MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Doctoral Dissertations Student Theses and Dissertations
Fall 2018

Part I: Design, synthesis, and studies of novel age-inhibitors and
age-breakers; Part II: Novel synthetic methods for organofluorine
compound

Jatin Mehta

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations

b Part of the Analytical Chemistry Commons, and the Organic Chemistry Commons
Department: Chemistry

Recommended Citation

Mehta, Jatin, "Part |: Design, synthesis, and studies of novel age-inhibitors and age-breakers; Part II: Novel
synthetic methods for organofluorine compound" (2018). Doctoral Dissertations. 3136.
https://scholarsmine.mst.edu/doctoral_dissertations/3136

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/doctoral_dissertations
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/doctoral_dissertations?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F3136&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/132?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F3136&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/138?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F3136&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/doctoral_dissertations/3136?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F3136&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

PART I: DESIGN, SYNTHESIS, AND STUDIES OF NOVEL AGE-INHIBITORS
AND AGE-BREAKERS; PART II: NOVEL SYNTHETIC METHODS FOR
ORGANOFLUORINE COMPOUNDS
by
JATIN MEHTA
A DISSERTATION
Presented to the Faculty of the Graduate School of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
DOCTOR OF PHILOSOPHY
in
CHEMISTRY

2018

Approved by:

Dr. V. Prakash Reddy, Advisor
Dr. Nuran Ercal
Dr. Yinfa Ma
Dr. Jeffrey G. Winiarz
Dr. K. Chandrashekhara



© 2018
Jatin Mehta

All Rights Reserved



ABSTRACT

Novel small molecule inhibitors and breakers of advanced glycation end-products
(AGEs) have been synthesized and their in-vitro inhibitory activities have been studied
by 3C NMR, fluorescence, and UV-visible spectroscopy. We have demonstrated that
these AGE-inhibitors and AGE-breakers were found to be more effective in their
sequestration of AGE intermediates, such as dehydroascorbate (DHA) than the state-of-
the art phenacylthiazolium bromide (PTB)-based AGE-inhibitors and AGE-breakers.
Citric acid and other polyphenolic antioxidants have substantial AGE inhibitory effects in
the D-glucose/leucine or benzylamine Maillard reaction model systems, and thus they are
suitable as dietary additives for ameliorating AGE-induced complications.

Organofluorine compounds have found numerous applications as
pharmaceutically interesting compounds, and toward developing novel synthetic methods
for organofluorine compounds, we have investigated synthetic strategies for gem-difluoro
and trifluormethyl compounds. gem-Difluorination of 1,3-dithiolanes, obtained from the
corresponding ketones, form gem-difluoromethylene compounds through the
photoredox catalysis, using photocatalyst 9-fluorenone in the presence of visible light
(household bulb 13W CFL). This reaction proceeds under mild conditions and is
applicable to gem-difluorination of variously substituted diaryl 1,3-dithiolanes. We have
also developed a novel NHC-catalyzed trifluoromethylation of aromatic N-tosyl
aldimines with electron-withdrawing as well as electron-donating groups on the aryl ring.
We have synthesized a series of novel purine-based triazole derivatives as potential
CDK-inhibitors and characterized their structures using high-field *H- and **C-NMR

spectroscopy.
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1. INTRODUCTION

Advanced glycation end-products (AGEs) are formed in the body by non-
enzymatic glycation (Maillard reaction), which involves the reaction between carbonyl
groups of reducing sugars and amino groups of proteins to form an unstable Schiff base
intermediate, which rearranges to form a more stable Amadori product and a small part of
Amadori products slowly undergo oxidation to form AGEs.! Reactive dicarbonyl
intermediates such as methylglyoxal (MG), glyoxal, and 3-deoxyglucosone (3DG), which
are generated from glucose-derived glycolytic intermediates?, lipid peroxidation and
oxidative stress®* play an important role in AGEs formation. AGEs play an important
role in pathogenesis of diseases such as diabetes, Alzheimer’s disease, atherosclerosis,
inflammatory arthritis and cataracts. Due to these harmful effects of AGEs on human
health, it is interesting to explore novel AGE-inhibitors and AGE-breakers which would
be effective in retarding the AGE-induced complications. We synthesized novel AGE-
inhibitors and AGE-breakers and studied their dicarbonyl trapping by *C NMR, UV-vis,
and fluorescence spectroscopy, and demonstrated their AGE-inhibitory and AGE-
breaking effects. We also studied the effect of citric acid and several polyphenolic
antioxidants on glycation (Maillard reaction) by UV-fluorescence and 3C NMR
spectroscopy.

Organofluorine compounds have important role as pharmaceuticals,
agrochemicals, materials, and radiotracers for positron emission tomography (PET).>
Incorporation of fluorine and trifluormethyl group changes the chemical, physical, and

biological properties of the parent compound. Difluorocompounds have unique



applications in drug design due to the ability of the difluoromethyl group to serve as a
hydrogen bond donor.® In recent years, novel synthetic methods for organofluorine
compounds are of great interest®> ° and among those, visible-light promoted fluorination
has proved to be a mild and most effective synthetic method for the preparation of
monofluoro and gem-difluorocompounds.®*? a-Trifluoromethyl substituted amines and
their related fluorinated derivatives also have unique applications in pharmaceutical,
agrochemical and material industry. Basicity of amino moeity in a-trifluoromethylamines
is attenuated due to the strong electron-withdrawing effect of the trifluoromethyl group,
which enhances the pharmacokinetic properties such as lipophilicity, cell-permeability,
and metabolic stability of a-trifluoromethylamines.'® Several synthetic methods for the
preparation of a-trifluoromethylamines have been reported to date'**%, and recently, the
direct preparation of a-trifluoromethylamines by nucleophilic trifluoromethylation of
imines has received renewed attention.*”*8 N-heterocyclic carbenes (NHC) have received
a considerable interest in recent years as a catalyst for nucleophilic trifluoromethylation,
perfluorophenylation, and cyanosilylation of carbonyl compounds.®2* In this thesis, we
presented a novel photoredox-catalyzed synthetic method for the preparation of gem-
difluoro compounds from 1,3 dithiolanes using a commercially available Selectfluor as
fluorine source and 9-fluorenone as a cheap and readily available photocatalyst. We also
developed NHC-catalyzed trifluoromethylation of N-tosylimines, using TMSCF3
(Ruppert-Prakash reagent) and the readily available N-heterocyclic carbene (NHC)
derived from its corresponding imidazolium salt.*®

Protein kinases play an important role in controlling the cellular processes in the
human body by phosphorylation of amino acids and play a critical role in tumor cell

proliferation as well as survival and migration of neoplasia. Therefore kinase inhibition is



very important strategy in treatment of cancers. Kinase inhibitors target the adenosine-
triphosphate (ATP) binding pocket and block the action of protein kinases. Imatinib was
the first FDA approved tyrosine kinase inhibitor, and the clinical success of this drug led
to the discovery of various new kinase inhibitors. Purine analogues are effective
anticancer (acute leukemias), antiviral, antitumor, bronchodilator, immunosuppressive
therapeutics, and a variety of purine-based kinase inhibitors are in pre-clinical and
clinical trials.? In this study, we have synthesized various derivatives of an earlier
reported fluorinated purine-based triazole lead compound.?®? The structural
characterization of these novel derivatives was accomplished by high field *H NMR and

13C NMR spectroscopy.



2. DESIGN, SYNTHESIS AND STUDIES OF NOVEL AGE-INHIBITORS
AND AGE-BREAKERS

2.1. BACKGROUND

Advanced (glycation end products AGES) are a large group of protein-crosslink-
derived compounds, generated both exogenously (in vitro) and endogenously (in vivo) by
a series of very slow complex non-enzymatic reactions (also known as Maillard reaction)
between reducing sugars and amino groups in proteins, lipids, and nucleic acids.?528 This
process is also known as protein glycation.?” The glycation is initiated through a non-
enzymatic reaction of amino groups of proteins, lipids or nucleic acids with the carbonyl
groups of reducing sugars?®, resulting in the formation of an unstable Schiff base
intermediate.33! A Schiff base undergoes very slow chemical transformations over a
period of weeks to form a highly reversible and stable ketoamine intermediate (also
known as Amadori product).3**2** Finally, Amadori products undergo dehydration and
rearrangements to form AGE precursors (reactive dicarbonyls), which cause protein
aggregation by developing a crosslink between adjacent proteins and lead to the
formation of advanced glycation end products (AGEs).% Oxidation of sugars
(autooxidative glycation), ketoamines-Amadori product (glycooxidation), lipids, and
amino acids in the presence of transition metals and oxygen can also generate very
reactive dicarbonyls®%*8 as AGE precursors that can covalently bind to proteins and lead
to the formation of AGEs (Figure 2.1). These AGE- bound proteins can also interact with
other proteins in the body to finally form AGE-protein crosslinking. This is advanced

stage of glycation and leads to the pathogenesis of numerous life threatening diseases.
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Figure 2.1. Formation of AGEs by different pathways; Maillard Reaction,
autooxidation of reducing sugars, and glycooxidation of Amadori product.®

Chemical interaction between degradation and fragmentation products of reducing sugars
(glucose/fructose) and protein (lysine/arginine) residues also lead to the formation of
early glycation products.3® Chemical structures of some early and advanced glycation
end-products are shown in Figure 2.2. Of these AGEs, N¢-carboxymethyllysine (CML)
was the first discovered AGE* and is used in many studies as the AGE marker. It is also

formed by metal catalysed oxidation of polyunsaturated fatty acids.
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Figure 2.2. Structures of early and advanced glycation end-products.*

2.1.1. Effects of AGEs on Human Health. AGEs have harmful effects on
human health through two different physiological functions.** AGEs can promote protein
cross-linking, protein aggregation and tissue stiffness to lose their original function.
AGEs can also bind to proteins (protein-bound AGESs) and activate cell membrane
receptors such as receptors for advanced glycation end-products (RAGE) to promote
reactive oxygen species (ROS) generation and affect cell physiology. Not all the AGEs
form protein adducts and only Ne-carboxymethyllysine (CML) can bind to RAGE for the

activation of specific cellular signaling pathways.****?> Due to these physiological



functions, AGEs promote oxidative stress, affect the immune system, cause chronic
inflammation, protein aggregation, alter/or damage the function of tissues and proteins,
and cause the pathogenesis of many diseases, such as diabetes cardiovascular disease,
rheumatoid arthritis, Alzheimer’s disease, dementia, and various kinds of cancer*®*8 as

shown in Figure 2.3.

interatcion with
~ . immune cells

il

Chronic inflammation Immune imbalanci

H

Tissue injury

Cancer

Metabolic disorders

Liver disease

Renal disease
Tissue stiffness
Protein aggregation

Cardivascular

\ Crosslink -
\ /

Degenerative disorders

Immunological disorde

Figure 2.3. AGEs induced biological effects and correlated diseases.*®

2.1.2. AGE-Inhibitors and AGE-Breakers. A large number of compounds

have reached the phase of clinical studies used as therapeutic agents to inhibit the



glycation (AGE-inhibitors)*>* and break the AGE-protein crosslinking (AGE-
breakers)>>%° for the prevention of diseases caused by AGEs. These compounds are
collectively known as AGE-inhibitors and- breakers.

2.1.2.1. Naturally occurring AGE-inhibitors and their inhibitory effects.
Polyphenols and flavonoids such as tannins,® rutin,! quercetin, cirsilineol,® arbutin,
ferulic acid, and hydroxycitric acid® found in medicinal plants (natural products),
vegetables, fruits, teas, cereals, spices, nuts, algae, and polyphenols have proven to be
promising agents for AGE inhibition. Structures of some naturally occurring AGE-
inhibitors are shown in Figure 2.4. Phenolic compounds inhibit AGE formation through
their antioxidant activities by scavenging free radicals formed during Maillard reaction.
However, the mechanism of AGE inhibition of these naturally occurring AGE-inhibitors
is not completely understood. Flavonoids exhibit inhibition activities through free radical
scavenging.®* Among flavonoids, flavones have stronger inhibitory effects than flavonols,
flavanones and isoflavones.®® © Based on an in-vitro study, a number of hydroxyl groups
and their derivatization in flavonoids are the structural requirements for effective
inhibition of AGEs. Tea polyphenols such as epigallocatechin gallate (EGCG),
epigallocatechin (EGC), and theaflavin-3-3’-digallate (TF3) not only inhibit AGE
formation through their antioxidant activities, but also scavenge reactive dicarbonyl
intermediates (AGE precursors) formed in glycation under physiological conditions.®

2.1.2.2. Synthetic AGE-inhibitors and their inhibitory effects. Synthetic AGE-

inhibitors can also inhibit the AGE formation in the same way as naturally occurring
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Figure 2.4. Chemical structures of naturally occurring AGE-inhibitors.

AGE-inhibitors, either by blocking the reaction of amino group of proteins with reducing
sugars (early glycation) or by trapping reactive dicarbonyls and radical species

(RCS/ROS) formed (late glycation) during Maillard reaction but their exact and detailed
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mechanism of action also needs to be investigated. On this basis, AGE- inhibitors are
divided into two categories; 1.) Inhibitors of early stages of glycation, 2.) Inhibitors of
late stages of glycation. For example, aspirin is considered to be an effective inhibitor in
early glycation due to its ability to acetylate free amino groups of proteins and inhibit the
further glycation reactions to prevent diabetic complications.®”-% Diclofenac, an anti-
inflammatory drug, can also bind to proteins by noncovalent bonding to prevent the
proteins’ interaction with sugars and block glycation sites in human serum albumin.®®
Pioglitazone, metformin (antidiabetic drug), and pentoxifylline have also been reported to
moderate early-stage glycation inhibitors.” Structures of some synthetic AGE-inhibitors
are shown in Figure 2.5. Aminoguanidine (AG), pyridoxamine, thiamine pyrophosphate,
tenilsetam, pyrraline, buformin, quinine, carnosine, amlodipine, Kinetin, penicillamine,
and ethanol have been reported to be effective AGE-inhibitors in late stages of glycation.
These compounds show inhibitory effects by either trapping dicarbonyl compounds or
inhibiting Amadori products formation. Ethanol also showed inhibitory effects on AGE
formation as it has ability to metabolize into acetaldehyde in vivo, which could react with
protein-bound Amadori products.’

The Mechanism of trapping carbonyls by aminoguanidine is shown in Figure 2.6.
Aminoguanidine reacts with very toxic hydroxyaldehyde (carbonyl) and 2,3-butanedione
(dicarbonyl) to form less toxic hydrazone and triazine, respectively.>® Proposed
mechanism of action of trapping dicarbonyls by aminoguanidine is based on in-vitro
model studies. Since the discovery of aminoguanidine, there is no published evidence of
trapping AGE precursors by aminoguanidine in vivo. The less toxic products hydrazone

and triazine formed after the reaction of aminoguanidine with dicarbonyls, shown in



Figure 2.6 have never been detected in urine and plasma of the animal models used in

this study.
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2.1.2.3. AGE-breakers and their inhibitory effects. AGE-breakers such as N-

phenacylthiazolium bromide (PTB) and its derivative alagebrium chloride (ALT-711)
selectively cleave the established covalent AGE-protein crosslinks in vivo and in vitro®®->°
to restore the original function of proteins and finally combat the adverse effects
associated with aging, diabetes, arthritis, Alzheimer’s, chronic inflammation, skin, and
cardiovascular diseases.’?" Besides these two prototypical AGE-breakers, other
compounds such as curcumin,’® ALT-946,”-"8 pyridinium analogs (TRC4186 and
TRC4149),%%-5" C-16, and C-36* have also been known as potential AGE-breakers
having therapeutic effects against the diseases associated with AGE-protein crosslinking.

Chemical structures of some AGE-breakers are shown in Figure 2.7.
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Vasan et al.>® were the first to show the mechanism of cleavage of glucose-
derived protein crosslinking by phenacylthiazolium bromide (PTB). On this basis, other
AGE-breaker therapeutics effective to break protein crosslinking in diabetic rats were
designed, and their mechanism of action was supported by release of AGE-albumin from
preformed AGE-albumin-collagen complexes, binding of released immunoglobulins with
RBCs of diabetic rats, and finally reversal or decrease of collagen crosslinking in diabetic
rats. °°" The proposed mechanism of action of AGE-inhibitors is shown in Figure 2.8.
The bifunctional AGE-breaker attacks at dicarbonyl AGE-crosslinking, followed by
intramolecular rearrangements to cleave the dicarbonyl bond of crosslinking. After
hydrolysis, AGE-breaker is regenerated with the simultaneous removal of chemically
inert CML (N.-carboxymethyllysine) on one peptide chain and reactive aldehyde group
on another peptide chain involved in crosslinking. It is thus apparent that the target of
AGE-breakers would be reactive dicarbonyls- derived crosslinks, in the AGE-modified
proteins. AGE-breakers have proven to be very effective in various in vivo and in vitro
studies.

Some AGE-inhibitors, AGE-breakers and their hydrolysis and/or metabolism
products have metal chelating activity in the tissues to prevent the formation of harmful
AGEs. Alterations in metal homeostasis (copper and iron) in different body tissues is also
the cause of diseases such as diabetes, cardiovascular disease, and renal diseases.”®8!
Antihypertensive drugs have been shown to have chelation as their mechanism of action
on AGE formation.®2-8% Hydrophilic compounds (aminoguanidine and pyridoxamine) act
as chelators in high doses while on the other hand, low doses of hydrophobic compounds
are required. Although, various synthetic AGE-inhibitors and AGE-breakers described

above have very strong therapeutic properties by acting through different mechanism of
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action but they have side effects. For example, aminoguanidine (AG) considered to be the
gold standard in this area didn’t give very promising results in clinical trials and phase 11
trials were terminated because of adverse side effects observed such as gastrointestinal

disturbance, anemia, and flu symptoms, >3 84-85
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2.2.  RESULTS AND DISCUSSION

N-phenacylthiazolium bromide (PTB) has been found to cleave and transform the
most reactive a-dicarbonyl AGE precursors (1-phenyl-2,3-propanedione) into less
reactive compounds (benzoic acid).>® Alagebrium (ALT 711) was developed as another
stable N-phenacyl-derived thiazolium salt having very good therapeutic effects against
diabetes and aging in vitro.>® 8-8 Both of these compounds can cleave a-dicarbonyls but
their mechanism of action as antiaging agents is unclear.”? Kim and Spiegel®®
demonstrated that phenacylthiazolium carbene (ALT-711, PTB) is more reactive than
benzylthiazolim carbene towards a-dicarbonyl cleavage in aqueous medium. ALT-711
also reacts with toxic methylglyoxal (MGO) in vitro to form ALT-MGO adduct (cyclic
diol), which was not observed with benzylthiazolium carbene and thereby rescues the
growth of E. coli. Proposed mechanism of MGO trapping by ALT-711 form ALT-MGO

adduct is shown in Figure 2.9.
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Cleavage of a-dicarbonyl compound phenylglyoxal with different carbenes was
performed either by modifying Vasan’s method™ or by using acetonitrile as a co-solvent.
Results are summarized in Figure 2.10. Yields of benzoic acid were determined by LC-

MS by peak integration with respect to phenylglyoxal.
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Samuel et al.*® have demonstrated that phenacylmethylimidazolium halides with
electron-donating groups are the most effective oral hypoglycemic agents. A library of
compounds by varying heterocyclic moieties, number, and position of different functional
groups was synthesized, and their effects in reducing blood glucose levels in diabetic
mice were shown. Richardson and Furlani et al.?%? have synthesized and demonstrated
by fluorescence assay that second-generation bis-2-aminoimidazole (2-Al) based
compounds are more effective AGE-inhibitors and AGE-breakers than the first-
generation gold standard known to be aminoguanidine (AG). Bis-2-aminoimidazole
derivative with tether linking of 3-carbon chain length 1.1 was shown to be the most
effective AGE-inhibitor as well as AGE-breaker even at very low concentration. There
were many synthetic challenges to synthesize these compounds, and their chemical
structures are shown in Figure 2.11.

Compound 2.1 having tether linking with different carbon chain length (n = 1-5)
was synthesized in two steps. Corresponding di-a-chloroketone was obtained by
Nierestein reaction of di-acid chloride followed by cyclization with Boc-guanidine and
subsequent Boc deprotection, as shown in Figure 2.12. Compounds 2.9-2.14 with
different amino acid derivatives were synthesized by Akabori reduction followed by
cyanamide condensation of corresponding aminoacid methyl esters, as shown in Figure
2.13.

Mohammad et al.%® have shown the importance of morpholine moiety in drug
candidate. Several anticancer and antidiabetic drugs have starting compounds bearing
morpholine moiety, as shown in Figure 2.14. Drug candidates with nitrogen-substituted

morpholines shown in Figure 2.15 have a wide spectrum of biological activities.
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Figure 2.11. Chemical structures of bis-2-aminoimidazole derivatives.
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Figure 2.12. Synthesis of methylene linked bis-2-aminoimidazoles (2.1).%
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i) Na/Hg, H,O
o 1.5, 0-5°C HoN
pH L.9, /N
MeO)K/R UR
N;le i) NH,CN, H,0 H”
pH 4.3, 95 °C

Figure 2.13. Synthesis of aminoacid-derived bis-2-aminoimidazoles (2.9-2.14).9

HO/\Qf;@ HO Oﬂ
\ \ P CHO
Lo CHO HO —

OH

Figure 2.14. Examples of starting compounds for anticancer and antidiabetic drugs.

Drug candidates with nitrogen-substituted morpholines shown in Figure 2.15 have
a wide spectrum of biological activities. Antioxidants such as tannins and polyphenols
found in fruits, vegetables, teas, and red wines also have morpholine moiety in their
structure, as shown in Figure 2.16.%* These novel derivatives are found to inhibit the
ferrous/ascorbate induced lipid peroxidation of microsomal membrane lipids.%
Polyethylene glycol (PEG) is very inexpensive and has been approved by FDA for use as
drug delivery and drug modification. It enhances the aqueous solubility of hydrophobic
drugs, prolongs circulation time and minimizes non-specific uptake of drugs.%6-%
Therefore, specific targetability could be achieved through enhanced permeability and
retention effects. PEG prodrugs for anticancer drugs paclitaxel and camptothecin have

been prepared and proved that the prodrugs have improved water solubility and in vivo
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activity.®>1%1 Based upon the promising results for the compounds (AGE-inhibitors and-
breakers) reported in the literature as described above, we decided to synthesize N-
phenacylthiazolium and N-phenacyl-3-methylimidazolium halides, their derivatives, and

dimers.

o

o o o OEt ™

/d%w@ O\f\fo ©)\TN\M‘*
H Me

cl SN-Neme

Moclobemide Emorfazone Phendimetarzine

(antidepression) (antipyretic) (appetite suppressant)

k@ﬁ
)io]\
Phenpropimorh
(fungicide)

Figure 2.15. Examples of drugs having nitrogen-substituted morpholine.
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Figure 2.16. Examples of antioxidants having morpholine moeity.
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Based upon the promising results for the compounds (AGE-inhibitors and-
breakers) reported in the literature as described above, we decided to synthesize N-
phenacylthiazolium and N-phenacyl-3-methylimidazolium halides, their derivatives, and
dimers.

2.2.1. Synthesis of N-phenacylthiazolium Halide (PTB) and its Derivatives. N-
phenacylthiazolium halide (PTB) and its derivatives were synthesized according to
literature procedures with modifications!®2-1% as shown in Figure 2.17. N-
phenacylthiazolium bromide 2.16 was prepared by reacting bromoacetophenone 2.15
with thiazole in methanol at reflux for 3 h. Recrystallization in methanol and
diisopropylether afforded pure compound 2.16 in 50% vyield. 4-nitrophenacylthiazolium

compound 2.18 was also prepared by the same method in 37% vyield.

° [Z\> »

MeOH, reflux, 3 h

2.15
R g‘b@

MeOH, reflux, 3 h

2.17 2.18

Figure 2.17. Synthesis of phenacylthiazolium bromide (2.16) and 4-nitro
phenacylthiazolium bromide (2.18).
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Catechol and phloroglucinol derivatives of PTB 2.21 & 2.24 were synthesized in
two steps as shown in Figure 2.18. Friedal-Crafts acylation of catechol 2.19 with
chloroacetylchloride gave chloroacetylated catechol 2.20 in 71% yield,%® which was
further reacted with thiazole in the presence of catalytic amount of tetrabutylammonium
bromide (TBAB) in methanol at reflux for 65 h. Recrystallization in methanol and
diisopropylether afforded pure compound 2.21 in 41% vyield. Similarly, Friedal-Crafts
acylation of phloroglucinol 2.22 with chloroacetylchloride gave chloroacetylated
phloroglucinol 2.23 in 34% yield,'°” which was further reacted with thiazole in

acetonitrile at reflux for 4 d to afford compound 2.24 in 53% yield.

o OH rs OH
OH HO _TBAB  HO _
Ho AlCly C|)K/C' N_/ ci
=
DCM, 5-10°C, 1t, 12 h €l MeoH, reflux, 65 h N\;/S
,5-10°¢, 1t I
2.20 221

2.19

? OH O rs OH O C{Ls
OH \)
A|C|3Y Cl)K/Cl /@\)'K/CI '\} / /@\)K/N]\/)
+
HO” i “OH DCE, 0°c, reflux, 10 h  HO OH ACNreflux, 4d  HO OH
2.22 2.23 2.24

Figure 2.18. Synthesis of phenacylthiazolium compounds, 2.21 and 2.24.

Similarly, other derivatives such as polyethylene glycol (PEG), benzylamine, and

morpholine were also synthesized in two steps as shown in Figure 2.19. To synthesize



23
PEG-derived PTB 2.27, PEG-methyl ether 2.25 was reacted with bromoacetylchloride in
DCM for 12 h to afford bromoacetyl-derived PEG-methyl ether 2.26 in 89% yield, which
was further reacted with thiazole in acetonitrile at reflux for 20 h. Purification by column
chromatography afforded pure compound 2.27 in only 10% yield. Synthesis of
morpholine-derived PTB 2.30 was also done by first reacting morpholine 2.28 with
chloroacetyl chloride in the presence of triethylamine (TEA) in DCM for 45 min. to
afford chloroacetylated morpholine 2.29 in 35% yield,'% which was further reacted with
thiazole in acetonitrile under microwave heating for 45 min. to afford pure compound
2.30in 67% yield. Benzylamine-derived PTB 2.33 was also obtained by first reacting
benzylamine 2.31 with chloroacetyl chloride in the presence of triethylamine (TEA) in
DCM for 45 min. to afford N-benzyl-2-chloroacetamide 2.32 in 58% yield,'% which was
further reacted with thiazole in acetonitrile under microwave heating for 45 min. to afford

pure compound 2.33 in 27% yield.

o

N _
[;} Br
H. CI)K/Br HsC o} H;C o O. NN
:Clg OH o \g/\Br - - 5 )
n ACN, reflux, 20 h n =
2.27

n DCM, 0 °C-rt, 12 h

2.25 2.26

N=\
Cl S INE=N
)&C Y\ \Q/ Y
Cl
[ j TEA, DCM, 0 °C- rt, 45 min [ ] ACN, microwave, 45 min [ ]
2.28 2.29 2.30

H cr
e O Lg.
é TEA, DCM, 0 °C- rt, 45 min é ACN, microwave, 45 min é
2.33

231

Figure 2.19. Synthesis of phenacylthiazolium compounds, 2.27, 2.30, and 2.33.
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2.2.2. Synthesis of N-phenacyl-3-methylimidazolium Halide and its Nitro

Derivative. Several methods for the synthesis of phenacyl-methylimidazolium halides
have been reported in the literature.1%% 119113 N-phenacyl-3-methylimidazolium halide
2.35 and 4-nitrophenacyl-methylimidazolium halide 2.37 were also prepared according to
previous procedures with slight modifications!'* 113 as shown in Figure 2.20.
Bromoacetophenone 2.15 and 2-bromo-4’-nitroacetophenone 2.17 were reacted with
methylimidazole in THF for 3 h at room temperature to afford pure compounds 2.35 &

2.37 in 80% and 77% vyield, respectively.

_ l\fCH3
Br
O] O
N=\ I
Br I%/N_CHS ©)‘\/':{\/)
_—
THF, rt, 3 h
2.15 2.35
_ CHy
Br N
(0]
o N= I\I[/)
Br IQ/N—CH:; +
_— N
O,N THF, 1t, 3h Oz
2.17 2.37

Figure 2.20. Synthesis of N-phenacylimidazolium halides, 2.35 and 2.37.

2.2.3. Synthesis of Dimers of Phenacylthiazolium (PTB) and

Phenacylimidazolium Halides. Dimeric versions of PTB and N-phenacylimidazolium
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halides were synthesized in two steps, as shown in Figure 2.21. In the first step,
chloroacetylated diphenylmethane 2.39 was prepared according to a previous procedure
with slight modifications.!!* Friedal-Crafts acylation of diphenylmethane 2.38 with
chloroacetylchloride gave pure compound 2.39 in 60% yield, which was further used as a
starting material for the synthesis of dimeric compounds 2.40 and 2.41. Compound 2.39
was reacted with thiazole in acetonitrile under microwave heating for 5 h to afford PTB-
dimer 2.40 in 80% yield. Similarly, phenacylimidazolium dimer 2.41 was obtained in
43% yield by reacting 2.39 with methylimidazole in acetonitrile under microwave heating
for only 45 min. Many synthetic challenges were overcome to synthesize bis-

phenacylthiazolium and imidazolium (2.40, 2.41) based derivatives.

C'LCI CICI
e

AICl;, DCM
0°C-rt,20h

H3C_
N

g/N

MeCN, MW, 45 min

i(jl/\ c O O N

/XN N= N +

S S N NEQN

=/ J 0 |w/ H3C‘N\7, | I N-CHs

2.40

Figure 2.21. Synthesis of phenacylimidazolium compounds, 2.40 and 2.41.
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2.2.4. Reactivity Study of AGE-Inhibitors and AGE-Breakers by 1*C NMR
Spectroscopy. Zhu et al.**® have shown by NMR (1D and 2D) and LC-MS in the bovine
lens crystalline-DHA assay that four tea flavanols (EC, ECG, EGC, and EGCG) could
trap dehydroascorbic acid (DHA) and form conjugates as shown in Figure 2.22 to prevent
glycation in the lens. Ascorbic acid (ASA) in the lens present in very high concentration
(3mM)¢ is oxidized in to a reactive dicarbonyl dehydroascorbic acid (DHA),*’
precursor for the formation of AGEs as shown in Figure 2.23, which are known to be
causative factors for the diseases such as nephropathy, atherosclerosis, diabetic

retinopathy and cataract.3! 118

OH R; Ry
HO . E H H
Qﬁ@ :

o R, EGC OH H
OH ECG H galloyl
EGCG

OH OH galloyl
Phosphate buffer Ho_  H o
(pH 8.00, 100 mM), o _ o

37°,3h o galloyl
DHA
HO OH

EC-DHA 1
EGC-DHA 2

EGC-DHA 1

ECG-DHA 1 ECG-DHA 2

EGCG-DHA 1 EGCG-DHA 2

Figure 2.22. Chemical structures of DHA adducts of flavanols, EC, EGC, ECG, and
EGCG.
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2.2.4.1. In situ PTB-DHA adduct formation. To the best of our knowledge,
PTB-DHA adduct formation has not been reported in the literature. We first time
demonstrated the in-situ adduct formation in NMR tube between DHA and PTB in

deionized water at room temperature at different time intervals by **C NMR spectroscopy

as shown in Figure 2.24.

(6]
|
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Figure 2.23. Schematic representation of the oxidation of dehydroascorbic acid (DHA),
followed by its further degradation in human lens.

Structures of four possible stereoisomers of PTB-DHA adduct are shown in
Figure 2.25. Out of these four possible structures, PTB-DHA 3 adduct is in agreement
with the theoretical calculations as shown in Table 2.1.

2.2.4.2. In situ adduct formation of DHA with novel AGE-inhibitors and
AGE-breakers. After conforming the PTB-DHA adduct formation by 3C NMR

spectroscopy, In situ adduct formation between novel AGE-inhibitors and —breaker
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compounds 2.30, 2.33, 2.40, and 2.41 and DHA was studied by 3C NMR as shown in

Figure 2.26. Our NMR experiment showed that all of our four AGE- inhibitors 2.30,

2.33, 2.40, and 2.41 can form adducts with DHA and the rate of adduct formation is

faster than PTB. As shown in Figure 2.24, PTB-DHA adduct forms in about 30 min. but

in case of our novel AGE-inhibitors and AGE-breakers, the adducts are formed within 5

min. and the relative intensities of 3C signals for the adducts are very high even after 5

min., as compared to the signals of the PTB-DHA adduct as shown in Figure 2.26.

Adduct C-3 Adduct C-2
(96.4) ppm) (94.4) ppm)

AN

DHAA/E:o DHAA};;O
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Figure 2.24. In-situ PTB-DHA adduct formation at 5, 15, 30, 240, 480 min. and 5 days.
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PTB

Deionized water, rt

PTB-DHA 2

HO

PTB-DHA 3 PTB-DHA 4

Figure 2.25. Chemical structures of the four possible stereoisomers from the reaction of
DHA with PTB.



The structures shown in Figure 2.25 are various possible products of DHA-PTB

adducts, and they have not been reported to date.

Table 2.1. 3C NMR chemical shifts (experimental and theoretical) of four possible

stereoisomers of PTB-DHA adducts.

Carbon Chemical shifts in ppm
No. EXxp. Calculated
PTB-DHA | PTB-DHA | PTB-DHA | PTB-DHA
1 2 3 4

1 173.3 176.1 171.6 169.9 170.1
2 94.4 86.7 89.3 86.4 86.5
3 96.3 88.3 85.9 97.0 94.5
4 87.3 84.5 83.8 82.5 84.7
5 76.0 73.7 74.9 74.8 72.8
6 72.7 64.2 64.3 64.9 65.2
r 160.0 192.3 186.1 182.9 182.7
2’ 125.5 139.7 136.7 140.1 138.2
3’ 138.3 133.2 138.0 134.3 136.8
4’ 60.5 74.9 80.3 85.3 81.8
9’ 191.9 196.7 192.8 192.9 192.9
6’ 132.8 136.5 136.7 137.1 140.0
7 129.3 136.7 135.7 134.4 130.0
8’ 128.5 135.6 132.6 135.4 135.2
9 135.5 146.4 144.8 145.1 143.7

30
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Figure 2.26. In situ adduct formation between DHA and novel AGE-inhibitors and AGE-
breakers (compounds 2.30, 2.33, 2.40, and 2.41) by 3C NMR spectroscopy.

2.3. EXPERIMENTAL

2.3.1. Materials and Methods. All reagents were purchased from commercial
sources and used as received. Column chromatography was carried out using Merck 60,
230-400 mesh. Thin layer chromatography was carried out using silica gel coated
polyester backed sheets. The *H and *3C NMR spectrum for CDCls, Acetone-ds, and
DMSO-ds solutions were obtained on an INOVA-Varian 400 MHz spectrometer at 400
and 100 MHz respectively. The *H NMR, **C NMR chemical shifts are referenced to the
residual solvents signals or the internal TMS (6 = 0.0).

2.3.2. Preparation of Dehydroascorbic Acid (DHA) and its Reaction with
AGE-Inhibitors and-Breakers. Dehydroascorbic acid was prepared by chemical
oxidation of ascorbic acid with bromine. Ascorbic acid (3.0 eq.) with respect to PTB and

other compounds 2.30, 2.33, 2.40, and 2.41 was dissolved in 1 mL of deionized water at
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room temperature to obtain a clear and colorless solution. To this solution, 2 or 3 drops of
bromine were added to obtain a light brown colored solution, which was titrated with
ascorbic acid to finally obtain a clear and colorless dehydroascorbic acid solution.
Conversion of ascorbic acid into dehydroascorbic acid and its stability in water was
confirmed by 3C NMR as shown in Figure 2.27. To this DHA solution, PTB was added
and stirred at vortex till dissolution at room temperature. Reactivity study of PTB with
DHA to form adduct was done by *C NMR at various time intervals. Similar method

was applied for the reactivity study of compounds 2.30, 2.33, 2.40, and 2.41.

o Y5401 o DHA 13C NMR
@_{ after 2 days
2

DHA ¥*C NMR

120 100 80 tppml

Figure 2.27. Stability of Dehydroascorbic acid in water.

2.3.3. Synthesis and Properties of Products. Synthetic methods and

characterization of the compounds prepared are discussed below.
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N-Phenacylthiazolium bromide (2.16).1%°

o BI’_ S
©)‘\/L\,[/)
2.16

A mixture of bromoacetophenone (2.6 g, 10.06 mmol), and thiazole (1.0 g, 11.76

mmol) in methanol (30 mL) was allowed to stir under reflux for 3 h. After completion of
reaction as monitored by TLC, methanol was evaporated under reduced pressure and the
residue was triturated with hexane (10 mL) for 30 min. at room temperature. The solid
was filtered and product thus obtained was further recrystallized with methanol and
diisopropylether to obtain 3-Phenacyl-1, 3-thiazolium bromide 2.16 as a white solid (1.8
g, yield = 50%); *H NMR (400 MHz, DMSO-ds) & 10.23 (s, thiazole 1H), 8.52 (dd, J =
4.6, 0.96 Hz, thiazole 1H), 8.42 (dd, J = 6.0, 0.92 Hz, thiazole 1H), 8.06 (d, J = 8 Hz,
2H), 7.80 (t, J = 8 Hz, 1H), 7.67 (t, J = 8 Hz, 2H), 6.42 (s, 2H), ; *C NMR (100 MHz,
DMSO-ds) 6 190.6, 161.6, 138.3, 134.6, 133.5, 129.1, 128.1, 126.2, 60.5.

1-(4-nitrophenacyl) thiazolium bromide (2.18).

O,N 2.18

A mixture of 2-bromo-4’-nitroacetophenone (250 mg, 1.02 mmol), and thiazole
(80 mg, 0.94 mmol) in methanol (5 mL) was allowed to stir under reflux for 3 h. After
the reaction was complete as monitored by TLC, methanol was evaporated under vacuum

and the solid obtained was recrystallized with methanol and diisopropyl ether to afford
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compound 2.18 (126 mg, yield = 37%); 3C NMR (100 MHz, H20) 5 190.5, 159.9, 150.7,
137.8, 137.3, 129.3, 126.7, 123.9, 60.2.

2-chloro-1-(3,4-dihydroxyphenyl)ethan-1-one (2.20).10

OH
HO

Cl

2.20

To an oven-dried 50 mL round-bottom flask was added aluminum chloride (3 g,
22.55 mmol) to dichloroethane (10 mL) at 5-10 °C. The reaction mixture was stirred for
10 min. followed by slow addition of catechol (1 g, 9.09 mmol) in small portions over a
period of 10 min. After the addition was complete, the reaction mixture was further
stirred for 15 min followed by the addition of chloroacetyl chloride (1.1 g, 9.73 mmol) at
5-10 °C. After the addition was complete, the reaction mixture was allowed to come to
room temperature and was further stirred overnight. After the reaction was complete as
monitored by TLC, the reaction mixture was poured into cold dilute HCI (5 mL of conc.
HCI in crushed ice), stirred for 1 h room temperature. The resulting precipitate was
filtered, washed with cold water and dried at 120 °C overnight to afford compound 2.20
(1.2 g, yield = 71%); 'H NMR (400 MHz, Acetone-ds) & 8.86 (s, 1OH), 8.43 (s, 10H),
7.46-7.48 (m, 2H), 6.92 (d, J = 8.0 Hz, 1H), 4.84 (s, 2H); 3C NMR (100 MHz, Acetone-

de) 6190.2,151.8, 146.1, 128.1, 123.2, 116.1, 115.9, 46.9.
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3-(2-(3,4-dihydroxyphenyl)-2-oxoethyl)thiazol-3-ium chloride (2.21).

OH
HO _
_EI
221

A mixture of 2-chloro-1-(3,4-dihydroxyphenyl)ethan-1-one (1 g, 5.4 mmol),
thiazole (594 mg, 7 mmol), tetrabutylammonium bromide (250 mg, 0.77 mmol) in (40
mL) methanol was allowed to stir under reflux for 65 h. After the reaction was complete
as monitored by TLC, methanol was evaporated under vacuum. The residue was
triturated with acetone, filtered and was further recrystallized with methanol and
diethylether to afford pure compound 2.21 (600 mg, yield = 41%); *H NMR (400 MHz,
DMSO-de) 6 10.19 (s, thiazole 1H), 8.47 (dd, J = 4.88, 1.16 Hz, thiazole 1H), 8.37 (dd, J
=6.04, 2.4 Hz, thiazole 1H), 7.45 (d, J = 2.16 Hz, catechol IH), 7.42 (s, catechol 1H),
6.97 (d, J = 8 Hz, catechol 1H), 6.30 (s, 2H); 3C NMR (100 MHz, DMSO-ds) & 188.4,

161.4, 152.2, 145.7, 138.4, 125.9, 125.1, 121.6, 115.5, 114.9, 59.9.

2-chloro-1-(2,4,6-trihydroxyphenyl)ethan-1-one (2.23).1%7

OH O

joos
HO OH

2.23

To an oven-dried 100 mL round-bottom flask was sequentially added
phloroglucinol (2 g, 15.87 mmol), aluminum chloride (4 g, 30.15 mmol) in
dichloroethane (20 mL) at room temperature. The reaction mixture was then cooled to 0

°C, and chloroacetyl chloride (2.2 g, 19.52 mmol) was added to the contents over a period
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of 15 min. After the addition was complete, the reaction mixture was refluxed for 10 h.
After the reaction was complete as monitored by TLC, the reaction mixture was poured
into cold dilute HCI (5 mL of conc. HCI in crushed ice), stirred for 1 h room temperature.
The resulting precipitate was filtered, washed with cold water and dried at 120 °C
overnight to afford compound 2.23 (1.1 g, yield = 34%); *H NMR (400 MHz, Acetone-
ds) 8 11.53 (s, 20H), 9.36 (s, 10H), 5.96 (s, 2H), 4.94 (s, 2H); 13C NMR (100 MHz,
Acetone-ds) 6 196, 166.2, 165.2, 103.8, 96, 51.5.

3-(2-0x0-2-(2,4,6-trihydroxyphenyl)ethyl)thiazol-3-ium chloride (2.24).

=
N S
+§/

HO OH

2.24

A mixture of 2-chloro-1-(2,4,6-trihydroxyphenyl)ethan-1-one 1.23 (2 g, 9.9
mmol), thiazole (12.87 mmol) in acetonitrile (60 mL) was allowed to stir under reflux for
4 days. After the reaction was complete as monitored by TLC, the reaction mixture was
cooled to room temperature. The resulting precipitate was filtered, triturated with
acetone, filtered and dried under air to afford 3-(2-oxo-2-(2,4,6-
trihydroxyphenyl)ethyl)thiazol-3-ium chloride 2.24. (1.5g, yield = 53%); *H NMR (400
MHz, DMSO-ds) & 12.09 (S, 20H), 10.87 (s, 10H), 10.17 (s, thiazole 1H), 8.48 (dd, J =
4.8, 0.8 Hz, thiazole 1H), 8.33 (dd, J = 6.0, 2.8 Hz, thiazole 1H), 6.12 (s, 2H), 5.99 (s,
2H): 3C NMR (100 MHz, DMSO-ds) 5 193.1, 166.5, 164.2, 161.5, 138.7, 125.4, 102.1,

94.9, 62.8.
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2,5,8,11,14,17,20-heptaoxadocosan-22-yl 2-bromoacetate (2.26).
HCl OE/\Br
n
2.26

To an oven dried 100 mL round-bottom flask was added bromoacetyl chloride (1.5

mL, 21.42 mmol) to a solution of PEG-OH methyl ether (5.0 g, 14.28 mmol) in
dichloromethane (50 mL) at 0 °C. After the addition was complete, reaction mixture was
allowed to come to room temperature and was further stirred overnight. After completion
of reaction, saturated brine solution was added and the product was extracted by adding
dichloromethane (2 x 20 mL). The dichloromethane layer was washed with saturated brine
solution and then with deionized water, dried over anhydrous MgSOsand evaporated under
vacuum to afford 2,5,8,11,14,17,20-heptaoxadocosan-22-yl 2-bromoacetate 2.26 as a clear
colorless oil (6 g, 89%); *H NMR (400 MHz, acetone-ds) & 4.26 (t, ] = 4 Hz, 2H), 4.0 (s,
OH), 3.69 (t, J = 4 Hz, PEG-OH, 2H), 3.45 (t, J = 4 Hz, PEG-OCHs, 2H), 3.47-3.58 (m,
PEG-OCHSs, 29 H); 13C NMR (100 MHz, acetone-ds) & 167.9, 72.6, 71.3, 71.2, 71, 69.3,
65.9, 58.8, 27.1, 27.
3-(24-0x0-2,5,8,11,14,17,20,23-octaoxapentacosan-25-yl)thiazol-3-ium

bromide (2.27).

A mixture of 2,5,8,11,14,17,20-heptaoxadocosan-22-yl 2-bromoacetate 1.26 (2.0

g, 4.24 mmol), and thiazole (550 mg, 6.47 mmol) in acetonitrile (40 mL) was allowed to
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stir under reflux overnight. After completion of reaction as monitored by ‘H NMR,
acetonitrile was evaporated under reduced pressure. The residue was further purified by
column chromatography by eluting with dichloromethane to afford pure 3-(24-oxo-
2,5,8,11,14,17,20,23 octaoxapentacosan-25-yl)thiazol-3-ium bromide 2.27 as a clear
yellow oil (250 mg, 10%); *H NMR (400 MHz, DMSO-ds) & 10.3 (s, thiazole 1H), 8.57
(dd, J =4.76, 1.08 Hz, thiazole 1H), 8.37 (dd, J = 6.0, 1.04 Hz, thiazole 1H), 5.58 (s, 2H),
3.21-3.48 (m, PEG-OCH3 46 H); 3C NMR (100 MHz, DMSO-ds) & 167.4, 161.5, 138.2,

126.2, 72.3, 71.3, 69.8, 69.6, 60.2, 58.1, 54.7.

2-chloro-1-morpholinoethan-1-one (2.29).108

O\\‘Nﬂu
()

2.29

To an oven-dried 50 mL round-bottom flask was added chloroacetyl chloride (1 g,
8.85 mmol) to a solution of morpholine (850 mg, 9.77 mmol), triethylamine (2.4 mL,
17.6 mmol) in dichloromethane (20 mL) at 0 °C. After the addition was complete,
reaction mixture was allowed to come to room temperature and was further stirred for 45
min. After completion of reaction as monitored by *H NMR, 5% aqueous hydrochloric
acid was added and the product was extracted with dichloromethane (2 x 20 mL). The
dichloromethane layer was washed with saturated brine solution and then with deionized
water, dried over anhydrous MgSO4 and evaporated under vacuum to afford 2-chloro-1-
morpholinoethan-1-one 2.29 as a yellow solid (550 mg, yield = 35%); *H NMR (400

MHz, CDCls) § 3.93 (s, 2H), 3.51-3.56 (dt, J = 20.50, 4.64 Hz, morpholine 4H), 3.44 (t, J
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= 4.64 Hz, morpholine 2H), 3.36 (t, J = 4.72, morpholine 2H); 3C NMR (100 MHz,
CDCl3) 6 165, 66.3, 66.2, 46.4, 42.2, 40.5.

3-(2-0x0-2-(1-morpholino) thiazoliumchloride (2.30).

To a microwave reaction vial was sequentially added 2-chloro-1-
morpholinoethan-1-one 1.29 (540 mg, 3.312 mmol), thiazole (1.4 g, 16.47 mmol) and
acetonitrile (8 mL). The vial was sealed and kept in microwave. After the reaction was
complete as monitored by TLC, the resulting precipitate was filtered, then further
triturated with diethylether, filtered and air dried to afford compound 2.30 as a brown
solid (550 mg, yield = 67%); mp: 215-222 °C; *H NMR (400 MHz, DMSO-ds) § 10.31
(s, thiazole 1H), 8.52 (dd, J = 4.84, 0.84 Hz, thiazole 1H), 8.34 (dd, J = 6.04, 2.48 Hz,
thiazole 1H), 5.89 (s, 2H), 3.49-3.70 (m, 4H), 3.43-3.48 (m, 4H); 3C NMR (100 MHz,
DMSO-de) 6 163.3, 161.7, 138.5, 125.7, 65.8, 65.7, 55.1, 44.8, 42.2.

N-benzyl-2-chloroacetamide (2.32).1%° Prepared according to literature procedure

with slight modifications as described below.

4 N\

H

N\gﬂm

2.32
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To an oven-dried 50 mL round-bottom flask was added chloroacetyl chloride (1.6
g, 14.15 mmol) to a solution of benzylamine (1 g, 9.34mmol), triethylamine (1.5 mL, 20.4
mmol) in dichloromethane (20 mL) at 0 °C. After the addition was complete, reaction
mixture was allowed to come to room temperature and was further stirred overnight. After
the reaction was complete, dichloromethane was evaporated under reduced pressure and
ice cold water was added. The resulting precipitate was filtered, washed with diethyl ether
and dried under vacuum to afford compound 2.32 (1.0 g, yield = 58%); mp: 92-97 °C; 'H
NMR (400 MHz, DMSO-ds) 6 8.67, 8.25 (s, NH exchange), 7.21-7.30 (m, aromatic 5H),
4.26 (d, J = 5.96 Hz, 2H), 4.07 (s, 2H); *C NMR (100 MHz, DMSO-ds) & 165.1, 137.9,
127.4,126.4, 126, 41.7, 41.5.

3-(2-0x0-2-benzylamino) thiazolium chloride (2.33).

{ Y s
2.33

To a microwave reaction vial was sequentially added N-benzyl-2-chloroacetamide

1.32 (1.0 g, 5.464 mmol), thiazole (2.3 g, 27.058 mmol), and acetonitrile (8 mL). The vial
was sealed and kept in microwave. After completion of reaction as monitored by TLC,
the resulting precipitate was filtered, then further triturated with acetone and filtered to
afford compound 2.33 as an off-white solid (400 mg, 27%); mp: 212-218 °C; 'H NMR
(400 MHz, DMSO-ds) & 10.26 (s, thiazole 1H), 9.29 (t, J = 4.0 Hz, NH), 8.52 (dd, J =

4.76, 0.76 Hz, thiazole 1H), 8.32 (dd, J = 6.04, 1.04 Hz, thiazole 1H), 7.26-7.34 (m,
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aromatic 5H), 5.52 (s, 2H), 4.34 (s, 2H); *C NMR (100 MHz, DMSO-ds) 5 164.2, 161.4,
138.5, 138.4, 128.3, 127.4, 127.0, 125.6, 55.5, 42.5.

N-Phenacyl-3-methylimidazolium bromide (2.35).11°

_ CHj
o B

2.35

To a stirred solution of 2-bromoacetophenone 1 (2.0 g, 10.05 mmol) in 12 mL of
THF was added 1-methylimidazole 2 (0.8 mL; 10.16 mmol) at room temperature. The
reaction mixture was stirred at room temperature for 3 h. The solid was filtered, washed
with 10 mL. of ether and finally dried under vacuum to obtain 1-Phenacyl-3-
methylimidazolium bromide 2.35 as a cream colored solid (2.2 g, 80%); *H NMR (400
MHz, DMSO-de) & 9.14 (s, thiazole 1H), 8.06 (m, thiazole 2H), 7.61-7.81 (m, aromatic
5H), 6.12 (s, 2H), 3.96 (s, imidazole 3H); *C NMR (100 MHz, DMSO-ds) & 191.4,
137.7,134.9, 133.7, 129.0, 128.1, 123.9, 123.2, 55.4, 35.9.

1-(4-nitrophenacyl)-3-methylimidazolium  bromide (2.37).12®  Prepared

according to literature procedure with slight modifications as described below.

N
Y

2.37

To a solution of 2-bromo-4’-nitroacetophenone (250 mg, 1.02 mmol) in THF (2
mL), N-methylimidazole (85 mg, 1.03 mmol) was added at room temperature. The

instantaneously formed precipitate was stirred for 2 h at room temperature. The
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precipitate was filtered, washed with diethylether and dried under air to afford pure
compound 2.37 (255 mg, yield = 77%); 3C NMR (100 MHz, H,0) & 191.7, 150.6, 137.5,
129.2,123.9, 123.3, 123.2, 55.1, 35.6.

4,4’-bis(chloroacetyl)diphenylmethane (2.39).114

Cl E E Cl
I I
O O

2.39

To an oven-dried 100 mL round-bottom flask was sequentially added aluminum
chloride (10g, 75.18 mmol) and chloroacetyl chloride (7.5g, 66.3 mmol; solution in
dichloromethane (10mL)) at room temperature. Reaction mixture was then cooled to 0
°C, and diphenylmethane (5g, 29.76 mmol; solution in dichloromethane (5mL)) was
added to the contents over a period of 10 min. After the addition was complete, reaction
mixture was allowed to come to room temperature and was further stirred overnight.
After completion of reaction as monitored by TLC, the reaction mixture was poured in to
cold dilute HCI (12.5 mL of conc. HCI in 20g of crushed ice), stirred for 15 min at room
temperature, and the product was extracted by adding dichloromethane (2x25 mL). The
organic layer was washed with 10% NaHCOs solution and then with deionized water,
dried over anhydrous MgSQO4 and evaporated under vacuum. The resulting yellow solid
was further purified by recrystallization in absolute ethanol to afford
4,4’bis(chloroacetyl)diphenylmethane 2.39 as a light-yellow solid (5.8 g, yield = 60%);
'H NMR (400 MHz, CDCl3) & 7.81-7.83 (m, aromatic 4H), 7.18-7.21 (m, aromatic 4H),
4.59 (s, 4H), 4.03 (s, 2H); 3C NMR (100 MHz, CDCls) 5 190.8, 146.5, 132.9, 129.6,

129.2, 45.9, 42.1.
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3,3’-((methylenebis(4,1-phenylene))bis(2-oxoethane-2,1-diyl))bis(thiazole-3-
ium) dichloride (2.40).

+
SAN I I N=\
O O

\—/

2.40

To a microwave reaction vial was sequentially added 4,4’-
bis(chloroacetyl)diphenylmethane 1.39 (225 mg, 0.7 mmol), thiazole (660 mg, 7.76
mmol), and acetonitrile (8 mL) The vial was sealed and kept in a microwave (600 Watt
power, 20 psi and fan speed =100) for 5 h. After completion of reaction as monitored by
'H NMR, reaction vial was taken out of microwave and cooled to room temperature prior
to opening the cap. The product was obtained as a precipitate from the reaction mixture.
The solvent acetonitrile was decanted, and the residual acetonitrile was evaporated under
an air pressure. Fresh acetonitrile was added to the contents, and the mixture was stirred
overnight at room temperature. The solid was filtered to afford the compound 2.40 as a
pure cream colored solid (275 mg, yield = 80%); mp: 200 °C (decomposition); *H NMR
(400 MHz, DMSO-dg) 6 10.34 (s, thiazole 2H), 8.55 (dd, J = 3.91, 0.84 Hz, thiazole 2H),
8.0 (d, J = 8.0 Hz, aromatic 4H), 7.53 (d, J = 8.0 Hz, aromatic 4H), 6.52 (s, 4H), 4.23 (s,
2H); 3C NMR (100 MHz, DMSO-ds) 190.2, 161.6, 147.6, 138.3, 131.8, 129.5, 128.6,

126.1, 60.4, 40.2.
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3,3’-((methylenebis(4,1-phenylene))bis(2-oxoethane-2,1-diyl))bis(1-methyl-

1H-imidazol-3-ium) dichloride (2.41).

+ &
H3C-N/§N | i N=N\
O O

=

N—-CHj

—

241

To microwave reaction vial was sequentially added 4,4’-
bis(chloroacetyl)diphenylmethane 1.39 (500 mg, 1.55 mmol) 1-methylimidazole (640
mg, 7.80 mmol), and acetonitrile (6 mL) at room temperature. The vial was sealed and
kept in a microwave (600 Watt power, 20 psi and fan speed =100) for 45 min. After
completion of reaction as monitored by *H NMR, reaction vial was taken out of
microwave and cooled to room temperature prior to opening the cap. The product was
obtained as a precipitate from the reaction mixture. The precipitate was filtered and then
triturated with diethyl ether, filtered and further purified by column chromatography by
eluting with dichloromethane and methanol. The solvent was evaporated under vacuum
and the residue was triturated with diethyl ether to afford a pure light-yellow compound
2.41 (325 mg, yield = 43%); mp: 177-183 °C; *H NMR (400 MHz, DMSO-ds) & 9.24 (s,
thiazole 2H), 8.0 (m, thiazole 4H), 7.52-7.80(m, aromatic 8H), 6.14 (s, 4H), 4.21 (s, 2H),
3.95 (s, 6H); 3C NMR (100 MHz, DMSO-ds) 191, 147.4, 137.8, 131.9, 129.4, 128.6,
123.9,123.2, 55.2, 40.2, 35.9.

2.3.4. NMR Spectra of the Products. *H NMR and *C NMR spectra of all the

compounds are shown in Figures 2.28-2.64.
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Figure 2.28. *H NMR spectrum of compound 2.16.
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Figure 2.29. 13C- H decoupled NMR spectrum of compound 2.16.
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Figure 2.31. 13C- APT NMR spectrum of compound 2.16.
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Figure 2.32. 13C NMR spectrum of compound 2.18.
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Figure 2.33. *H NMR spectrum of compound 2.20.
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Figure 2.35. *H NMR spectrum of compound 2.21.
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Figure 2.37. 13C- APT NMR spectrum of compound 2.21.
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Figure 2.39. 3C NMR spectrum of compound 2.23.
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Figure 2.41. *H NMR spectrum of compound 2.24.
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Figure 2.42. 13C NMR spectrum of compound 2.24.
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Figure 2.45. 3C NMR spectrum of compound 2.26.
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Figure 2.47. 13C NMR spectrum of compound 2.27.
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Figure 2.49. 3C NMR spectrum of compound 2.29.
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Figure 2.51. *3C NMR spectrum of compound 2.30.
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Figure 2.53. 3C NMR spectrum of compound 2.32.

T
20

T
L5

s

0.0

1000

80O

G600

57



. . T T T
00 o Ippm]

Figure 2.55. 13C NMR spectrum of compound 2.33.

T J | |
Figure 2.54. *H NMR spectrum of compound 2.33.
—-—-—Mm——-—-d—-&hmm-=

(6]
oo



59

91402

39664

1 *1e6)

40 60 80

20

i J'r _.{ll’ _ .
| 1A ( [ |-
S ) | ] | |
Figure 2.56. 'H NMR spectrum of compound 2.35.
L AL

Figure 2.57. 3C NMR spectrum of compound 2.35.
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Figure 2.59. *H NMR spectrum of compound 2.39.



61

2 I :::F :lj*;" -] :
. | .
200 150 ’ ' ' ' 100 ’ ' ' ' s0 ' Ippm]
Figure 2.60. 13C NMR spectrum of compound 2.39.
; jJ J|' J_, 1’ r
! T [ .
12 10 8 6 1 2 Ippml

Figure 2.61. *H NMR spectrum of compound 2.40.
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3. POLYPHENOLIC ANTIOXIDANTS AND CITRIC ACID AS INHIBITORS OF

THE ADVANCED GLYCATION ENDPRODUCTS: A BC NMR
SPECTROSCOPIC STUDY

3.1. BACKGROUND

Advanced glycation end products (AGEs) are formed by a non-enzymatic
browning reaction called Maillard reaction between the carbonyl groups of reducing
sugars and the amino groups of proteins and amino acids during food processing.3% 119121
The AGEs formed during food processing and storage control food quality parameters,
including taste, aroma, color, and flavor. Furthermore, the ingested AGEs along with the
endogenously formed AGEs in the human body impact human health and are the
causative factors in various pathophysiological effects, including renal failure, diabetes,
diabetic nephropathy, diabetic retinopathy, chronic heart failure, atherosclerosis, and
Alzheimer’s disease.??*2" There is an emerging interest in the pharmaceutical as well as
food industries in developing AGE-inhibitors that would significantly attenuate the
formation of the AGE during food processing or under physiological conditions in the
human body. Dietary flavonoids and related polyphenols and their analogs are especially
attractive targets as antiglycating agents.'?81% |n addition to the polyphenolic
compounds, the naturally occurring citric acid (a major constituent of lemon and orange
juice) is also of interest as an antiglycating agent. Using enzyme-linked immunoassay
(ELISA), it has been shown that citric acid inhibits the accumulation of AGEs,
N&-(carboxyethyl)lysine (CEL) and N°-(carboxymethyl)lysine (CML), in lens proteins in
animal models of type 1 diabetes.**! Phenolic acids (hydroxybenzoic acids) are present in
higher concentration in food from plants than their concentration in flavonoids. Phenolic

acids act as antioxidants and are effective AGE inhibitors in early stages of glycation.!3>
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133 The polyphenolic compound epigallocatechin-3-gallate (EGCG), an abundant
constituent of green tea, in addition to its antioxidant properties, acts as a trapping agent
for the reactive dicarbonyl species, such as methylglyoxal (MGO) and glyoxal (GO),
which are formed as intermediates in Maillard reactions, thus attenuating the AGE
formation.B**137 The polyphenol phloroglucinol, isolated from phloretin, a compound
found in fruit trees is used by cosmetics and pharmaceutical industries as an antioxidant,
and a phloroglucinol derivative, extracted from the brown alga Eisenia bicyclis, was
demonstrated to have antiglycating effect.!*® Ferulic acid, 4’-hydroxy-3’-
methoxycinnamic acid, is an abundant antioxidant phytochemical, and exhibits
antiglycating effects, as demonstrated by fluorescence spectroscopic studies.**® Ferulic
acid when added to a model bread system reduced the formation of the CML formed by
Maillard reactions.*® Although these polyphenols and citric acid have been
demonstrated as antioxidants and AGE-inhibitors by various studies, the relative AGE-
inhibitory activities of these compounds have not been determined to date.

Maillard reactions are usually followed by fluorescence spectroscopy and other
tedious techniques, such as ELISA and matrix-assisted laser desorption mass
spectroscopy (MALDI), which in most cases are not reliable indicators of the extent of
AGE formation. *C NMR spectroscopy in aqueous solutions of the reaction mixtures
provides direct evidence of the formation of the AGEs, and the extent of AGE formation
can be continuously monitored for the same reaction mixture at various time intervals.
At the early stages of glycation, the *C NMR spectrum is relatively uncomplicated and
the Maillard reaction products (AGEs and AGE-precursors) could be observed as distinct

signals (at *3C 98.1, 69.3, 67.7, 64.0, 63.3, 62.8, 60.8, 60.7) in D-glucose/L-leucine and

(at *°C 98.2, 69.3, 67.6, 64.0, 63.4, 60.8, 60.6) D-glucose/benzylamine model system
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respectively distinct from those of the D-glucose. We have now demonstrated, using this

convenient 1*C NMR technique, the antiglycating effects of citric acid and other

polyphenolic compounds , 3,4-dihydroxybenzoic acid, acetic acid, ethanol,

phloroglucinol, 2,3-dihydroxybenzoic acid, ferulic acid, benzoic acid, catechol,

epigallocatechin-3-gallate (EGCG), resorcinol and phenol (Figure 3.1) , using glucose

and leucine/benzylamine model system.

Citric acid monohydrate Epigallocatechin-3-gallate

Oy OH O. OH O.__OH
% OH %
OH OH
H

Benzoic acid

Phloroglucinol

3,4-dihydroxybenzoic acid  2,3-dihydroxybenzoic acid

OH 0

O “on
Acetic acid

Phenol

HO. : OH

Resorcinol

Figure 3.1. Chemical structures of citric acid and other polyphenolic compounds.

Ferulic acid
OH

o

Catechol
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3.2. MATERIALS AND METHODS.

D-Glucose, L-leucine, citric acid monohydrate, polyphenolic compounds and
other reagents used were obtained from commercial sources. Sodium dihydrogen
phosphate (NaH2P04.2H20) and anhydrous disodium hydrogen phosphate (NazHPQOa4)
were of analytical grade. *C NMR spectrum were recorded at 100 MHz using a 400
MHz Bruker Avance spectrometer in aqueous solutions, and the chemical shifts were
assigned based on the literature values for the starting materials. Fluorescence spectrum
were recorded using a Perkin Elmer LS-5 Fluorescence spectrophotometer, with an
excitation wavelength of 354 nm.

3.2.1. Glycation Studies Using D-glucose/L-leucine Model System. A solution
of 0.5 mmol of glucose and 0.5 mmol of leucine in a phosphate buffer solution (4 mL, 0.1
M, pH 7.4) was placed in a 25-mL round-bottom flask, fitted with a reflux condenser.
The reaction mixture was heated at 100 °C for 4 h on a heating mantle, and the aliquots
taken at various intervals were investigated using *C NMR spectroscopy (acquired in
unlocked mode; typically 512 scans were required to obtain a reasonable signal-to-noise
ratio). In order to determine the effect of citric acid on the formation of AGE, various
concentrations of citric acid monohydrate (0.5-0.052 mmol), prepared in phosphate
buffer solution (4 mL, 0.1M, pH 7.4), were added to a solution of 0.5 mmol of glucose
and 0.5 mmol of leucine prepared in phosphate buffer solution; (4 mL, 0.1 M, pH 7.4),
and then the contents were heated at 100 °C for 4 h. In order to determine the
antiglycating effects of epigallocatechin-3-gallate (EGCG), phloroglucinol, or ferulic
acid, solutions of 0.25 mmol of glucose and 0.25 mmol of leucine, and various
concentrations of EGCG (0.125-0.037 mmol), or phloroglucinol (0.125-0.037 mmol), or

ferulic acid (0.25-0.062 mmol), prepared in phosphate buffer solution (4 mL, 0.1 M, pH
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7.4), were heated at 100 °C for 4 h. Aliquots at various intervals were withdrawn from
the reaction mixture and investigated using 3C NMR spectroscopy.

3.2.2. Fluorescence Measurements. Fluorescence measurements of the aliquots
from the above Maillard reaction mixtures were achieved using a reported procedure,
with minor modifications.*! In brief, the aliquots at various reaction times were diluted
to 1:9 v/v in the phosphate buffer, and the fluorescence spectrum were obtained with an
excitation wavelength of 354 nm and the fluorescence intensity was monitored at 400—
500 nm.

3.2.3. Glycation Studies Using D-glucose/Benzylamine Model System. 0.25
mmol of glucose and 0.25 mmol of benzylamine in a phosphate buffer solution (3 mL,
0.1 M, pH 7.4) was placed in a 4 mL screw capped vial fitted in an aluminum block on a
heating mantle, and the aliquots taken at various intervals were investigated using 3C
NMR spectroscopy (acquired in unlocked mode; typically 1024 scans were required to
obtain a reasonable signal-to-noise ratio). In order to determine the effect of citric acid
and other polyphenolic compounds on the formation of AGE, solutions of 0.25 mmol of
glucose, 0.25 mmol of benzylamine, and 0.05 mmol of citric acid, or acetic acid, or
ethanol, or phenol, or catechol, or phloroglucinol, or resorcinol, or EGCG, or benzoic
acid, or 2,3-dihydroxybenzoic acid, or 3,4- dihydroxybenzoic acid, or ferulic acid,
prepared in phosphate buffer solution (3mL, 0.1M, pH = 7.4), were heated at 80 °C for 4
h.

3.3. RESULTS AND DISCUSSION

3.3.1. D-glucose and L-leucine Model System. During our attempts in

identifying a reliable technique to compare the relative glycating effects of various

polyphenols and citric acid, we have found that 3C NMR spectroscopy provides a
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convenient analytical probe. Although not as sensitive as fluorescence spectroscopy, *C
NMR shows definitive evidence for the AGEs. Even though integration of the *C NMR
absorptions is not quantitative due to the long relaxation times of the nuclear spins, the
relative errors cancel out when the total AGE absorptions are integrated with respect to
the D-glucose absorptions, and this method would provide the relative antiglycating
effects of various compounds when the Maillard reactions are carried out under similar
conditions.

Naturally occurring polyphenolic antioxidants are known to attenuate oxidative
stress, and thus these compounds play an important role in vivo as AGE-inhibitors in the
initial stages of the Maillard reaction. Although these antioxidants exert their AGE-
inhibitory effects through alternative pathways, such as sequestering the reactive 1,2-
dicarbonyl compounds formed as the intermediates in the Maillard reaction, they would
also act as inhibitors of the receptors for AGE (RAGE).1*2146 polyphenolic antioxidants,
such as resveratrol, were shown to substantially attenuate the Maillard reactions during
food storage.’*” Similarly, citric acid, because of its high acidity, would be expected to
reversibly protonate the amino groups and thereby attenuate the rates of formation of the
Schiff-base adducts from the reaction of the reducing sugars with amines, and thus would
be expected to attenuate the AGE formation. Citric acid and polyphenolic antioxidants
can also attenuate the AGE formation by sequestering metal ions, and reactive oxygen-
and reactive nitrogen species (ROS and RNS).

It has been reported that citric acid inhibits the accumulation of AGEs in lens
proteins, and thereby protects against albuminuria and ketosis.**® In order to probe the
relative antiglycating effect of various polyphenolic compounds and citric acid, we have

carried out Maillard reactions of D-glucose and L-leucine in the presence of citric acid
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and polyphenolic compounds, epigallocatechin-3-gallate, phloroglucinol, and ferulic acid
(at various concentrations), and monitored the formation of the AGE-related products,
(AGEs as well as AGE-precursor compounds), using 3C NMR and fluorescence
spectroscopy.

We have initially focused on the model system of D-glucose and L-leucine for the
Maillard reaction in 0.1 M phosphate buffer (pH = 7.4). The formation of the AGEs is
typically a slow process, and even at 100 °C, 4 h of reaction time is required in order to
observe the signals for the early-stage AGE, with an adequate signal to noise ratio.

Under these conditions, new absorptions corresponding to the early stages of glycation
appeared (Figure 3.2; bottom trace). We then varied the concentration of citric acid
monohydrate to study its optimal effects on inhibition of the AGE, and followed by *C
NMR and fluorescence spectroscopy. Citric acid monohydrate, at concentrations ranging
from 100 mol% to 15 mol% effectively inhibited the AGE-formation, and even after 4 h
at 100 °C, there were no visible signals for the AGE products in the 3C NMR spectrum
(Figure 3.2). Upon further lowering the concentration of citric acid to 10 mol%,
relatively low-intensity signals for the AGEs or AGE-precursors could be observed in the
13C NMR spectrum of the reaction mixture (after heating 4 h at 100 °C). These results
suggest that citric acid attenuates the formation of AGE at the early stages of glycation,
presumably by attenuating the imine formation. Further mechanistic studies are needed
to gain insight into whether it is involved in the glycooxidation reactions that would lead

to the AGE.
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Figure 3.2. Partial 100 MHz 3C NMR spectrum for the reaction mixtures of the D-
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glucose and L-leucine, heated at 100 °C for 4 h (in 0.1 M phosphate buffer; pH = 7.4), in

the absence (bottom trace) and presence of varied concentration of citric acid;the

asterisks correspond to the absorptions for the AGE precursors and all the other signals
correspond to the C1-Cs carbons of the anomeric mixtures of D-glucose. Signals for L-

leucine are outside the range shown (§13C 21.1, 22.2, 24.3, 40.1, 53.8, 175.9).

We have probed the Maillard reaction of L-leucine with D-glucose, in the

presence of epigallocatechin-3-gallate (EGCG) additive under the same experimental

conditions as that for the citric acid additive. The glycation reaction of D-glucose and L-

leucine was carried out using various concentrations (50 mol%-10 mol %) of EGCG in

order to optimize the amount of EGCG required for AGE attenuation. Through these

experiments, we have demonstrated that, even at 15 mol% of concentration, EGCG is an

effective AGE-inhibitor, as shown by the *C NMR spectrum of the reaction mixture after

heating for 4 h at 100 °C (Figure 3.3).
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Figure 3.3. Partial 100 MHz 3C NMR spectrum for the reaction mixtures of the D-
glucose and L-leucine, heated at 100 °C for 4 h (in 0.1 M phosphate buffer; pH = 7.4), in
the absence (bottom trace) and presence of varied concentration of epigallocatechin-3-
gallate (EGCG); the asterisks correspond to the absorptions for the AGE precursors and
all the other signals correspond to the C1-Cs carbons of the anomeric mixtures of D-
glucose. Signals for L-leucine are outside the range shown (83C 21.1, 22.2, 24.3, 40.1,
53.8, 175.9).

Having demonstrated that EGCG is comparable to citric acid in its anti-glycating
effects, we then investigated the pharmaceutically interesting polyphenolic antioxidants
phloroglucinol and ferulic acid for their AGE-inhibitory effects under our model Maillard
reaction conditions. We studied the effect of phloroglucinol as an antiglycating agent at
various concentrations (50 mol%-15 mol %). It is evident from the 1*C NMR spectrum
of the Maillard reaction mixtures (Figure 3.4) that phloroglucinol effectively attenuates
the formation of AGE at >15 mol% concentration. However, AGE-related **C NMR
absorptions began to appear in relatively low intensity when the concentration of

phloroglucinol additive was lowered to 15 mol%. In similar experiments, ferulic acid at
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100 mol%-25 mol% concentration effectively prevented the AGE formation (4 h at 100

°C in phosphate buffer (pH 7.4)), as shown by the *3C NMR spectrum (Figure 3.5).
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Figure 3.4. Partial 100 MHz 3C NMR spectrum for the reaction mixtures of the D-
glucose and L-leucine, heated at 100 °C for 4 h (in 0.1 M phosphate buffer; pH = 7.4), in
the absence (bottom trace) and presence of varied concentration of phloroglucinol; the
asterisks correspond to the absorptions for the AGE precursors and all the other signals
correspond to the C1-Cs carbons of the anomeric mixtures of D-glucose. Signals for L-
leucine are outside the range shown (613C 21.1, 22.2, 24.3, 40.1, 53.8, 175.9).

The formation of the AGE, which are typically fluorescent products, is also
corroborated by fluorescence spectroscopy studies (Figure 3.6). The fluorescence
spectroscopy revealed the formation of the AGE when the Maillard reaction was carried
out in the absence of citric acid, with a characteristic fluorescence emission at 400-500

nm for excitation at 355 nm, in agreement with literature reports.**! This fluorescence
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emission was completely suppressed in the presence of 50 mol% of citric acid (Figure
3.6).
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Figure 3.5. Partial 100 MHz 3C NMR spectrum for the reaction mixtures of the D-
glucose and L-leucine, heated at 100 °C for 4 h (in 0.1 M phosphate buffer; pH = 7.4).
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Figure 3.6. Florescence spectrum, showing the formation of the Maillard products in the
D-glucose and L-leucine model system (blue trace), and the absence of AGE
fluorescence in the presence of 50 mol% citric acid (orange trace), upon heating at 100 °C
in phosphate buffer (0.1M, pH = 7.4; Aexc at 355 nm and Aem at 400-500 nm).

3.3.2. D-glucose and Benzylamine Model System. We decided to use other

amino acids and primary amines instead of L-leucine to enhance the rate of Maillard
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reaction. Solutions of D-glucose and lysine, or asparagine, or propylamine, or
benzylamine, prepared in phosphate buffer (3mL, 0.1M, pH = 7.4), were heated at 80 oC
for 4 h, except for propylamine; solution of D-glucose and propylamine was kept at room
temperature because of low boiling point of propylamine, and the aliquots at various
intervals were investigated using **C NMR spectroscopy (acquired in unlocked mode;
typically 1024 scans were required to obtain reasonable signal-to-noise ratio).
Benzylamine gave desired results, so we decided to do further study by using
benzylamine. We started by using citric acid as an additive to inhibit the formation of
AGE in D-glucose/benzylamine model system. Concentration of citric acid was varied
from 100 mol% to 10 mol% to study its optimal effect on inhibition of the AGE, and
followed by *C NMR spectroscopy. Citric acid, at concentrations ranging from 100
mol% to 20 mol% effectively inhibited the AGE-formation, and even after 4 h at 80 oC,
there were no visible signals for the AGE products in the *C NMR spectrum. Then we
used EGCG, phloroglucinol, and ferulic acid to study their effect on the formation of
AGEs in glucose/benzylamine model system. The glycation reaction of D-glucose and
benzylamine was carried out by using 20 mol% concentration of each additive. We have
found that at 20 mol% concentration of citric acid, EGCG, phloroglucinol, and ferulic
acid, intensity of AGE signals was relatively less than the intensity seen in the absence of
additives. Citric acid was found to be more effective than other antiglycating agents as
shown in Figure 3.7.

Upon further lowering the concentration of citric acid to 15 mol%, or 10 mol%,
relatively low-intensity signals for the AGEs or AGE-precursors could be observed in the
13C NMR spectrum of the reaction mixture after heating 4 h at 80 oC as shown in Figure

3.8. Other polyphenols such as acetic acid, or ethanol, or phenol, or catechol, or
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resorcinol, or benzoic acid, or hydroxyl derivatives of benzoic acid were also used at 10
mol% concentration to study their effect on the formation of AGE products, but $3C
NMR results showed that 10 mol% concentration of citric acid and other additives used is
not very effective to attenuate the formation of early AGE products as shown in Figure

3.9.

“1e6]

20 mol% ferulic acid

> L " J.‘ ST ..}L l__‘\‘_L__,ﬂ ___Jlu | JI F&
20 mol% phioroglucinol [

oo L" 1 " i y ‘;J. J bl ..J‘l b vy il._ i

20 mol% EGCG

FrCeuTr—— WP ¥ i Aty Jok TV 4
1 20 mol% citric acid ' | =

e X | PRI N

* ‘ Without antiglycating agent u I* *‘ I JJ

-

e it

Figure 3.7. Partial 100 MHz 3C NMR spectrum for the reaction mixtures of the D-
glucose and benzylamine, heated at 80 °C for 4 h (in 0.1 M phosphate buffer; pH = 7.4),
in the absence (bottom trace) and presence of various antiglycating agents (ferulic acid,
phloroglucinol, EGCG, and citric acid); the asterisks correspond to the absorptions for the
AGE precursors, (notably less in concentration in the reaction mixtures treated with
polyphenolic compounds or citric acid) and all the other signals correspond to the C1-Cs
carbons of the anomeric mixtures of D-glucose.

Having 20 mol% optimal effective concentration of these additives in our hand,

various other polyphenols (additives) were used as antiglycating agents to compare their
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effect on the inhibition of formation of AGE or AGE-precursors by *C NMR
spectroscopy. Intensities of AGE formation were measured qualitatively by integrating
AGE and glucose signals in 3C NMR spectrum. We have found that all the polyphenols
used are effective to some extent in inhibition of AGE except phenol since intensity of
AGE formation is more than the intensity measured in a system having only glucose and

benzylamine, without any additive as shown in Figure 3.10.
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Figure 3.8. Partial 100 MHz 3C NMR spectrum for the reaction mixtures of the D-
glucose and benzylamine, heated at 80 °C for 4 h (in 0.1 M phosphate buffer; pH = 7.4),
in the absence (bottom trace) and presence of varied concentration of citric acid (100, 50,

25, 20, 15, and 10 mol %); the asterisks correspond to the absorptions for the AGE

precursors and all the other signals correspond to the C1-Cs carbons of the anomeric

mixtures of D-glucose. The signals for benzylamine are outside the range shown (5'3C
133.8,129.2, 128.9, 128.8, 128.7, 43.4).
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Figure 3.9. Effect of various additives (10 mol% concentration) used as antiglycating
agents on the formation of AGEs in D-glucose and benzylamine model system, upon
heating at 80 °C in phosphate buffer (0.1M, pH = 7.4) for 4 h.
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Figure 3.10. Effect of various additives (20 mol% concentration) used as antiglycating
agents on the formation of AGEs in D-glucose and benzylamine model system, upon
heating at 80 °C in phosphate buffer (0.1M, pH = 7.4) for 4 h.
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4. ANOVEL PHOTOREDOX-CATALYZED gem-DIFLUORINATION OF 1,3-
DITHIOLANES

4.1. BACKGROUND

Organofluorine compounds have important role as pharmaceuticals, %8

19 ‘materials'®-1%, and radiotracers for positron emission tomography

agrochemicals
(PET)"-170 due to their properties of enhanced lipophilicity and thereby bioavailability.
152,138, 171-173 Synthesis of organofluorine compounds is very challenging due to high
electronegativity of fluorine and high hydration energy of fluoride ion.>*’* The
dehydrofluorination of benzylic hydrogens is a reaction of great interest in both industrial
and academic laboratories. Koperniku and et al.” have reviewed base- mediated,
transition-metal-catalyzed, and radical-initiated benzylic monofluorination and
difluorination. Synthesis of difluoroalkylated molecules is being considered as one of the
interesting area of research in drug discovery because CF> moeity significantly enhances
the activities of biologically active molecules because the difluoromethyl group serves as
a lipophilic hydrogen bond donor and there is an isosteric relationship between the CF»
and ethereal oxygen as shown in Figure 4.1. Difluorocomponds are metabolically more
stable than original biologically active molecules and are considered to be potent enzyme
inhibitors.17

Organofluorine compounds can be synthesized in two ways.1’® a.) Direct
fluorination, which includes transformation of C-H bond or a functional group into C-F

bond by treating with well-known fluorinating agents such as elemental fluorine (F2),

hydrofluoric acid (HF), SF4, Selectfluor, NFSI, diethyliminosulfur trifluoride (DAST)
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etc. b.) Another method includes the introduction of fluorinated small molecules called

building blocks into organic molecules.

S
R R R/ \R

Figure 4.1. Bioisosterism of CF, Fragment.t’’

4.1.1. Direct Fluorination. Several synthetic methods for direct fluorination have
been developed!’® but oxidative desulfurization-fluorination method has been regarded as
an efficient method for the synthesis of gem-difluoromethylene compounds.t’® "® This
method has been used extensively to convert cyclic dithioacetals 4.1 derived from aryl
and alky halides into gem-difluro compounds 4.2 by using reagent combination of an
oxidant and Py/HF (Figure 4.2).18%187 Geary et al. % have reported a gram scale synthesis
of air and water stable hypervalent iodine reagent fluoroiodane and used as an

electrophilic reagent for gem- difluorination of dicarbonyl compounds (Figure 4.3).

Authors also investigated the use of fluoroiodane 4.3 as an effective fluorinating

reagent for monofluorination of diketoesters.
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Figure 4.2. Oxidative desulfurization- difluorination: gem-difluorination of dithioacetals.

This hypervalent fluorinating reagent was further investigated as a suitable
reagent for silver- mediated selective gem-difluorination of styrenes under mild

conditions (Figure 4.4).18
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Figure 4.3. gem-difluorination of dicarbonyls using fluoroiodane.

AgBF4 CDCls O
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Figure 4.4. gem- difluorination of styrene using fluoroiodane.
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Bouvet et al.'*® have synthesized and used a novel fluorinated ionic liquid for gem-
difluorination of xanthates and thiocarbonates (Figure 4.5).

a

— C4HyCl, MW )\ KF, MeOH A
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Mo i R\o)<s/
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Dithiocarbonate
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c. C}*S NBS, Fluorinated IL 4.4 R FS
Br \ >L
Br \
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Figure 4.5. Difluorination using ionic liquids; a.) Synthesis of [bdmim][F] (4.5) b.) gem-
difluorination of dithiocarbonate c.) gem- difluorination of xanthate.

4.1.2. Insertion of Functionalized Difluorinated Building Blocks. Belhomme

et al. 1%t

wrote a review on most relevant synthetic methods for the introduction of
functionalized difluoromethylaed building blocks such as CF.SO2R, CF2H,
CF2CONR!R?, CF,CO;R, CF2Br, CF2Rrand CF.PO(OR), onto C (sp?) and C (sp)
centers. Fier and Hartwig® have reported a copper- mediated cross coupling of aryl and
vinyl iodides with a difluoromethyl group generated by sodium borohydride reduction of

Ruppert-Prakash reagent (TMSCF3) to form difluoromethyl arenes and difluoromethyl-

substituted alkenes (Figure 4.6). Prakash et al.'% have also reported the
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Difluoromethylation of aryl and hetreoaryl halides by using BusSnCF2H and copper

iodide.

Cul, CsF

| TMSCF,H CF;H
£ -
NMP, 120 °C,24 h
Alky! lodide
Cul, CsF
| TMSCF,H
Rr“\/ - Rrﬂ\/CFZH
NMP, 120 °C,24 h
Vinyl lodide

Figure 4.6. Difluoromethylation of alkyl and vinyl iodides.

Fujiwara et al.® have invented a new air stable, difluorinating reagent zinc
difluoromethanesulfinate [Zn (SO.CF2H).] and reported its applications in C-H
difluoromethylation of heteroarenes and difluoromethylation of thiols and enones. The
scope of reaction includes high regioselectivity, ambient reaction temperature, stability
towards moisture and air and compatibility with halogen, electron rich or deficient

heterocycles. Yang Gu and co-workers!®

reported a dual palladium/silver catalytic
system for difluoromethylation of aryl halides. They also showed the application of this
dual catalytic system for the difluoromethylation of medicinally relevant compounds

(Figure 4.7).
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Figure 4.7. Palladium-Silver dual co-operative catalysed difluoromethylation of
biologically relevant compounds.

Recently Prakash and co-workers®® have reported a nucleophilic
difluoromethylation of aromatic aldehydes in the presence of lithium iodide, lithium
tetrafluoroborate and triphenylphosphine by using Ruppert-Prakash reagent (TMSCFs3).
Difluoromethylaed compounds are finally formed by alkaline hydrolysis of gem-
difluorinated phosphonium salts (Figure 4.8). Recently Dilman and Levin!’” wrote a
review on difluorocarbenes as a building block for the synthesis of compounds having
difluoromethylene fragment. The difluorocarbene is a singlet carbene, short lived
intermediate and its electrophilic nature due to the presence of empty p orbitals makes it
more reactive towards nucleophiles for the synthesis of a wide variety of organofluorine

compounds.
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Figure 4.8. Nucleophilic difluoromethylation of aldehydes by using TMSCF3,

4.1.3. Photoredox Catalysis and Fluorination. The free radical chemistry in
organic synthesis has been widely used over the past few years due to high radical
reactivity, substrate scope, mild reaction conditions, and high selectivity. Photoredox
catalysis is one of the most rapidly expanding areas of free radical chemistry. Photoredox
catalysis is a mild method of attaining unique chemical reactivity and has several
applications in organic synthesis.%

4.1.3.1. Photoredox catalyzed selective C-H gem-difluorination. Xia, Zhu, and
Chen first time reported the visible light promoted metal free selective benzylic
monofluorination and gem-difluorination by control of diarylketones (9-fluorenone and
xanthone) as photocatalysts and fluorine source (Selectfluor and Selectfluor 11) House
hold bulb (CFL-19W) as a light source is sufficient enough to abstract hydrogen from

benzylic carbon and fluorine radical generated form fluorine source (Selectfluor) attacks

the benzylic site to form benzyl fluorides and regenerates the photocatalyst (Figure 4.9).1
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Mechanism was proposed that photoexcited ketone abstracts benzylic hydrogen from | to
generate benzylic radical 1. Subsequent fluorine atom transfer form selectfluor would
provide benzylic fluoride I11. In 2014, they also reported the photoredox catalyzed
fluorination of unactivated C(sp®)-H groups by activation of acetophenone, a
monoarylketone by using violet light (375-400 nm) generated by household compact

fluorescent bulb (CFL ).’

/’ &~cl
visible jight,9-fluorenone F \%
Selectfluor ©)\ Q

CH3CN, 1t, 24 h 9-fluorenone Selectfluor

visible Jight, xanthone F E CH3
©/\ Selectfluor 11
(0]

CH4CN, 1, 24 h 2BF4

Xanthone Selectfluor Il

Figure 4.9. Visible light-promoted C-H activation; a.) Photoredox-catalyzed benzylic
monofluorination and gem-difluorination b.) Mechanism of visible light- promoted C-H
fluorination.!!
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Figure 4.9. Visible light-promoted C-H activation; a.) Photoredox-catalyzed benzylic
monofluorination and gem-difluorination b.) Mechanism of visible light- promoted C-H
fluorination.** (cont.)

4.1.3.2. Photoredox catalyzed gem-difluoromethylation through in-situ
generated difluoromethylene (CF2) group. Li et al.*® have reported a novel, feasible
and effective photoredox catalyzed difluoromethylation to introduce CF2 group into
tertiary amine derivative, tetrahydroisoquinolines through in-situ generated
difluoromethylene group from difluoroenolates. N-aryl substituted tetrahydroisoquinoline
4.5 was coupled with a,a-difluorinated gem-diol 4.6 in the presence of photocatalyst
Ru(bpy)sCl., CCls, and Et3N in solvent acetonitrile under visible light irradiation at room
temperature to form gem-difluoromethylaed tetrahydroisiquinoline derivatives 4.7 as
shown in Figure 4.10. Mechanism of the reaction involves photoexcitation of
Ru(bpy)s(I1) by visible light to *Ru(bpy)s(I1), which could reduce the tetrahydroquinoline

derivative | to form radical cation Il and Ru(bpy)s(l),which would reduce CCl4 to
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chloride ion and trichloromethyl radical. Trichloromethyl radical abstracts hydrogen atom
from radical cation Il to generate iminium cation Ill. a,a-difluorinated gem-diol IV in
the presence of EtsN generates difluoroenolate V by the release of trifluoroacetate.
Intermediate is very reactive and it could be rapidly trapped by iminium cation to

generate difluoromethylaed product VI (Figure 4.11).
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Figure 4.10. Photoredox-catalyzed gem-difluorination of tetrahydroisoquinoline.°
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Figure 4.11. Possible mechanism of gem-difluorination of tetrahydroisoquinoline.*

4.1.3.3. Photoredox-catalyzed decarboxylative aliphatic fluorination.

198

MacMillan and co-workers** in 2015 have reported a novel transition metal catalyzed
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photoredox decarboxylation of aliphatic carboxylic acids for C-F bond formation
(synthesis of fluoroalkanes) by using iridium as a photocatalyst in the presence of
disodium hydrogen phosphate (NazHPQ4) as a base as shown in Figure 4.12. Wu et al.1%
have also reported a similar type of decarboxylation of aliphatic carboxylic acids to form
fluoroalkanes but their method was modified by the use of an organic dye (Mes-AcrClOa4)
shown in Figure 4.12 as a photocatalyst instead of transition metal and cesium carbonate

as a base.

A‘AC'
oo g
% Photocatalyst, @,g 23,:’4 fj

N base, CH3CN:H,0 N
8y 1, blue LED, 6 h Bz

Carboxylic acid

Ir[df(CF3)ppy]2(dtbby)PFe

(Photocatalyst)

N clo,
K‘/
EH,

9-Mesityl-10-methylacridinium perchlorate
(Mes-AcrClOa4)

Figure 4.12. Photoredox catalyzed decarboxylative fluorination of alphatic carboxylic
acids.198-1%9

4.2. RESULTS AND DISCUSSION
Oxidative desulfurization of cyclic dithioacetals derivatives of aldehydes and
ketones to form gem-difluoromethylene compounds by using combination of an oxidant

and Py/HF has been reported as more convenient synthetic method rather than using
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elemental fluorine, iodine, BrF3, and CFsOF/HF combination. 8 184 186-187 Raqdy and co-
workers in 2005 reported a novel synthetic method for conversion of 2,2,-diaryl-1,3-
dithiolanes into gem-difluorinated compounds by using Selectfluor and Py/HF.18 This
method allowed the gem-difluorination of dithiolanes in high yields, although the use of
Py/HF requires special care of handling in a well ventilated hood with appropriate
personal protective equipments (PPE). This is an example of electrophilic fluorination.
Ma and co-workers?® have reported a metal-free oxidative persulfate-promoted C-H
activation through radical mechanism for the synthesis of gem-difluorinated compounds.

We initially attempted gem-difluorination of dithiolanes using persulfate as an
oxidant and Selectfluor as a fluorinating agent. Difluoro compound was obtained in trace
amount as confirmed by °F NMR, as expected there was formation of starting aldehyde
because of using aqueous conditions, which was also confirmed by *H and **C NMR.
Visible light promoted photoredox catalysis has emerged in last few years as a mild and
most effective synthetic method for various organic transformations.?°12%2 Therefore, we
switched to photoredox catalysed difluorination of 1,3-dithiolanes. To the best of our
knowledge, photoredox-catalysed gem-difluorination of 1,3-dithiolanes has not been
reported in the literature so far.

2,2-diphenyl-1,3-dithiolane 4.8 was synthesized from 1,2-ethanedithiol and
benzophenone using BFs.Et20 as a catalyst by reported method.?%® The resulting
dithiolane 2.8 was reacted with Selectfluor using 9-fluorenone (photocatalyst), in
anhydrous acetonitrile in Oz free environment under irradiation with 13W CFL at room
temperature for 20 h to form gem-difluorocompound 4.9 as shown in Figure 4.13. When
acetone was used as a solvent in this reaction, unidentified products along with desired

product were observed in *°F NMR. We did not try other solvents for this reaction due to
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limited solubility of Selectfluor. We also found that reaction without using 9-fluorenone
did not give desired product and when reaction was tried without light source, relatively
slow reaction rate was observed. Therefore, 9-fluorenone as a photocatalyst and light
source are required for this reaction. We have also explored other photocatalysts such as
2,3-Dichloro,5,6-dicyano-1,4-benzoquinone (DDQ) and Tris (bipyridine)ruthenium (I1)
chloride (JRu(bpy)3]CI>) but relative reaction rates were slow in both cases. Through

these studies, 9-fluorenone was found to be a superior photocatalyst for this reaction.

. ﬂ &~
é ¥ 13 W CFL,9-fluorenone F F O \%
“ > “ Selectfluor I X 'l Q ZBF4

CHLCN, 1, 20 h, N, 9-fluorenone Selectfluor

4.8 4.9

Figure 4.13. Photoredox catalyzed gem-difluorination of 1,3-dithiolane.

With this promising result, several diaryl ketones were transformed into their
corresponding 1,3-dithiolanes using BF3 Et2O as a catalyst , and the resulting dithiolanes
were reacted with Selectfluor in moisture/O; free environment in the presence of 9-
fluorenone (photocatalyst) under visible light irradiation for 20 h at room temperature.
Variously substituted benzophenone dithiolanes with halogens and methyl groups gave
only the corresponding gem-difluoro compounds, as the single products, confirmed by
1%F NMR prior to work up. There was no reaction in case of dithiolane-derived from
cyclohexanone because of instability of the radical intermediate involved in the reaction

as shown in Table 4.1.



92

Table 4.1. F NMR chemical shifts in ppm for the conversion of diaryldithiolanes into
their corresponding gem-difluorocompounds. a.) Estimated yield by *°F NMR (Isolated
yield). Yields are not optimized.

Entry | Dithiolane Product ®FNMR | % Estimated
Chemical | yield, (isolated
shift yield)?
(ppm)

1 L F -88.1(s) | 75, (60)

0O ‘4,9 >
4.8
2 Iyt F_F 885(s) |73
Cl Cl
4.11
4.10
3 T F_F 88.7(s) |67
O | L0
Cl
4.13
4.12
4 L F_F 869 (s) |69
el T L,
MeO OMe
4.15
4.14
5 T F_F 865(s) | 70
T,
F F -111.0 (S)
4.16 -
6 ﬂ Fii N.R 0
é 4.19
4.18

Although the mechanism for this reaction needs to be clarified, we propose free

radical mechanism as shown in Figure 4.14. First, the photocatalyst fluorenone

undergoes excitation in the presence of visible light and initiates the free radical reaction.

Photo excited fluorenone cleaves C-S bond in dithiolane | to form a radical cationic

intermediate 11, which takes fluorine radical generated by Selectfluor to form

monofluorinated radical intermediate 111, which undergoes further cleavage of C-S bond
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to form another monofluorinated radical cationic intermediate IV. This intermediate
finally takes fluorine radical from Selectfluor to form gem-difluorinated product V. The
proposed mechanism proves that the fluorenone in this process is required in catalytic

amount.

Figure 4.14. Proposed mechanism of photoredox gem-difluorination of 1,3-dithiolanes.

4.3. EXPERIMENTAL

4.3.1. Materials and Methods. All reagents were purchased from commercial
sources and used as received. Column chromatography was carried out using Merck 60,
230-400 mesh. Thin layer chromatography was carried out using silica gel coated
polyester backed sheets. The *H,13C NMR and **F NMR spectrum for DMSO-ds

solutions were obtained on an INOVA-Varian 400 MHz spectrometer at 400, 100, and
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376 MHz respectively. The *H NMR, 3C NMR chemical shifts referenced to the residual
solvents signals or the internal TMS (& = 0.0). The *°F chemical shifts referenced to the
internal CFCls ('°F = 0.0).

4.3.2. General Synthetic Procedure for the Preparation of gem-
Difluoromethylene Compounds. Dithiolane (0.38 mmol.), Selectfluor (1.16 mmol.), and
9-fluorenone (5 mol %) were added to oven dried 25 mL round bottom flask under
nitrogen atmosphere at room temperature. To this, anhydrous acetonitrile (6 mL) was
added through syringe at room temperature. The reaction mixture was irradiated with
13W CFL for 20 h at room temperature. After completion of reaction as confirmed by °F
NMR, dichloromethane (15 mL) and DI water (8 mL) were added to the reaction mixture
and layers were separated. Aqueous layer was extracted with (2 x 5 mL)
dichloromethane. The combined dichloromethane layer was washed with DI water (5
mL) and finally dried over MgSOas. The solvent was evaporated under reduced pressure
and the residue was purified by column chromatography (Silica gel, 30 % ethyl acetate in
hexane) to obtain gem-difluoromethylene product. The final product obtained was
characterized by *H, 3C, and *F NMR spectroscopy and confirmed by NMR chemical

shifts reported in literature.

4.3.3. Synthesis and Properties of Products. Synthetic methods and characterization
of the prepared compounds are discussed below.

Difluorodiphenylmethane (4.9).

4.9




95
Prepared according to general procedure. Colorless oil (40 mg yield = 60 %); 'H
NMR (400 MHz, DMSO-ds) & 7.48-7.53 (m, 10 H); 13C NMR (100 MHz, DMSO-ds) &
137.3 (t, 2Jcr= 30 Hz, C1), 130.3 (C3), 128.8 (C4), 125.3 (t, 3Jc.r= 6 Hz, C2), 123.2 (t,
Y)cr= 240 Hz, CF2); F NMR (376 MHz, DMSO-ds) -88.1 (s, 2 F).

bis(4-Chlorophenyl)difluoromethane (4.11).

E F
CI/‘><‘\“CI

4.11

Prepared according to general procedure. *F NMR (376 MHz, DMSO-ds) -88.5,
(s,2F)

1-Chloro-4-(difluoro(phenyl)methyl)benzene (4.13).

Prepared according to general procedure.’®F NMR (376 MHz, DMSO-ds ) -88.7,
(s,2F)

1-(Difluoro(phenyl)methyl)-4-methoxybenzene (4.15).

E F

I I "‘OMe

4.15
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Prepared according to general procedure.’®F NMR (376 MHz, DMSO-ds ) -86.9,
(s,2F)

bis(4-Fluorophenyl)difluoromethane (4.17).

F F
FF

4.17

Prepared according to general procedure.’®F NMR (376 MHz, DMSO-ds) - 86.5,
(s, 2F), -111.0 (s, 2F).

4.3.4. NMR Spectra of the Products. The *H NMR, 3C NMR, and °F NMR
spectra of the products are shown in Figures 4.15- 4.23. Compound 4.9 was only isolated
compound and *H NMR, 3C NMR, and *°*F NMR spectra of this compound are provided.
Only*®F NMR spectra of other compounds are provided and all these spectra were
recorded for reaction mixtures to confirm the completion of reaction. The signals for
selectfluor in these spectra are outside the range (6 F -151.2 ppm), only partial spectrum

for each compound is shown below.
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Figure 4.19. ®F NMR spectrum of compound 4.9.
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Figure 4.20. F NMR spectrum of compound 4.11.
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Figure 4.21. °F NMR spectrum of compound 4.13.
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Figure 4.22. F NMR spectrum of compound 4.15.
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Figure 4.23. °F NMR spectrum of compound 4.17.
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5.N-HETEROCYCLIC CARBENE-CATALYZED TRIFLUOROMETHYLATION
OF AROMATIC TOSYLALDIMINES

5.1. BACKGROUND

a-Trifluoromethyl substituted amines and their related fluorinated derivatives
have unique applications in areas ranging from pharmaceuticals to agro-chemicals to
materials chemistry.4 204207 Basicity of amino moiety is substantially attenuated in the a-
trifluoromethylamines due to the strong electron-withdrawing effect of the trifluormethyl
group, thereby enhancing the lipophilicity, cell-permeability, and metabolic stability of
the a-trifluoromethylamines—the favorable pharmacokinetic parameters that are required
in the successful drug-design. A variety of methods have been reported for the
preparation of a-trifluoromethylamines416 208213 ‘and recently, the direct preparation of
a-trifluoromethylamines by nucleophilic trifluoromethylation of imines has received
renewed attention.t”18. 214218 AJthough nucleophilic trifluoromethylation of the carbonyl
compounds has been extensively explored over the last few decades, trifluoromethylation
of aldehyde-imines (aldimines) has received relatively less attention. Prakash and co-
workers have first reported nucleophilic trifluoromethylation of N-tosyl substituted
aromatic aldehyde imines and obtained the corresponding trifluoromethylated products in
high yields, using (trifluoromethyl) trimethylsilane (TMSCF3; Ruppert-Prakash Reagent)
and catalytic amounts of tetrabutylammonium (triphenylsilyl) difluoride (TBAT), as the
fluoride ion source, for initiation of the reaction as shown in Figure 5.1.21%22! |n these
substrates, N-tosyl moiety enhances the electrophilicity of the imines toward the
trifluoromethide anion through its electron-withdrawing effect. The use of
tetrabutylammonium fluoride (TBAF) initiator at higher concentrations (> 0.5 equiv),

however, results in the formation of the corresponding difluoromethylaed imines.??
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TS\ Ts_ _SiMe, Ts M

N
| .
| H30
@)\H TMSCF3, TBAT ©)\ cF, ©)\CF3
R

THF,0-5°C R R

Ts = p-toluenesulfonyl; TBAT = tetrabutylammonium triphenylsilyldifluoride
R =e.g.,, CH3 OMe

Figure 5.1. Nucleophilic trifluoromethylation of N-tosyl aldimines using TMSCFs and
TBAT.

Dolbier and co-workers have reported the nucleophilic trifluoromethylation of
various aromatic N-tosyl aldimines using in situ generated trifluoromethide anion,
formed from the reagent combination CFsl and tetrakis(dimethylamino) ethylene
(TDAE), in good to moderate yields.??2223 The latter reaction gave good yields of the
corresponding N-tosyl a-trifluoromethylated benzylamines (with various substituents in
the aryl ring, such as 4-OMe, 4-F, and 4-NO), although it is not applicable to enolizable
imines, such as the imines derived from acetophenone, cyclohexanone, and hexanal.
Mukaiyama and co-workers have reported catalytic trifluoromethylation of aldimines
with TMSCFs in the presence of Lewis bases.??42? Lithium carboxylates, such as lithium
benzoate, lithium acetate, and lithium pivalate were found to be effective initiators in
these reactions, and under these reaction conditions, aromatic aldimines with electron-
withdrawing as well as electro-donating groups (e.g., NO2, Cl, CH3) afforded the
corresponding trifluoromethylated products in good yields.???% Shibata and co-workers
have achieved the nucleophilic trifluoromethylation of N-tosyl-substituted aromatic
aldimines using TMSCF3 and stoichiometric amounts of tri(tert-butyl)phosphine as the

initiating agent.??
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N-Heterocyclic carbenes (NHC) have received considerable interest in recent
years as catalysts for a variety of transformations, including nucleophilic
trifluoromethylation of carbonyl compounds using TMSCF3, nucleophilic
perfluorophenylation using pentafluorophenyltrimethylsilane, and cyanosilylation of
aldehydes and N-tosylaldimines using trimethylsilylcyanide.!®%1:227-230 Song et al.!® have
reported that both enolizable and nonenolizable aldehydes and a-ketoesters undergo
facile trifluoromethylation at room temperature in the presence of 0.5-1 mol% of the
NHC to afford the corresponding a-trifluoromethyl alcohols in good yields as shown in
Figure 5.2. Under NHC catalysis, selective trifluoromethylation of aldehydes over
ketones was achieved, and this method offered much greater catalytic efficiency as well
as broader substrate scope as compared to the other Lewis base-catalyzed
trifluoromethylation methods. NHC have reactivities similar to the Lewis bases such as
phosphines and amines, and therefore can activate TMSCF3z or TMSCeFs towards the
trifluoromethylation or perfluorophenylation of carbonyl compounds.t®2° NHC have also
been used as efficient catalysts in the silyl-Reformatsky reaction of aldehydes using
difluoro(trimethylsilyl)acetate to give the corresponding -hydroxy gem-difluoro
esters.?%! We have reported the NHC-catalyzed trifluoromethylation of imines, and also
investigated the feasibility of the NHC-catalyzed trifluoromethylation of imines, using
the N-tosyl substituted aldimines and TMSCFs3, using the readily available NHC-1 and
NHC-2%3, (Figure 5.3) derived from their corresponding imidazolium salts 1 and 2,

respectively.?®2
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N\/
O L) HO CF3
Py (0.5 Mol%)
R H - R H

TMSCF3, DMF, rt, 45 min
R = alkyl/aryl

Figure 5.2. NHC catalyzed nucleophilic trifluoromethylation of carbonyl compounds.

5.2.  RESULTS AND DISCUSSION

In order to explore the feasibility of NHC-catalyzed trifluoromethylation, o-
chloroderivative of N-tosylbenzaldimine 5.1 was reacted with TMSCF3 in anhydrous
DMF (dried by anhydrous magnesium sulfate), as the solvent in the presence of the in
situ generated NHC-1 (formed in situ in the reaction mixture through the reaction of 1,3-
bis(2,4,6-trichloromethylphenyl)imidazolium chloride (1; 15 mol% with KOt-Bu (13
mol%), 4 A molecular sieves under nitrogen atmosphere (N2 balloon) at room
temperature. *H NMR analysis of the reaction mixture after 20 h showed 92%
conversion. In order to test the possibility of the catalysis by any residual potassium tert-
butoxide in the reaction mixture, we have independently carried out trifluoromethylation
of 5.1 using TMSCF3 and potassium tert-butoxide in varying ratios, in the absence of the
NHC, at room temperature for 20 h. Under these conditions, trifluoromethylation of 5.1
proceeded in 16 and 45% yields, respectively (as monitored by *H NMR), in the presence
1 and 16% potassium tert-butoxide. On the other hand, NHC-1 (13 mol%) catalyzed
trifluoromethylation of 5.1 under these conditions afforded 92% of the product 5.2, as
monitored by *H NMR as shown in Figure 5.4. These control experiments thus
demonstrate that the NHC catalysis dramatically enhances the rates of the

trifluoromethylation reactions.
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HsC  CHj3 HyC CHs

PN
H.C N“N CH, NN
3%;/Y\:/ Q \—/
H3

CH3 H3C" “CH,

NHC-1 NHC-2

Figure 5.3. Structures of NHC-1 and NHC-2.

Having optimized the NHC-1 catalyzed trifluoromethylation of N-tosylaldimine
5.1, we have proceeded to explore the scope of this reaction to various other aryl N-
tosylaldimines to obtain the corresponding a-trifluoromethylated sulfonamides. Aromatic
N-tosylaldimines with electron-withdrawing as well as electron-donating substituents on
the aryl ring reacted readily with TMSCFs3 in the presence of NHC-1 to afford the
corresponding a-trifluoromethylsufonamides in moderate to good yields (Table 5.1) as

shown below.
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Figure 5.4. Optimization of trifluoromethylation of N-tosylbenzaldimine in the presence

of in situ generated NHC-1.



Table 5.1. NHC-1 catalyzed trifluoromethylation of aromatic N-tosylaldimines.

Entry Reactant Product | % Conversion; | F NMR, &
estimated by (ppm)
'H NMR
(isolated yield)
1 HE/NTS et RoTs 92 (76) -74.1
c % Cl
5.1 s o
2 HE/NTS e M s 100 (80) 73.7
NO; NO
5.3 4 ?
3 H N-Ts FiC N_Ts 52 -74.0
CHjy CH
55 c6
4 H NTS Fic  NoTs 34 -73.6
H,CO OCH3| H,cO OCH;3
CHj CH,
5.7 5.8
5 A NTs [ HH 41 734
Sl
59 5.10
6 H NS Fe i Rots 35 -713.0
7 A TS [ H 94 7338
I é
5.13 5 '1 A

108
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5.3. EXPERIMENTAL

5.3.1. Materials and Methods. All reagents were purchased from commercial
sources and used as received. Column chromatography was carried out using Merck 60,
230-400 mesh. Thin layer chromatography was carried out using silica gel coated
polyester backed sheets. The *H,*C NMR and °F NMR spectrum for DMSO-ds
solutions were obtained on an INOVA-Varian 400 MHz spectrometer at 400, 100, and
376 MHz respectively. The *H NMR, 3C NMR chemical shifts are referenced to the
residual solvents signals or the internal TMS (8 = 0.0). The °F chemical shifts are
referenced to the internal CFCls (8°F = 0.0).

5.3.2. General Procedure for the Preparation of Aromatic N-tosylaldimines.
Aromatic N-tosylaldimines were prepared according to our convenience by two different
methods reported in literature. 233234

5.3.3. General Procedure for Trifluoromethylation of Aromatic N-
tosylaldimines. To a mixture of imidazolium chloride 1 (18 mg, 0.053 mmol) in 2 mL
anhydrous DMF dried over oven dried MgSO4 and molecular sieves was added
potassium tert-butoxide (5 mg, 0.045 mmol) under nitrogen atmosphere (N2 balloon) at
room temperature. After dissolution of imidazolium chloride (~ 20 min.), N-
tosylbenzaldimine 5.1 (100 mg, 0.34 mmol) and TMSCF3 (70 uL, 0.475 mmol) were
added to the contents and the solution was stirred under nitrogen atmosphere at room
temperature for 20 h. After reaction completion confirmed by *H NMR, reaction was
guenched by adding water, and the product was extracted by dichloromethane (3 x10
mL). The organic layers were combined and successively washed with water and brine,

dried over Na>SQOg4, and the solvents were removed in vacuum. The resulting product was
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purified by silica gel chromatography (10% ethyl acetate in hexanes) to afford pure
trifluoromethylated sulfonamide 5.2 as a white solid (94 mg, 76%).

5.3.4. Synthesis and Properties of Products. Synthetic methods and
characterization of prepared compounds are discussed below.
N-(1-(2-chlorophenyl)-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide

(5.2).

L O
FsC N—§4©70H3
5

Cl

5.2

Prepared according to general procedure. White solid (94 mg, 76%); *H NMR
(400 MHz, CDCls) § 7.75 (d, J = 12 Hz, 2H), 7.21-7.39 (m, 5H), 6.36 (d, J = 12 Hz, 1H),
5.66-5.74 (m, 1H), 2.44 (s, 3H); *C NMR (100 MHz, CDCl3) & 144.4, 136.9, 134.6,
130.8, 130.5, 130.2, 130.0, 129.1, 127.9, 127.4, 56.1 (¢, q, Jc-r= 33Hz, CF3), 21.9; °F
NMR (376 MHz, CDCl3) & -74.1 (d, Jn.F = 6.88 Hz).

4-methyl-N-(2,2,2-trifluoro-1-(3-nitrophenyl)ethyl)benzenesulfonamide (5.4).

—<: :)—CH3

NO,

H
F:C_ N—

o=0n=0

54

Prepared according to general procedure. White solid (98 mg, 80%); *H NMR (400

MHz, CDCl3) § 8.18 (dq, 1J = 9.28,2) = 5.08, 3J = 1.08 Hz, 1H), 7.94 (s, 1H), 7.48-7.61
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(m, 4H), 7.17 (d, J = 8.64 Hz, 2H), 5.38 (d, J = 8 Hz, 1H), 5.08 (m, J = 7.36 Hz, 1H), 2.35
(s, 3H); 13C NMR (100 MHz, CDCls) & 148.6, 144.9, 136.9, 134.5, 134.3, 130.5, 130.2,
127.4,124.7, 123.6, 59.6 (4, Je.r = 30 Hz, CF3), 21.9; 2F NMR (376 MHz, CDCl3) & -73.7
(d, Jur=7.0 H).

4-methyl-N-(2,2,2-trifluoro-1-(4-methoxyphenyl)ethyl)benzenesulfonamide

(5.6).
8
CHs
5.6
Prepared according to general procedure. **F NMR (376 MHz, CDCls) § -74.0 (d,
Jur=7.3 Hz).

4-methyl-N-(2,2,2-trifluoro-1-(3,4,5-

trimethoxyphenyl)ethyl)benzenesulfonamide (5.8).

o)
FsC H_Q@%
I
H,CO OCH;
CH,
5.8

Prepared according to general procedure. **F NMR (376 MHz, CDCls) § -73.6 (d,

Jur=7.7 Hz).
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4-methyl-N-(2,2,2-trifluoro-1-(2-nitrophenyl)ethyl)benzenesulfonamide

(5.10).

L, ©
FaC N—g@CH3

Prepared according to general procedure. *F NMR (376 MHz, CDCls) & -73.4 (d,
Ju-Fr=6.9 Hz).
4-methyl-N-(2,2,2-trifluoro-1-(naphthalen-1-yl)ethyl)benzenesulfonamide

(5.12).

5.12

Prepared according to general procedure. **F NMR (376 MHz, CDCls) § -73.0 (d,
Jur=6.2 Hz).
N-(1-(4-chlorophenyl)-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide

(5.14).

H O
Fic M-8 )—cry
8
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Prepared according to general procedure. *°F NMR (376 MHz, CDCls) § -73.8 (d,

Jur=7.7 Hz).

5.3.5. NMR Spectra of the Products. The *H NMR, *C NMR, and **F NMR

spectra of the products are shown in Figures 5.5- 5.15.

Figure 5.5. *H NMR spectrum of compound 5.2.

Figure 5.6. 13C NMR spectrum of compound 5.2.
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Figure 5.7. F NMR spectrum of compound 5.2.

wl]

0 - =
4 L] L=
& Ao
L=
=3
L=
o

(
[

= =
|
[

7
(G959
| KEEE]
ENELE]

T T T T
& 4 2 o Ippmi

Figure 5.8. *H NMR spectrum of compound 5.4.
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Figure 5.9. 3C NMR spectrum of compound 5.4.

Figure 5.10. *°F NMR spectrum of compound 5.4.
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Figure 5.11. *°F NMR spectrum of compound 5.6.
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Figure 5.12. *°F NMR spectrum of compound 5.8.



117

uuuuuu

40

30

0

Figure 5.13. *F NMR spectrum of compound 5.10.

Ippmi

Figure 5.14. *>F NMR spectrum of compound 5.12.
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6. SYNTHESIS OF NOVEL PURINE - BASED KINASE INHIBITORS

6.1. BACKGROUND

Kinases have been investigated as promising drug targets?3>243 for the past three
decades and 38 kinase inhibitors have been approved till date by FDA.?** These
therapeutics are predominantly multitargeted receptor tyrosine kinase (RTK) inhibitors
for the treatment of various diseases including neurodegenerative diseases, cardiovascular
diseases, diabetes, inflammation and cancers.?*>-252 Kinases control the cellular processes
comprising of reversible phosphorylation of proteins.?? Protein phosphorylation is a
molecular mechanism to regulate the function of proteins in response to extracellular
stimuli in the nervous system. Kinases catalyze the transfer of y-phosphate group of
adenosine triphosphate (ATP) onto to a substrate containing amino acid (serine, threonine
or tyrosine) residues®? to mediate signal transduction and regulate cellular activities®*
and deregulation of kinases’ activity is the causative factor for the pathogenesis of
diseases.?>>2%8, Therefore, kinase inhibitor discovery requires extensive research.?%9-2¢0
Many potential therapeutics have been designed so far after understanding the molecular
biology of protein kinases and use of structural information. Small molecule kinase
inhibitors?4 261-262 gch as Imatinib (first approved in 2001 by FDA), Afatinib, and
Sorafenib have been getting an attention in both academia and pharmaceutical industry
research. Imatinib has been used for the treatment of chronic myeloid leukemia (CML)?%
and for various structure activity relationship (SAR) studies to design next generation

kinase inhibitors and their binding mechanism.?%4-2%°> Chemical structures of Imatinib and

other related small molecule kinase inhibitors are shown in Figure 6.1.
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Figure 6.1. Chemical structures of Imatinib and other related small molecule kinase
inhibitors.?%*

6.1.1. Purine-Based Kinase Inhibitors. Purine is a heterocyclic moeity present
in chemical structure of many bioactive molecules. Several purine analogs e.g.
thiopurines, pentostatin, acyclovir, penciclovir, ganciclovir, azathiopurine, vidarabine and
theophylline have been used in the treatment of several diseases including acute
leukemias, immunological disorders, tumors and asthma. Purine nucleus has been
established as an important pharmacophore in the development of kinase inhibitors.
Published research showed the kinase inhibitory activity of purines?®®2’% and 2,6,and 9

substituted purine derivatives showed increased binding affinity and selectivity towards
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kinases.?’  Purine based kinase inhibitors has been classified into tyrosine specific
protein, specific protein, dual specificity (tyrosine/specific protein), and miscellaneous
kinase inhibitors.?? Although several purine based kinase inhibitors are still in pre-

clinical/clinical trials as shown in Figure 6.2, there is still a need of developing novel

purine-based kinase inhibitors showing promising inhibitory activities on diverse kinases.
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Figure 6.2. Purine based protein kinase inhibitors in pre-clinical/clinical trials.??
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6.2. RESULTS AND DISCUSSION

Cyclin-dependent kinases (CDKSs) are the protein kinases responsible for
regulation of cellular processes. CDK5 plays an important role in neuronal cell death 7%
213 because of overactivation CDK5 by amyloid B (AP) protein.?’* Selective CDK5
inhibitors are currently in demand?’>27® and a variety of structurally diverse compounds
including indole?’’, imidazole?’®, and purine?’®-28! pharmacophore have been tested as
CDKS5 inhibitors. Flavopiridol and Roscovitin are currently under clinical trials as

therapeutics in Alzheimer’s disease.

Ph->NH
/N N CH,
4 |N/)\NL/OH
H
H5;C
8 /<CH3
Flavopiridol Roscovitin

Flavopiridol is highly toxic, whereas the roscovitine exists as an enantiomeric
mixture, thereby necessitating synthesis of chirally pure compounds for therapeutic
applications. In order to circumvent the toxicity and tedious synthesis of these compound,
and towards the goal of developing selective CDK5 kinase inhibitors, Reddy, Nair, and
co-workers have synthesized a series of fluorinated purine-based triazoles (Figure 6.3),

and developed an effective CDKS5 kinase inhibitor that has implications in the treatment
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of Alzheimer’s disease and various cancers.?*2° In in vitro studies in mouse hippocampal
cell cultures, using fluorescence electron microscopy, thay have demonstrated that the
monofluoroaryl-derived triazole is a neuroprotective compound comparable with that of
the roscovitin or flavopiridol. The results were substantiated through docking studies.?®
The neuroprotecting effects of these compounds are correlated with the number of
fluorines in the aryl rings. For example, the pentafluoroaryl- derived triazole 3.10 has
nearly no neuroprotective effect. This unexpected result was rationalized as arising from
the hydrophobic effects of the polyfluorinated aryl ring.

The synthetic methods for these triazole derivatives were optimized for high-yield
and high-purity. Thus, facile aromatic nucleophilic substitution of 2,6-dichloropurine
with benzyl amine under mild conditions gives the 2-chloro-6-(N-benzyl)purine 6.3 in
95% yield. Propargylation of the compound 6.3, in dimethyl sulfoxide at 0 °C resulted in
the formation of 6.5 in high yield. Cu(l) catalyzed 1,3-dipolar cycloaddition of compound
6.5 with benzyl bromide, and various fluorinated versions gave the corresponding
triazoles in high yield (>80%) and purity. The isomeric homogeneity of these compounds
could be readily established through **F NMR, as evidenced by characteristic *°F NMR
chemical shifts.

Toward the goal of developing more effective kinase inhibitors, and to study the
structure-activity relationship, in this study, we have synthesized various derivatives of
the earlier reported parent lead compound monofluoro-aryl-substituted triazole 6.8,%°
replacing the N°-benzyl group of the compound 6.8 with various aryl and pyridyl
derivatives (6.22, 6.28), and the dimeric version of the compound 6.8 (6.18). The
synthesis of these compounds was accomplished using essentially the same procedures as

reported earlier,?® with slight modifications, as shown in Figures 6.4-6.7. As in the case



124
of the parent triazole 6.8, the synthesis of these compounds proceeded in high yields and

purity, as shown by their H, $3C, and *F NMR.

Cl
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Figure 6.3. Synthesis of purine-based fluoroalky! triazoles.?®
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On this basis, we synthesized aniline and its dimer-derived purine-based

fluoroalky triazoles Figure 6.4 and 6.5 by adopting the same route of synthesis with slight
modifications.? 282 Briefly, reaction of commercially available 2,6-dichloropurine 6.2
with corresponding amine 611 and/or 6.15 gave compound 6.12 and/or 616.
Propargylation of compound 6.12 and/or 6.16. using propargyl bromide in DMSO in the
presence of potassium carbonate at room temperature gave compound 6.13 and/or 6.17.
The Cu(l) catalysed azide-alkyne click reaction of alkynes 6.13 and/or 6.17 with the
fluorinated benzyl azide prepared in situ from benzyl bromide gave triazoles 6.14 and/or

6.18.

cl
: NH2+ NZ | N\> DIPEA, n-propanol ©/)\S_ 4
Cl)\\N N 1009C 4 h K,CO3, DMSO,
' rt,2h
6.11 6.2

6.12

Br

F )1
NG
6.6 N '\.'
\ N
NaN3, CuSO,4 5H,0, E
Sodium ascorbate, DMSO, rt, 18 h

6.14

o8 @U/

6.13

Figure 6.4. Synthesis of aniline derivative of purine-based fluoroalkyl triazoles.
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Oumata et al>”® have synthesized and shown the promising ICso values against
CDKS5 for several Roscovitin derivatives. They found the pyridyl ring derivatives and
biarylamines or biarylmethylamines ring derivatives are most effective CDKS5 inhibitors.
Wilson et al?® have also found that pyridylring derivatives are the most effective CDK5
inhibitors. On the basis of literature precedence, we also synthesized pyridyl ring and

biaryl methylamine-derived purine-based fluoroalky triazoles Figure 6.6 and 6.7.

@
N N-butanol, EtzN HN NH
+ N~
Py N\> 60°c, 6 h N)IN\> N)IN\>
HoN NH, Cl N ,
H Cl)\\N |)\

N N N
H Nl

6.15 6.2 6.16

Br
‘
HN NH
///\Br 6.6
o U Y
Cl
K,COs, DMSO, NaNa, CuSO, 5H,0,
r,17 h = Sodium ascorbate, DMSO, rt, 18 h

6.17

Figure 6.5. Synthesis of dimeric version of purine-based fluoroalkyl triazole.
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Compound 6.22 was synthesized by typical synthetic procedure as described
above for the synthesis of aniline derivatives. Biarylmethylamine derivative of purine-
based fluoroalkyl triazole 6.28 was also prepared by typical synthetic procedure except
for the starting material biarylmethylamine 6.25, which was prepared by reported
literature method with slight modifications.?3* Briefly, Suzuki coupling of pyridine 3-
boronic acid 6.23 with 4-bromobenzylamine 6.24 in the presence of a base at 100 °C
under nitrogen atmosphere for 3 h gave compound 6.25, which was purified by column

chromatography for further use in the synthesis.

SN
N ‘
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Figure 6.6. Synthesis of pyridyl ring derivative of purine-based fluoroalkyl triazole.
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Figure 6.7. Synthesis of biarylmethylamine derivative of purine-based fluoroalkyl

triazole.

6.3. EXPERIMENTAL

6.3.1. Material and Methods. All reagents were purchased from commercial
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sources and used as received. Column chromatography was carried out using Merck 60,

230-400 mesh. Thin layer chromatography was carried out using silica gel coated
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polyester backed sheets. The *H,13C NMR and **F NMR spectrum for CDCls and
DMSO-ds solutions were obtained on an INOVA-Varian 400 MHz spectrometer at 400,
100, and 376 MHz respectively. The *H NMR, *C NMR chemical shifts are referenced
to the residual solvents signals or the internal TMS (8 = 0.0). The °F chemical shifts are
referenced to the internal CFCls (5'°F = 0.0).

6.3.2. Synthesis and Properties of Products. Synthetic methods and
characterization of prepared compounds are discussed below.

2-chloro-N-phenyl-9H-purin-6-amine (6.12).28

NH
="
B

6.12

Compound 6.12 was prepared according to literature procedure. Briefly, to a
suspension of 2,6 dichloropurine 6.2 (2.42 g, 12.80 mmol) in n-propanol (40 mL), aniline
(2.0 g, 21.50 mmol), and DIPEA (2.76 g, 21.36 mmol) were added at rt. The reaction
mixture was stirred at 100 °C for 4 h. After completion of reaction confirmed by 'H
NMR, the resulting yellow precipitate was filtered and washed with n-propanol (20 mL)
and water (50 mL) to obtain compound 6.12 (2.0 g, 78%) as a yellow colored solid. mp:
289-293 °C (not completely melted, decomposed at 350 °C). The compound was

sufficiently pure by crude *H NMR and used in the next step without further purification.



2-chloro-N-phenyl-9-(prop-2-yn-1-yl)-9H-purin-6-amine (6.13).

@ 0y

6.13

N/
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To a solution of compound 6.12 (2.0 g, 8.19 mmol) in DMSO (20 mL), potassium

carbonate (1.07 g, 12.25 mmol), and propargyl bromide 6.4 (1.07 g, 8.99 mmol) were

added at rt. The reaction mixture was stirred at for 2 h at rt. After completion of reaction

confirmed by *H NMR, water (80 mL) was added to the reaction mixture and resulting

precipitate was filters and air dried overnight to obtain impure compound 6.13 (2.0 g,
87%). Finally compound 6.13 (2.0 g) was purified in acetone: hexane (1:4) to obtain

compound 6.13 (1.2 g) as a cream colored solid. mp: 194-196 °C. The compound was

sufficiently pure by crude *H NMR and used in the next step without further purification.

2-chloro-9-((1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-N-phenyl-9H-

purin-6-amine (6.14).

6.14

N:
N

N

gf

To a solution of sodium azide (0.225 g, 3.46 mmol) in DMSO (15 mL), 2-

fluorobenzyl bromide 6.6 (0.621 g, 3.28mmol) was added at rt and reaction mixture was

stirred for 30 min at rt. After 30 min, compound 6.13 (0.9 g, 3.17 mmol), triethylamine
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(0.097 g, 30 mol%), CuS04.5H,0 (0.238 g, 30 mol%), and sodium ascorbate (0.378 g, 60
mol%) were added at room temperature and the reaction was stirred for 18 h at rt. After
completion of reaction confirmed by *H NMR, the reaction mixture was poured in to 70
mL ice cold water and the resulting precipitate was filtered and washed with dilute
ammonium hydroxide solution (5 x 50 mL) and water (250 mL) to obtain compound 6.14
(1.13g, 82%) as an off-white solid. mp: 98-105 °C. *H NMR (400 MHz, DMSO-ds) &
10.29 (br s, 1H, -NH-Ar), 8.37 (br s, 1H, -CH-purine), 8.18 (s, 1H, -CH-triazole), 7.81 (d,
J =7.88 Hz, 2H), 7.07-7.41 (m, 7H), 5.63 (s, 2H), 5.47 (s, 2H); 3C NMR (100 MHz,
DMSO-ds) 6 161.4, 158.9, 152.6, 152.5, 142.4, 1.8.8, 130.9, 130.9 130.8, 130.8, 128.6,
125, 124.9,123.7,122.8, 122.7, 121.4, 115.8, 115.6, 47.1, 47.1, 38.9, 38.4; 1°F NMR
(376 MHz, DMSO-ds) & -117.8 (dd, *Jn-r =15 Hz, 2Ju-r =7.5 Hz, 1F)

N,N'-(methylenebis(4,1-phenylene))bis(2-chloro-9H-purin-6-amine) (6.16).

SO O

6.16

To a suspension of 2,6 dichloropurine 6.2 (4.0 g, 21.16 mmol) in n-butanol (20
mL), 4,4’methylenediamine 6.15 (2.1 g, 10.60 mmol), triethylamine (0.8 g, 7.92 mmol)
were added at rt and the reaction mixture was stirred at 60 ° C for 6 h. After completion

of reaction confirmed by *H NMR, the reaction mixture was cooled to rt and the resulting

precipitate was filtered and washed with methanol (10 mL) and water (20 mL) to obtain

compound 6.16 as a yellow colored solid (6.47 g, 63%) mp: - (decomposition temp. 340-
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350 °C). The compound was sufficiently pure by crude *H NMR and used in the next step
without further purification.

N,N'-(methylenebis(4,1-phenylene))bis(2-chloro-9-(prop-2-yn-1-yl)-9H-purin-

HNNH

o Y
J

—
——

6-amine) (6.17).

\\//

6.17

To a solution of compound 6.16 (2.0 g, 3.99 mmol) in DMSO (20 mL), potassium
carbonate (1.21 g, 8.78 mmol), propargylbromide 3.4 (1.04 g, 8.78 mmol) were added at
rt and the reaction was stirred at rt for 17 h. After completion of reaction confirmed by H
NMR, 100 mL water was added to the reaction mixture and the resulting precipitate was
filtered, washed with water and finally purified with acetone: hexane (5:1) to obtain pure
compound 6.17 (1.13 g, 50%) as a yellow colored solid. mp: - (decomposition temp. 200
°C); The compound was sufficiently pure by crude *H NMR and used in the next step

without further purification.



133
N,N'-(methylenebis(4,1-phenylene))bis(2-chloro-9-((1-(2-fluorobenzyl)-1H-

1,2,3-triazol-4-yl)methyl)-9H-purin-6-amine) (6.18).

S C.ﬁ

N
N
N

@i -

6.18

//

Z- >

To a solution of sodium azide (0.625 g, 9.6 mmol) in DMSO (45 mL), 2-
fluorobenzyl bromide 6.6 (1.64 g, 13.78 mmol) was added at rt and reaction mixture was
stirred for 30 min at rt. After 30 min, compound 6.17 (2.5 g, 4.31 mmol), triethylamine
(0.090 g, 30 mol%), CuS04.5H20 (0.325 g, 30 mol%), and sodium ascorbate (0.514 g, 60
mol%) were added at room temperature and the reaction was stirred for 2 days at rt. After
completion of reaction confirmed by *H NMR, the reaction mixture was poured in to 200
mL ice cold water and the resulting precipitate was filtered and washed with dilute
ammonium hydroxide solution (5 x 100mL), water (500 mL) to obtain compound 6.18
(2.5 g, 66%) as an off-white solid. mp: - (decomposition temp. 200 °C). *H NMR (400
MHz, DMSO-de) 6 10.25 (br s, 2H, -NH-Ar), 8.36 (br s, 2H, -CH-purine), 8.17 (s, 2H, -
CH-triazole), 7.10 -7.71 (m, 16 H), 5.63 (s, 4 H), 5.46 (s, 4H), 3.89 (s, 2H); *C NMR
(100 MHz, DMSO-dg ) 6 161.3, 158.9, 152.6, 152.4, 142.4, 136.8, 136.6, 130.9, 130.8,

130.7, 128.9, 128.7, 124.9, 124.8, 124.0, 122.8, 122.6, 122.0, 121.6, 115.7, 115.5, 47.1,
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47.0, 38.9, 38.4; F NMR (376 MHz, DMSO-ds) 6 -117.7 (dd, *Jn-r =15 Hz, 2Jn.r =7.5

Hz, 2F)

2-chloro-N-(pyridin-3-ylmethyl)-9H-purin-6-amine (6.20).

~N

=

NH
N

N/| N
Cl)\\N H

6.20

To a solution of 2,6-dichloropurine 6.2 (2 g, 10.58 mmol) in n-butanol (20 mL),
triethylamine (2.67 g, 26.45 mmol) was added and the mixture was heated to 50 °C. Then
3-aminomethylpyridine 6.19 (1.03 g, 9.52 mmol) was added at 50 °C and finally the
reaction was heated and stirred at 120 °C for 1 h. After completion of reaction confirmed
by *H NMR, the reaction mixture was cooled to rt and then to 0 °C using an ice-water
bath. The peach colored precipitate was filtered and washed with water (20 mL) and
dried under air overnight to obtain pure compound 6.20 (1.3 g, 47%). *H NMR (400
MHz, DMSO-ds) & 13.09 (br s, 1H), 8.76 (br s, 1H), 8.58 (s, 1H), 8.44-8.45 (d, 1H), 8.14
(s, 1H), 7.74-7.76 (d, J= 8 Hz, 1H), 7.32-7.35 (t, J= 4 Hz, 1H), 4.65 (d, 2H).

2-chloro-9-(prop-2-yn-1-yl)-N-(pyridin-3-ylmethyl)-9H-purin-6-amine (6.21).
To a solution of compound 6.20 (1.2 g, 4.6 mmol) in DMSO (10 mL), potassium carbonate
(0.953 g, 6.9 mmol), propargyl bromide 6.4 (0.603 g, 5.04 mmol) were added at rt and the
reaction mixture was stirred at rt for 2 h. After completion of reaction confirmed by 'H
NMR, water was added to the reaction mixture. The resulting precipitate was collected by

filtration and washed with excess water to obtain compound 6.21 as a brown solid
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6.21

(0.960 g, 70%) Compound was further passed through silica gel column (eluent:
90%DCM: 10%MeOH) to improve the color and finally peach colored solid was obtained
(0.550 g, 40%) mp. 158-161 °C; *H NMR (400 MHz, DMSO-ds) 5 8.93 (br s, 1H), 8.57 (s,
1H), 8.44 (br s, 1H), 8.24 (s, 1H), 7.73-7.75 (d, J = 8 Hz, 1H), 7.33 (t, 1H), 5.01 (s, 2 H),
4.65 (d, 2H), 3.5 (s, 1H); 3C NMR (100 MHz, DMSO-ds ) & 154.8, 149.04, 148.2, 140.9,
135.2,134.6, 123.5, 77.8, 76.3, 41.0, 32.6.
2-chloro-9-((1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-N-(pyridin-3-

ylmethyl)-9H-purin-6-amine (6.22).

6.22
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To a solution of sodium azide (0.120 g, 1.85 mmol) in DMSO (10 mL), 2-

fluorobenzylbromide 6.6 (0.315 g, 1.66 mmol) was added and stirred at rt for 30 min.
After 30 min., compound 6.21 (0.5 g, 1.67 mmol), triethylamine (0.05 g, 30 mol%),
CuS04.5H20 (0.120 g, 30 mol%), sodium ascorbate (0.2 g, 60 mol%) were added and the
reaction was stirred for 18 h at rt. After completion of reaction confirmed by *H NMR,
the reaction mixture was poured in to ice cold water (50 mL) and the resulting precipitate
was filtered, washed with dilute NHsOH (30 mL x5), finally washed with water and air
dried overnight to obtain pure peach colored compound 6.22 (0.530 g, 70%) mp. 172-175
0C; IH NMR (400 MHz, DMSO-ds) & 8.9 (br s, 1H), 8.64-8.70 (br s, 2H), 8.44 9s, 1H),
8.15 (s, IH), 7.75 (s, 1H), 7.21-7.39 (m, 5H), 5.63 (s, 2H), 5.41 (s, 2H), 4.65 (s, 2H); 3C
NMR (100 MHz, DMSO-de ) 6 161.3, 158.8, 154.8, 153.1, 148.1, 142.4, 141.5, 135.1,
130.8, 130.7, 130.6, 124.9, 124.8, 123.9, 122.7, 122.6, 115.7, 115.5, 47, 46.9, 41.1; 1°F

NMR (376 MHz, DMSO-ds) & -117.8 (s, 1F).

(4-(pyridin-3-yl)phenyl)methanamine (6.25).284

NH,

6.25

To a solution of 4-bromobenzylamine 6.24 (5 g, 26.88 mmol) in ethanol (50 mL),
3-pyridinylboronic acid 6.23 (4 g, 32.5 mmol), Pd (PPhs)s (0.650 g, 0.56 mmol), 2 M

sodium carbonate (27 mL) were added at room temperature under nitrogen atmosphere.
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After addition, reaction mixture was heated to reflux for 3 h. After completion of reaction
confirmed by TLC, reaction mixture was filtered through celite and was washed with
dichloromethane. Filtrate was evaporated under reduced pressure and the residue was
chromatographed on silica gel. (eluent: DCM:MeOH (90:10) to obtain compound 6.25
(2.6 g, 53 %)as a yellow colored solid. mp: 41-43 °C; *H NMR (400 MHz, CDCls) § 8.80
(m, 1H), 8.55 (m, 1H), 7.84 (m, 1H), 7.53 (d, J=8.1 Hz, 2 H), 7.40 (d, J=8 Hz, 2H), 7.33
(m, 1H), 3.90 (s, 2 H), 1.65 (s, 2H); 13C NMR (100 MHz, CDCls) § 148.5, 148.4, 143.3,
136.5, 134.3, 128, 127.4, 123.6, 46.2.

2-chloro-N-(4-(pyridin-3-yl)benzyl)-9H-purin-6-amine (6.26).

HN
NN
BN v

cl”" NN

H
6.26

To a solution of 2, 6 dichloropurine 6.2 (1.54 g, 8.15 mmol) in n-butanol (15 mL),
compound 6.25 (1.5 g, 8.15 mmol), triethylamine (1.32 g, 13.09 mmol) were added at rt
and the reaction mixture was heated to 100 °C for 1 h. The resulting precipitate was
filtered and washed with cold methanol and water. The solid was dried overnight under
air to obtain compound 6.26 (2.16 g, 79%) as a peach colored solid. mp: 250-258 °C
(decomposes); 'H NMR (400 MHz, DMSO) & 12.53 (br s, 1H), 8.86 9s, 1H), 8.71 (brs, 1

H), 8.55 (d, J=8 Hz, 1 H), 8.15 (s, 1 H), 8.04 (d, J=8 Hz), 7.69 (m, 2 H), 7.44 (m, 3 H),
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4.7 (s, 2 H); 3C NMR (100 MHz, DMSO) § 152.9, 148.4, 147.6, 140.1, 139.4, 135.7,
135.3,133.9, 128.1, 126.8, 123.8, 42.
2-chloro-9-(prop-2-yn-1-yl)-N-(4-(pyridin-3-yl)benzyl)-9H-purin-6-amine

(6.27).

6.27

To a solution of compound 6.26 (1.5 g, 4.45 mmol) DMSO (15 mL), potassium
carbonate (0.921 g, 6.67 mmol), and propargyl bromide 6.4 (0.580 g, 4.87 mmol) were
added at rt. The reaction mixture was stirred at rt for 2h. After completion of reaction
confirmed by TLC, 75 mL water was added to the reaction mixture and resulting
precipitate was filtered, air dried overnight and finally triturated with ether to obtain
compound 6.27 (1.5 g, 89%) as a light brown solid. mp: 169-172 °C; H NMR (400
MHz, DMSO) & 8.97 (bs, 1H), 8.86 (s, 1H), 8.55 (d, J=8 Hz, 1 H), 8.25 (s, 1H), 8.04 (d,
J=8 Hz), 7.69 (M, 2 H), 7.45 (m, 3 H), 5.02 (s, 2H), 4.71 (d, J=8 Hz, 2H), 3.51 (s, 1H);
13C NMR (100 MHz, DMSO) & 154.9, 153.3, 149.5, 148.4, 147.6, 140.9, 139.3, 135.7,

135.3, 134, 128.1, 126.9, 123.8, 118.1, 77.9, 76.3, 42.9, 32.6.
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2-chloro-9-((1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-N-(4-(pyridin-3-

yl)benzyl)-9H-purin-6-amine (6.28).

NN
| =
HN
N
N/
Ly
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\\<\,N\/©
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6.28

To a solution of sodium azide (0.191 g, 2.93 mmol) in DMSO (15 mL), 2-
fluorobenzyl bromide 6.6 (0.505 g, 2.67 mmol) was added at rt and reaction mixture was
stirred for 30 min at rt. After 30 min, compound 3.27 (1.0 g, 2.67 mmol), triethylamine
(0.081 g, 30 mol %), CuS04.5H20 (0.2 g, 30 mol %), and sodium ascorbate (0.317 g, 60
mol %) were added at room temperature and the reaction was stirred for 18 h at rt. After
completion of reaction confirmed by *H NMR, the reaction mixture was poured in to 75
mL ice cold water and the resulting precipitate was filtered, washed with dilute
ammonium hydroxide (100 mL), water (150 mL) and air dried overnight. Finally the
compound was triturated with ether to obtain compound 6.28 (1.0 g, 71%) as a light
brown solid. mp: 192-195 °C; 'H NMR (400 MHz, DMSO) § 8.92 (bs, 1H), 8.24 (s, 1H),
8.16 (s, 1H), 8.04 (d, J= 4 Hz, 1H), 7.67 (m, 2H), 7.39-7.47 (m, 4H), 7.19-7.31 (m, 3 H),

5.63 (S, 2H), 5.42 (s, 2H), 4.69 (s, 2H); *C NMR (100 MHz, DMSO) § 161.3, 158.8,
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154.9, 142.4, 139.3, S13.9, 130.8, 130.7, 128.1, 126.8, 124.8, 124.8, 123.9, 122.8, 122.6,
115.7, 155.5, 46.9, 46.9, 42.8, 38.2; 1°F NMR (376 MHz, DMSO) § -117.8 (s, 1F)
6.3.3. NMR Spectra of the Products. The 'H NMR, *C NMR, and **F NMR

spectra of the products are shown in Figures 6.8- 6.28.
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Figure 6.8. *H NMR spectrum of compound 6.14.
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Figure 6.9. 3C NMR spectrum of compound 6.14.
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Figure 6.10. °F NMR spectrum of compound 6.14.
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Figure 6.17. *H NMR spectrum of compound 6.22.
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Figure 6.18. 3C NMR spectrum of compound 6.22.
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Figure 6.24. *H NMR spectrum of compound 6.27
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Figure 6.26. 'H NMR spectrum of compound 6.28.
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Figure 6.28. 1°F NMR spectrum of compound 6.28.
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7. CONCLUSION

N-phenacylthiazolium bromide (PTB), N-phenacylmethylimidazolium halides,
their dimeric versions and other derivatives such as morpholine, benzylamine,
nitrobenzene, catechol, phloroglucinol and polyethylene glycol (PEG) were synthesized
to investigate their inhibitory effects on the formation of AGEs by *C NMR
spectroscopy. Dehydroascorbic acid (DHA) was chosen as a model dicarbonyl compound
for this study, which was prepared in situ by oxidation of ascorbic acid. PTB was able to
trap DHA in situ to form PTB-DHA adduct, as shown by *C NMR, UV-vis, and
fluorescence spectroscopy studies. 2*C NMR study showed that the rate of DHA adduct
formation with these novel compounds was faster than that of the thiazolium compound
PTB. 13C NMR, UV-vis, and fluorescence spectroscopy techniques were used as
convenient analytical probes for following the progress of Maillard reactions, we have
demonstrated the substantial AGE-inhibitory effects of citric acid and polyphenolic
antioxidants such as EGCG, ferulic acid, phloroglucinol, resorcinol, catechol, acetic acid,
benzoic acid, hydroxybenzoic acids, ethanol and phenol in D-glucose/ leucine or
benzylamine Maillard reaction model system. Citric acid was found to be most effective
among all the polyphenolic antioxidants but all other polyphenolic compounds are also
potentially useful as AGE-inhibitors in food storage and processing as well as in
pharmaceutical applications.

We have developed a novel photoredox catalyzed gem-difluorination of 1,3
dithiolanes to form gem-difluoromethylene compounds by using a cheap and readily
available photocatalyst 9-fluorenone in the presence of visible light (household bulb

13W CFL). This reaction requires mild conditions and is applicable to gem-difluorination
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of variously substituted diaryl 1,3-dithiolanes. We also have developed the NHC-
catalyzed trifluoromethylation of aromatic aldimines, using the in situ generated
sterically crowded NHC catalyst. VVarious aromatic N-tosylaldimines with electron-
withdrawing as well as electron-donating groups on the aryl ring undergo facile
trifluoromethylation in the presence of the NHC-1. Further optimization of the reaction
conditions are in progress in our laboratory toward expanding the scope of the NHC-
catalyzed trifluoromethylations.

We have synthesized novel purine-based fluoroalkyl triazole derivatives as
potential cyclin-dependent kinase (CDK) inhibitors, based on the earlier reported parent
purine-based triazole. Four different derivatives including aniline, methylenedianiline
(dimeric version), 3-aminomethylpyridine and biarylmethylamine were synthesized by
efficient synthetic methods with high purity and yields. The structural characterization

and purity of these compounds was established by *H- and **C-NMR spectroscopy.
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