCI3
77.03CDCI3
76.71CDCI3

185,07
12253
12130
11218

~

9000

8000

7000

~6000

Cl

5000

4000

3000

2000

~1000

-0

~-1000

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm)

140



'"H NMR for 1-(3-chloro-4-methoxyphenyl)ethan-1-one (12ac)
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"H NMR for 1-(3-chloro-4-hydroxyphenyl)ethan-1-one (12ad)
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"H NMR for 1-(4-(benzyloxy)-3-chlorophenyl)ethan-1-one (12ae)
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'"H NMR for 1-(4-(benzyloxy)-3-chlorophenyl)-2-chloroethan-1-one (12b)
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"H NMR for 3-(4-(benzyloxy)-3-chlorophenyl)-3-oxopropanenitrile (12c¢)
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BC NMR for 3-(4-(benzyloxy)-3-chlorophenyl)-3-oxopropanenitrile (12¢)
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"H NMR 1-(4-(benzyloxy)-3-chlorophenyl)-2-(1H-tetrazol-5-yl)ethan-1-one for (12d)
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C. 'H and 3C NMR for 5-Nitrokynurenine synthesis

'"H NMR for Tryptophan methyl ester (2)
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3C NMR for Tryptophan methyl ester (2)
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"H NMR for (3)
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13C NMR for (3)
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3C NMR for (4)
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BC NMR for (5)
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"H NMR for 5-NKyn

7.95
\7.93

NO,

OH

NH, 0 NH,

6.69
~\-6.66

100

093]

~1600

1500

1400

~1300

1200

1100

~1000

900

800

~700

600

500

400

300

200

=100

o

~-100

~-200

~-300

~-400

100
7 10a

.
2
<}
o
o
o
© ]
o
©_|
o
o _|

.5 8.

75

70

T
6.5

6.0 55
1 (ppm)

T
5.0

155

45

4.0



BC NMR for 5-NKyn
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D. 'H and 3C NMR for nitration
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'H NMR for 2
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'H NMR for 3a
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'H NMR for 3b
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'H NMR for 4
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'H NMR for 5
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'H NMR for 6
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'H NMR for 7a and 26a
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'H NMR for 8a
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'H NMR for 8b
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'H NMR for 10a
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'H NMR for 10b
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'H NMR for 11
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'H NMR for 12
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'H NMR for 13
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'H NMR for 14
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'H NMR for 15
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'H NMR for 16
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'H NMR for 17
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'H NMR for 18
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'H NMR for 19
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'H NMR for 20

== D= b= o n
nn A NN E S =
LY i
COOH J [ /
NO.
OMe
A |
[N ¥ Y
28 8 g
(== — el
T T T T T T T T T T T T T T T T
16 15 14 13 12 n 10 8 7 6 5 4 2 1 -1 -2 -3
1 (ppm)
BC for 20
NMR for 2
oo} o w0 = = ) 5
© " @ o0 NN = Q2
T TTOTT T T
COOH
NO;
OMe
|
|
\ \ . | ' ) ) "
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10 -10
1 (ppm)

179

13000

12000

11000

10000

9000

8000

[~7000

~6000

~5000

4000

3000

2000

~1000

-0

[--1000

5000

4500

4000

3500

3000

2500

[~2000

~1500

[~1000

500

o

~-500



'H NMR for 21
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'H NMR for 23
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'H NMR for 24a
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'H NMR for 24b
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'H NMR for 25a
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'H NMR for 25b
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'H NMR for 27
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'H NMR for 28
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'H NMR for 29
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'H NMR for 30
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'H NMR for 31
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'H NMR for 32a
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'H NMR for 32b
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'H NMR for 33

10.05

w
<
=}
=
|

A6t

[~80000

[~70000

60000

[~50000

[~40000

30000

20000

[~10000

o

T T T T

6
1 (anm)

I3C NMR for 33

144.46
13116

HN/N Xy—CHs

HsC NO;

- o !

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 T
210 200 190 180 170 160 150 140 130 120 10 100 90
1 (ppm)

195

5000

4500

4000

3500

3000

2500

2000

1500

~1000

500

o

~-500



'H NMR for 34
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'H NMR for 35a
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'H NMR for 35b
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'H NMR for 36a
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'H NMR for 36b
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