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Abstract

Imidazoles are vital heterocyclic compounds usually incorporated in natural products
such as biotin, vitamin B12, histamine, and histidine. 2,4,5-Trisubstituted imidazoles, in
particular, possess versatile biological and pharmaceutical activities such as
antidiabetic, antimalarial, and analgesic properties. A traditional procedure for the
synthesis of these elegant compounds involves the cyclocondensation reaction
between a 1,2-diketone, an aldehyde, and ammonia in the presence of an acid or
metal catalyst. However, this methodology suffers from various shortcomings such as
the use of acid or metal catalysts, tedious work-up procedures, use of toxic reagents,
and substrate scope limitations. Hence, the development of new methods to

synthesize 2,4,5-trisubstituted imidazoles is of vital importance.

This study describes the preparation of 2,4,5-trisubstituted imidazoles from alkenes
using an environmentally benign iodine/DMSO system. This novel methodology was
applied to a broad substrate scope such as substituted benzaldehydes, heterocyclic
aldehydes, bulkier aldehydes, and substituted stilbenes, and afforded the target
compounds in moderate to high yields under mild reaction conditions. Preliminary
mechanistic studies revealed that 1,2-diketone is a key intermediate and that the
mechanism is not radical-mediated. It also revealed that the oxygen source is DMSO
and that the coupling step is catalyzed by iodine coordination and hydrogen bonding
from the solvent. Based on the results obtained from the preliminary mechanistic

investigations, a reasonable mechanism is proposed.
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CHAPTER 1: INTRODUCTION

1.1. Oxidation reactions

In organic chemistry, oxidation refers to the introduction of oxygen in a molecule
(Scheme 1a), whereas in inorganic chemistry, it refers to a loss of one or more
electrons (Scheme 1b).! In academia and industry, oxidations are paramount as they
play a vital role in the synthesis of new, complex compounds and the modification of

existing ones.>®

R NH, R NO,
Vi { o, 7
N_ N N_ N
o) o)
(@)

2Fe > 2Fe?* + 4e

(b)

Scheme 1: (a) Oxidation of Aminofurazans to Nitrofurazans; (b) Oxidation of Iron (0)

to Iron (1)

Oxidation reactions are widely employed in upgrading petrochemical feedstocks to
more valuable chemicals, for example, unsaturated hydrocarbons are oxidized to
value added products such as ketones, aldehydes, carboxylic acids, and alcohols.®
These value-added products are usually the starting materials in the synthesis of
complex molecules as well as numerous biologically active and pharmaceutical
compounds.” Molecular oxygen,® hydrogen peroxide,® or oxygen-containing
molecules are traditionally employed as oxidants, whilst transition metals'® 1 and

acids!? generally catalyze these transformations.




1.2. Alkene Oxidation

Alkene oxidation has been an interesting field for researchers since the discovery of
the Wacker Process by Philips more than a century ago.*® About five decades later,
Schmidt and co-workers reported the catalytic method where ethylene was converted
to acetaldehyde in agueous hydrochloric acid in the presence of PdCIl2/CuClz catalyst
using molecular oxygen as an oxidant (Scheme 2).** This process was extended to
terminal alkenes, providing a simple route towards the preparation of methylene

ketones and ketals.1®

H2C:CH2 PdClz/CUCIZ
HCI, H,0, 0, HsC H

Scheme 2: The Wacker Process: Synthesis of acetaldehyde from ethylene

The C-H functionalization of internal alkenes is deemed challenging due to high
thermodynamic stability; thus, transition-metal catalysts are usually employed.®
However, these compounds can be employed as starting materials for the preparation

of epoxides,’1° 1,2-diols,?° and allylic compounds,?! which will be discussed below.
1.2.1. Epoxidation of alkenes

Epoxides are important in academia and industry as they are key intermediates in the
production of various industrial and commercial products including epoxy resins,
surfactants, and paints.?>?> A classical approach toward epoxides synthesis is the
direct alkene oxidation, leading to epoxidation on both micro-scale (laboratories) and
macro-scale (industries).?® 27 Different oxidants are employed in this synthesis such
as molecular oxygen,?® dioxiranes,?® 30 peroxides3!, and methyl-trioxorhenium

(MTO).32 (Scheme 3).
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Scheme 3: Epoxidation of alkenes using various oxidants and catalysts; (a) using
dioxirane; (b) molecular oxygen and aldehyde in visible light; (c) isobutyraldehyde,
tert-butyl hydroperoxide, and molecular oxygen system; (d) methyltrioxorhenium

(MTO) and pyridine-based system
1.2.2. Dihydroxylation of alkenes

Vicinal diols (1,2-diols) are molecules where the two alcohol groups are on adjacent
carbon atoms. These 1,2-diols are used in the preparation of key intermediates in
fragrances, pharmaceuticals, and functional materials.33 34 Dihydroxylation of alkenes
is the predominant method to access the vicinal diols3® through different systems such
as palladium-catalysis using molecular oxygen (Scheme 4a),3¢ electrochemical

modular-mediated (Scheme 4b),?” and Osmium tetraoxide in water (Scheme 4c¢).3%

39



H,0 |Pd(OAc),

Na,CO
OH 2 3 02 o
Rz
R1)\r NaBr/HzO ~__R OSO4 )\rRZ
22—
OH ] R H,0 " OH
(b) -

Scheme 4: Dihydroxylation of alkenes; (a) Palladium-catalyzed; (b) sodium bromide

in water electrochemical modular system; (c) Osmium tetraoxide in water
1.2.3. Allylation of alkenes

The catalytic enantioselective allylic C-H functionalization of alkenes has been widely
applied in the production of natural products, fine chemicals, pharmaceuticals, and
functional materials.*%-4? This transformation is advantageous since it provides a direct
route to chiral building blocks with a new stereocentre from petrochemical feedstocks
whilst preserving the alkene functionality for further chemical elaboration.*® Various
metal-based catalysts have been discovered for allylic C-H oxidation of simple alkenes
with cyclic or terminal double bonds**4¢ including an iridium-based complex (Scheme

5a)*’ and palladium acetate in acetic acid (Scheme 5b).4®

e

R__~ R'
Ir[dF (CF3)ppyla(dtbpy)PFg R Pd(OAc), OAc
\/D\J/ “TFAA, HFIP, P RN /K/
R’ , , Purple LED AcOH R

(a) (b)

Scheme 5: Allylation of alkenes; (a) Iridium-based complex, (b) Palladium acetate in

acetic acid system



1.3. 1,2-Diaryl Diketones

1,2-Diaryl diketones are compounds where the carbonyl groups are on adjacent
carbon atoms. These molecules possess high reactivity due to the presence of the
two, adjacent electron-deficient carbonyl groups, hence, they are used as starting
materials or intermediates in modern organic synthesis and organocatalytic
transformations.*®%! In addition, they are utilized as key building blocks in the
preparation  of active such as pyrazines,®%°

biologically compounds

dihydropyrazines,®® quinoxalines,®’%° oxazoles,®' and imidazoles (vide infra).6?
Furthermore, 1,2-diketones have displayed unique applications as photo-initiators and
photosensitive agents.®® These compounds have also been reported to have vast

biological activities including anticancer,%* 65 antioxidant,®® 67 antimicrobial,®®7° and

hypertensive properties (Figure 1).7%

Q
>~ HO

2,4,2' 4'-tetrahydroxy-3-lavandulyl-6-methoxybenzil
Anticancer

Tanshinone 11A
Antioxidant

1-(3-hydroxyphenyl)-2-(4-methoxyphenyl)ethane-1,2-dione

Antimicrobial

Scandione
Hypertensive

Figure 1: Biologically active 1,2-diketones




1.3.1. Accessible routes toward the preparation of 1,2-Diaryl Diketones

There are various methodologies utilized for the preparation of 1,2-diketones, mostly
from the oxidation of suitable precursors such as a-hydroxyketones (benzoins),’> 73
diarylalkynes,” 7> 1,3-diketones,’® 77 1,2-diols”® and diarylalkenes (vide infra). In
addition, these compounds can be prepared via oxidative-coupling pathways.”® The
classical preparation of 1,2-diketones (benzils) is the direct oxidation of benzoin using
two equivalents of copper acetate in an acetic acid/water mixture for 15 minutes under

reflux conditions which furnished benzil in 90% isolated yield (Scheme 6).8°

OH
2Cu(AcO),
O AcOH/H,0, reflux,
(0] .
15 min.

Scheme 6: Classic synthesis of 1,2-diketones from benzoin oxidation

+ 4AcOH + CuO

Among the reported methods in literature, alkene oxidation remains a direct route
towards benzils, as they are cheaper and more easily accessible than other
precursors.8! Internal alkenes have been oxidized to form 1,2-diketones by utilizing
various systems and catalysts including transition metals, anhydrides, and acidic

media, which will be discussed in detail below (Scheme 7).

O

R/\/Rsz)KWRz
1 1
0]

R1 Ry = Aryl or Heteroaryl

Scheme 7: Direct oxidation of alkenes to 1,2-diketones

1.3.1.1. Transition Metal-Based catalysts

In 1986, Firouzabadi and co-workers reported the synthesis of benzil from trans—

stilbene using zinc dichromate trihydrate as a catalyst. The reaction was conducted in



carbon tetrachloride for 7 hours and afforded the desired product in a low yield of 15%

(Scheme 8).82

0]
e O ZnCr20703H20/CCI4 O
t,7h
O o O 0

15 %

Scheme 8: Zinc dichromate trihydrate catalyzed oxidation of trans-stilbene

The shortcomings associated with this method include the use of an expensive
transition metal catalyst (ZnCr207+3H20) and toxic solvent (carbon tetrachloride).83 Six
years later, these authors reported tetrakis(pyridine)silver(ll) peroxodisulfate as an
oxidative reagent in the synthesis of benzil from trans-stilbene (Scheme 9).8* This
system exhibited high efficiency as benzil was obtained in 100% isolated yield in 3
hours. Despite the excellent yield, the study was not extended to a range of stilbene

derivatives to explore substrate and scope limitations.

Tetrakis (pyridine)silver(ll) 0 O
A Peroxodisulfate N
O cat. MeCN/H,0, reflux, 3 h O o)

100 %

Scheme 9: Oxidation of trans-stilbene to benzil using tetrakis(pyridine)silver(ll)

peroxodisulfate

In 2011, Wan and co-workers designed the synthesis of 1,2-diketones from stilbenes
using a ruthenium-based catalyst and tert-butyl hydroperoxide (TBHP) as an oxidant
in a mixture of toluene/acetonitrile and water at room temperature (Scheme 10).8° This
system was applied to a broad substrate scope including aryl, heteroaryl, and alkyl-

substituted alkenes furnishing the corresponding 1,2-diketones in 46 — 96% vyields.



1 mol% [Ru(cymene)Cl,], @)

30 mol% TBAI R
e 2
¥ 3.6 equiv. TBHP, 1 h R
O
R1, Ry = aryl, heteroaryl,alkyl 46 - 96%

Scheme 10: Ruthenium-catalyzed 1,2-diketone synthesis from alkenes

Although this system exhibited high efficiency as up to 96% isolated yields were
achieved, the use of a toxic peroxide (TBHP) in super stoichiometric amounts and the
use of a transition-metal complex, [Ru(cymene)Clz]z2, which was not commercially
available then and had to be prepared using expensive reagents (ruthenium trichloride

and a-phellandrene) detracts from this method.

Motivated by the above system, Saberi and co-workers recently reported a
ruthenium/dendrimer complex immobilized on silica-functionalized magnetite
nanoparticles as a highly efficient and magnetically separable catalyst in the oxidation
of stilbenes to benzil derivatives at room temperature (Scheme 11).87 Ortho-, meta-,
and para-substituted trans-stilbene derivatives bearing electron-donating and
electron-withdrawing groups were converted to corresponding 1,2-diketones, where
those with electron-donating substituents exhibited higher efficiency (up to 90%
yields). Moreover, a polycyclic stilbene, 1-styryl naphthalene and 2-styryl-1H-pyrrole
were oxidized to corresponding 1,2-diketones in good vyields of 75 and 70%

respectively.

0

NS Fe30,@Si0,-CD-Ru(lll) R1)kffR2
1 TBAI, TBHP, r.t., 1h o
R4, R, = aryl, heteroaryl 70 - 90%

Scheme 11: 1,2-Diketone synthesis from alkenes using silica-functionalized

magnetite particles on ruthenium complex



1.3.1.2. Use of Anhydride-Based Systems

In 1971, Sharpless and co-workers reported the preparation of 1,2-diketones from
alkenes in the presence of potassium permanganate in acetic anhydride/
dimethoxyethane (Scheme 12).88 The corresponding 1,2-diketones were obtained in
42 — 66% yields with ketoacetate and dimethoxyethane (DME) as by-products. This
system was applicable to aryl- and alky-substituted stilbene derivatives; however, the

occurrence of side-products makes this method less desirable.

o o)
KMnO, R )\
R/\r*“Rz R1)J\[( 2+R1)‘K(R2 +\O O/
1 Ac,O/DME, 3 h o

OAc
Ry Ry = aryl, alkyl 42 - 66% 9-15% 0-25%

Scheme 12: Preparation of 1,2-diketones from alkenes using potassium

permanganate in acetic anhydride

In 1998, Rabideau and co-workers reported the benzeneseleninic anhydride promoted
oxidative synthesis of 1,2-diketones from 1,2-diarylethanes and 1,2-diarylethenes.
Cis- and trans-stilbenes were converted to benzil in the presence of benzeneseleninic

anhydride (BSA) producing benzil in 89 and 82% yields, respectively (Scheme 13).8°

Q0 g3
o Se\O,Se\© O o)
rC

or

O CI-Ph, 120 °C, 8 h
(b) A a) 89%
O b) 82%

Scheme 13: Benzeneseleninic anhydride-assisted oxidation of stilbenes into benzil

The use of a toxic transition metal-based catalyst (BSA), and a chlorinated solvent

which is non-green limits this method. Furthermore, the substrate and scope



limitations were not explored as stilbene derivatives and other alkenes were not

examined.
1.3.1.3. Use of an acidic catalyst

Yusubov and co-workers reported the synthesis of benzil from trans-stilbene in the
presence of hydrobromic acid and hydrogen peroxide in dimethyl sulfoxide to afford
benzil in a moderate 60% yield (Scheme 14).°° A slight increase in yield was observed
when 4-chlorostilbene was used and the corresponding benzil derivative was obtained

in a 66% isolated yield.

NN O H202 - HBr
O DMSO, 120 °C
R 16-22h R

R:H, Cl

R=H, 60 %
R =Cl, 66 %

Scheme 14: Benzil synthesis using HBr-H202/DMSO system

The role of hydrogen peroxide was to accelerate the formation of bromine ion from
hydrobromic acid, however, it was reported that DMSO can also perform the same
function,®* hence the authors further developed this approach by omitting hydrogen
peroxide.®? Trans-stilbene derivatives were oxidized to corresponding 1,2-diketones in
the presence of hydrobromic acid in DMSO affording corresponding benzils in <30 —
86% vyields (Scheme 15).°? It was observed that the volume of hydrobromic acid
influenced the vyield of the product as increasing the volume of the acid resulted in
higher yields in shortened reaction times. Electron-donating substituents such as
methyl- (Me) and methoxy (-OMe) groups were observed to accelerate the reaction

whilst, electron-withdrawing substituents such as nitro group (-NO2), slow down the

10



reaction. As a result, some nitro-substituted diketone derivatives could not be isolated

and were obtained in trace amounts even after 45 hours.

N O oM
O DMSO, 115 °C
R 2-45h

R = H, Me, Br, OMe, NO,

<30 - 86%

Scheme 15: Synthesis of benzils from stilbenes using HBr/DMSO system

There are also methodologies in which benzil is obtained as a side product, for
example, Maurya and Kumar reported the synthesis of an oxovanadium-based
coordination polymers and evaluated its catalytic potential on styrene, cyclohexene,
and trans-stilbene oxidation where benzil was obtained in 6 — 7% vyields.%®
Tabatabaeian and co-workers reported an ultrasonic-assisted ruthenium-catalyzed
oxidation of aromatic and heteroatomic compounds, where benzil was obtained in 5%
yield.®* These methods are unlikely to be used in benzil synthesis as they produce the

1,2-diketones as a side product and in poor yields.

11



1.4. Alkene Oxidation in the Total Synthesis of 2,4,5-Trisubstituted Imidazoles

The oxidation of alkenes to 1,2-diketones has played an important role in organic
synthesis as it has been shown to be one of the key steps in the total synthesis of
biologically active 2,4,5-trisubstituted imidazoles. For example, Slee and co-workers®
synthesized a series of 2,4,5-trisubstituted imidazoles to screen for anti-inflammatory
activity. Their synthesis commenced from a Wittig olefination of aldehyde (1) with ylide
(2) furnishing an alkene (3) in a 1:1 mixture of cis and trans isomers. Epoxidation of
alkene (3) with mCPBA afforded intermediate (4) which was subsequently followed by
the in-situ ring opening with formic acid to generate diol (5). The oxidation of diol (5)
with TEMPO furnished the dione intermediate (6) which was reacted with acrylamide
(7) under Heck reaction conditions to produce dione (8). The coupling reaction of
ammonium acetate with dione (8) and an appropriate aldehyde (9) in acetic acid gives
imidazole (10). Final deprotection gave the imidazole (11) (Scheme 16),%> which was
found to inhibit P-Selectin and P-ELISA, which are cell adhesion molecules that work
in a programmed manner to direct blood to the inflamed tissue, thus showing

promising activity against inflammation.

12
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Synthetic steps: a-KtBuO, DMSO/THF, 2h; b-mCPBA, DCM, 40 °C; c-Formic acid,
THF, 0 °C, d-TEMPO, DCM, 0.7 M NaBr, buffered bleach, quantitatve; e-Pd(OAc)2,

TEA, P(o-tolyl)3; f-AcOH, NH4OAc, 100 °C, 2 h; g- LiOH, dioxane, 18 h

Scheme 16: Application of alkene oxidation in total synthesis of biologically active

2,4 5-trisubstituted imidazoles
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1.5. Imidazole Moiety

Imidazole (1,3-diaza-2,4-cyclopentadiene) is a planar five-membered ring with three
carbon atoms and two nitrogen atoms situated in the first and third positions (Figure
2a). This compound has the molecular formula C3HsN2 and is the simplest of the
imidazole family. One of the nitrogen atoms is referred to as a pyrrole type since it is
bonded to a proton. This compound exists in two equivalent tautomeric forms as

hydrogen can be obtained in either of the nitrogen atoms (Figure 2b).%¢

H
(@) (b)

Figure 2: (a) Structure of the imidazole moiety; (b) Tautomeric forms of imidazoles

3
4+ N H
[ N
Ly () — )
N N

The imidazole moiety is found in several naturally occurring compounds such as
vitamin Bi12,%" histidine (Figure 3a),® histamine (Figure 3b),*® biotin,}® and
pilocarpine alkaloids (Figure 3c),°! to mention just a few. Histidine is a vital amino
acid that is present in many proteins and enzymes, playing a huge role in the structure

and binding of hemoglobin.®®

o o) 0]
o NHz U
N \ NH, (’)l—\)/\/ HaC— ’él: i\‘l
H H Hsé
(a) (b) (c)

Figure 3: Naturally occurring compounds containing the imidazole moiety; (a)

histidine; (b) histamine; (c) pilorcapine alkaloid
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1.6. 2,4,5-Trisubstituted Imidazoles

2,4,5-Trisubstituted-1H-imidazoles have been known for over a century'®? and
possess numerous biological and pharmaceutical activities® which will be discussed
below. In addition, these compounds possess good photophysical properties such as
organic light-emitting diodes and thus can be used as photosensitizers.193-105
Consequently, the synthesis of imidazoles has received a great deal of attention to

unveil novel methodologies for the preparation of new derivatives.

1.6.1. Pharmacological applications of 2,4,5-trisubstituted imidazoles

1.6.1.1. Antidiabetic Activity

Diabetes Mellitus (DM) is a chronic disease caused by inadequate regulation of blood
glucose levels which can be subdivided into type 1 and type 2.1% Type 1 DM refers to
a condition where insufficient insulin is produced in the body and therefore requires
daily administration of insulin. Type 2 diabetes refers to the ineffective use of insulin
in the body and this type is a result of prolonged hyperglycemia. Hyperglycemia refers
to increased blood sugar levels, leading to damage nerves, blood vessels, and other
body systems over time.'” This disease can be treated by suppressing postprandial
hyperglycemia and regulating postprandial glucose levels by inhibiting carbohydrate-

hydrolyzing enzymes known as a-glucosidase.%®

a-Glucosidase inhibitors are famous for their antiviral,1%® antitumor,*'° antidiabetic*!*
112" and immunoregulatory activities.''® Currently used inhibitors in DM treatment
include acarbose, miglitol and voglibose.''# The latter inhibitors have been reported to
induce the following side effects: flatulence, abdominal distention, and diarrhea.
Hence, there is a dire need to find different a-glucosidase inhibiting agents that will

minimize these disadvantages.®
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In an effort to find a novel a-glucosidase inhibitor, Yar and co-workers prepared a
series of 2,4,5-trialrylimidazoles. The a-glucosidase inhibiting activities for the
synthesized compounds were tested where most of them presented good activity at
low micromolar concentrations.*'® 2-(2-Hydroxyphenyl)-4,5-diphenyl-1H-imidazole

(Figure 4) had an ICso of 74.32 + 0.39 uM, thus displaying the highest activity.

g
J

Figure 4: The chemical structure of 2-(2-hydroxyphenyl)-4,5-diphenyl-1H-imidazole

N
N
H

1.6.1.2. Antimalarial Activity

Malaria is a lethal disease caused by a plasmodium parasite, transmitted by the bite
of infected mosquitoes.''” The pathogens of this disease are the species of single-
celled eukaryotic Plasmodium parasites including P. malarae,!1® P. falciparum,1® P.
ovale wallikeri,*?® P. ovale curtisi,'?* P. vivax'?> and P. knowlesi.??> Plasmodium
falciparum is the most noxious as it is responsible for ~90% of all infections.*?4 In 2018,
the World Health Organization (WHO) reported 228 million malaria cases across the
world with 405 thousand deaths.'?® Treatment includes antimalarial drugs such as

Quinine,*?% Quinidine'?” and Krintafel,1?® which typically leads to cross-resistance.

Researchers are continuously trying to find novel antimalarial compounds through
pharmacophore hybridization.'?® Heterocyclic compounds such as imidazoles,
quinolines, etc, have gained enormous attention as the substituted heterocycles play
a paramount role in the development of compounds active against this disease.*°

Egan and co-workers screened a series of 2,4,5-trisubstituted imidazoles against
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Plasmodium falciparum and 2-(3,5-dimethoxyphenyl)-4,5-bis(4-methoxyphenyl)-1H-

imidazole (Figure 5) emerged as the most active.!3?
MeO

9
(

MeO
Figure 5: The chemical structure of 2-(3,5-dimethoxyphenyl)-4,5-bis(4-

Iz, _Z

OMe

methoxyphenyl)-1H-imidazole
1.6.1.3. Acetylcholinesterase (AChE) Inhibition activity

The World Health Organization has declared Alzheimer’s Disease (AD) as the global
public health priority as there is no permanent cure for this disease.'3? According to
WHO, in 2019, over 50 million people had dementia and AD was the primary cause of
dementia as it accounted for 60 — 70% dementia cases.33 AD is a neurodegenerative
brain disorder associated with a low level of acetylcholine neurotransmitter either due
to reduced synthesis or enzymatic activity of acetylcholinesterase on acetylcholine
resulting in memory loss or cognitive impairment.34 Acetylcholinesterase (AChE) is a
hydrolase enzyme that hydrolyzes acetylcholine, which is a major part of central

cholinergic pathways in the central nervous system.3%

About 4 — 8% of elderly people in the world are affected by this disease and females
are more prone to the disease.®%13° Treatment approaches include restraining the
acetylcholinesterase enzyme by increasing synaptic levels of acetylcholine. Clinical
treatment of AD includes the use of drugs as AChE inhibitors, i.e., rivastigmine,

galanthamine, donepezil and tacrine, to name but a few. 149142 However, some of
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these drugs has displayed health complications, for example, tacrine causes liver

toxicity.143

The increase in mortality rate, complexities in disease and the limited drugs available
to cure AD demand new and more effective pharmacological products. Thus,
researchers are continuously aiming to find more potent drugs.#* 14° The substituted
imidazole nucleus is famous for a range of therapeutic effects as they have been
reported as RAF kinase inhibitors,'4¢ CSBP kinase inhibitors'#’ and orally active 5-
lipoxygenase inhibitors,**® to name but a few. Mutahir and co-workers synthesized a
range of 2,4,5-trisubstituted imidazoles and screened them as potential
acetylcholinesterase inhibitors.'®>  2-(3-Ethoxy-4-hydroxy)phenyl-4,5-diphenyl-1H-
imidazole (Figure 6) was reported to be the most active in acetylcholinesterase
inhibition with ICso value of 102+0.12uM, making it a potential drug candidate for the

treatment of AD.

AL, &
»@

Figure 6: The chemical structure of 2-(3-ethoxy-4-hydroxy)phenyl-4,5-diphenyl-1H-

Iz _Z

imidazole
1.6.2. Synthetic routes toward the preparation of 2,4,5-trisubstituted imidazoles

In 1882, Radziszewski reported the first synthesis of 2,4,5-trisubstituted imidazole
where a 1,2-diketone, an aldehyde, and ammonia, were coupled. This coupling
reaction was a modification of the Debus reaction'*® that was reported back in 1858

by Henrich Debus hence it is known as Debus-Radziszewski reaction (Scheme 17).102
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Scheme 17: The Debus-Radziszewski synthesis of 2,4,5-trisubstituted imidazole

Even though the Debus-Radziszewski reaction produces 2,4,5-trisubstituted
imidazoles in quantitative yields, the use of ammonia, a toxic gas, has a detrimental
effect to the environment.**° In addition, handling and stoichiometric measurement of
ammonia gas in the laboratory is difficult. However, it was reported that ammonium
acetate can decompose to ammonia, and it was then used to replace ammonia in the
Debus-Radziszewski imidazole synthesis as it is a solid and can be easily handled
and measured. Various systems including transition-metal-based, microwave-
assisted, and heterogeneous catalysts have been reported and will be discussed

below.

Q o) R4

N

R)J\[(Rz + J + NH,OAc _ System | \>_R3
1 R3 N
H

o) R;
R1 Ry Rz =aryl, heteroaryl, alkyl

Scheme 18: Coupling reaction between a 1,2-diketone, an aldehyde and ammonium

acetate as a modification to the Debus-Radziszewski reaction
1.6.2.1. Metal-Based catalysts

Various documented 2,4,5-trisubstituted imidazole syntheses employ the use of metal
catalysts. Wang and co-workers reported the synthesis of 2,4,5-trisubstituted
imidazoles from the coupling reaction between benzil, aldehydes and ammonium

acetate in the presence of a rare-earth metal, ytterbium (lll) triflate in acetic acid
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(Scheme 19).%%1 Both aryl-substituted and aliphatic aldehydes were explored and the
corresponding imidazoles were obtained in 17 — 97% yields. This method, however,
suffers from the use of rare-earth metal as well as acidic reaction conditions, which is

a drawback for acid-sensitive substrates.

: I,

| Yb(OTf)3, AcOH
. R) + NH,OAc | SR

70 °C, 2h N
.
17 -97%

Scheme 19: Preparation of 2,4,5-trisubstituted imidazoles using ytterbium (lll) triflate

R = aryl, alkyl

In another study, Sharma and co-workers reported the synthesis of 2,4,5-trisubstituted
imidazoles using zirconium (IV) chloride as a catalyst, producing target compounds in
excellent yields (84 — 96%) (Scheme 20).152 Although this system displayed efficiency,

the use of an expensive metal-based catalyst limits this method.

l

o)
| ZrCl; MeCN N
. R) + NH,OAC | N\>—R

rt., 0.75-10h
(.
84 - 96%

Scheme 20: Preparation of 2,4,5-trisubstituted imidazoles using zirconium (1V)

R = aryl, heteroaryl, alkyl

chloride
1.6.2.2. Microwave-Assisted Imidazole Synthesis

Microwave irradiation is generally applied in synthetic organic chemistry as it is
efficient and significantly reduces reaction times compared to conventional heating.%3
Wolkenberg and co-workers reported the preparation of 2,4,5-trisubstituted imidazole
from the cyclo-condensation of 1,2-diketone, an aldehyde, and ammonium acetate in
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acetic acid at 180 °C under microwave irradiation conditions for 5 minutes.'>* Alkyl-,
aryl- and heteroaryl- benzil and aldehyde derivatives were explored where the
corresponding imidazoles were obtained in excellent isolated yields (80-99%)

(Scheme 21).

jﬁfRZ (I) AcOH, 180 °C a N
R; . V4 NH,0AC AcORI80C I >—Rs
o) 3 MW,5 min. R; ”

R = alkyl, aryl and heteroaryl 80 - 99%

Scheme 21: Imidazole synthesis in acetic acid under microwave-irradiation conditions

To highlight the utility of their optimized synthesis, the authors synthesized Lepidiline
B which is an alkaloid that exhibits micromolar cytotoxicity against human cancer cell
lines.’>> A cyclocondensation reaction between 2,3-butadione, acetaldehyde and
ammonium acetate under optimal conditions was conducted where 2,4,5-trimethyl-1H-
imidazole was obtained in 76% vyield, and was further reacted with benzyl chloride
(BnCl) in acetonitrile under MW irradiation resulting in Lepidiline B in 43% isolated

yield (Scheme 22).

Ph
o NHOAC e H Ve r
o AcOH BnCl N
Me)J\H/Me . J A L I )—Me —————» I )—Me
Me 180 °C, MW, N MeCN, MW N+
) . Me , Me !
5 min. 5 min. Cl \\Ph

Scheme 22: Synthesis of Lepidiline B under microwave irradiation conditions

The authors further tested the robustness of their methodology by preparing
Trifenagrel, a potent 2,4,5-trisubstituted imidazole arachidonate cyclooxygenase
inhibitor that reduces platelet aggregation in various animal species and humans.¢

Its inhibition is 5-12 fold greater than that of aspirin and endomethacin without
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displaying gastric damage associated with typical cyclooxygenase inhibitors.'%’ Benzil,
2-(2-dimethylaminoethoxy)benzaldehyde and ammonium acetate were coupled in
acetic acid under optimized conditions and Trifenagrel was obtained in isolated yield

of 99% (Scheme 23).

: g
\ NH,OAc N

+ AcOH | N

o NMe, 180 °C,_MW,
\__/ 5 min.

Scheme 23: Synthesis of Trifenagrel under microwave irradiation conditions

Iz

O  NMe,
\__/

99%

Despite the high yield of the compounds, this procedure utilized a high temperature
of 180 °C, which is above the acetic acid boiling point, resulting in a pressurized

system which possess a safety concern.

Two years later, Oskooie and co-workers reported the synthesis of 2,4,5-trisubstituted
imidazoles where benzils, aldehydes, and ammonium acetate were coupled in the
presence of NaHSOs-SiO2 under microwave irradiation conditions (Scheme 24).1%8
Para-substituted benzaldehyde derivatives bearing electron-donating and electron
withdrawing substituents were examined and corresponding imidazoles were
obtained in good to excellent yields (84 — 93%). It was observed that the yields were
influenced by the electronic effects as electron-donating substituents gave the
corresponding imidazoles in higher yields compared to those bearing electron-

withdrawing groups.
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Scheme 24: Synthesis of 2,4,5-trisubstituted imidazole using of NaHSO4-SiO2

In 2010, Safari and co-workers explored and reported the molybdenum-based
inorganic compound, (NH4)sM07024°4H20, as a catalyst in the preparation of 2,4,5-
trisubstituted imidazoles.'®° In this system, benzil, aldehydes, and ammonium acetate
were coupled in the presence of (NH4)sM07024°4H20 under microwave irradiation
conditions (Scheme 25).1%° Aryl and heteroaryl aldehydes were explored and the
corresponding imidazoles were furnished in excellent 89 — 99% vyields. Although this
method was highly efficient, some aromatic aldehydes bearing electron-withdrawing
and steric groups such as 4-nitrobenzaldehyde and 2,6-dichlorobenzaldehyde were

found to be incompatible with this system resulting in no product formation.

QL

o NH4)Mo;0,4e4H,0
.\ J+2NH4OAC( 4)M07024¢ 2Y | \>—R

R MW, 10 min N
.
89 - 99%

Scheme 25: Synthesis of 2,4,5-trisubstituted imidazoles using (NH4)sM07024+4H20

R = aryl, heteroaryl

under microwave irradiation conditions
1.6.2.3. Heterogeneous catalysts

Heterogeneous catalysis has become strategically vital for efficient and
environmentally friendly organic transformation over the past few decades.!60-162

Various heterogeneous catalysts have been employed in 2,4,5-trisubstituted imidazole
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synthesis, including benzyltriphenylphosphonium chloride (BTPPC)%2 and ZrO--
Al203.%%4 In 2013, Mirjalili and co-workers reported the preparation of 2,4,5-
trisubstituted imidazoles from 1,2-diketones, substituted aldehydes, and ammonium
acetate in the presence of nanosilica-supported tin chloride under neat conditions
providing imidazoles in excellent 83 — 95% yields (Table 1, entry 1).1%°> The use of
highly volatile, corrosive Lewis acid (tin tetrachloride) which is difficult to handle'® in

the preparation of the catalyst limits the industrial application of this methodology.*5¢

Table 1. Synthesis of 2,4,5-trisubstituted imidazoles using heterogeneous catalysts

o NH4OAc, Catalyst

I A\
' R) Solvent-free | N>_R
"
Entry NH4OAc Catalyst T Time Yield
(mmol) (°C) (minutes) (%)
1165 1 Nano-SnCls - SiO2 130 120 93-95
2167 2 NanoZrO2- 100 40-55 85-98

Bcyclodextrin

3168 2 Fes04@SiO02.HM.SOsH 110 10-15 82-95

4169 2 NiFe204@SiO2 r.t. 8-15 90 - 98

@aminoglucose

Similar work was reported by Shashikanth and co-workers in 2015 where the coupling

reaction was catalyzed by ZrO2-supported B-cyclodextrin nanoparticles at 100 °C for
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40 — 55 minutes, furnishing the desired imidazoles in excellent yields (85 — 98%)

(Table 1, entry 2).167

Fes04@SiO2.HM.SOsH displayed high efficiency as a catalyst for the coupling of 1,2—
diketone, substituted benzaldehydes and ammonium acetate at 110 °C under neat
conditions, affording trisubstituted imidazoles in isolated yields in the range of 82 —
95% (Table 1, entry 3).1%8 In 2018, Fekri and co-workers reported the preparation and
characterization of amino-glucose functionalized silica-coated NiFe204 nanoparticles
as a heterogeneous catalyst in the synthesis of 2,4,5-trisubstituted imidazole. Benzil,
substituted benzaldehydes and ammonium acetate were coupled in the presence of
NiFe204@SiO2@aminoglucose under neat conditions at room temperature in 8-15
minutes providing substituted imidazoles in excellent yields (90 — 98%) (Table 1, entry

4) . 169

Despite the efficiency, excellent yields as well as mild reaction conditions displayed by
using heterogenous catalytic methodologies, the utilization of commercially
unavailable catalysts that has to be prepared under specialized conditions, detracts

from this method.

The literature reports on the preparation of 2,4,5-trisubstituted imidazoles from the
1,2—diketones as the starting material are over saturated. While the documented
methodologies (vide supra) are efficient, they also suffer from one or more of the

following shortcomings:

1. Use of transition metals / rare earth metals
2. Acidic media
3. Harsh reaction conditions

4. Tedious work-up procedures
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5. Substrate scope limitations

Moreover, some unsymmetrical 1,2-diketones are not commercially available and
have to be prepared using harsh reaction conditions and excessive reagents.
Consequently, there have been reports of 2,4,5-trisubstituted imidazole synthesis from
various starting materials such as a-methylene ketones,'’° alkynes,'’* and alkenes

(vide infra).
1.7. Synthesis of 2,4,5-trisubstituted imidazoles from alkenes

Few synthetic procedures for the preparation of 2,4,5-trisubstituted imidazoles have
been documented commencing from alkenes, yet they are easily accessible and
relatively cheap.8! These methodologies utilize different catalysts such as rhodium
oxide, 2-iodoxybenzoic acid (IBX)/iodine, and iron nanocomposite complex, which will

be discussed below.
1.7.1. Use of rhodium oxide catalyst

In 1971, lwashita and Sakuraba reported the preparation of 2,4,5-trisubstituted
imidazoles from alkenes, carbon monoxide and ammonia in the presence of rhodium
oxide to give 2,4,5-trialkyl imidazole as the major product and an amide as a minor
product (Scheme 26).172 The imidazoles synthesized by this method were obtained in
fair to moderate yields (40 — 60%). However, this system was not applicable to internal

alkenes as cyclohexene reaction only gave the amide and amines as products.'”?

R™X +CO+ NH; —2=32 » _RnOs NH; >J
MeOH- Hzo NH2

R = alkyl 40 - 60%
Scheme 26: Imidazole synthesis from alkenes using rhodium oxide
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The shortcomings of this method include the occurrence of side-products, substrate
scope limitations, the use of an expensive transition metal catalyst, and the use of

toxic carbon monoxide.
1.7.2. Use of IBX/iodine

In 2012, Donohoe and co-workers documented the direct preparation of imidazoles
from alkenes using the ketoiodination / cyclization method.1”? (E)-(3-methoxyprop-1-
en-yl)benzene was converted to a ketoiodide using IBX/l2 in DMSO at room
temperature, and the generated ketoiodide was further reacted with benzamidine in
DMF in the presence of potassium carbonate for 12 hours giving 5-(methoxymethyl)-

2,4-diphenyl-1H-imidazole in an isolated yield of 70% (Scheme 27).173

“ IBX, I, o) _KyCO3
OMe  Duso, rt + “DMF, rt.
it OMe NH,
|

70%

Scheme 27: Synthesis of 5-(methoxymethyl)-2,4-diphenyl-1H-imidazole using IBX-

[2/DMSO

There are several drawbacks associated with this system such as the use of a heat
and shock-sensitive reagent (IBX), laborious work-up, and only a singular example

was explored.
1.7.3. Using iron nanocomposite catalyst

In 2020, Yang and co-workers reported the synthesis of 1,2-diketones from 1,2-
diarylethenes using iron nanocomposite catalyst, tert-butyl ammonium iodide and tert-
butyl hydroperoxide in acetonitrile/water media.*’* They highlighted the application of

their synthesis by extending their work toward the synthesis of 2,4,5-triphenyl-1H-
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imidazole and was obtained in a moderate yield of 67% (Scheme 28).174 The use of
an iron nanocomposite complex as a catalyst, which is commercially unavailable and
prepared under specialized conditions at high temperature, in combination with the

use of toxic peroxide (TBHP) limits the widespread application of this method.

Fe@NPC-800 o o) O N
X TBHP ' NH,0AC B
TBAI * N
MeCN-H,0 o O H
6

7%

Scheme 28: Synthesis of 2,4,5-triphenyl-1H-imidazole using iron nanocomposite

catalyst

The above-mentioned methodologies do not conform to green chemistry principles as
they utilize toxic reagents, harsh reaction conditions, and tedious work-up procedures.
Thus, there is still a need for the development of environmentally friendly
methodologies towards the preparation of 2,4,5-trisubstituted imidazoles commencing

from alkenes that use inexpensive reagents under mild reaction conditions.
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1.8. Aims of this study

2,4,5-Trisubstituted imidazoles are vital heterocyclic compounds in organic chemistry
because they possess versatile biological activities such as antidiabetic, antimalaria
and enzyme inhibition (vide supra). A multitude of documented synthetic
methodologies toward the preparation of these compounds uses harsh reaction
conditions, laborious work-up, expensive, and toxic reagents. In addition, they suffer

from substrate and scope limitations.

The main aim of the project was to develop a novel, environmentally benign, simple
procedure for the preparation of 2,4,5-trisubstituted imidazoles from internal alkenes
using cheap reagents under mild reaction conditions via a one-pot multi-component
reaction. This would be achieved by the oxidation of alkenes to 1,2-diketones using
an environmentally friendly, acid- and metal-free system. The coupling of the in situ
generated 1,2-diketone with aldehyde and ammonium acetate would furnish the
desired 2,4,5-trisubstituted imidazoles. The secondary aim of this project was to

conduct a series of control experiments to rationalize the mechanism of the reaction.
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CHAPTER 2: RESULTS AND DISCUSSION

2.1. Proposed Synthesis

The preparation of 2,4,5-trisubstituted imidazoles commencing from alkenes has been
explored using harsh reaction conditions, expensive catalysts, toxic reagents, and
laborious work up.1’>174 Herein, we propose the synthesis of these compounds
commencing from alkenes using a suitable system that is simple, metal- and acid-free,
environmentally friendly and uses cheap reagents under mild reaction conditions. This
study involves the oxidation of alkenes into 1,2-diketones which would then be coupled
with aldehydes and ammonium acetate to furnish the desired imidazoles (Scheme

29).

O 0 R

oy N
. _R, Oxidation R || NH,OAc
H

3
o} Rs

R1 Ry and Rz = Aryl or heteroaryl

Scheme 29: Proposed 2,4,5-trisubstituted imidazole synthetic route
2.2. The Use of Molecular lodine and DMSO

The use of molecular iodine has gained a considerable amount of interest in organic
syntheses as it is a non-toxic, easy to handle, inexpensive reagent that is insensitive
to air and moisture.'”® 176 On the other hand, DMSO is a highly polar, hygroscopic,
water miscible solvent that is non-toxic and poses no threat to human health according
to the USA Environmental Agency.’” This reagent can act as a solvent, an oxidant,
and an oxygen source in various organic transformations such as the Swern
oxidation,'”® Pfitzner-Moffat oxidation,'”® Corey-Chaykovsky epoxidation,'° to name

but a few.
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lodine catalysis in combination with oxidants such as TBHP, H202, and DMSO has
been explored of late owing to the environmental benign and as inexpensive reagents
to replace traditionally used toxic metal oxidants.®! |2/DMSO, in particular, has
emerged as a powerful, ecofriendly, metal-free effective system with diverse
applications in synthetic organic chemistry including carbon-carbon and carbon-

heteroatom bond formations (Scheme 30).182

(0]
(0]
H NH
% D
NH 3
(a) [c-0 Bond formatit' ) ~— MMy, (b)Cc-NBond formatlo.

0]

0
0
X Ao NH
Ar” “OH e
N/ Ar2

Ary = Ph, pyrazole

I/DMSO Ar, = Ph, heteroaryl, biphenyl
Rz
Ra.
3 :\>7
I H
N< o
3 R4 R1)J\
(c)[ C-S Bond formatlo. L . (d) [Multiple C-X Bond forma.
R RSH o
R3\ ? H’J\ R1 O O
NN s OR \[:2 Z
N Tk CN N  OR,
R4 Ry Ry = Aryl, alkyl R1 = Aryl or alkyl

R, = Et or Me

R3 = H, alkyl, aryl

Scheme 30: Applications of 12/DMSO in organic chemistry; a) C-O Bond formation
(carboxylic acid); b) C-N bond formation (quinazolin-4(3H)-one); c) C-S Bond

formation (C-4 sulfenylated pyrazoles); d) Multiple C-X bond formation (oxazoles)

2.2.1. Alkene oxidation to 1,2-diketones

Filimonov and Yusubov reported the synthesis of benzil from trans-stilbene using the

I2/DMSO system at 155 °C for 10 hours obtaining benzil in 84% isolated yield (Scheme
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31).183 Although the substrate scope was not fully explored, it was clearly visible that

I2/DMSO catalyzes the alkene oxidation.

O |,/DMSO Q O
X 155 °C, 10 h
o)

85%
Scheme 31: Trans-stilbene oxidation using an 12/DMSO system

Four years later, the authors followed up with supplementary studies where the
substrate scope was explored. Methyl- (Me), methoxy- (OMe), and chloro- (CI)
substituted stilbenes were oxidized to the corresponding benzil derivatives and the

results are displayed in Table 2.

Table 2: Oxidation of Stilbenes to benzils with 12/DMSQO184

S O 1,/DMSO

R I

R Temperature / °C Time/hr  Yield (%)

H 155 10 85
CHs 145 25 62
OCHs 145 9 80

Cl 145 30 83

There has been a multitude of reports on the iodine-catalyzed oxidation of internal

alkenes to 1,2-diketones including 12/H20 mediated*® and KI-12/DMSO systems.'86
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Based on these observations, we hypothesized that 1,2-diketones could be prepared

from internal alkenes as the work is well precedented in literature.
2.2.2. 2,4,5-Trisubstituted Imidazole synthesis

Kidwai and co-workers reported the preparation of 2,4,5-trisubstituted imidazoles from
the condensation of benzils, aldehydes and ammonium acetate in ethanol in the
presence of iodine catalyst at 75 °C for 15 — 25 minutes.'®” Various aldehydes were

explored, and the results are summarized in Table 3.

Table 3: Synthesis of 2,4,5-trisubstituted imidazoles from benzils using 12.18"

I

+ 2NH40Ac + Ar-CHO fon 7550 | N\>_Ar
H
Ar Time/ min Yield (%)

CeHs 15 99
p-MeO CesH4 25 99
0-OH CsH4 20 97
p-Cl CaHa 25 98
mM-NO2 CsHa4 15 99
2-Thiophenyl 20 97
Piperonal 20 99

Encouraged by the results obtained by Kidwai and co-workers, we hypothesized that
a coupling reaction between 1,2-diketone, an aldehyde and ammonium acetate in the

presence of iodine will produce the 2,4,5-trisubstituted imidazoles.
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Based on these observations, an optimization study was conducted by monitoring a
reaction between trans-stilbene, benzaldehyde, and ammonium acetate under various

reaction conditions to furnish 2,4,5-trisubstituted imidazoles.
2.3. Optimization Study
2.3.1. One-pot, One-step System

Our study commenced by examining a one-pot, one-step reaction between trans-
stilbene, benzaldehyde, and ammonium acetate in the presence of iodine in DMSO
for 1 hour. Unfortunately, the desired 2,4,5-triphenyl-1H-imidazole was not detected
and only starting material was recovered (Scheme 32, entry a). Since the initial
reaction was not successful, we speculated that giving the reactants more time to react
would produce different results, hence, we repeated the experiment, except the
reaction time was increased to 24 hours, however, the desired product was still not

detected (Scheme 32, entry b).

O
N _ 1,/DMSQ_ N
* * NH.OAC 55 oC Time.

a) 1 hour, n.d.
b) 24 hours, n.d.

Scheme 32: Attempted one-pot, one-step synthesis of 2,4,5-triphenyl-1H-imidazole
2.3.2. One-pot, Two-step System

As the reaction was conducted using a one-pot, one-step process, the desired
imidazole was not detected. With these results, we then turned our attention towards
a two-step process whereby trans-stilbene was oxidized to benzil in the presence of

iodine in DMSO at 155 °C for 20 hours. Thereafter, benzaldehyde and ammonium
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acetate were added, and the mixture was refluxed for 1 hour, affording the desired

product in a moderate but encouraging yield of 37% (Scheme 33).

X O I,/DMSO

155°C, 20 h

NH,OAc

(0]
Y @H
+
O e} reflux, 1 h

L)
o

Scheme 33: One-pot, two-step 2,4,5-triphenyl-1H-imidazole synthesis

The product was confirmed by 'H NMR spectroscopy using deuterated DMSO as the

solvent, in which a key singlet peak resonating around 12.68 ppm due to N-H peak

was observed, proving that indeed the cyclization of the 2,4,5-triphenyl-1H-imidazole

was successful as none of the starting materials have a similar peak. All other aromatic

peaks were at the anticipated chemical shifts and integrated for the correct number of

protons. (Figure 7).

Water

5 g lﬁ h“ﬁ

DMSO

Figure 7: 'H NMR spectrum of 2,4,5-triphenyl-1H-imidazole
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In addition, the product was further confirmed by 13C NMR spectroscopy which showed
carbon atoms of the imidazole ring (C2, C4 and C5) at § 146.0, 137.6 and 135.7,
respectively. Also, other carbon atoms for the phenyl rings were observed in the

aromatic region (Figure 8).

2 0%

\3:\\\1\&% DMSO

;i

Iz

i/ .

T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm|

Figure 8: 3C NMR spectrum of 2,4,5-triphenyl-1H-imidazole

Low-Resolution Mass Spectroscopy showed the base peak at m/z 295.1240 and m/z
296.1268 which are [M-H]* and [M]* peaks, respectively (Figure 9). Infrared
spectroscopy confirmed the cyclization of the imidazole ring by showing the N-H bond,
C=C, and C=N bond stretches at 3733.8 cm?, 1592.9 cm?* and 1487.7 cmY,

respectively (Figure 10).

In addition, the product had the uncorrected melting point of 269 — 271 °C which is in
good agreement with the literature value of 270 — 272 °C.171 All characterization data
(*H NMR, 13C NMR, LRMS and IR) for the 2,4,5-triphenyl-1H-imidazole corresponded

with literature.1’! Despite the success of the synthesis of 2,4,5-trisubstituted imidazole,
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it was obtained in a moderate yield of 37% and we turned our attention towards

improving the yield.

nm_cmpd 3a Irms 4 (0.051) Cm (1:60) TOF M3 ES-
100 2951240 1.12e5
B
237.1020
296.1288
421.0233
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100 150 200 250 300 350 400 450 500 550 600 B850 700 750 800 850 a00 850 1000

Figure 9: LRMS spectrum for 2,4,5-triphenyl-1H-imidazole
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Figure 10: Infrared Spectroscopy for 2,4,5-triphenyl-1H-imidazole



2.3.3. Use of different coupling solvents

In an effort to improve the yield, we varied coupling solvents as 2,4,5-trisubtituted
imidazoles syntheses are known to be solvent specific.188 18° This is evident by
evaluating the work of Sonar and co-workers where they monitored the effect of
solvent on imidazole preparation where a range of solvents (water, acetonitrile,
methanol, DMF, DCM, dioxane and ethanol) were examined under the reaction
conditions and the results are shown in Table 4. Ethanol emerged as the best solvent
in their synthesis as the target imidazole was obtained in 55% yield (Table 4, entry

7).

Table 4: Effect of solvent on 2,4,5-trisubstituted imidazole synthesis.'

0 (0]
O | Lactlc Acid
N
O * + NH;0Ac Solvent 50 °C >_©
(@]

Entry Solvent Yield (%)
1 Water 37
2 Acetonitrile 30
3 Methanol 42
4 DMF 45
5 DCM 20
6 Dioxane 32
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As seen above, the choice of solvent has a significant influence on imidazole
synthesis, we then explored a range of polar and non-polar organic solvents in an
attempt to increase the yield. The first solvent that was examined was the polar aprotic
solvent, DMF, which produced the target compound in 42% (Scheme 34, entry a).
The long chain solvent, hexane, was also explored under the same reaction conditions
and the target compound was obtained in trace amounts as detected by *H NMR
(Scheme 34, entry b). A high boiling solvent, toluene, was examined and the target
compound was obtained in moderate yield of 22% (Scheme 34, entry c). Alcoholic
solvents are known to favour the coupling of benzil, benzaldehyde and ammonium
acetate,'®! and with this information in mind, we explored the use of ethanol as a
solvent and under these conditions, 2,4,5-triphenyl-1H-imidazole was obtained in a

48% isolated yield (Scheme 34, entry d).

0
g 2 0] A ane
X 1,/DMSO NH,OAc | N\>_©
_— + —_—
155 °C, 20 h O o , N
Reflux, 1 h O H

a) DMF, 42%

b) Hexane, Trace
c) PhMe, 22%

d) EtOH, 48%

Scheme 34: Synthesis of 2,4,5-triphenyl-1H-imidazole in various organic solvents

Recently, Kadu and co-workers reported n-butanol as the best solvent for the similar
cyclocondensation of benzil, benzaldehyde and ammonium acetate in the presence of
a cuprous iodide catalyst affording 2,4,5-triphenyl-1H-imidazole in an isolated yield of

85% (Scheme 35).1%2
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o O |O Cul (15 mol%) O '
.\ NH,OAc | \>_©

o n-BuOH, reflux, N

50 min. O H

85%

Scheme 35: Synthesis of 2,4,5-triphenyl-1H-imidazole in butanol in the presence of

cuprous iodide

With this information, we attempted to employ n-butanol as a solvent in the coupling
of benzil, benzaldehyde and ammonium acetate and the desired product was obtained
in 62% isolated yield (Scheme 36). As n-butanol provided a higher yield for the target

compound compared to other solvents, it was then chosen as an ideal coupling solvent

NH,OAc >_©
_— >
n BuOH reflux,

62%

for subsequent reactions.

S O l,/DMSO
—_—
@ i5576,20% | [

Scheme 36: Synthesis of 2,4,5-triphenyl-1H-imidazole using n-butanol as a solvent
2.3.4. Catalyst loading

To find the optimal catalyst loading, the reactions were conducted using various
guantities of iodine and DMSO to monitor its effect on the reaction. The use of 1
equivalent of iodine in 1 mL of DMSO afforded the desired product in an isolated yield
of 65% (Scheme 37, entry a). A slight increase to 1.25 equivalents of iodine in 0.5 mL
DMSO afforded the desired product in an isolated yield of 85% (Scheme 37, entry b).

A decrease in yield was observed when iodine quantity was increased to 1.5
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equivalents, as well as when the DMSO volume was increased to 1.5 mL (Scheme
37, entries ¢ and d). Further increase of both the iodine quantity (2 equivalents) and
DMSO volume (2 mL) resulted in no reaction, as the 2,4,5-triphenyl-1H-imidazole was
not obtained and only the starting material was recovered (Scheme 37, entry e). It
was observed that the amounts of iodine and DMSO affects the reaction which is
presumably due to DMSO playing multiple roles in the system as an oxygen source

and reaction medium (vide supra).

s
J PQIN “
X Conditions + NH4OAC | \>—©
_ > — N
155 °C, 20 h O o n-BuOH, O N
1h

a) I, (1 equiv.)/DMSO (1 mL),65%

b) I, (1.25 equiv.)/DMSO (0.5 mL), 85%
c) I, (1.5 equiv.)/DMSO (0.5 mL), 58%
d) I, (1.5 equiv.)/DMSO (1.5 mL), 38%
e) |, (2 equiv.)/DMSO (2 mL), n.d.

Scheme 37: Synthesis of 2,4,5-triphenyl-1H-imidazole using varying quantities of

iodine and DMSO volumes

2.3.5. Influence of Temperature

Next, we sought to probe the effect of temperature in the current system where we
conducted the model reaction using lower temperatures. We attempted to decrease
the step | temperature to 115 °C for 24 hours but the desired product was obtained in
a diminished yield of 18% (Scheme 38, entry a). A further decrease in temperature to
80 °C for the same reaction time (24 hours) resulted in no reaction as the desired
imidazole was not obtained and only the starting material was recovered (Scheme 38,
entry b). This suggested that the temperature of 155 °C is essential for this system,

thus, for subsequent reactions it was used as the optimal temperature.
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0]

o) I O N
N 1,/DMSO N NH4OAC | \>_©
O Temperature n-BuOH, N
o) reflux, 1 h O H
a) 115 °C, 18%
b) 80 °C, n.d.
Scheme 38: Attempted synthesis of imidazole in decreased reaction temperatures

2.3.6. lodine coupling partner

lodine catalysis in combination with various solvents has been reported,’*® and we
sought to probe the effect of DMSO in the system where a non-polar solvent (PhMe),
polar protic (H20) and polar aprotic (MeCN) were explored as iodine coupling partners.
Unfortunately, no product was obtained when toluene and water were used (Scheme
39, entries a and b), and only trace amounts were obtained when acetonitrile was

used (Scheme 39, entry c).

O O
O I, Solvent ® O | n-BuOH N
NN _— + ’ | \>_©
reflux, 20 h O reflux, 1 h N

° o
a) Hzo, n.d.
b) PhMe, n.d.

c) MeCN, Trace

Scheme 39: Attempted imidazole synthesis using different solvents as iodine-coupling

partners

This suggests that DMSO is an ideal coupling partner for iodine, and it is essential for
this reaction as in its absence, the desired product was not detected. Thus, for

subsequent reactions, DMSO was chosen as the iodine coupling partner.
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2.3.7. lodine Source

Our next step was to investigate the suitability of iodine in the developed reaction
system. Our studies commenced by conducting the test reaction in the absence of
iodine and no desired product was detected (Scheme 40, entry a). This implied that

an iodine catalyst is essential for this system as in its absence, no product was formed.

We then turned our attention towards finding the best iodine source where other
iodine-containing non-metals such as iodopentoxide (I20s) and 3-iodobenzoic acid,
were explored. No reaction occurred when 120s was used (Scheme 40, entry b), and
only trace amounts of 2,4,5-triphenyl-1H-imidazole were obtained when 3-iodobenzoic
acid was used (Scheme 40, entry c). This suggested that molecular iodine was the
best source of iodine and essential for this synthesis as in its absence no product was

obtained.

0
L]~ QL
“ O DMSO . NH,OAc | \>_©
155°C, 20 h O n-BuOH, N
0 reflux,1h H

a) None, n.d.
b) 1,05, n.d.
c) 3-iodobenzoic acid, Trace

Scheme 40: Attempted synthesis of 2,4,5-triphenyl-1H-imidazole using different

iodine sources
2.3.8. Amount of ammonium acetate

The documented 2,4,5-trisubstituted imidazole syntheses uses fluctuating amounts of
ammonium acetate, for example, Ghogare and co-workers'®* reported the synthesis
of imidazoles using two equivalents of ammonium acetate and the target compounds

were obtained in 87 — 90% vyields (Table 5, entry 1).
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Ahmed and Hanoon'®® reported the imidazole preparation using three equivalents of
ammonium acetate in which the products were obtained in 82 — 98% (Table 5, entry
2). On the other hand, Wang and co-workers!®® documented the synthetic
methodology towards the preparation of imidazoles using six equivalents of
ammonium acetate providing the target compounds in 78 — 98% vyields (Table 5,

entries 3).

Table 5: Use of various ammonium acetate equivalents in imidazole synthesis

N
)H(Rz )J\ 'NH,0Ac. I D
H Catalyst R; H

Entry Catalyst Equivalents of Yields (%)
NH4OAc
1 Mandelic acid 2 87 -90
2 [{(IMC)-4-OMBH} 3 82 -98

BIM][HSO4]s

3 — 6 78 — 98

Thus, to complete this study we varied the amount of ammonium acetate, and no
product was detected when five equivalents were used (Scheme 41, entry a). A
further decrease in ammonium acetate to three equivalents also resulted in no product
formation (Scheme 41, entry b). Hence, ten equivalents were found to be optimal for

imidazole preparation and used in our library synthesis.
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o [
D e | I g Fomen
X 1,/DMSO .\ % | \>—©
155 °C, 20 h O refiux, O N

a) NH4OAc (5 equiv.), n.d.

b) NH,OAc (3 equiv.), n.d.
c) NH4OAc (10 equiv.), 85%

Scheme 41: Attempted synthesis of triphenyl-1H imidazole using different amounts of

ammonium acetate
2.3.9. Optimized System

Upon completion of the optimization study, the influence of coupling solvents, catalyst
loading, temperature, iodine coupling partner, iodine source and amount of ammonium
acetate were investigated. The optimal conditions were found to be as per Scheme
42, with the target imidazole formed in 85% yield. The summary of the optimization
study results is shown in Table 6 and the optimized reaction conditions are highlighted

in entry 10.

I, (1.25 equiv.) o 0 O N
O DMSO (0.5 mL) ©) NH,OAc (10 equiv.) | \>—©
AN _— + N
O 155 °C, 20 h O 5 n-BuOH (1 mL), O H

reflux, 1 h

85%

Scheme 42: Optimal reaction conditions.
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Table 6: Optimization reaction conditions for the formation of 2,4,5 triphenylimidazole

from trans-stilbene and benzaldehyde.2

0]
L]~ G
e Conditions + NH,OAc | \>_©
O o) Solvent O N
H

Entry Conditions Solvent Yield (%)°
1° [,/DMSO — N. R
2¢ [,/DMSO — N. R
3 [,/DMSO - 37
4 I./DMSO DMF 42
5 [,/DMSO Hexane Trace
6 [./DMSO PhMe 22
7 [,/DMSO EtOH 48
8° I2/DMSO n-BuOH 62
9f [./DMSO n-BuOH 65
10 I./DMSO n-BuOH 85
119 [,/DMSO n-BuOH 58
12" [./DMSO n-BuOH 38
13 I./DMSO n-BuOH N. R
14 I./DMSO n-BuOH 18
15* l./DMSO n-BuOH N. R
16' l./PhMe n-BuOH N. R

i7" I,/H,0 n-BuOH N. R
18" I./MeCN n-BuOH Trace
19° DMSO n-BuOH N. R
20 120s/DMSO n-BuOH N.R
21 3-lodobenzoic n-BUOH Trace
Acid/DMSO
22° I./DMSO n-BuOH N. R
234 I./DMSO n-BuOH N.R

2Reaction conditions: Step 1: 1a (0.5 mmol), I/DMSO (0.5 mL), 20 h, 155 °C. Step 2: 2a (0.5

mmol), NH,OAc (10 equiv.), Solvent (2 mL), reflux, 1 h. PIsolated yield. ¢ One pot, One step
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for 1 h. “One pot, one step for 24 h. © 1, (1 equiv.)/DMSO (0.5 mL). " I, (1 equiv.)/DMSO (1
mL). %1, (1.5 equiv.)/DMSO (0.5 mL). " I, (1.5 equiv.)/DMSO (1.5 mL). 'l (2 equiv.)/DMSO (2
mL). ! Step 1 for 24 h, 115 °C. ¥Step 1 at 80 °C. 'Step 1 reflux. ™ Step 1 reflux. " Step1 reflux. °

Absence of Molecular lodine. P NHsOAc (5 equiv.). “NH4OAc (3 equiv.) N. R: No reaction.

2.4. Library Synthesis

With the optimized reaction conditions at hand, the substrate scope and limitations
for this system was explored by varying substituted internal alkenes against various
aromatic aldehydes to prepare 2,4,5-trisubstituted imidazoles. For discussion
purposes, only selected spectra will be discussed, and full characterization of all the
synthesized compounds has been provided in the experimental section, while copies

of spectra are attached as an electronic copy.
2.4.1. Variation of para-substituted aldehydes

We began the library synthesis by varying benzaldehyde derivatives that were para-
substituted bearing electron-withdrawing groups. When 4-chlorobenzaldehyde was
used, the corresponding product, 2-(4-chlorophenyl)-4,5-diphenyl-1H-imidazole, was

obtained in a good yield of 83% (Scheme 43).

N O 1,/DMSO NH4OAc >_@
n- BuOH reflux,

—_—
155°C, 20 h
83%

Scheme 43: Synthesis of 2-(4-chlorophenyl)-4,5-diphenyl-1H-imidazole

This product was confirmed with *H NMR Spectroscopy (Figure 11) which displayed
a singlet peak around 12.77 ppm due to the N-H signal confirming the formation of the

imidazole ring. The aromatic protons in the region 8.12-7.22 ppm were also observed
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which were in accordance with literature.1®” All the characterization data (*3C NMR,

LRMS, IR and melting point) were also in good agreement with literature.*®’

70
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Figure 11: *H NMR spectrum of 2-(4-chlorophenyl)-4,5-diphenyl-1H-imidazole.

The study was extended to the use of 4-bromobenzaldehyde in which the product, 2-
(4-bromophenyl)-4,5-diphenyl-1H-imidazole, was obtained in a good, isolated 87%
yield (Scheme 44). The product was confirmed with Low-Resolution Mass

Spectrometry (Figure 12) which showed the base peak at m/z 375.0323 [M+H]*, which

__ NH,OAc _ >_@
n- BuOH reflux

87%

is in good agreement with literature.%

A O 1,/DMSO
—_—
O 155 °C, 20 h

Scheme 44: Synthesis of 2-(4-bromophenyl)-4,5-diphenyl-1H-imidazole
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Figure 12: LRMS of 2-(4-bromophenyl)-4,5-diphenyl-1H-imidazole

The cross-coupling reaction of para-substituted 4-chloro and 4-bromobenzaldehyde
appeared favourable producing the desired imidazoles in good 83% and 87% yields,
respectively. Encouraged by these results, we extended the scope towards

investigating the effect of meta-substituted benzaldehyde derivatives.

2.4.2. Variation of meta-substituted aldehydes

Next, benzaldehyde derivatives that are meta-substituted bearing electron
withdrawing groups were explored. When 3-nitrobenzaldehyde was used, the
corresponding product, 2-(3-nitrophenyl)-4,5-diphenyl-1H-imidazole was obtained in

an isolated yield of 73% (Scheme 45).
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9 P \
X 1,/DMSO .\ _NHOAc
155°C, 20 h (0] n BuOH reflux
73%

Scheme 45: Synthesis of 2-(3-nitrophenyl)-4,5-diphenyl-1H-imidazole

The product was confirmed by the 'H NMR spectroscopy (Figure 13) whereby a
singlet key peak resonating at 13.08 ppm, is assigned to the N-H signal, indicating

complete cyclization of the imidazole ring.®’
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Figure 13: *H NMR spectrum of 2-(3-nitrophenyl)-4,5-diphenyl-1H-imidazole

When 3-bromobenzaldehdye was used, the corresponding product, 2-(3-
bromophenyl)-4,5-diphenyl-1H-imidazole was obtained in an isolated yield of 75%

(Scheme 46) where the molecular mass was confirmed by the High-Resolution-Mass
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Spectrometry with the experimental mass m/z 375.0492 and the calculated mass m/z
375.0497 [M+H]*. The spectrum displayed two base peaks m/z 375.0492 and m/z

377.0478 due to bromine having two isotopes ("°Br and 8Br, respectively) (Figure

_ NHOAc _ | N,
n- BuOH reflux, N
H

Scheme 46: Synthesis of 2-(3-bromophenyl)-4,5-diphenyl-1H-imidazole

14).

N O 1,/DMSO
155 °C, 20 h

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3
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Figure 14: HRMS of 2-(3-bromophenyl)-4,5-diphenyl-1H-imidazole

The coupling reaction of 3-chlorobenzaldehyde afforded the corresponding 2-(3-
chlorophenyl)-4,5-diphenyl-1H-imidazole product in 73% isolated yield (Scheme 47).
This compound was confirmed using Infrared spectroscopy showing an N-H bond

stretching frequency at 3376.7 cm indicative of a successful cyclization of the
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imidazole ring. The spectrum also showed stretching bands at 1579.6 and 1455.4

cm 1 which was assigned to C=C. A stretching band appearing at 1129.3 cm'! was

assigned to C-Cl bond stretching (Figure 15), thus corresponding to the literature.%°

WTransmisance

X O 1,/DMSO

Jor—2

155 °C, 20 h

NH,OAc

n- BuOH reflux,

joise!

73%

Scheme 47: Synthesis of 2-(3-chlorophenyl)-4,5-diphenyl-1H-imidazole
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Figure 15: Infrared spectrum of 2-(3-chlorophenyl)-4,5-diphenyl-1H-imidazole

In summary, it was noted that the meta-substituted aldehyde derivatives bearing

electron withdrawing groups produced the corresponding imidazoles in good yields of

73 — 75%. There was a slight decrease in yields when compared to those obtained

when para-substituted derivatives were used. Next, the suitability of benzaldehyde

derivatives bearing ortho-substituents was investigated in the current cross-coupling

reaction.
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2.4.3. Variation of ortho-substituted aldehydes

Next, ortho-substituted benzaldehyde derivatives bearing electron-donating groups
were investigated. When 2-methoxybenzaldehyde was coupled, the corresponding
product, 2-(2-methoxyphenyl)-4,5-diphenyl-1H-imidazole was obtained in a moderate

yield of 66% (Scheme 48).

(e} | O
X I,/DMSO o NH4OAc
O 155°C, 20 h O o n BuOH reflux

66%
Scheme 48: Synthesis of 2-(2-methoxyphenyl)-4,5-diphenyl-1H-imidazole

The product was confirmed by *3C NMR (Figure 16) where the methoxy carbon peak
was observed at § 56.0 and all the aromatic carbon atoms were observed in the region

§ 156.5 — 112.1 which corresponds to the literature.?®

Switching from 2-methoxybenzaldehyde to 2-methylbenzaldehyde did not bring about
a huge change in the yield of the final product. For example, the coupling reaction of
2-methylbenzaldehyde afforded the corresponding imidazole in moderate 61% yield
(Scheme 49) which is comparable to 66% vyield obtained when 2-

methoxybenzaldehyde was used.

The disappearance of a carbonyl peak at § 195 — 210 associated with carbonyl peaks
of aldehyde and benzil together with the appearance of a distinct methyl peak
resonating at § 21.6 in *3C NMR spectrum of the product confirmed the formation of

the desired 2-methyl substituted imidazole (Figure 17).
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Figure 16: 13C NMR spectrum of 2-(2-methoxyphenyl)-4,5-diphenyl-1H-imidazole

¢

Scheme 49: Synthesis of 2-(2-methylphenyl)-4,5-diphenyl-1H-imidazole
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Figure 17: 3C NMR spectrum of 2-(2-methylphenyl)-4,5-diphenyl-1H-imidazole

A comparison of 3C NMR spectra of ortho-methoxy and ortho-methyl substituted
imidazole revealed that the carbon atom from the methoxy group shifted downfield
compared to the carbon atom of the methyl group given the electronegativity of the
oxygen atom. To better illustrate this, we conducted an overlay of the NMR spectra,
that involved overlaying Figure 16 and Figure 17 spectra. It is evident that these are

two definitive peaks as they are both on either side of the DMSO-ds solvent (Figure

18).
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Figure 18: Comparison between CHs peaks (A) of the methoxy- (B) and methyl-

substituted imidazole *C-NMR spectrum (C)

It is worth mentioning that the position of the substituent in an aldehyde has a great
effect on the yield of the final imidazole product. For example, aldehydes with para-
substituents afforded the corresponding imidazoles with higher yields than those with
ortho-substituents. This observation is well documented in literature and is attributed
to an increased steric hindrance for ortho-substituted aldehydes thus furnishing lower

yields of the desired imidazoles compared to para-substituted aldehydes.?%!

2.4.4. Variation of different aldehydes other than benzaldehyde derivatives

The study was extended to other aldehydes with the aim of diversifying our scope. A
bulky 2-naphthaldehyde was coupled with ammonium acetate and 1,2-diketone under
optimal reaction conditions furnishing the corresponding product in 79% isolated yield
(Scheme 50). The melting point of the product (274 — 276 °C) compares favourably to
the melting point range of 273 — 276 °C reported by Safari and co-workers.?%? Even

though a bulky 2-naphthaldehyde was used, it was interesting to note that the desired
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product was obtained in good 74% vyield irrespective of the size of an aldehyde. This

observation indicates that our developed system accommodates bulky aldehydes as

o\
NH4OAc \
* n BuOH reflux

79%

well.

S O 1,/DMSO
O 155 °C, 20 h

Scheme 50: Synthesis of 2-(2-naphthyl)-4,5-diphenyl-1H-imidazole

The High-Resolution Mass Spectrum of the latter compound revealed an experimental
molecular mass peak m/z 347.1555 [M+H]* with a calculated mass peak m/z 347.1548

(Figure 19).
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Figure 19: HRMS of 2-(2-naphthyl)-4,5-diphenyl-1H-imidazole

Extending our reaction scope to include heterocyclic aldehydes as coupling partners

was favourable. For instance, the coupling reaction of 2-thiophene-carboxaldehyde,
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benzil and ammonium acetate only afforded the corresponding 4,5-diphenyl-2-
(thienyl)-1H-imidazole in moderate 43% yields (Scheme 51). The compound was
confirmed by the melting point, where an experimental value of 258 — 260 °C

compared favorably to the literature value of 259 — 261 °C.2%3

(0]
A\
N O 12/DMSO + A\ __NHOAc _ >_(j
| n BuOH reflux,
S
43%

O 155 °C, 20 h

Scheme 51: Synthesis of 4,5-diphenyl-2-(thienyl)-1H-imidazole

Moreover, the functional groups present in this product were observed in infrared
spectroscopy (Figure 20) which showed the N-H, C=C, and C=N bond stretches at

3382, 1591, and 1493 cm confirming the successful cyclization of the imidazole ring.
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Figure 20: Infrared spectrum of 4,5-diphenyl-2-(thienyl)-1H-imidazole
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However, the use of an aliphatic aldehyde, hexanal, was not successful as the
corresponding imidazole was not obtained and only the starting material was

recovered (Scheme 52).

X O 1,/DMSO
—_—
O 155 °C, 20 h

24 h

i O N
+ W\ _NHOAc | N
n-BuOH, reflux, N

-

0%

Scheme 52: Attempted imidazole synthesis using hexanal

Next, a cyclic aliphatic aldehyde, cyclohexane-2-carboxaldehyde was explored under
optimal reaction conditions and the target imidazole was not obtained (Scheme 53,
entry a). We then hypothesized that increasing the coupling reaction time would allow
reagents to interact more, thus, furnishing the desired product. Consequently, we
conducted the reaction under the same reaction conditions except that step 2 was
conducted for 48 hours, however, the corresponding imidazole was obtained in trace

amounts (Scheme 53, entry b).

o] O <|> O N
X O ,/DMSO + _NHsOAc | \>—<:>

- n-BuOH, reflux, N

155 °C, 20 h o) Time O H

a) 24 hours, 0%
b) 48 hours,Trace

Scheme 53: Attempted synthesis of imidazole using cyclohexyl-2-carboxaldehyde

The aliphatic aldehydes explored (hexanal and cyclohexyl-2-carboxaldehyde) were
incompatible with this system as the target compounds were not detected and only
traces were observed even after prolonged reaction times. This is consistent with

literature as aliphatic aldehydes are often problematic when employed in imidazole
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synthesis as they typically proceed to give corresponding imidazoles in very poor
yields that cannot be isolated.1% Literature reports suggest that imines are key
intermediates in the coupling reactions between 1,2-diketones, aldehydes and
ammonium acetate.8”. 204 However, formation of imines from aliphatic aldehydes is
sluggish presumably because its formation is stabilized by conjugation with the
aromatic ring and oftenly result in poor yields, thus slowing the formation of the desired

imidazole.205. 206
2.4.5. Variation of internal alkenes

Internal alkenes were explored as starting materials to prepare corresponding 1,2-
diketones which were then coupled with aldehyde and ammonium acetate to furnish
the target 2,4,5-trisubstituted imidazoles. The use of trans-2-butene resulted in no
product formation and the recovery of the starting material even after conducting the
first step for 24 hours (Scheme 54) indicating that the coupling reaction to the desired
product is not favourable. We speculated that a phenyl ring is vital for a 1,2-diketone

formation as it provides stability to the intermediate towards the formation of the 1,2-

diketone, and we explored the trans-S-methylstyrene as the starting material.

Unfortunately, the desired product was not detected even after prolonged reaction

times (Scheme 55).

0]
0] | N
I,/DMSO NH,OAc \
/\/ — )J\[( + EERALEL bkl AN )I
155 °C, 24 h n-BuOH, reflux, N
o 1h H

0%

Scheme 54: Attempted synthesis of imidazole from trans-2-butene
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Scheme 55: Attempted synthesis of imidazole using trans-S-methylstyrene

Both trans-2-butene and trans--methylstyrene resulted in no product formation, only

unreacted starting materials were recovered. This is in agreement with literature as
aliphatic substrates are typically incompatible with internal alkene oxidation to 1,2-
diketone formation and oftenly does not yield the desired product,?®’ presumably due
to reduced nucleophilicity of these substrates. Our next step was to investigate the

suitability of substituted stilbenes under optimal reaction conditions.

Para-substituted stilbene, 4-bromostilbene, was employed as the starting material to
form the corresponding 1,2-diketone in DMSO in the presence of molecular iodine at
155 °C for 20 hours. The in-situ generated 4-bromosubstituted 1,2-diketone was then
coupled with benzaldehyde and ammonium acetate in n-butanol under reflux
conditions to furnish the corresponding imidazole in a good, isolated yield of 74%

(Scheme 56).

The product was confirmed by *H NMR spectroscopy where a broad peak around
12.75 ppm was observed which resonates for N-H, presumably due to the presence
of tautomers. In addition, all the expected aromatic peaks were observed in the
anticipated chemical shifts (aromatic region) of 8.10 — 7.31 ppm and integrated for the

correct number of protons (Figure 21).
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Scheme 56: Synthesis of 4-(4-bromobephyl)-2,5-diphenyl-1H imidazole
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Figure 21: 'H-NMR spectrum of 4-(4-bromophenyl)-2,5-diphenyl-1H-imidazole

In addition, this product had an uncorrected melting point of 254 — 256 °C which
compares favourably to the literature value of 253 — 255 °C.2%8 All the characterization

data (*3C NMR and IR) for this compound corresponds to the literature.?%®
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Encouraged by these results, we were intrigued to vary both the para-substituted
alkene and para-substituted benzaldehyde derivative simultaneously. 4-
Bromostilbene was oxidized to 4-bromobenzil in DMSO in the presence of molecular
iodine at 155 °C for 20 hours. Thereatfter, it was coupled with 4-bromobenzaldehyde
and ammonium acetate in n-butanol under reflux conditions for 1 hour and the
corresponding imidazole was obtained in a good yield of 78%, as a mixture of
tautomers (Scheme 57). This was due to the proton bonded to the nitrogen being fluid,
as it can move around to the other nitrogen due to the starting material (stilbene

derivative) being unsymmetrical.?%8

| :
S O I,/DMSO
O 155°C,20 h
Br

NH4OAc O
n BuOH reflux

ZT

@

78%

\

Scheme 57: Synthesis of 2,5-Bis-(4-bromophenyl)-4-phenyl-1H imidazole

This product was confirmed by *H NMR spectroscopy where all the expected aromatic
peaks were observed in the anticipated chemical shifts (8.05 — 7.37 ppm) (Figure 22).
However, it was noted that a key singlet peak around 12.86 ppm was not clearly
visible, presumably due to the proton exchange with trace water in deuterated
DMSO0.2%° The product was further confirmed by Low-Resolution Mass Spectrometry
as this is a known compound, which showed a base peak at m/z 452.9750 [M+H]* and

a peak at m/z 450.9771 [M-H]* (Figure 23).
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Figure 22: 'H-NMR spectrum of 2,5-Bis-(4-bromophenyl)-4-phenyl-1H-imidazole
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Figure 23: LRMS of 2,5-Bis-(4-bromophenyl)-4-phenyl-1H-imidazole

On completion of our library synthesis, we had synthesized twelve 2,4,5-trisubstituted

derivatives and the results are summarized in Table 7.
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Table 7: Substrate scope for the one pot, multicomponent oxidative synthesis of 2,4,5

trisubstituted imidazoles commencing from internal alkenes using 12/DMSO system

1,/DMSO i 9 Ris N
LN R, MO R)H(Rz L wore Yy o
! 155°C,20h | Rs™  H n-BuOH, reflux, N

0 ) 1h Rz H

1
3b

o Do u:@

3a,R=H, 85% 3d, R =NO, 73% 3g, R = OMe, 66%
3b, R = Cl, 83% 3e, R =Br, 75% 3h, R = Me, 61%
3c, R=Br, 87%

O N N
| |
N N |
O H H
3j, 43% 3k, 0%°

3i, 79%

3f,R=Cl, 73%

Iz /z

Iz =z

N N

YO o
N N
H H

31, Trace? 3m, 0%° 3n, 0%°

= /z

30, R=H, 74%'
3p, R = Br, 78%'

#Reaction conditions: Step I: 1 (0.5 mmol), I» (1.25 equiv.) in DMSO (0.5 mL) at 155 °C for
20 hours. Step II: 2 (0.5 mmol), NH4sOAc (10 mmol) in n-BuOH (1 mL) reflux for 1 hour

isolated yields. Step Il for 24 h. ¢ Step |l for 48 h. ¢ Step | for 24 h. "Mixture of tautomers
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2.5. Preliminary Mechanistic Investigations

To gain insight into the reaction mechanism, a series of control experiments were
conducted. Firstly, trans-stilbene was reacted with I2/DMSO at 155 °C for 20 hours to
afford benzil in an isolated yield of 96% (Scheme 58, entry a). This product was
confirmed by 'H NMR spectroscopy which showed all the aromatic peaks at the
anticipated aromatic region (7.52-8.01 ppm) (Figure 24). In addition, this product was
also confirmed by 3C NMR spectrum which showed a key carbonyl peak around 195
ppm, due to the presence of two carbonyl carbon atoms which corresponds to the
literature (Figure 25). This suggested that the 1,2-diketone is indeed a key
intermediate in the synthesis of trisubstituted imidazoles. Next, we turned our attention
towards determining the mechanistic pathway as the 1,2 diketone formation has been
shown to proceed via a radical pathway.?%° A radical scavenger, 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO) was added to the reaction mixture under the same
conditions which resulted in the formation of benzil in 90% isolated yield, suggesting
that 1,2-diketone formation does not proceed via a radical pathway (Scheme 58, entry
b). On completion of this study, it was evident that a 1,2-diketone is a key intermediate

and its formation from the alkene does not proceed via radical pathway.

,/DMSO

g
O 155 °C, 20 h

a) 96%
b) TEMPO, 90%

Scheme 58: Control experiments into the formation of 1,2-diketone
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Figure 25: 13C NMR spectrum of benzil
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Next, we sought to determine the oxygen source in the formation of a 1,2-diketone.
Hypothetically, there are three potential oxygen sources for the preparation of 1,2-
diketone from internal alkenes, namely, molecular oxygen from the air, trace water in
DMSO, and DMSO itself. To determine the oxygen source, trans-stilbene was first
oxidized to benzil under inert conditions, and it was obtained in an isolated yield of
95%, indicating that molecular oxygen is not part of the system (Scheme 59, entry a).
Next, this oxidation reaction was conducted under inert conditions using anhydrous
DMSO, which afforded benzil in an isolated 98% vyield, suggesting that trace water in
DMSO is not the oxidant in this case (Scheme 59, entry b). The results from this study

indicated that DMSO itself is the source of oxygen in this transformation.

g :
X 155 °C, 20 h

a) DMSO, N,, 95%
b) Anhydrous DMSO, N, 98%

Scheme 59: Control experiments for the determination of oxygen source

We then sought to determine the catalyst for the coupling step whereby benzil,
benzaldehyde and ammonium acetate was refluxed in n-butanol for 1 hour to form
2,4,5-triphenyl-1H-imidazole. In the presence of molecular iodine, the target imidazole
was obtained in an isolated 87% vyield (Scheme 60, entry a), suggesting that

molecular iodine is part of the coupling step and assists in imidazole formation.

Trisubstituted imidazole syntheses are known to proceed in the absence of a catalyst
in alcoholic solvents.' ¢ In light of this, we conducted the coupling reaction in the
absence of molecular iodine and the triphenyl imidazole was obtained in an isolated

56% vyield (Scheme 60, entry b). This result is presumably due the reaction being
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catalyzed by the solvent, n-butanol, via hydrogen bonding. In the presence of both
molecular iodine and TEMPO, the target compound was obtained in a good 85% yield,
indicating that the coupling step does not proceed via a radical pathway (Scheme 60,

entry c).

| NH,0A
+ _NHAgOAC | N
n-BuOH, reflux,
i

a)l, 87%
b) No I, 56%
c) I, TEMPO, 85%

Ir=z

Scheme 60: Control reactions for the coupling step
2.6. Proposed Reaction Mechanism

Based on the results obtained from the control experiments and literature reports,*’*
186, 210-212 3 plausible mechanism is outlined in Scheme 61. This reaction commences
with the activation of the alkene double bond to form the iodonium intermediate A. This
intermediate is attacked by a molecule of DMSO to form intermediate B which releases
dimethyl sulfide to generate an iodoketone. This iodoketone is trapped by a molecule
of DMSO to form intermediate C, which proceeds to form a 1,2-diketone D, whilst
releasing another molecule of dimethyl sulfide. Simultaneously, the 1,2-diketone D and
an aldehyde 2 are activated by either molecular iodine or hydrogen bonding from n—
butanol and upon reaction with ammonia generates imine intermediates E and F
which then undergo the cyclocondensation to furnish the desired 2,4,5-trisubstituted

imidazole.
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Scheme 61: Plausible mechanism for the synthesis of 2,4,5-trisubstituted imidazoles

The results of this study were drawn up for publication and accepted by the journal,

Heterocycles. A copy of the published paper is attached in the Appendix.

Majola N and Jeena V, Heterocycles 2022, 106 (1), 186-200.
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2.7. Conclusion

In summation, a novel method using an acid-, metal-free, and environmentally benign
I2/DMSO system to synthesize 2,4,5-trisubstituted imidazoles commencing from
internal alkenes and aldehydes has been developed. This methodology was applied
to broad range of substrates and the target imidazoles were prepared in moderate to
good yields. Preliminary mechanistic studies suggested that a 1,2-diketone is indeed
a key intermediate, the oxidation is not radical-mediated, DMSO is the source of

oxygen, and that the coupling reaction is catalyzed by molecular iodine and n-butanol.

2.8. Future Work

e Aliphatic substrates were found to be incompatible with the system and it would
be interesting to expand the scope towards aliphatic substrates by tempering
with the optimal conditions to find target compounds from aliphatic alkenes and
aldehydes.

e In this study, preliminary mechanistic studies were conducted, it would be
interesting to conduct in-depth mechanistic investigations.

e |t would be interesting to conduct a domino convergent synthesis of 2,4,5-

trisubstituted imidazoles commencing from internal alkenes and alcohols.
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CHAPTER 3

GENERAL INFORMATION

All reagents were purchased on Sigma-Aldrich and used without further purification.
All tH and *3C Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker
Avance lIl Spectrometer operating at 400 MHz. Chemical shifts (&) were reported in
ppm using deuterated dimethyl sulfoxide (DMSO-ds) residual peak (& 2.50) for H
NMR. Chemical shifts of $3C NMR were reported relative to DMSO-ds (6 39.51). The
following abbreviations were used to describe peak splitting patterns when
appropriate: br = broad, s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet.
Coupling constants, J, were reported in Hertz units (Hz). Low- and High-Resolution
electron-spray ionization (ESI) mass spectra were recorded on a time-of-flight (TOF)
micromass spectrometer. Infrared (IR) spectra were recorded on Agilent Carey 630
Spectrometer. Melting points were determined using the Kofler-hot stage melting point

apparatus and are uncorrected.
Experimental procedure for the optimization of reaction conditions
One-Pot, One-Step for 1 hour (Table 6, entry 1)

Trans-stilbene (90.1 mg, 0.5 mmol), molecular iodine (126.91 mg, 0.5 mmol),
benzaldehyde (52 pL, 0.5 mmol) and ammonium acetate (385.41 mg, 10 mmol) were
mixed in a 10 mL test tube with DMSO (0.5 mL) and heated to 130 °C for 1 hour. After
cooling, 10 mL of sodium thiosulfate/ice-cold water were added. Unfortunately, no

precipitate was obtained and only the starting material was recovered.
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One-Pot, One-Step for 24 hours (Table 6, entry 2)

The reaction was conducted under the same conditions as Table 6, entry 1 except
the time was increased to 24 hours. No precipitate was obtained, only the starting

material was detected by 'H NMR.
One-Pot, Two-Step (Table 6, entry 3)

Trans-stilbene (90.1 mg, 0.5 mmol) and iodine (126.91 mg, 0.5 mmol) were added in
a 10 mL test tube with 0.5 mL and the mixture was heated at 155 °C for 20 hours.
Thereafter, benzaldehyde (52 pL, 0.5 mmol) and ammonium acetate (385.91 mg, 5
mmol) was added, and the mixture was further refluxed for 1 hour. Thereafter, 10 mL
of sodium thiosulfate/ice-cold water solution was added where the crude product was
precipitated, filtered, and dried in an oven. The precipitate was recrystallized in an

acetone: water (9:1) solution to afford the desired product in 37% yield.
In the presence of different organic solvents (Table 6, entries 4 — 8)

i.  Reaction was conducted under the same reactions conditions as Table 6, entry
3 except DMF was added as a solvent in step 2 (Table 6, entry 4) and the
targeted imidazole was obtained in 42% vyield.

ii.  Reaction was conducted the same as Table 6, entry 3 except hexane was used
as a solvent in step 2 and imidazole was obtained in trace amounts (Table 6,
entry 5).

iii.  Reaction conducted under the same reactions conditions as Table 6, entry 3
except toluene was used as a solvent in step 2 and the triphenyl imidazole was

obtained in 22% yield (Table 6, entry 6).
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Reaction conducted under the same conditions as Table 6, entry 3 except
ethanol was used as a solvent for step 2 and the triphenyl imidazole was
obtained in 48% vyield (Table 6, entry 7).

Reaction conducted under the same conditions as Table 6, entry 3 except n-
butanol was used as a solvent in step 2 and the triphenyl imidazole was

obtained in 62% vyield (Table 6, entry 8).

Catalyst Loading (Table 6, entries 9 — 13)

These reactions were conducted under the same reaction conditions as Table 6, entry

8 except varying quantities of molecular iodine and DMSO volumes were used.

Using 1 mL of DMSO gave the desired product in 65% yield (Table 6, entry 9).
Using 0.625 mmol of molecular iodine have the triphenyl imidazole in a good,
isolated yield of 85% (Table 6, entry 10).

Using 0.75 mmol of molecular iodine gave the triphenyl imidazole in 58% yield
(Table 6, entry 11).

Using 0.75 mmol of molecular iodine in 1.5 mL DMSO gave the desired
imidazole in 38% yield (Table 6, entry 12).

When 1 mmol iodine and 2 mL DMSO was used, the desired product was not
detected by 1H NMR and only the starting material was recovered (Table 6,

entry 13).

The influence of temperature (Table 6, entries 14 and 15)

The reaction was conducted under the same conditions as Table 6, entry 8
except in the first step the mixture was heated at 115 °C and the desired product

was obtained in 18% vyield (Table 6, entry 14).
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The reaction under the same conditions as Table 6, entry 8 except in step 1,
the mixture was heated to 80 °C and the desired product was not detected

(Table 6, entry 15).

lodine Coupling Partner (Table 6, entries 16 — 18)

The reaction was conducted under the same conditions as Table 6, entry 8
except toluene was used as a solvent in step 1, and the desired product was
not detected (Table 6, entry 16).

The reaction was conducted under the same conditions as Table 6, entry 8
except water was used as a solvent in step 1, and the desired product was not
detected (Table 6, entry 17).

The reaction was conducted under the same conditions as Table 6, entry 8
except acetonitrile was used as a solvent in step 1, and the desired product

was obtained in trace amounts (Table 6, entry 18).

lodine Source (Table 6, entries 19 — 21)

The reaction was conducted under the same reaction conditions as Table 6,
entry 8 except in the absence of iodine, and the desired product was not
detected as only the starting materials was recovered (Table 6, entry 19).
The reaction was conducted under the same reaction conditions as Table 6,
entry 8 except iodopentoxide was used as the iodine source and the desired
product was not detected (Table 6, entry 20).

The reaction was conducted under the same reaction conditions as Table 6,
entry 8 except 3-iodobenzoic acid was used as the iodine source and the

desired product was obtained in trace amounts (Table 6, entry 21).
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Amount of Ammonium Acetate (Table 6, entries 22 and 23)

i.  The reaction was conducted under the same reaction conditions as Table 6,
entry 8 except 2.5 mmol of ammonium acetate was used and the desired
product was not detected (Table 6, entry 22).

ii.  The reaction was conducted under the same reaction conditions as Table 6,
entry 8 except 1.5 mmol of ammonium acetate was used in step 2 and the

desired product was not detected (Table 6, entry 23).

2,4,5-Triphenyl-1H-imidazole (3a)"*

¥
oY

Typical Procedure for the preparation of 2,4,5-trisubsituted imidazoles (3).

Trans-stilbene (0.5 mmol) and iodine (0.625 mmol) were mixed in a 10 mL test tube
with 0.5 mL DMSO and heated at 155 °C for 20 hours. Thereafter, aldehyde (0.5
mmol), ammonium acetate (5 mmol), and n-butanol (1 mL) were added, and the
mixture was refluxed for 1 hour. After cooling, 10 mL of sodium thiosulfate/ice-cold
water was added to the mixture where the crude product was precipitated, filtered and
dried in an oven. The crude precipitate was recrystallized from acetone: water (9:1)

solution to yield the desired product as a white solid (252 mg, 85%)

Mp 269 — 271 °C; (Reported 270 — 272 °C)!7t
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IH NMR (400 MHz, DMSO-ds) & 12.68 (s, 1H), 8.11-8.09 (d, J = 7.45 Hz, 2H), 7.57-
7.56 (M, 2H), 7.53- 7.51 (m, 2H), 7.49-7.43 (m, 4H), 7.40-7.37 (m, 2H), 7.33 — 7.29

(m, 2H), 7.25 — 7.21 (m, 1H);

13C NMR (100 MHz, DMSO-de) d 146.0, 137.6, 135.7, 131.6, 130.8, 129.2, 129.1,

128.9, 128.7, 128.65, 128.2, 127.6, 127.0, 125.7;
Vmax (neat, cm): 3734, 3021, 1592, 1488, 1461, 1127;
ESI-MS (m/z): 295.1240(100) [M-H*], 296.1268 (25) [M"]

2-(4-chlorophenyl)-4,5-diphenyl-1H-imidazole (3b)197: 213

),
N
s

Following the general procedure for 3a, except now that 4-chlorobenzaldehyde
(70.28 mg, 0.5 mmol) was used instead of benzaldehyde and afforded the desired

product as a creamy white solid (83%).
Mp 261 — 263 °C; (Reported 261 — 263 °C)?!4

'H NMR (400 MHz, DMSO-de) d 12.77 ppm (s, 1H), 8.12-8.10 ppm (d, J = 8.41 Hz,
2H), 7.57 — 7.54 (m, 2H), 7.52 — 7.50 (m, 2H), 7.48 — 7.43 (m, 2H), 7.40 -7.39 (m,

2H), 7.33 — 7.29 (m, 2H), 7.25 — 7.22 (m, 1H);

13C NMR (100 MHz, DMSO-ds) 6 144.9, 137.8, 135.5, 133.2, 131.4, 129.7, 129.2,

129.1, 129, 128.9, 128.7, 128.3, 127.6, 127.3, 127,
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Vmax (neat, cm™) = 2638.7, 1482, 1126, 766;
ESI-MS (m/z) = 329.0857 (100) [M-H]*, 331.0836 [M+H]"*

2-(4-Bromophenyl)-4,5-diphenyl-1H-imidazole (3c)?1% 216

QL
O H

Following the procedure for 3a, except now that 4-bromobenzaldehyde (82.51 mg,
0.5 mmol) was used instead of benzaldehyde and afforded the desired product as a

creamy white solid (87%)
Mp 256 — 258 °C; (Reported 255 — 258 °C)?16

1H NMR (400 MHz, DMSO-de) & 12.78 (s, 1H), 8.06 — 8.03 (d, J = 8.57 Hz, 2H), 7.70

—7.68 (d, J = 8.52 Hz, 2H), 7.53 (m, 4H), 7.48 — 7.22 (m, 6H);

13C NMR (100 MHz, DMSO-ds) § 145, 137.9, 135.5, 132.1, 131.06, 130, 129.5,

129.1, 128.9, 127.6, 121.9;
vmax (neat, cm) : 3430, 2648, 2109, 1596, 1478, 1124, 764;

ESI-MS (m/z): 375.03 (100) [M+H]*, 376.04 (25) [M+2H]*
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2-(3-nitrophenyl)-4,5-diphenyl-1H-imidazole (3d)°": 213

)
~ Y,

Following the procedure for 3a, except now that 3-nitrobenzaldehyde (76.56 mg , 0.5

Z

Irz

mmol) was used instead of benzaldehyde, afforded the desired product as a yellow

solid (73%)

Mp 315 - 317 °C; (Reported 315 — 317 °C)3®

IH NMR (400 MHz, DMSO-ds) § 13.08 (s, 1H), 8.96 (s, 1H), 8.52 (d, J =8.01 Hz, 1H),
8.21 (d, J =8.23 Hz, 1H), 7.78 (t, J = 8.00 Hz, 1H), 7.57 — 7.52 (m, 4H), 7.46 — 7.33

(m, 6H);

13C NMR (100 MHz, DMSO-ds) § 148.8, 143.9, 138.2, 135.2, 132.3, 131.6, 131.1,

130.8, 130, 129.2, 128.9, 128.7, 127.6, 127.3, 123, 119.9;

vmax (Neat, cm?) : 2853, 1584, 1524, 1471, 1346, 1418, 1252, 1073;

ESI-MS (m/z): 343.1117 (15) [M+2H]*, 342.1087 [M+H]*

2-(3-bromophenyl)-4,5-diphenyl-1H-imidazole (3e)?'’
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Following the procedure for 3a, except now that 3-bromobenzaldehyde (59 pL, 0.5
mmol) was used instead of benzaldehyde, afforded the desired product as a yellow

solid (75%)

Mp 300 — 301 °C; (Reported 292 — 294 °C)?'8

IH NMR (400 MHz, DMSO-ds) § 12.82 (s, 1H), 8.32- 8.11 (m, 1H), 8.09 (d, J = 8.11

Hz, 1H), 7.58 — 7.22 (m, 12H);

13C NMR (100 MHz, DMSO-de) § 144.35, 137.92, 135.4, 133, 131.3, 131.25, 129.3,

129.1, 128.9, 128.7,128.4, 128, 127.6, 127.1, 124.5, 122.6;

vmax (neat, cm?) : 3025.1, 1687, 1578, 1458, 1070, 846, 695;

HRMS (m/z): calcd mass for C21H1sN2Br [M+H]* 375.0497, found 375.0492 (ppm

error = -1.3)

2-(3-chlorophenyl)-4,5-diphenyl-1H-imidazole (3f)%°

Following the procedure for 3a, except now that 3-chlorobenzaldehyde (56.67 pL ,
0.5 mmol) was used instead of benzaldehyde, afforded the desired product as a

white solid (73%)

Mp 297-299 °C; (Reported 304°C)?%°
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IH NMR (400 MHz, DMSO-de) & 12.85 (s, 1H), 8.16 (s, 1H), 8.08- 8.05 (d, J = 7.89

Hz, 1H), 7.56 — 7.29 (m, 12H);

13C NMR (100 MHz, DMSO-de) § 144.5, 134.1, 132.8, 131.1, 128.9, 128.4, 128.2,

127.8, 125.1, 124.2;
Vmax (neat, cm) : 3377,1580,1455,1129, 767;
ESI-MS (m/z): 329.1046 (100) [M-H]*, 331.1026 [M+H]*, 332.1050 [M+2H]*

2-(2-methoxyphenyl)-4,5-diphenyl-1H-imidazole (3g)2°% 220

L,
|\
N
“E

MeO

Following the procedure for 3a, except now that 2-methoxybenzaldehyde (68.08 mg ,
0.5 mmol) was used instead of benzaldehyde, afforded the desired product as a

white solid (66%)
Mp 207 — 209 °C; (Reported 208 — 210 °C)?'8

IH NMR (400 MHz, DMSO-de) & 11.88 (s, 1H), 8.08 - 8.05 (m, 1H), 7.54 (d, J = 7.45
Hz, 2H), 7.49 — 7.48 (m, 2H), 7.35 (t, J = 7.55 Hz, 2H), 7.39 — 7.35 (m, 2H), 7.30 (t, J
= 7.51 Hz, 2H), 7.23 — 7.20 (m, 1H), 7.17 (d, J =8.12 Hz, 1H), 7.08 (t, J = 7.51 Hz,

1H), 3.93 (s, 1H);

13C NMR (100 MHz, DMSO-ds) 6 156.5, 143.6, 136.9, 135.8, 131.7, 130.2, 129.3,

129.08, 129.02, 128.6, 128.1, 127.9, 127.6, 126.9, 121, 119.4, 112.1, 56.04;
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vmax (neat, cm) : 3064, 2839, 1590, 1527, 1472, 1391.4;
ESI-MS (m/z): 327.1439 (100) [M+H]*, 349.1248 (30)

2-(2-methylphenyl)-4,5-diphenyl-1H-imidazole (3h)?2% 222
i N
| \
N
H
sar

Following the procedure for 3a, except now that o-tolualdehyde (57.8 pL, 0.5 mmol)
was used instead of benzaldehyde, afforded the desired product as a yellow solid

(61%)
Mp 228-230 °C; (Reported 230 — 232 °C)??2

1H NMR (400 MHz, DMSO-de) & 12.48 (s, 1H), 7.74 - 7.72 (m,1H), 7.55 (m, 4H),

7.34 -7.30 (m, 9H), 2.65 (s, 3H);

13C NMR (100 MHz, DMSO-ds) § 146.6, 136.7, 131.5, 130.5, 129.2, 128.8, 128.7,

127.9, 127.6, 126.9, 126.2, 21.6;
vmax (neat, cm?): 3151.9, 2961.19, 2102.49, 1646.6, 1398.4, 1316 ;

LRMS (m/z): 311.1480 [M+H]*, 312.1516 (10) [M+2H]*
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2-(2-naphthyl)-4,5-diphenyl-1H-imidazole (3i)?%?

<l
o O

Following the procedure for 3a, except now that 2-naphthaldehyde (78.09 mg , 0.5
mmol) was used instead of benzaldehyde, afforded the desired product as a yellow

solid (79%)
Mp 274 — 276 °C; (Reported 273 — 276 °C)?%?

1H NMR (400 MHz, DMSO-de) § 12.87 (s, 1H), 8.64 (s, 1H), 8.30 — 8.27 (m, 1H),

8.03 — 7.94 (m, 3H), 7.60 — 7.52 (m, 6H), 7.47 — 7.25 (m, 6H);

13C NMR (100 MHz, DMSO-ds) § 146, 136, 133.5, 133.2, 128.9, 128.7,128.6, 128.3,

128.2,127.7,127.2, 126.8, 124.2, 124;
vmax (neat, cm?) :2761.3, 1589.3, 1498, 1447, 1409, 1343, 1264, 1072;

HRMS (m/z): Calcd mass for C2sHi1oN2 [M+H]* 347.1548, found 347.1555 (ppm error

=2.0)
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4,5-diphenyl- 2-(thienyl)-1H-imidazole (3j)'°?

Following the procedure for 3a, except now that 2-thiophene-carboxaldehyde (47.73
pL, 0.5 mmol) was used instead of benzaldehyde, afforded the desired product as a

brown solid (43%)

Mp 258-260 °C; (Reported 259 — 261 °C)?%

H NMR (400 MHz, DMSO-ds) 6§ 12.78 (s, 1H), 7.70 (d, J = 3.68 Hz, 1H), 7.56 — 7.40

(m, 8H), 7.31 (m, 2H), 7.25 — 7.16 (m, 2H);

13C NMR (100 MHz, DMSO-de) § 142.1, 137.3, 135.3, 134.4, 131.3, 129.6, 129.2,

128.8, 128.6, 128.4, 128.3, 127.6, 127.1, 126.7, 124.2;

vmax (neat, cm?): 3381.50, 1650, 1002.8;

LRMS (m/z): 301.0802 (100) [M-H]*, 302.0837 (25) [M*], 303.0798 [M+2H]*

2-pentyl-4,5-diphenyl-1H-imidazole (3k)
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Following the procedure for 3a, except that hexanal (61.45 pL ,0.5 mmol) was used
instead of benzaldehyde and the reaction was coupled for 24 hours. The target

product was not detected.

2-cyclohexyl-4,5-diphenyl-1H-imidazole (3l)

| \>—<:>

Iz

Following the procedure for 3a, except that cyclohexane-2-carboxaldehyde (51.93 pL
,0.5 mmol) was used instead of benzaldehyde and the reaction was coupled for 24
hours. The target product was not detected. Repeating this experiment and coupling
the reaction for 48 hours afforded the target imidazole in trace amounts as observed

in the *H NMR spectroscopy.

5-methyl-2,4-diphenyl-1H-imidazole (3n)

Following the procedure for 3a, except that trans-3-methylstyrene (64.86 pL ,0.5

mmol) was used instead of trans-stilbene and the first step was conducted for 24

hours. However, the target product was not detected.
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5-(4-bromophenyl)-2,4-diphenyl-1H-imidazole (30)%%

Br
N

|\>< >
N
H

Following the procedure for 3a, except now that 4-bromostilbene (129.57 mg, 0.5
mmol) was used instead of stilbene, afforded the desired product as a white solid

(74%)
Mp 254 — 256 °C; (Reported 253 — 255 °C)?%8

IH NMR (400 MHz, DMSO-dg) § 12.75 (s, 1H), 8.09 (d, J = 7.44 Hz, 2H), 7.57- 7.38

(m, 12H);

13C NMR (100 MHz, DMSO-ds) § 146.3, 131.8, 130.7, 129.9, 129.2, 129.1, 128.8,

128.6, 128, 125.7;
vmax (neat, cm) : 3046.52, 2825.86, 1562.05, 1461.67, 979.40, 767;
LRMS (m/z): 375.0597 (100) [M+H]*, 376.0633 (24)

2,5-Bis-(4-bromophenyl)-4-phenyl-1H-imidazole (3p)?°®

86



Following the procedure for 3a, except now that 4-bromostilbene (129.57 mg, 0.5
mmol) and 4-bromobenzaldehyde (82.51 mg, 0.5 mmol) were used, afforded the

desired product as a white solid (78%)
Mp 253 — 256 °C; (Reported 252 — 255)208

IH NMR (400 MHz, DMSO-ds) 6 12.85 (s, 1H), 8.04 (d, J = 8.53 Hz, 2H), 7.70 — 7.68

(d, J = 8.67 Hz, 2H), 7.53 — 7.37 (m, 9H);

13C NMR (100 MHz, DMSO-de) § 145.4, 132.1, 131.8, 130, 129.9, 129.1, 128.5,

128.1, 127.6, 121.9, 120.5;
vmax (neat, cmL): 3063, 2828, 1601, 1477, 1069, 825, 722;
LRMS (m/z): 452.9750 (100) [M+H]*, 450.9771 (50) [M-H]*, 455.9761 (15)

Benzil (4a, C14H1002, 96%)8° 185

)
D

Trans-stilbene (90.1 mg, 0.5 mmol) and iodine (159 mg, 0.625 mmol) were mixed in
a 10 mL test tube with 0.5 mL of DMSO and the mixture was heated at 155 °C for 20
hours. After cooling, 10 mL of sodium thiosulfate/ice-cold water was added to the
mixture where the crude product was precipitated, filtered, and dried. It was then

recrystallized in ethanol to afford benzil as a yellow solid.
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1H NMR (400 MHz, DMSO-ds) & 8.00 (d, J = 8.27 Hz, 4H), 7.68 (t, J = 7.43 Hz, 2H),

7.45 (t, J =7.78 Hz, 4H);

13C NMR (100 MHz, DMSO-ds) § 194.6, 134.9, 133, 129.9, 129.

88



References

1. Tat'yana, S. N.; Tat'yana, M.; Kharitonova, O. V.; Kulagina, V. O.; Sheremetev,
A. B.; Tat'yana, S. P.; Khmel'nitskii, L. I.; Novikov, S. S., An effective method for the
oxidation of aminofurazans to nitrofurazans. Mendeleev Communications 1994, 4 (4),

138-140.

2. Ashikari, Y.; Nokami, T.; Yoshida, J.-i., Integrated Electrochemical-Chemical
Oxidation Mediated by Alkoxysulfonium lons. Journal of the American Chemical
Society 2011, 133 (31), 11840-11843.

3. Chen, M. S.; White, M. C., A predictably selective aliphatic C-H oxidation reaction
for complex molecule synthesis. Science 2007, 318 (5851), 783-7.

4. Shao, A.; Gao, M.; Chen, S.; Wang, T.; Lei, A., CO/O2 assisted oxidative carbon—
carbon and carbon—heteroatom bond cleavage for the synthesis of oxosulfonates from
DMSO and olefins. Chemical Science 2017, 8 (3), 2175-2178.

5. Chaudhari, M. B.; Sutar, Y.; Malpathak, S.; Hazra, A.; Gnanaprakasam, B.,
Transition-Metal-Free C—H Hydroxylation of Carbonyl Compounds. Organic Letters
2017, 19 (13), 3628-3631.

6. Wu, W.; Jiang, H., Palladium-Catalyzed Oxidation of Unsaturated Hydrocarbons
Using Molecular Oxygen. Accounts of Chemical Research 2012, 45 (10), 1736-1748.
7. Maikhuri, V. K.; Prasad, A. K.; Jha, A.; Srivastava, S., Recent advances in the
transition metal catalyzed synthesis of quinoxalines: A review. New Journal of
Chemistry 2021, 45, 13214-13246.

8. Shi, Z.; Zhang, C.; Tang, C.; Jiao, N., Recent advances in transition-metal
catalyzed reactions using molecular oxygen as the oxidant. Chemical Society Reviews

2012, 41 (8), 3381-3430.

89



9.Yin, G; Liu, G., Palladium-Catalyzed Oxidative Cyclization of Enynes with Hydrogen
Peroxide as the Oxidant. Angewandte Chemie 2008, 120 (29), 5522-5525.

10. Punniyamurthy, T.; Velusamy, S.; Igbal, J., Recent advances in transition metal
catalyzed oxidation of organic substrates with molecular oxygen. Chemical reviews
2005, 105 (6), 2329-2364.

11. Punniyamurthy, T.; Rout, L., Recent advances in copper-catalyzed oxidation of
organic compounds. Coordination Chemistry Reviews 2008, 252 (1-2), 134-154.

12. Kang, Y.-B.; Gade, L. H., Triflic Acid Catalyzed Oxidative Lactonization and
Diacetoxylation of Alkenes Using Peroxyacids as Oxidants. The Journal of Organic
Chemistry 2012, 77 (3), 1610-1615.

13. Phillips, F. C. Researches upon the phenomena of oxidation and chemical
properties of gases. Graduate School of Arts and Sciences, University of
Pennsylvania, 1893.

14. Smidt, J.; Hafner, W.; Sedlmeier, J.; Jira, R.; Rlttinger, R., DE 1049845, 05.02.
1959 (Chem. Abstr. 1961, 55, 3436d); b) J. 1959, 71, 176-182.

15. Takacs, J. M.; Jiang, X., The Wacker reaction and related alkene oxidation

reactions. Current Organic Chemistry 2003, 7 (4), 369-396.

16. Sihag, P.; Jeganmohan, M., Iridium (lll)-catalyzed intermolecular allylic C-H
amidation of internal alkenes with sulfonamides. The Journal of Organic Chemistry
2019, 84 (20), 13053-13064.

17. Sato, K.; Aoki, M.; Ogawa, M.; Hashimoto, T.; Noyori, R., A practical method for
epoxidation of terminal olefins with 30% hydrogen peroxide under halide-free
conditions. Journal of organic chemistry 1996, 61 (23), 8310-8311.

18. Sato, K.; Aoki, M.; Ogawa, M.; Hashimoto, T.; Panyella, D.; Noyori, R.; Takagi,

J.; Zimmerman, K., Catalytic Oxidations with Hydrogen Peroxide as Oxidant Catalytic

90



Oxidations with Hydrogen Peroxide as Oxidant. Bulletin of the Chemical Society of

Japan 1997, 70 (4), 905-915.

19. Yang, D.; Wong, M.-K.; Yip, Y.-C., Epoxidation of olefins using methyl
(trifluoromethyl) dioxirane generated in situ. The Journal of Organic Chemistry 1995,

60 (12), 3887-3889.

20. Toribatake, K.; Nishiyama, H., Asymmetric Diboration of Terminal Alkenes with a
Rhodium Catalyst and Subsequent Oxidation: Enantioselective Synthesis of Optically
Active 1, 2-Diols. Angewandte Chemie 2013, 125 (42), 11217-11221.

21. Chen, Y.; Wang, J.; Wu, X.; Zhu, C., Radical-Mediated Functionalization of
Internal Alkenes: Synthesis of Multisubstituted Allylic and Homoallylic Azides. ACS
Organic & Inorganic Au 2022, 2 (5), 392-395.

22. Chen, X.; Gao, B.; Su, Y.; Huang, H., Enantioselective Epoxidation of Electron-
Deficient Alkenes Catalyzed by Manganese Complexes with Chiral N4 Ligands
Derived from Rigid Chiral Diamines. Advanced Synthesis and Catalysis 2017, 359
(15), 2535-2541.

23. Grosso-Giordano, N. A.; Schroeder, C.; Okrut, A.; Solovyov, A.; Schdéttle, C.;
Chassé, W.; Marinkovi¢, N.; Koller, H.; Zones, S. |.; Katz, A., Outer-Sphere Control
of Catalysis on Surfaces: A Comparative Study of Ti(IV) Single-Sites Grafted on
Amorphous versus Crystalline Silicates for Alkene Epoxidation. Journal of the
American Chemical Society 2018, 140 (15), 4956-4960.

24. Yuan, K.; Song, T.; Wang, D.; Zou, Y.; Li, J.; Zhang, X.; Tang, Z.; Hu, W.,
Bimetal—organic frameworks for functionality optimization: MnFe-MOF-74 as a stable
and efficient catalyst for the epoxidation of alkenes with H202. Nanoscale 2018, 10

(4), 1591-1597.

91



25. Zhang, T.; Chen, X.; Chen, G.; Chen, M.; Bai, R.; Jia, M.; Yu, J., Synthesis of
anatase-free nano-sized hierarchical TS-1 zeolites and their excellent catalytic
performance in alkene epoxidation. Journal of Materials Chemistry A 2018, 6 (20),
9473-9479.

26. Shen, Y.; Jiang, P.; Wai, P. T.; Gu, Q.; Zhang, W., Recent progress in application
of molybdenum-based catalysts for epoxidation of alkenes. Catalysts 2019, 9 (1), 31.
27. Morales-delaRosa, S.; Campos-Martin, J. M.; Terreros, P.; Fierro, J. L. G,,
Catalytic Epoxidation of Cyclohexene with Tert-butylhydroperoxide Using an
Immobilized Molybdenum Catalyst. Topics in Catalysis 2015, 58 (4), 325-333.

28. Tada, N.; Okubo, H.; Miura, T.; Itoh, A., Metal-free epoxidation of alkenes with
molecular oxygen and benzaldehyde under visible light irradiation. Synlett 2009, 2009
(18), 3024-3026.

29. Murray, R. W.; Jeyaraman, R., Dioxiranes: synthesis and reactions of
methyldioxiranes. The Journal of Organic Chemistry 1985, 50 (16), 2847-2853.

30. Denmark, S. E.; Forbes, D. C.; Hays, D. S.; DePue, J. S.; Wilde, R. G., Catalytic
Epoxidation of Alkenes with Oxone. The Journal of Organic Chemistry 1995, 60 (5),
1391-1407.

31. Hong, M.; Min, J.; Wang, S., Metal-Free Epoxidation of Internal and Terminal
Alkenes with tert-Butyl Hydroperoxide/lsobutyraldehyde/Oxygen System. Chemistry
Select 2018, 3 (17), 4818-4821.

32. Nakajima, M.; Sasaki, Y.; lwamoto, H.; Hashimoto, S.-i., Bipyridine N, N'-Dioxide:
A Felicitous Ligand for Methyltrioxorhenium-Catalyzed Epoxidation of Olefins with

Hydrogen Peroxide. Tetrahedron letters 1998, 39 (1-2), 87-88.

33. Kulka, K.; Dittrick, J., Sensory Properties of Acetals and Cetals of 1-Phenyl 1, 2-

ethanediol. Applied Sciences 1975, 90, 90 - 95.

92



34. Deadman, B. J.; Gian, S.; Lee, V. E. Y.; Adrio, L. A.; Hellgardt, K.; Hii, K. K. M.,
On-demand, in situ, generation of ammonium caroate (peroxymonosulfate) for the

dihydroxylation of alkenes to vicinal diols. Green Chemistry 2022, 24 (14), 5570-5578.

35. Kroschwitz, J. I.; Howe-Grant, M.; Kirk, R. E.; Othmer, D. F., Encyclopedia of
chemical technology. John Wiley & Sons: 1996.

36. Wang, A.; Jiang, H., Palladium-Catalyzed Direct Oxidation of Alkenes with
Molecular Oxygen: General and Practical Methods for the Preparation of 1,2-Diols,
Aldehydes, and Ketones. The Journal of Organic Chemistry 2010, 75 (7), 2321-2326.
37.Jud, W.; Kappe, C. O.; Cantillo, D., One-pot multistep electrochemical strategy for
the modular synthesis of epoxides, glycols, and aldehydes from alkenes.

Electrochemical Science Advances 2021, 1 (3), e2100002.

38. Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung, J,;
Jeong, K. S.; Kwong, H. L.; Morikawa, K.; Wang, Z. M., The osmium-catalyzed
asymmetric dihydroxylation: a new ligand class and a process improvement. The
Journal of Organic Chemistry 1992, 57 (10), 2768-2771.

39. Hentges, S. G.; Sharpless, K. B., Asymmetric induction in the reaction of osmium
tetroxide with olefins. Journal of the American Chemical Society 1980, 102 (12), 4263-

4265.

40. Grennberg, H.; Backvall, J., Transition Metals for Organic Synthesis. Wiley-VCH
Verlag GmbH Weinheim: 2008.
41. Bulman-Page, P.; McCarthy, T., Comprehensive Organic Synthesis. Trost, BM.,

editor. Vol. 7. Oxford, UK: Pergamon: 1991; Vol. 7.

93



42. Andrus, M., Science of synthesis: Houben-Weyl methods of molecular
transformations. 2010, 9. Stereoselective synthesis, Vol. 3: Stereoselective pericyclic
reactions, cross coupling, and CH and CX activation. Thieme: 2011.

43. Bayeh, L.; Le, P. Q.; Tambar, U. K., Catalytic allylic oxidation of internal alkenes

to a multifunctional chiral building block. Nature 2017, 547 (7662), 196-200.

44. Johannsen, M.; Jgrgensen, K. A., Allylic Amination. Chemical reviews

1998, 98 (4), 1689-1708.

45, Zalatan, D. N.; Du Bois, J., Metal-catalyzed oxidations of C-H to C-N bonds. Topics
in current chemistry 2010, 292, 347-78.

46. Ramirez, T. A.; Zhao, B.; Shi, Y., Recent advances in transition metal-catalyzed
sp 3 C—H amination adjacent to double bonds and carbonyl groups. Chemical Society
Reviews 2012, 41 (2), 931-942.

47. Cheng, Q.; Chen, J.; Lin, S.; Ritter, T., Allylic amination of alkenes with
iminothianthrenes to afford alkyl allylamines. Journal of the American Chemical
Society 2020, 142 (41), 17287-17293.

48. Kitching, W.; Rappoport, Z.; Winstein, S.; Young, W., Allylic Oxidation of Olefins
by Palladium Acetatel. Journal of the American Chemical Society 1966, 88 (9), 2054-
2055.

49. Deng, X.; Mani, N. S., An efficient route to 4-aryl-5-pyrimidinylimidazoles via
sequential functionalization of 2, 4-dichloropyrimidine. Organic Letters 2006, 8 (2),

269-272.

50. McKenna, J. M.; Halley, F.; Souness, J. E.; McLay, |. M.; Pickett, S. D.; Collis,

A. J.; Page, K.; Ahmed, I., An algorithm-directed two-component library synthesized

94



via solid-phase methodology yielding potent and orally bioavailable p38 MAP kinase
inhibitors. Journal of medicinal chemistry 2002, 45 (11), 2173-2184.

51. Herrera, A. J.; Ronddn, M.; Suérez, E., Stereocontrolled photocyclization of 1, 2-
diketones: Application of a 1, 3-acetyl group transfer methodology to carbohydrates.

The Journal of Organic Chemistry 2008, 73 (9), 3384-3391.

52. Zhao, Z.; Wisnoski, D. D.; Wolkenberg, S. E.; Leister, W. H.; Wang, Y.; Lindsley,
C. W., General microwave-assisted protocols for the expedient synthesis of
guinoxalines and heterocyclic pyrazines. Tetrahedron Letters 2004, 45 (25), 4873-

4876.

53. Ganiji, P.; van Leeuwen, P. W., Phosphine supported ruthenium nanoparticle
catalyzed synthesis of substituted pyrazines and imidazoles from a-diketones. The
Journal of Organic Chemistry 2017, 82 (3), 1768-1774.

54. Xu, J.; Green, A. P.; Turner, N. J., Chemo-Enzymatic Synthesis of Pyrazines and
Pyrroles. Angewandte Chemie International Edition 2018, 57 (51), 16760-16763.

55. Mortzfeld, F. B.; Hashem, C.; Vrankova, K.; Winkler, M.; Rudroff, F., Pyrazines:
Synthesis and industrial application of these valuable flavor and fragrance

compounds. Biotechnology Journal 2020, 15 (11), 2000064.

56. Delpivo, C.; Micheletti, G.; Boga, C., A green synthesis of quinoxalines and 2, 3-
dihydropyrazines. Synthesis 2013, 45 (11), 1546-1552.

57. More, S. V.; Sastry, M.; Wang, C.-C.; Yao, C.-F., Molecular iodine: a powerful
catalyst for the easy and efficient synthesis of quinoxalines. Tetrahedron letters 2005,

46 (37), 6345-6348.

95



58. More, S. V.; Sastry, M.; Yao, C.-F., Cerium (IV) ammonium nitrate (CAN) as a
catalyst in tap water: A simple, proficient and green approach for the synthesis of

guinoxalines. Green Chemistry 2006, 8 (1), 91-95.

59. Huang, T. Q.; Qu, W.Y.; Ding, J.C.; Liu, M. C.; Wu, H.Y.; Chen, J. X., Catalyst-
Free Protocol for the Synthesis of Quinoxalines and Pyrazines in PEG. Journal of
Heterocyclic Chemistry 2013, 50 (2), 293-297.

60. Go, A.; Lee, G.; Kim, J.; Bae, S.; Lee, B. M.; Kim, B. H., One-pot synthesis of
guinoxalines from reductive coupling of 2-nitroanilines and 1,2-diketones using indium.
Tetrahedron 2015, 71 (8), 1215-1226.

61. Sarkar, R.; Mukhopadhyay, C., A convenient strategy to 2,4,5-triaryl and 2-alkyl-
4,5-diaryl oxazole derivatives through silver-mediated oxidative CO cross
coupling/cyclization. Tetrahedron Letters 2015, 56 (25), 3872-3876.

62. Das Sharma, S.; Hazarika, P.; Konwar, D., An efficient and one-pot synthesis of
2,4 ,5-trisubstituted and 1,2,4,5-tetrasubstituted imidazoles catalyzed by InCl3-3H20.
Tetrahedron Letters 2008, 49 (14), 2216-2220.

63. Corrales, T.; Catalina, F,; Peinado, C.; Allen, N., Free radical
macrophotoinitiators: an overview on recent advances. Journal of Photochemistry and

Photobiology A: Chemistry 2003, 159 (2), 103-114.

64. Ganapaty, S.; Srilakshmi, G. V. K.; Pannakal, S. T.; Rahman, H.; Laatsch, H.;
Brun, R., Cytotoxic benzil and coumestan derivatives from Tephrosia calophylla.
Phytochemistry 2009, 70 (1), 95-99.

65. Shen, Y.; Feng, Z.-M.; Jiang, J.-S.; Yang, Y.-N.; Zhang, P.-C., Dibenzoyl and
isoflavonoid glycosides from Sophora flavescens: inhibition of the cytotoxic effect of
D-galactosamine on human hepatocyte HL-7702. Journal of natural products 2013, 76
(12), 2337-2345.

96



66. Jang, S.-l.; Jeong, S.-l.; Kim, K.-J.; Kim, H.-J.; Yu, H.-H.; Park, R.; Kim, H.-M,;
You, Y.-O., Tanshinone IIA from Salvia miltiorrhiza inhibits inducible nitric oxide
synthase expression and production of TNF-q, IL-13 and IL-6 in activated RAW 264.7
cells. Planta medica 2003, 69 (11), 1057-1059.

67. Miyase, T.; Sano, M.; Yoshino, K.; Nonaka, K., Antioxidants from Lespedeza

homoloba (Il). Phytochemistry 1999, 52 (2), 311-319.

68. Bettolo, G. M.; Casinovi, C.; Galeffi, C., A new class of quinones: sesquiterpenoid

guinones of Mansonia Altissima chev. Tetrahedron letters 1965, 6 (52), 4857-4864.

69. Yayli, N.; Kilg, G.; Kahriman, N.; Kanbolat, $.; Bozdeveci, A.; Alpay Karaoglu,
S.; Aliyazicioglu, R.; Erding Sellitepe, H.; Selin Dogan, i.; Aydin, A.; Tatar, G.,
Synthesis, biological evaluation (antioxidant, antimicrobial, enzyme inhibition, and
cytotoxic) and molecular docking study of hydroxy methoxy benzoin/benzil analogous.
Bioorganic chemistry 2021, 115, 105183.

70. Nithya, G.; Kanakam, C. C.; Sudha, R.; Vanitha, V., Synthesis, characterisation
and antimicrobial activity of Benzil and its substituted analogs. International Journal of

Chemical and Biomedical Science 2015, 1 (2), 25-37.

71. Mahabusarakam, W.; Deachathai, S.; Phongpaichit, S.; Jansakul, C.; Taylor, W.,
A benzil and isoflavone derivatives from Derris scandens Benth. Phytochemistry 2004,
65 (8), 1185-1191.

72. Depreux, P.; Bethegnies, G.; Marcincal-Lefebvre, A., Synthesis of benzil from
benzoin with copper (I) acetate. Journal of Chemical Education 1988, 65 (6), 553.
73. Shen, Q.; Xu, L.; Jiang, Y.; Zheng, R.; Zhang, Y., Synthesis of benzil by air
oxidation of benzoin and M (Salen) catalyst. International Research Journal of Pure

and Applied Chemistry 2019, 19, 1-8.

97



74. Jiang, S.; Li, Y.; Luo, X.; Huang, G.; Shao, Y.; Li, D.; Li, B., NH4I/EtOCS2K
promoted synthesis of substituted benzils from diphenylacetylene derivatives.
Tetrahedron Letters 2018, 59 (34), 3249-3252.

75.Kim, S. W.; Um, T.-W.; Shin, S., Metal-free iodine-catalyzed oxidation of ynamides
and diaryl acetylenes into 1, 2-diketo compounds. The Journal of Organic Chemistry
2018, 83 (8), 4703-4711.

76. Zhou, P.-J.; Li, C.-K.; Zhou, S.-F.; Shoberu, A.; Zou, J.-P., Copper-catalyzed
TEMPO oxidative cleavage of 1, 3-diketones and [3-keto esters for the synthesis of 1,
2-diketones and a-keto esters. Organic & Biomolecular Chemistry 2017, 15 (12),
2629-2637.

77. Tada, N.; Shomura, M.; Nakayama, H.; Miura, T.; Itoh, A., Direct synthesis of 1,
2-diketones by catalytic aerobic oxidative decarboxylation of 1, 3-diketones with iodine
and base under irradiation of fluorescent light. Synlett 2010, 2010 (13), 1979-1983.
78. Khurana, J. M.; Kandpal, B. M., A novel method of synthesis of 1, 2-diketones from
1, 2-diols using N-bromosuccinimide. Tetrahedron letters 2003, 44 (26), 4909-4912.
79. Deb, M. L.; Saikia, B.-S.; Rastogi, G. K.; Baruah, P. K., Oxidative Coupling of
Naphthols to Ketones: An Approach to 1,2-Diketones. Chemistry Select 2018, 3 (6),
1693-1696.

80. Depreux, P.; Bethegnies, G.; Marcincal-Lefebvre, A., Synthesis of benzil from
benzoin with copper(ll) acetate. Journal of Chemical Education 1988, 65 (6), 553.
81. Shaikh, S. K. J.; Kamble, R. R.; Bayannavar, P. K.; Kariduraganavar, M. Y.,
Benzils: A Review on their Synthesis. Asian Journal of Organic Chemistry 2022, 11

(2), ©202100650.

98



82. Firouzabadi, H.; Sardarian, A.; Moosavipour, H.; Afshari, G., Chromium (VI)
Based Oxidants; Il. Zinc Dichromate Trihydrate: a Versatile and Mild Reagent for the

Oxidation of Organic Compounds. Synthesis 1986, 1986 (04), 285-288.

83. Al Amin, A.; Menezes, R. G., Carbon tetrachloride toxicity. 2020.
84. Firouzabadi, H.; Salehi, P.; Mohammadpour-Baltork, 1., Tetrakis (pyridine) silver
(1) Peroxodisulfate,(Ag (py) 4) S208, a Reagent for the Oxidative Transformations.

Bulletin of the Chemical Society of Japan 1992, 65 (10), 2878-2880.

85. Chen, S.; Liu, Z.; Shi, E.; Chen, L.; Wei, W.; Li, H.; Cheng, Y.; Wan, X,,
Ruthenium-Catalyzed Oxidation of Alkenes at Room Temperature: A Practical and
Concise Approach to a-Diketones. Organic Letters 2011, 13 (9), 2274-2277.

86. Bennett, M.; Huang, T. N.; Matheson, T.; Smith, A.; lttel, S.; Nickerson, W.,
16.(n6-Hexamethylbenzene) Ruthenium Complexes. Inorganic Syntheses 1982, 21,
74-78.

87. Saberi, D.; Hashemi, H.; Ghanaatzadeh, N.; Moghadam, M.; Niknam, K.,
Ruthenium/dendrimer complex immobilized on silica-functionalized magnetite
nanoparticles catalyzed oxidation of stilbenes to benzil derivatives at room

temperature. Applied Organometallic Chemistry 2020, 34 (4), e5563.

88. Sharpless, K. B.; Lauer, R. F.; Repic, O.; Teranishi, A. Y.; Williams, D. R,,
Permanganate in acetic anhydride. .alpha.-Diketones directly from olefins. Journal of
the American Chemical Society 1971, 93 (13), 3303-3304.

89. Clayton, M. D.; Marcinow, Z.; Rabideau, P. W., Benzeneseleninic anhydride
oxidation of 1, 2-diarylethanes and 1, 2-diarylethylenes to 1, 2-diaryldiketones.

Tetrahedron letters 1998, 39 (50), 9127-9130.

99



90. Yusubov, M.; Filimonov, V., Hydrobromic Acid and Hydrogen Peroxide in Dimethyl
Sulfoxide: A Novel Convenient Reagent for the Oxidation of Stilbenes to 1, 2-Diaryl-1,
2-ethanediones. Chemlinform 1989, 20 (19), Abstr. 117.

91. Floyd, M. B.; Du, M. T.; Fabio, P. F.; Jacob, L. A.; Johnson, B. D., The oxidation
of acetophenones to arylglyoxals with aqueous hydrobromic acid in dimethyl sulfoxide.
The Journal of Organic Chemistry 1985, 50 (25), 5022-5027.

92. Yusubov, M.; Filimonov, V.; Ogorodnikov, V., Dimethyl sulfoxide-hydrobromic acid
as a novel reagent for convenient oxidation on a preparative scale of stilbenes and
some derivatives of diphenylethane to benzils. Bulletin of the Academy of Sciences of

the USSR, Division of chemical science 1991, 40 (4), 766-770.

93. Maurya, M. R.; Kumar, A., Oxovanadium (IV) based coordination polymers and
their catalytic potentials for the oxidation of styrene, cyclohexene and trans-stilbene.
Journal of Molecular Catalysis A: Chemical 2006, 250 (1-2), 190-198.

94. Tabatabaeian, K.; Mamaghani, M.; Mahmoodi, N.; Khorshidi, A., Ultrasonic-
assisted ruthenium-catalyzed oxidation of aromatic and heteroaromatic compounds.
Catalysis Communications 2008, 9 (3), 416-420.

95. Slee, D. H.; Romano, S. J.; Yu, J.; Nguyen, T. N.; John, J. K.; Raheja, N. K;
Axe, F. U.; Jones, T. K.; Ripka, W. C., Development of Potent Non-Carbohydrate
Imidazole-Based Small Molecule Selectin Inhibitors with Antiinflammatory Activity.
Journal of Medicinal Chemistry 2001, 44 (13), 2094-2107.

96. Bhatnagar, A.; Sharma, P.; Kumar, N., A review on “Imidazoles”: Their chemistry
and pharmacological potentials. International Journal of PharmTech Research 2011,
3 (1), 268-282.

97. Toraya, T.; Ishida, A.; Uejima, Y.; Fujii, K., Vitamin B12 derivative, preparation

process thereof, and use thereof. Biotechnology Advances 1996, 14 (2), 208-209.

100



98. Midoux, P.; Pichon, C.; Yaouanc, J. J.; Jaffrés, P. A., Chemical vectors for gene
delivery: a current review on polymers, peptides and lipids containing histidine or
imidazole as nucleic acids carriers. British journal of pharmacology 2009, 157 (2), 166-
178.

99. Cowart, M.; Altenbach, R.; Black, L.; Faghih, R.; Zhao, C.; Hancock, A. A.,
Medicinal chemistry and biological properties of non-imidazole histamine H3

antagonists. Mini reviews in medicinal chemistry 2004, 4 (9), 979-992.

100. Zempleni, J.; Wijeratne, S. S.; Hassan, Y. I., Biotin. Biofactors 2009, 35 (1), 36-
46.

101. Patten, A. M.; Vassao, D. G.; Wolcott, M. P.; Davin, L. B.; Lewis, N. G., 3.27 -
Trees: A Remarkable Biochemical Bounty. In Comprehensive Natural Products Il, Liu,
H.-W.; Mander, L., Eds. Elsevier: Oxford, 2010; pp 1173-1296.

102. Radziszewski, B., Ueber die Constitution des Lophins und verwandter
Verbindungen. Berichte der deutschen chemischen Gesellschaft 1882, 15 (2), 1493-
1496.

103. Kulkarni, A.; Tonzola, C. J.; Babel, A.; Jenekhe, S., Solution-processable single-
material molecular emitters for organic light-emitting devices. Chemical Materials
2004, 16, 4556-4573.

104. Wang, Z.; Lu, P.; Chen, S.; Gao, Z.; Shen, F.; Zhang, W.; Xu, Y.; Kwok, H.
S.; Ma, Y., Phenanthro [9, 10-d] imidazole as a new building block for blue light

emitting materials. Journal of Materials Chemistry 2011, 21 (14), 5451-5456.

105. Satoru, I. In Japn Kokkai Tokyo Koho JP 01, 117, 867, May 10, 1989, Chem.

Abstr, 1989; p 214482.

101



106. Van Winkel, R.; De Hert, M.; Van Eyck, D.; Hanssens, L.; Wampers, M.;
Scheen, A.; Peuskens, J., Prevalence of diabetes and the metabolic syndrome in a
sample of patients with bipolar disorder. Bipolar disorders 2008, 10 (2), 342-348.

107. Umpierrez, G. E.; Isaacs, S. D.; Bazargan, N.; You, X.; Thaler, L. M.; Kitabchi,
A. E., Hyperglycemia: an independent marker of in-hospital mortality in patients with
undiagnosed diabetes. The Journal of Clinical Endocrinology & Metabolism 2002, 87

(3), 978-982.

108. Heo, S.-J.; Hwang, J.-Y.; Choi, J.-l.; Han, J.-S.; Kim, H.-J.; Jeon, Y.-J,,
Diphlorethohydroxycarmalol isolated from Ishige okamurae, a brown algae, a potent
a-glucosidase and a-amylase inhibitor, alleviates postprandial hyperglycemia in

diabetic mice. European journal of pharmacology 2009, 615 (1-3), 252-256.

109. Lee, D.-S.; Woo, J.-K.; Kim, D.-H.; Kim, M.-Y.; Cho, S.-M. K.; Kim, J.-H.; Park,
S.-P.; Lee, H.-Y.; Riu, K. Z.; Lee, D.-S., Antiviral Activity of Methylelaiophylin, an a-

Glucosidase Inhibitor. Journal of microbiology & biotechnology 2011, 21 (3), 263-266.

110. Elbein, A. In Glycosidase inhibitors as antiviral and/or antitumor agents, Seminars
in cell biology, 1991; pp 309-317.
111. Kalra, S., Alpha glucosidase inhibitors. The Journal of the Pakistan Medical

Association 2014, 64 (4), 474-476.

112. Jaiswal, N.; Bhatia, V.; Srivastava, S. P.; Srivastava, A. K.; Tamrakar, A. K.,
Antidiabetic effect of Eclipta alba associated with the inhibition of alpha-glucosidase
and aldose reductase. Natural Product Research 2012, 26 (24), 2363-2367.

113. Zhang, S.; Li, X.-Z., Inhibition of a-glucosidase by polysaccharides from the fruit

hull of Camellia oleifera Abel. Carbohydrate polymers 2015, 115, 38-43.

102



114. van de Laar, F. A.; Lucassen, P. L.; Akkermans, R. P.; van de Lisdonk, E. H.;
Rutten, G. E.; van Weel, C., a-Glucosidase Inhibitors for Patients With Type 2
Diabetes: Results from a Cochrane systematic review and meta-analysis. Diabetes
Care 2005, 28 (1), 154-163.

115. de Melo, E. B.; da Silveira Gomes, A.; Carvalho, I., a-and B-Glucosidase
inhibitors: chemical structure and biological activity. Tetrahedron 2006, 62 (44), 10277-
10302.

116. Yar, M.; Bajda, M.; Shahzad, S.; Ullah, N.; Gilani, M. A.; Ashraf, M.; Rauf, A.;
Shaukat, A., Organocatalyzed solvent free an efficient novel synthesis of 2,4,5-
trisubstituted imidazoles for a-glucosidase inhibition to treat diabetes. Bioorganic
chemistry 2015, 58, 65-71.

117. Kojom Foko, L. P.; Eya’ane Meva, F.; Eboumbou Moukoko, C. E.; Ntoumba, A.
A.; Ngaha Njila, M. |.; Belle Ebanda Kedi, P.; Ayong, L.; Lehman, L. G., A systematic
review on anti-malarial drug discovery and antiplasmodial potential of green synthesis
mediated metal nanoparticles: overview, challenges and future perspectives. Malaria
journal 2019, 18 (1), 1-14.

118. Mueller, I.;  Zimmerman, P. A.; Reeder, J. C., Plasmodium malariae and
Plasmodium ovale—the ‘bashful’malaria parasites. Trends in parasitology 2007, 23 (6),
278-283.

119. Maier, A. G.; Matuschewski, K.; Zhang, M.; Rug, M., Plasmodium falciparum.
Trends in parasitology 2019, 35 (6), 481-482.

120. Oguike, M. C.; Betson, M.; Burke, M.; Nolder, D.; Stothard, J. R.; Kleinschmidt,
l.; Proietti, C.; Bousema, T.; Ndounga, M.; Tanabe, K., Plasmodium ovale curtisi and
Plasmodium ovale wallikeri circulate simultaneously in African communities.

International journal for parasitology 2011, 41 (6), 677-683.

103



121. Oguike, M. C.; Betson, M.; Burke, M.; Nolder, D.; Stothard, J. R.; Kleinschmidt,
l.; Proietti, C.; Bousema, T.; Ndounga, M.; Tanabe, K., Plasmodium ovale curtisi and
Plasmodium ovale wallikeri circulate simultaneously in African communities.
International journal for parasitology 2011, 41 (6), 677-683.

122. Howes, R. E.; Battle, K. E.; Mendis, K. N.; Smith, D. L.; Cibulskis, R. E.; Baird,
J. K.; Hay, S. I., Global epidemiology of Plasmodium vivax. The American Journal of

Tropical Medicine and Hygiene 2016, 95 (6 Suppl), 15.

123. Singh, B.; Daneshvar, C., Human infections and detection of Plasmodium
knowlesi. Clinical microbiology reviews 2013, 26 (2), 165-184.

124. Lee, W.-C.; Russell, B.; Rénia, L., Sticking for a Cause: The Falciparum Malaria
Parasites Cytoadherence Paradigm. 2019, 10.

125. W. H. O., World malaria report 2019. World Health Organization 2019.

126. Jones, R. A.; Panda, S. S.; Hall, C. D., Quinine conjugates and quinine

analogues as potential antimalarial agents. European journal of medicinal chemistry

2015, 97, 335-355.

127. Phillips, R.; Looareesuwan, S.; White, N.; Chanthavanich, P.; Karbwang, J.;
Supanaranond, W.; Turner, R.; Warrell, D., Hypoglycaemia and antimalarial drugs:
guinidine and release of insulin. British Medical Journal 1986, 292 (6531), 1319-1321.
128. Ratner, M., FDA approves first single-dose antimalarial. Nature Biotechnology
2018, 36 (9), 785-786.

129. Chugh, A.; Kumar, A.; Verma, A.; Kumar, S.; Kumar, P., A review of antimalarial
activity of two or three nitrogen atoms containing heterocyclic compounds. Medicinal

Chemistry Research 2020, 29 (10), 1723-1750.

104



130. Kalaria, P. N.; Karad, S. C.; Raval, D. K., A review on diverse heterocyclic
compounds as the privileged scaffolds in antimalarial drug discovery. European

Journal of Medicinal Chemistry 2018, 158, 917-936.

131. Wicht, K. J.; Combrinck, J. M.; Smith, P. J.; Hunter, R.; Egan, T. J., Identification
and Mechanistic Evaluation of Hemozoin-Inhibiting Triarylimidazoles Active against
Plasmodium falciparum. ACS Medicinal Chemistry Letters 2017, 8 (2), 201-205.

132. Srivastava, S.; Ahmad, R.; Khare, S. K., Alzheimer’s disease and its treatment
by different approaches: A review. European Journal of Medicinal Chemistry 2021,
216, 113320.

133. Wei, W.; Wang, K.; Shi, J.; Li, Z., The Relationship Between Sleep Disturbance
and Apolipoprotein E €4 in Adults With Mild Cognitive Impairment and Alzheimer’'s
Disease Dementia: An Integrative Review. Biological Research for Nursing 2022, 24
(3), 327-337.

134. Pervaiz, S.; Mutahir, S.; Ullah, I.; Ashraf, M.; Liu, X.; Tariq, S.; Zhou, B. J,;
Khan, M. A., Organocatalyzed Solvent Free and Efficient Synthesis of 2, 4, 5-
Trisubstituted Imidazoles as Potential Acetylcholinesterase Inhibitors for Alzheimer's

Disease. Chemistry & Biodiversity 2020, 17 (3), €1900493.

135. Pervaiz, S.; Mutahir, S.; Ullah, I.; Ashraf, M.; Liu, X.; Tariq, S.; Zhou, B. J.;
Khan, M. A., Organocatalyzed Solvent Free and Efficient Synthesis of 2, 4, 5-
Trisubstituted Imidazoles as Potential Acetylcholinesterase Inhibitors for Alzheimer's
Disease. Chemistry & Biodiversity 2020, 17 (3), €1900493.

136. Anand, R.; Gill, K. D.; Mahdi, A. A., Therapeutics of Alzheimer's disease: Past,

present and future. Neuropharmacology 2014, 76, 27-50.

105



137. Ferri, C. P.; Prince, M.; Brayne, C.; Brodaty, H.; Fratiglioni, L.; Ganguli, M.;
Hall, K.; Hasegawa, K.; Hendrie, H.; Huang, Y., Global prevalence of dementia: a

Delphi consensus study. The lancet 2005, 366 (9503), 2112-2117.

138. Godyn, J.; Jonczyk, J.; Panek, D.; Malawska, B., Therapeutic strategies for
Alzheimer's disease in clinical trials. Pharmacological Reports 2016, 68 (1), 127-138.
139. Torromino, G.; Maggi, A.; De Leonibus, E., Estrogen-dependent hippocampal
wiring as a risk factor for age-related dementia in women. Progress in Neurobiology
2021, 197, 101895.

140. Anand, P.; Singh, B.; Singh, N., A review on coumarins as acetylcholinesterase
inhibitors for Alzheimer’s disease. Bioorganic medicinal chemistry 2012, 20 (3), 1175-

1180.

141. Tang, H.; Ning, F.-X.; Wei, Y.-B.; Huang, S.-L.; Huang, Z.-S.; Chan, A. S.-C,;
Gu, L.-Q., Derivatives of oxoisoaporphine alkaloids: a novel class of selective
acetylcholinesterase inhibitors. Bioorganic & medicinal chemistry letters 2007, 17 (13),

3765-3768.

142. Saeedi, M.; Mohtadi-Haghighi, D.; Mirfazli, S. S.; Mahdavi, M.; Hariri, R.;
Lotfian, H.; Edraki, N.; Iraji, A.; Firuzi, O.; Akbarzadeh, T., Design and synthesis of
selective acetylcholinesterase inhibitors: arylisoxazole-phenylpiperazine derivatives.

Chemistry & Biodiversity 2019, 16 (2), e1800433.

143. Watkins, P. B.; Zimmerman, H. J.; Knapp, M. J.; Gracon, S. |.; Lewis, K. W.,
Hepatotoxic effects of tacrine administration in patients with Alzheimer's disease. The
Journal of the American Medical Association 1994, 271 (13), 992-998.

144. Riaz, S.; Khan, I. U.; Bajda, M.; Ashraf, M.; Shaukat, A.; Rehman, T. U.;

Mutahir, S.; Hussain, S.; Mustafa, G.; Yar, M., Pyridine sulfonamide as a small key

106



organic molecule for the potential treatment of type-ll diabetes mellitus and
Alzheimer’s disease: in vitro studies against yeast a-glucosidase, acetylcholinesterase
and butyrylcholinesterase. Bioorganic chemistry 2015, 63, 64-71.

145. Rehman, T. U.; Khan, I. U.; Ashraf, M.; Tarazi, H.; Riaz, S.; Yar, M., An Efficient
Synthesis of bi-Aryl Pyrimidine Heterocycles: Potential New Drug Candidates to Treat

Alzheimer's Disease. Archiv der Pharmazie 2017, 350 (3-4), 1600304.

146. Niculescu-Duvaz, D.; Niculescu-Duvaz, I.; Suijkerbuijk, B. M.; Ménard, D.;
Zambon, A.; Davies, L.; Pons, J.-F.; Whittaker, S.; Marais, R.; Springer, C. J., Potent
BRAF kinase inhibitors based on 2, 4, 5-trisubstituted imidazole with naphthyl and

benzothiophene 4-substituents. Bioorganic & Medicinal chemistry

2013, 21 (5), 1284-1304.

147. Gallagher, T. F.; Seibel, G. L.; Kassis, S.; Laydon, J. T.; Blumenthal, M. J.;
Lee, J. C.; Lee, D.; Boehm, J. C.; Fier-Thompson, S. M.; Abt, J. W., Regulation of
stress-induced cytokine production by pyridinylimidazoles; inhibition of CSBP kinase.

Bioorganic & Medicinal Chemistry 1997, 5 (1), 49-64.

148. Mano, T.; Stevens, R. W.; Ando, K.; Nakao, K.; Okumura, Y.; Sakakibara,
M.; Okumura, T.; Tamura, T.; Miyamoto, K., Novel imidazole compounds as a new
series of potent, orally active inhibitors of 5-lipoxygenase. Bioorganic & Medicinal

Chemistry 2003, 11 (18), 3879-3887.

149. Debus, H., XII. On the action of ammonia on glyoxal. Philosophical Transactions

of the Royal Society of London 1858, (148), 205-209.

150. Ip, Y.; Chew, S.; Randall, D., Ammonia toxicity, tolerance, and excretion. 2001;

Vol. 20, p 109-148.

107



151. Wang, L.-M.; Wang, Y.-H.; Tian, H.; Yao, Y.-F.; Shao, J.-H.; Liu, B., Ytterbium
triflate as an efficient catalyst for one-pot synthesis of substituted imidazoles through
three-component condensation of benzil, aldehydes and ammonium acetate. Journal

of Fluorine Chemistry 2006, 127 (12), 1570-1573.

152. Sharma, G.; Jyothi, Y.; Lakshmi, P. S., Efficient room-temperature synthesis of
tri-and tetrasubstituted imidazoles catalyzed by ZrCl4. Synthetic communications
2006, 36 (20), 2991-3000.

153. Kappe, C. O., Controlled microwave heating in modern organic synthesis.
Angewandte Chemie International Edition 2004, 43 (46), 6250-6284.

154. Wolkenberg, S. E.; Wisnoski, D. D.; Leister, W. H.; Wang, Y.; Zhao, Z.; Lindsley,
C. W., Efficient synthesis of imidazoles from aldehydes and 1, 2-diketones using

microwave irradiation. Organic Letters 2004, 6 (9), 1453-1456.

155. Cui, B.; Zheng, B. L.; He, K.; Zheng, Q. Y., Imidazole alkaloids from lepidium m

eyenii. Journal of Natural Products 2003, 66 (8), 1101-1103.

156. Abrahams, S. L.; Hazen, R. J.; Batson, A. G.; Phillips, A. P.; Therapeutics, E.,
Trifenagrel: a chemically novel platelet aggregation inhibitor. Journal of Pharmacology
1989, 249 (2), 359-365.

157. Slusarczyk, M.; De Borggraeve, W. M.; Hoornaert, G.; Robeyns, K.; Meervelt,
L.V.; Wu, T.; Deroose, F.; Linders, J., Synthesis and Biological Evaluation of Bridged
Analogues of the Platelet Aggregation Inhibitor Trifenagrel. Letters in Drug Design &

Discovery 2009, 6 (7), 478-486.

158. Oskooie, H. A.; Alimohammadi, Z.; Heravi, M. M., Microwave-assisted solid-

phase synthesis of 2,4,5-triaryl imidazoles in solventless system: An improved

108



protocol. Heteroatom Chemistry: An International Journal of Main Group Elements
2006, 17 (7), 699-702.

159. Safari, J.; Khalili, S. D.; Banitaba, S. H., A novel and an efficient catalyst for one-
pot synthesis of 2,4,5-trisubstituted imidazoles by using microwave irradiation under
solvent-free conditions. Journal of Chemical Sciences 2010, 122 (3), 437-441.

160. Baiker, A., Supercritical fluids in heterogeneous catalysis. Chemical Reviews

1999, 99, 453-473.

161. Conner Jr, W. C.; Falconer, J. L., Spillover in heterogeneous catalysis. Chemical

Review 1995, 95 (3), 759-788.

162. Corma, A.; Garcia, H.; Llabrés i Xamena, F., Engineering metal organic
frameworks for heterogeneous catalysis. Chemical reviews 2010, 110 (8), 4606-4655.
163. Alikarami, M.; Amozad, M., One-pot synthesis of 2, 4, 5-trisubstituted imidazole
derivatives catalyzed by btppc under solvent-free conditions. Bulletin of the Chemical
Society of Ethiopia 2017, 31 (1), 177-184.

164. Thimmaraju, N.; Shamshuddin, S. M., Synthesis of 2, 4, 5-trisubstituted
imidazoles, quinoxalines and 1, 5-benzodiazepines over an eco-friendly and highly
efficient ZrO2>—Al203 catalyst. RSC Advances 2016, 6 (65), 60231-60243.

165. Mirjalili, B.; Bamoniri, A.; Mirhoseini, M., Nano-SnCl4- SiO2: An efficient catalyst
for one-pot synthesis of 2, 4, 5-tri substituted imidazoles under solvent-free conditions.

Scientia Iranica 2013, 20 (3), 587-591.

166. Mirjalili, B.; Bamoniri, A.; Mirhoseini, M., Nano-SnCIl4- SiO2-a versatile and
efficient catalyst for synthesis of 14-aryl-or 14-alkyl-14H-dibenzo [a, j] xanthenes.

Chemistry of Heterocyclic Compounds 2012, 48 (6), 856-860.

109



167. Girish, Y. R.; Kumar, K. S. S.; Thimmaiah, K. N.; Rangappa, K. S.; Shashikanth,
S., ZrO2-B-cyclodextrin catalyzed synthesis of 2, 4, 5-trisubstituted imidazoles and 1,
2-disubstituted benzimidazoles under solvent free conditions and evaluation of their
antibacterial study. RSC Advances 2015, 5 (92), 75533-75546.

168. Naeimi, H.; Aghaseyedkarimi, D., lonophore silica-coated magnetite
nanoparticles as a recyclable heterogeneous catalyst for one-pot green synthesis of

2, 4, 5-trisubstituted imidazoles. Dalton Transactions 2016, 45 (3), 1243-1253.

169. Fekri, L. Z.; Nikpassand, M.; Shariati, S.; Aghazadeh, B.; Zarkeshvari, R.,
Synthesis and characterization of amino glucose-functionalized silica-coated NiFe204
nanoparticles: A heterogeneous, new and magnetically separable catalyst for the
solvent-free synthesis of 2, 4, 5—trisubstituted imidazoles, benzo [d] imidazoles, benzo

[d] oxazoles and azo-linked benzo [d] oxazoles. Journal of Organometallic Chemistry

2018, 871, 60-73.

170. Jayram, J.; Jeena, V., Copper-catalyzed aerobic benzylic sp 3 C—H oxidation
mediated synthesis of 2, 4, 5-trisubstituted imidazoles via a domino multi-component
reaction. Green Chemistry 2017, 19 (24), 5841-5845.

171. Chen, C.-Y.; Hu, W.-P.; Yan, P.-C.; Senadi, G. C.; Wang, J.-J., Metal-free, acid-
promoted synthesis of imidazole derivatives via a multicomponent reaction. Organic
Letters 2013, 15 (24), 6116-6119.

172. Iwashita, Y.; Sakuraba, M., Novel imidazole ring formation from .alpha. olefins,
carbon monoxide, and ammonia. The Journal of Organic Chemistry 1971, 36 (25),
3927-3928.

173. Donohoe, T. J.; Kabeshov, M. A.; Rathi, A. H.; Smith, I. E., Direct preparation of
thiazoles, imidazoles, imidazopyridines and thiazolidines from alkenes. Organic &
Biomolecular Chemistry 2012, 10 (5), 1093-1101.

110



174. Song, T.; Ma, Z.; Ren, P.; Yuan, Y.; Xiao, J.; Yang, Y., A Bifunctional Iron
Nanocomposite Catalyst for Efficient Oxidation of Alkenes to Ketones and 1,2-
Diketones. ACS Catalysis 2020, 10 (8), 4617-4629.

175. Togo, H.; lida, S., Synthetic use of molecular iodine for organic synthesis. Synlett
2006, 2006 (14), 2159-2175.

176. Monga, A.; Bagchi, S.; Sharma, A., lodine/DMSO oxidations: a contemporary
paradigm in C—N bond chemistry. New Journal of Chemistry 2018, 42 (3), 1551-1576.
177. Association, D. S. P. US Environmental Protection Agency. IUCLID Data Set;

Leesburg, VA,; report number 201-14721A: September 8, 2003

178. Omura, K.; Sharma, A. K.; Swern, D., Dimethyl sulfoxide-trifluoroacetic
anhydride. New reagent for oxidation of alcohols to carbonyls. The Journal of Organic

Chemistry 1976, 41 (6), 957-962.

179. Pfitzner, K.; Moffatt, J., A new and selective oxidation of alcohols. Journal of the
American Chemical Society 1963, 85 (19), 3027-3028.
180. Corey, E.; Chaykovsky, M., Dimethylsulfoxonium methylide. Journal of the

American Chemical Society 1962, 84 (5), 867-868.

181. Reddy, P. N.; Reddy, B. V. S.; Padmaja, P., Emerging Role of Green Oxidant

I2/DMSO in Organic Synthesis. Current Organic Synthesis 2018, 15 (6), 815-838.

182. Wang, J.-Q.; Zuo, Z.-Y.; He, W., Recent Advances of Green Catalytic System
I2/DMSO in C-C and C—Heteroatom Bonds Formation. Catalysts 2022, 12 (8), 821.

183. Yusubov, M. S.-o0.; Filimonov, V. D., lodine in dimethyl sulfoxide as a new general
reagent for the preparative oxidation of 1, 2-diarylethenes and 1, 2-diarylethynes to

aromatic 1, 2-diketones. Synthesis 1991, 1991 (02), 131-132.

111



184. Yusubov, M. S.; Krasnokutskaya, E. A.; Vasilyeva, V. P.; Filimonov, V. D.,
DMSO-based Reagents for the Oxidation of Alkenes and Alkynes to 1, 2-Diketones.
Bulletin of the Korean Chemical Society 1995, 16 (2), 86-88.

185. Zeng, X.; Miao, C.; Wang, S.; Xia, C.; Sun, W., Facile and highly chemoselective
synthesis of benzil derivatives via oxidation of stilbenes in an | 2—H 2 O system. RSC
Advances 2013, 3 (25), 9666-9669.

186. Tamuli, K. J.; Bordoloi, M., KI-I2-DMSO: An Improved Microwave-Assisted
Selective Oxidation of Alkenes into 1, 2-Diketones. ChemistrySelect 2018, 3 (26),
7513-7517.

187. Kidwai, M.; Mothsra, P.; Bansal, V.; Somvanshi, R. K.; Ethayathulla, A. S;
Dey, S.; Singh, T. P., One-pot synthesis of highly substituted imidazoles using
molecular iodine: A versatile catalyst. Journal of Molecular Catalysis A: Chemical
2007, 265 (1), 177-182.

188. Nguyen, T. T.; Le, N.-P. T.; Tran, P. H., An efficient multicomponent synthesis
of 2,4,5-trisubstituted and 1,2,4,5-tetrasubstituted imidazoles catalyzed by a magnetic
nanoparticle supported Lewis acidic deep eutectic solvent. RSC advances 2019, 9
(65), 38148-38153.

189. Eidi, E.; Kassaee, M. Z.; Nasresfahani, Z., Synthesis of 2, 4, 5-trisubstituted
imidazoles over reusable CoFe204 nanoparticles: an efficient and green

sonochemical process. Applied Organometallic Chemistry 2016, 30 (7), 561-565.

190. Sonar, J.; Pardeshi, S.; Dokhe, S.; Pawar, R.; Kharat, K.; Zine, A.; Matsagar,
B.; Wu, K.; Thore, S., An efficient method for the synthesis of 2, 4, 5-trisubstituted

imidazoles using lactic acid as promoter. SN Applied Sciences 2019, 1 (9), 1-7.

112



191. Zarnegar, Z.; Safari, J., Fe 3 O 4@ chitosan nanoparticles: a valuable
heterogeneous nanocatalyst for the synthesis of 2, 4, 5-trisubstituted imidazoles. RSC
advances 2014, 4 (40), 20932-20939.

192. Kadu, V. D.; Mali, G. A.; Khadul, S. P.; Kothe, G. J., Simple practical method for
synthesis of trisubstituted imidazoles: an efficient copper catalyzed multicomponent
reaction. RSC Advances 2021, 11 (36), 21955-21963.

193. Ren, Y.-M.; Cai, C.; Yang, R.-C., Molecular iodine-catalyzed multicomponent
reactions: an efficient catalyst for organic synthesis. RSC Advances 2013, 3 (20),
7182-7204.

194. Ghogare, R. S., Mandelic acid: an efficient and green organo-catalyst for
synthesis of 2, 4, 5-trisubstituted Imidazoles under solvent-free conditions. Organic

Communications 2022, 15 (1).

195. Ahmed, N. S.; Hanoon, H. D., A green and simple method for the synthesis of
2,4,5-trisubstituted-1H-imidazole derivatives using acidic ionic liquid as an effective
and recyclable catalyst under ultrasound. Research on Chemical Intermediates 2021,
47 (10), 4083-4100.

196. Wang, M.; Gao, J.; Song, Z., A practical and green approach toward synthesis
of 2, 4, 5-trisubstituted imidazoles without adding catalyst. Preparative Biochemistry &

Biotechnology 2010, 40 (4), 347-353.

197.Shaabani, A.; Maleki, A.; Behnam, M., Tandem oxidation process using ceric
ammonium nitrate: Three-component synthesis of trisubstituted imidazoles under
aerobic oxidation conditions. Synthetic Communications 2008, 39 (1), 102-110.

198. Mabizela, L. P.; Jeena, V., Molecular lodine Mediated Synthesis of 2, 4, 5-

Trisubstituted Imidazoles Commencing from alpha-Methylene Ketones and Benzylic

113



Pimary Acohols Using a One-Pot, Two-Step Approach. Heterocycles 2022, 104 (9),

1649-1660.

199. Maddheshiya, A.; Chawla, P., Synthesis and Evaluation of 2-(Substituted
phenyl)-4, 5-diphenyl-1H-imidazole Derivatives as Anticonvulsant Agents. Indian
Journal of Heterocyclic Chemistry 2018, 28 (03), 423-432.

200. Jayram, J.; Jeena, V., Copper-catalyzed aerobic benzylic sp3 C—H oxidation
mediated synthesis of 2,4,5-trisubstituted imidazoles via a domino multi-component
reaction. Green Chemistry 2017, 19 (24), 5841-5845.

201. Sanaeishoar, H.; Tavakkoli, H.; Asareh, M.; Mohave, F., One-pot synthesis of
tri- and tetrasubstituted imidazoles using nano-LaMnOs perovskite-type oxide as
reusable heterogeneous catalyst in solvent-free condition. Iranian Journal of Catalysis
2016, 6 (Issue 3- Special issue: Nanocatalysis), 213-219.

202. Safari, J.; Khalili, S. D.; Banitaba, S. H., Three-component, one-pot synthesis of
2, 4, 5-trisubstituted imidazoles catalyzed by TiCl4-SiO2 under conventional heating
conditions or microwave irradiation. Synthetic Communications 2011, 41 (16), 2359-
2373.

203. Dandia, A.; Parewa, V.; Sharma, A.; Rathore, K. S.; Sharma, A., Co-doped ZnS
nanoparticles as a recyclable catalyst for aqueous mediated synthesis of 2, 4, 5-triaryl-
1H-imidazoles under ultrasonic irradiation. European Chemical Bulletin 2013, 2 (12),
971-974.

204. Heravi, M. R. P.; Vessally, E.; Behbehani, G. R. R., An efficient green MCR
protocol for the synthesis of 2,4,5-trisubstituted imidazoles by Selectfluor™ under

ultrasound irradiation. Comptes Rendus Chimie 2014, 17 (2), 146-150.

114



205. Huang, J.-M.; Zhang, J.-F.; Dong, Y.; Gong, W., An effective method to prepare
imines from aldehyde, bromide/epoxide, and aqueous ammonia. The Journal of

Organic Chemistry 2011, 76 (9), 3511-3514.

206. Patil, R. D.; Adimurthy, S., Catalytic methods for imine synthesis. Asian Journal

of Organic Chemistry 2013, 2 (9), 726-744.

207. Zeng, X.; Miao, C.; Wang, S.; Xia, C.; Sun, W., Facile and highly chemoselective
synthesis of benzil derivatives via oxidation of stilbenes in an I>—H20 system. RSC

Advances 2013, 3 (25), 9666-9669.

208. Jayram, J.; Jeena, V., An iodine/DMSO-catalyzed sequential one-pot approach
to 2,4,5-trisubstituted-1 H-imidazoles from a-methylene ketones. RSC Advances

2018, 8 (66), 37557-37563.

209. Yaghmaeiyan, N.; Bamoniri, A.; Mirzaei, M., An Experimental Dynamic NMR
Study of 2-(Aryl)-4, 5-Diphenyl-1H-Imidazoles in Solution: The Evaluation of NH
Behavior in Terms of Proton Transfer and Tautomerism and its Application on
Detecting of Special Protons and Carbons of Trisubstituted Imidazoles. Available at
SSRN 4277439 2022.

210. Heravi, M. R. P.; Vessally, E.; Behbehani, G. R. R., An efficient green MCR
protocol for the synthesis of 2, 4, 5-trisubstituted imidazoles by Selectfluor™ under

ultrasound irradiation. Comptes Rendus Chimie 2014, 17 (2), 146-150.

211. Kidwai, M.; Mothsra, P., A one-pot synthesis of 1, 2, 4, 5-tetraarylimidazoles using
molecular iodine as an efficient catalyst. Tetrahedron Letters 2006, 47 (29), 5029-

5031.

212. Kidwai, M.; Mothsra, P.; Bansal, V.; Somvanshi, R. K.; Ethayathulla, A. S.;

Dey, S.; Singh, T. P., One-pot synthesis of highly substituted imidazoles using

115



molecular iodine: A versatile catalyst. Journal of Molecular Catalysis A: Chemical
2007, 265 (1-2), 177-182.

213. Hariharasubramanian, A.; Ravichandran, Y. D., Synthesis and studies of
electrochemical properties of lophine derivatives. RSC Advances 2014, 4 (97), 54740-
54746.

214. Niralwad, K. S.; Shingate, B. B.; Shingare, M. S., Ammonium metavanadate as
an efficient catalyst for the synthesis of 2,4,5-triaryl-1H-imidazoles. Journal of
Heterocyclic Chemistry 2011, 48 (3), 742-745.

215. Teimouri, A.; Chermahini, A. N., An efficient and one-pot synthesis of 2, 4, 5-
trisubstituted and 1, 2, 4, 5-tetrasubstituted imidazoles catalyzed via solid acid nano-
catalyst. Journal of Molecular Catalysis A: Chemical 2011, 346 (1-2), 39-45.

216. Jeena, V.; Mazibuko, M., Selenium Dioxide Mediated Benzylic sp® CH Oxidation
in Acetic Acid: Synthesis of Lophine Derivatives from a-Methylene Ketones via a
Domino Multicomponent Reaction. Heterocycles 2017, 94 (10), 1909-1922.

217. Sakhdari, M.; Amoozadeh, A.; Kolvari, E., Magnetic nanoparticle-supported
sulfonic acid as a green catalyst for the one-pot synthesis of 2, 4, 5-trisubstituted
imidazoles and 1, 2, 4, 5-tetrasubstituted imidazoles under solvent-free conditions.

Heterocyclic Communications 2021, 27 (1), 71-78.

218. Hojati, S. F.; Nezhadhoseiny, S. A.; Beykzadeh, Z., Trichloroisocyanuric acid-
catalyzed one-pot synthesis of 2,4,5-trisubstituted imidazoles. Monatshefte fir
Chemie - Chemical Monthly 2013, 144 (3), 387-390.

219. Goudarziafshar, H.; Moosavi-Zare, A. R.; Jalilian, Z., Synthesis of 2, 4, 5-Tri
substituted Imidazoles Using Nano-[Zn-2BSMP] Clz as a Schiff Base Complex and

Catalyst. Organic Chemistry Research 2020, 6 (1), 69-81.

116



220. Bahrami, K.; Khodaei, M. M.; Nejati, A., One-pot synthesis of 1, 2, 4, 5-
tetrasubstituted and 2, 4, 5-trisubstituted imidazoles by zinc oxide as efficient and

reusable catalyst. Monatshefte fir Chemie-Chemical Monthly 2011, 142 (2), 159-162.

221. Naidoo, S.; Jeena, V., Molecular iodine/DMSO mediated oxidation of internal
alkynes and primary alcohols using a one-pot, two step approach towards 2, 4, 5-
trisubstituted imidazoles: Substrate scope and mechanistic studies. Tetrahedron

2020, 76 (12), 131028.

222. Puratchikody, A.; Doble, M., QSAR Studies on Antiepileptic and Locomotor in
vivo Activities of 4,5-diphenyl-1H-Imidazoles. Chemical biology & drug design 2009,

74 (2), 173-182.

117



APPENDIX

118



186 HETEROCYCLES, Vol. 106, No. 1, 2023

HETEROCYCLES, Vol. 106, No. 1, 2023, pp. 186 - 200. © 2023 The Japan Institute of Heterocyclic Chemistry
Received, 8th November, 2022, Accepted, 30th November, 2022, Published online, 8th December, 2022
DOI: 10.3987/COM-22-14781

ACID, METAL AND PEROXIDE-FREE SYNTHESIS OF 245-
TRISUBSTITUTED IMIDAZOLES COMMENCING FROM INTERNAL
ALKENES USING AN IODINE/DMSO SYSTEM

Nonhlelo Majola and Vineet Jeena*

School of Chemistry and Physics, University of KwaZulu-Natal, Scottsville,

Pietermaritzburg, 3209, South Africa; Email: Jeenavl@ukzn.ac.za

Abstract — An efficient acid, metal and peroxide-free synthesis of 2,4,5-
trisubstituted imidazoles commencing from internal alkenes and aldehydes using
an inexpensive and eco-friendly iodine/DMSO system has been reported. This
simple methodology affords a plethora of 2,4,5-trisubstituted imidazoles in
moderate to good yields under mild reaction conditions. Based on preliminary

control studies, a reasonable mechanism to the target imidazole is proposed.

Oxidations play a vital role in academia and industry as it assists in the creation of new, complex molecules
or the modification of existing ones.! Given the importance of this transformation, the demand for novel,
environmentally benign, and cost-effective oxidation methods have steadily increased.? Within this context,
the oxidation of alkenes, in particular, continues to be of importance as it is used to prepare epoxides,?
carbonyls,* and 1,2-diols.®> Additionally, the conversion of internal alkenes to a-diketones is of interest to
organic chemists as it allows for the generation of synthetically useful compounds such as quinoxalines and
spirocycles.® Hence, a multitude of synthetic routes have been devised for the conversion of internal alkenes
to a-diketones and selected examples include the use of potassium permanganate in acetic anhydride’ and
ruthenium-catalyzed hydrogen abstraction.®

2,4,5-Trisubstituted imidazoles are important heterocyclic compounds as they display interesting
biological®!® and synthetic applications.!* The traditional route towards these fascinating molecules
involves the multicomponent reaction of a a-diketone, aldehyde and ammonium acetate in the presence of
a metal or acid catalyst (Scheme 1a) such as acetic acid,*? ytterbium triflate,'® and (NH4)sM07024¢4H,0,%
to name but a few. Surprisingly, there are limited synthetic routes towards 2,4,5-trisubstituted imidazoles
commencing from alkenes and one of the earliest reports involves the use of a rhodium oxide catalyst and
ammonia in a methanol-water mixture in the presence of carbon monoxide (Scheme 1b).t° The challenges

associated with this approach include the use of an expensive rhodium catalyst, employment of toxic carbon
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monoxide, formation of side-products, substrate scope limitations as well as poor yields. Approximately
four decades later, a singular example of a 2,4,5-trisubstituted imidazole synthesis using a
ketoiodination/cyclization methodology from internal alkenes was reported (Scheme 1c).%® The limitations
of this method include the use of a laborious work-up procedure and the use of heat and shock-sensitive 2-
iodoxybenzoic acid (IBX). More recently, Yang and co-workers reported the synthesis of a-diketones using
an internal alkene via a bifunctional iron nanocomposite catalyst, tert-butyl hydroperoxide (TBHP) and
tetrabutylammonium iodide (TBAI) in an acetonitrile-water medium (Scheme 1d).}” The authors
highlighted the utility of the synthesized a-diketone by extending their study to the preparation of 2,4,5-
triphenyl-1H-imidazole. Despite the novelty of this approach, the use of a transition-metal complex which
is not commercially available and has to be prepared by a tedious approach as well as the use of potentially

dangerous hydroperoxides detracts from this methodology.
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Scheme 1. Different synthetic routes towards 2,4,5-trisubstituted imidazoles

Recently, the iodine/DMSO system has emerged as a powerful tool in chemistry as it exhibits diverse
applications in organic synthesis® and previously, we have reported the efficient synthesis of 2,4,5-
trisubstituted imidazoles from o-methylene ketones,'® and internal alkynes?°2! using this system. Given the
challenges highlighted above for imidazole synthesis commencing from alkenes, herein we report a simple
route towards the construction of these fascinating molecules using an acid, metal and peroxide-free

approach (Scheme 1e).

Our study commenced by examining a one-pot reaction between trans-stilbene 1a, benzaldehyde 2a, and
ammonium acetate in DMSO for 1 hour in the presence of 1 equivalent molecular iodine. Unfortunately,
the desired product 3a was not detected and only starting material was recovered (Table 1, entry 1). Next,
we repeated the experiment except the reaction time was increased to 24 hours, however, the desired
product was still not detected (Table 1, entry 2). Based on these observations, we turned our attention
towards a one-pot, two-step process where trans-stilbene 1a was reacted with molecular iodine in DMSO
for 24 hours at 155 °C, thereafter, benzaldehyde 2a and ammonium acetate were added, and the mixture
was further refluxed for 1 hour. Under these conditions, the desired product was obtained in a moderate but

encouraging isolated yield of 37% (Table 1, entry 3). The syntheses of 2,4,5-trisubstituted imidazoles are
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Table 1. Optimization of reaction conditions for the formation of 2,4,5-triphenylimidazole from trans-

stilbene? o
i Ph/”\H Ph N
N _Ph Conditions | Ph 2a | \>7Ph
o X" ~|Ph | NH,0AC oy, N
0 Solvent }.,
la 3a
Entry Conditions Solvent Yield (%)°
1°¢ 1,/DMSO — N.R
2d 1,/DMSO - N.R
3 1,/DMSO — 37
4 1,/DMSO DMF 42
5 I,/DMSO hexane Trace
6 1,/DMSO PhMe 22
7 1,/DMSO EtOH 48
8¢ 1,/DMSO n-BuOH 62
of 1,/DMSO n-BuOH 65
10 1,/IDMSO n-BuOH 85
119 1,/DMSO n-BuOH 58
120 1,/DMSO n-BuOH 38
13’ 1,/DMSO n-BuOH N.R
14 1,/DMSO n-BuOH 18
15K 1,/DMSO n-BuOH N.R
16 I,/PhMe n-BuOH N.R
7m I,/H.0 n-BuOH N. R
18" lI,/MeCN n-BuOH Trace
19° DMSO n-BuOH N. R
20 1,0s/DMSO n-BuOH N.R
21 3-iodobenzoic acid/ n-BuOH Trace
DMSO
22°P 1,/DMSO n-BuOH N.R
234 1,/DMSO n-BuOH N.R

& Reaction conditions: Step 1: 1a (0.5 mmol), I2 (1 equiv.) / DMSO (0.5 mL), 20 h, 155 °C. Step 2: 2a (0.5
mmol), NHsOAc (10 equiv.), Solvent (2 mL), reflux, 1 h. ° Isolated yield. ¢ One pot, one step for 1 h. ¢ One
pot, one step for 24 h. ¢ I, (1 equiv.) / DMSO (0.5 mL). " I, (1 equiv.)/DMSO (1 mL). ¢ I, (1.5 equiv.) /
DMSO (0.5 mL). "I, (1.5 equiv.) /DMSO (1.5 mL). ' 1> (2 equiv.)/DMSO (2 mL). Step 1 for 24 h, 115 °C.
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kStep 1 at 80 °C. ' Step 1 reflux. ™ Step 1 reflux. " Step1 reflux. ® Absence of Molecular lodine. P NHsOAc
(5 equiv.). ¢ NH4OACc (3 equiv.) N. R: No reaction.

known to be solvent-specific,?>?® and a range of organic solvents were examined (DMF, hexane and
toluene), however, in all cases, trace to moderate yields were observed (Table 1, entries 4 — 6). Ethanol is
known to favour the three-component imidazole reaction,?*?® however, in this case, (Table 1, entry 7) the
target imidazole was formed in a moderate yield of 48%. Recently, n-butanol has been reported as the best
solvent for a multicomponent coupling reaction between an a-diketone, aldehyde and ammonia which
produced 2,4,5-trisubstituted imidazoles in excellent yields.?® Inspired by this result, the use of n-butanol
as a solvent, in the current synthesis, produced the desired imidazole in an improved yield of 62% (Table
1, entry 8).

To find the optimal catalyst loading for this reaction, the iodine quantity and DMSO volumes were varied.
When the volume of DMSO was increased to 1 mL, it afforded the 2,4,5-trisubstituted imidazole in an
isolated yield of 65% (Table 1, entry 9). Increasing the molecular iodine quantity to 1.25 equivalents and
decreasing the DMSO volume to 0.5 mL resulted in the formation of the desired product 3a in a good,
isolated yield of 85% (Table 1, entry 10). Using 1.5 equivalents of molecular iodine in 0.5 mL DMSO
decreased the amount of the desired product to 58% (Table 1, entry 11) while increasing the volume of
DMSO to 1.5 mL decreased the desired product even further to 38% (Table 1, entry 12). Increasing both
the iodine quantity to 2 equivalents and DMSO volume to 2 mL resulted in no product formation and the
recovery of the starting materials (Table 1, entry 13). It was clear that the amount of iodine and DMSO
affects the reaction and may be due to DMSO playing multiple roles in the system.

We then attempted to decrease the temperature to 115 °C for the first step but this change resulted in a
diminished isolated yield of 18% (Table 1, entry 14). Further decrease in temperature to 80 °C resulted in
no product formation and only the starting material was recovered (Table 1, entry 15). To determine if
DMSO is the ideal coupling partner for iodine, we examined toluene (PhMe), acetonitrile (MeCN), and
water as potential iodine coupling partners. No product was obtained in toluene and water (Table 1, entries
16 and 17), whereas only trace amounts were obtained in acetonitrile (Table 1, entry 18) signifying the
critical role of DMSO.

When molecular iodine was omitted, no reaction occurred (Table 1, entry 19) implying that iodine is
essential for this reaction. Other non-metal, iodine-containing catalysts were also examined to determine if
indeed molecular iodine is the best iodine source. When iodopentoxide (120s) was used, no product was
obtained (Table 1, entry 20) while the use of 3-iodobenzoic acid afforded the desired product in trace

amounts (Table 1, entry 21) suggesting that molecular iodine is the best iodine source for this system. In
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previous imidazole syntheses, fluctuating amounts of ammonium acetate have been used?”?® and we varied
its amount by using 5 and 3 equivalents, however, under these conditions, no product was obtained (Table
1, entries 22 and 23). Therefore, the conditions described in Table 1, entry 10, were found to be the optimal

as it allowed for maximum formation of the desired product.

With the optimized conditions in hand, the substrate scope for substituted internal alkenes against various
aromatic aldehydes was explored and the results are depicted in Scheme 2. The varying of benzaldehyde
derivatives substituted at the para-position afforded 2,4,5-trisubstituted imidazoles in good yields of 83 and
87% (Scheme 2, entries 3b and 3c). Varying the benzaldehyde derivatives that are meta-substituted with
electron-withdrawing groups afforded the imidazoles in good yields of 73% — 75% (Scheme 2, entries 3d
— 3f). Moderate yields of 61% — 66% were obtained when ortho-substituted benzaldehyde derivatives
bearing electron-donating groups were used (Scheme 2, entries 3g and 3h). Encouraged by these results, a
bulky aldehyde, 2-naphthaldehyde, was employed which afforded the 2-(naphthalen-2-yl)-4,5-diphenyl-
1H-imidazole in a good yield of 79% (Scheme 2, entry 3i). To diversify our scope, a five-membered ring
aldehyde bearing a heteroatom (2-thiophenecarboxaldehyde) was employed which afforded the
corresponding imidazole in 43% isolated yield (Scheme 2, entry 3j). The use of an aliphatic aldehyde such
as hexanal was not successful and only starting material was recovered (Scheme 2, entry 3k) while
cyclohexane-2-carboxaldehyde afforded the desired product in trace amounts (Table 2, entry 3l). This is in
accordance with the literature, as aliphatic aldehydes are often problematic in imidazole synthesis and
normally result in poor yields of corresponding imidazoles.?® The use of diverse alkenes, but-2-ene, and
trans-pB-methylstyrene were found to be incompatible with this system as they resulted in no product
formation and the recovery of the starting materials. (Scheme 2, entries 3m and 3n respectively). To expand
this scope, the use of 4-bromostilbene as a starting material and benzaldehyde afforded the corresponding
imidazole as a mixture of tautomers in a good yield of 74% (Scheme 2, entry 30) while the use of a para-
substituted bromobenzaldehyde afforded the corresponding imidazole in a good yield of 78%, also as a

mixture of tautomers (Table 2, entry 3p).
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Scheme 2. Reaction conditions: Step 1: 1 (0.5 mmol), I2 (1.25 equiv.) in DMSO (0.5 mL) at 155 °C for 20
h. Step 2: 2 (0.5 mmol), NHsOAc (5 mmol) in n-BuOH (1 mL) reflux for 1 h. 2 Isolated yield. ® Step 2 for
24 h. ¢ Step 2 for 48 h. 9 Step 1 for 24 h. ¢ Mixture of tautomers.
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To gain insight into the reaction mechanism, various control experiments were carried out and firstly, trans-
stilbene 1a was reacted with I,/DMSO at 155 °C for 20 hours to afford benzil 4a an isolated yield of 96%
(Scheme 3, reaction i). This result indicates that the a-diketone is indeed a key intermediate in the
trisubstituted imidazole synthesis. To provide more information on the a-diketone formation, a radical
scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPQO) was added to the reaction mixture under
the same conditions and benzil was still formed in an isolated yield of 90% (Scheme 3, reaction ii). This

suggests that the a-diketone formation does not proceed via a radical pathway.

1,/DMSO Ph

X Ph Ph
ph X 155 °C, 20 h

la (i) 4a (96%)
(ii) TEMPO: 4a (90%)

Scheme 3. Control experiments into the formation of the a-diketone

Next, we focused our attention on determining the oxygen source in the formation of the key a-diketone.
Hypothetically, there are three possible sources of oxygen for the preparation of benzil from trans-stilbene,
namely, molecular oxygen from the air, trace water in DMSO, and DMSO itself. To determine the oxygen
source for this transformation, the benzil synthesis was first conducted under inert conditions and 4a was
obtained at an isolated yield of 95% (Scheme 4, reaction i), suggesting that oxygen from the air is not part
of this system. Next, this oxidation reaction was then conducted under inert conditions using anhydrous
DMSO, and 4a was still obtained at an isolated yield of 98% (Scheme 4, reaction ii). This indicates trace
water from the DMSO is not the source of oxygen and that DMSO is the source of oxygen in the formation

of a-diketone.

Iy Ph
X Ph Ph
ph X 155 °C, 20 h

la 4a
(i) DMSO, N2 (95%)
(i) anhydrous DMSO, N2 (98%)

Scheme 4. Control experiments into the source of the oxygen atoms in the formation of benzil
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Thereafter, the coupling step was examined whereby benzil 4a, benzaldehyde 2a, and ammonium acetate
were refluxed in n-butanol to form the 2,4,5-triphenylimidazole. In the presence of molecular iodine, the
imidazole was formed in an isolated yield of 87% (Scheme 5, reaction i). This suggests that iodine is part
of coupling process and assists in imidazole formation. Interestingly, in the absence of molecular iodine,
the imidazole was still obtained in an isolated yield of 56% (Scheme 2, reaction ii). We speculate this
observation is due to the reaction being catalyzed by the solvent (n-butanol) via hydrogen bonding as
trisubstituted imidazole synthesis is known to proceed in the absence of catalyst in polar, protic solvents.*®
Finally, the addition of TEMPO had little impact on the reaction as the target imidazole was still formed in

a yield of 85% suggesting that the coupling step does not proceed by a radical pathway.

(|)| (|)| NH,0A o N\
Ph e >—Ph

Ph/\/ + Ph/\H n-BuOH, reflux |

! Ph N

H

4a 2a 3a
() 12 (87%)
(i1) No 12 (56%)
(iii) 12, TEMPO (85%)

Scheme 5. Analysis of the coupling step for the formation of 2,4,5-triphenylimidazole

Based on the results from the control experiments as well as literature reports,®-*® a plausible mechanism
is outlined in Scheme 6. The reaction commences with the activation of the double bond of the alkene by
iodine to form iodonium intermediate A. Next, a molecule of DMSO attacks A to form intermediate B,
whilst releasing dimethyl sulfide to generate an iodoketone. The generated iodoketone is then trapped by a
molecule of DMSO to form intermediate C, which proceeds to form a a-diketone, while simultaneously
releasing another molecule of dimethyl sulfide. Concurrently, a-diketone D and an aldehyde 2 are activated
by either iodine or hydrogen bonding from n-butanol and upon reaction with ammonia forms imine

intermediate E and F which undergo cyclocondensation to afford the desired 2,4,5-trisubstituted imidazole.
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Scheme 6. Proposed route to 2,4,5-trisubstituted imidazoles commencing from internal alkenes

In conclusion, an innovative method using I2/DMSO system to prepare 2,4,5-trisubstituted imidazoles
commencing from internal alkenes and aldehydes has been developed. This methodology was applied to a
variety of substrates and the target imidazole derivatives were prepared in moderate to good yields.
Preliminary mechanistic investigations suggested that an a-diketone is indeed a key intermediate and that

the reaction is catalyzed by molecular iodine and n-butanol.

EXPERIMENTAL
All reagents were purchased and used without further purification. All *H and *C Nuclear Magnetic
Resonance (NMR) spectra were recorded on Bruker Avance |11 Spectrometer operating at either 400 or 500

MHz. Chemical shifts (6) were reported in ppm using deuterated dimethyl sulfoxide (DMSO-ds) residual
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peak (8 2.50) for tH-NMR. Chemical shifts of 2*C-NMR were reported relative to DMSO-ds (5 39.51). The
following abbreviations were used to describe peak splitting patterns where appropriate: br = broad, s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet. Coupling constants, J, were reported in Hertz
units (Hz). Low-Resolution electron-spray ionization (ESI) mass spectra were recorded on a time-of-flight
(TOF) micromass spectrometer. Infrared (IR) spectra were recorded on Agilent Carey 630 Spectrometer.
Melting points were determined using the Kofler-hot stage melting point apparatus and are uncorrected.

Typical Procedure for the preparation of 2,4,5-trisubstituted imidazoles (3): Alkene (0.5 mmol) and
iodine (0.625 mmol) were mixed in a 10 mL test tube with 0.5 mL DMSO and heated at 155 °C for 20 h.
Thereafter, aldehyde (0.5 mmol), ammonium acetate (5 mmol), and n-butanol (1 mL) were added, and the
mixture was refluxed for 1 h. After cooling, 10 mL of sodium thiosulfate/ice-cold water was added to the
mixture where the crude product was precipitated, filtered, and dried in an oven. The crude precipitate was

recrystallized from acetone: water (9:1) solution to yield the desired product.

2,4,5-Triphenyl-1H-imidazole (3a, C2:H16N2, 85%):% as a white solid; mp 269-271 °C; *H NMR (400
MHz, DMSO-ds) & 12,69 (s, 1H), 8.11-8.09 (d, J = 7.45 Hz, 2H), 7.55 — 7.51 (m, 4H), 7.47 — 7.40 (m, 3H),
7.38 — 7.26 (m, 6H); 3C NMR (100 MHz, DMSO-ds) 5 146.0, 137.6, 135.7, 131.6, 129.2, 129.1, 128.9,
128.7, 128.65, 128.2, 127.6, 127.0, 126.7; ¥ (neat, cm™): 3734, 3021, 1592, 1488, 1461, 1127; ESI-MS
(M/z): 295.1240 (100) [M-H"], 296.1268 (25) [M*].

2-(4-Chlorophenyl)-4,5-diphenyl-1H-imidazole (3b, C21H1sN2Cl, 83%):37%8 Creamy white solid; mp
261-263 °C; 'H NMR (400 MHz, DMSO-ds) & 12.77 ppm (s, 1H), 8.12-8.10 ppm (d, J = 8.41 Hz, 2H),
7.57 —7.54 (d, J = 8.67 Hz, 2H), 7.53 — 7.51 (m, 2H), 7.48 — 7.43 (m, 2H), 7.41 — 7.38 (m, 2H), 7.26 — 7.22
(m, 1H); 3C NMR (100 MHz, DMSO-dg) ¢ 144.9, 137.8, 135.5, 133.2, 129.7, 129.2, 129.1, 129, 128.9,
128.7, 128.3, 127.6, 127; ¥ (neat, cm™)) = 2638.7, 1482, 1126, 766; ESI-MS (m/z) = 329.0857 (100) [M-
H]*, 331.0836 [M+H]".

2-(4-Bromophenyl)-4,5-diphenyl-1H-imidazole (3c, C2:H1sBrN2, 87%):3%40 mp 256-258 °C H NMR
(400 MHz, DMSO-dg) 6 12.78 (s, 1H), 8.06 — 8.03 (d, J = 8.57 Hz, 2H), 7.70 — 7.68 (d, J = 8.52 Hz, 2H),
7.53 (M, 4H), 7.48 — 7.22 (m, 6H); 3C NMR (100 MHz, DMSO-ds) 6 145, 137.9, 135.5, 132.1, 131.06,
130, 129.5, 129.1, 128.9, 127.6, 121.9; ¥ (neat, cm™) : 3430, 2648, 2109, 1596, 1478, 1124, 764; ESI-MS
(m/z): 375.03 (100) [M+H]*, 376.04 (25) [M+2H]".

2-(3-Nitrophenyl)-4,5-diphenyl-1H-imidazole (3d, C21H1502Ns, 73%):3728 yellow solid; mp 315-
317 °C; H NMR (400 MHz, DMSO-ds) 6 13.08 (s, 1H), 8.96 (s, 1H), 8.53 — 8.51 (d, J =8.01 Hz, 1H), 8.22
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~8.19(d, J = 8.23 Hz, 1H), 7.80 — 7.75 (t, J = 8.00 Hz, 1H), 7.57 — 7.52 (m, 4H), 7.46 — 7.33 (m, 6H); 13C
NMR (100 MHz, DMSO-ds) 6 148.8, 143.9, 138.2, 135.2, 132.3, 131.6, 131.1, 130.8, 130, 129.2, 128.9,
128.7, 127.6, 127.3, 123, 119.9; ¥ (neat, cm?) : 2853, 1584, 1524, 1471, 1346, 1418, 1252, 1073; ESI-MS
(M/2): 343.1117 (15) [M+2H]*, 342.1087 [M+H]".

2-(3-Bromophenyl)-4,5-diphenyl-1H-imidazole (3e, C21H1sBrN2z, 75%):%* Yellow solid; mp 300-
301 °C; 'H NMR (400 MHz, DMSO-ds) 5 12.82 (s, 1H), 8.32 (m, 1H), 8.10 — 8.09 (d, J = 8.11 Hz, 1H),
7.56 — 7.22 (m, 12H); 13C NMR (100 MHz, DMSO-dg) 6 144.35, 137.92, 135.4, 133, 131.3, 131.2, 129.3,
129.1, 128.9, 128.7,128.4, 128, 127.6, 127.1, 124.5, 122.6; ¥ (neat, cm™) : 3025, 1687, 1578, 1458, 1070,
846, 695; ESI-MS (m/z): 375.0492 (100) [M+H]*, 377.0478 (100), 376.0537 (30) [M+2H]".

2-(3-Chlorophenyl)-4,5-diphenyl-1H-imidazole (3f, C21H1sCIN2, 73%):4> white solid; mp 297-299 °C;
'H NMR (400 MHz, DMSO-ds) 6 12.85 (s, 1H), 8.16 (s, 1H), 8.08 — 8.05 (d, J = 7.89 Hz, 1H), 7.56 — 7.29
(m, 12H); *3C NMR (100 MHz, DMSO-ds) 6 144.5, 134.1, 132.8, 131.1, 128.9, 128.4, 128.2, 127.8, 125.1,
124.2; ¥ (neat, cm™): 3377, 1580, 1455, 1129, 767; ESI-MS (m/z): 329.1046 (100) [M-H]*, 331.1026
[M+H]*, 332.1050 [M+2H]".

2-(2-Methoxyphenyl)-4,5-diphenyl-1H-imidazole (3g, C22H18ON2, 66%0):44* White solid; mp 207-
209 °C; *H NMR (400 MHz, DMSO-ds) 6 11.88 (s, 1H), 8.08-8.05 (d, J = 7.66 Hz, 1H), 7.55- 7.53 (d, J =
7.45 Hz, 2H), 7.49 — 7.47 (m, 2H), 7.45— 7.42 (t, J = 7.55 Hz, 2H), 7.39 — 7.37 (m, 2H), 7.32 — 7.28 (t, J =
7.51 Hz, 2H), 7.23 - 7.20 (m, 1H), 7.18 — 7.16 (d, J = 8.12 Hz, 1H), 7.10 — 7.06 (t, J = 7.51 Hz, 1H), 3.93
(s, 1H); *C NMR (100 MHz, DMSO-ds) 6 156.5, 143.6, 136.9, 135.8, 131.7, 130.2, 129.3, 129.08, 129.02,
128.6, 127.9, 127.6, 126.9, 121, 119.4, 112.1, 56.04; ¥ (neat, cm™) : 3064, 2839, 1590, 1527, 1472, 1391;
ESI-MS (m/z): 327.1439 (100) [M+H]", 349.1248 (30).

2-(2-Methylphenyl)-4,5-diphenyl-1H-imidazole (3h, C22H1sN2, 61%0):214° White solid; mp 228-230 °C;
IH NMR (400 MHz, DMSO-ds) 6 12.48 (s, 1H), 7.73 (m,1H), 7.55 (m, 4H), 7.34 — 7.30 (m, 9H); 33C NMR
(100 MHz, DMSO-ds) 6 146.6, 136.7, 131.5, 130.5, 129.2, 128.8, 128.7, 127.9, 127.6, 126.9, 126.2, 21.6;
¥ (neat, cmY): 3151, 2961, 2102, 1646, 1398, 1316; ESI-MS (m/z): 311.1480 [M+H]*, 312.1516 (10)
[M+2H]".

2-(2-Naphthyl)-4,5-diphenyl-1H-imidazole (3i, C2sH1sN2, 79%):4¢ White solid; mp 274-276 °C; 'H
NMR (400 MHz, DMSO-ds) ¢ 12.60 (s, 1H), 8.64 (s, 1H), 8.30 — 8.27 (d, J = 8.60 Hz, 1H), 8.03 — 7.94 (m,
3H), 7.60 — 7.51 (m, 6H), 7.41 — 7.30 (m, 6H); *C NMR (100 MHz, DMSO-ds) 6 146, 136, 133.5, 133.2,
128.9, 128.7, 128.6, 128.3, 128.2, 127.7, 127.2, 126.8, 124.2, 124; ¥ (neat, cm™): 2761.3, 1589.3, 1498,
1447, 1409, 1343, 1264, 1072; ESI-MS (m/z): 347.1555 (100), 348.1612 (30).
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4,5-Diphenyl-2-(thienyl)-1H-imidazole (3j, C19, H14N2S, 43%0):26 Brown solid; mp 258-260 °C; *H NMR
(400 MHz, DMSO-ds) & 12.78 (s, 1H), 7.70 — 7.69 (d, J = 3.68 Hz, 1H), 7.56 — 7.40 (m, 8H), 7.31 (m, 2H),
7.25 - 7.16 (m, 2H); C NMR (100 MHz, DMSO-dg) ¢ 142.1, 137.3, 135.3, 134.4, 131.3, 129.6, 129.2,
128.8, 128.6, 128.4, 128.3, 127.6, 127.1, 126.7, 124.2; ¥ (neat, cm™): 3381, 1650, 1002; ESI-MS (m/z):
301.0802 (100) [M-H]*, 302.0837 (25) [M*], 303.0798 [M+2H]".

5-(4-Bromophenyl)-2,4-diphenyl-1H-imidazole (30, C21H1sBrN2, 74%):1° White solid; mp 254-256 °C;
IH NMR (400 MHz, DMSO-ds) § 12.75 (s, 1H), 8.10 — 8.08 (d, J = 7.44 Hz, 2H), 7.57 — 7.37 (m, 12H);
13C NMR (100 MHz, DMSO-dg) 6 146.3, 131.8, 130.7, 129.9, 129.2, 129.1, 128.8, 128.6, 128, 125.7; ¥
(neat, cm™): 3046, 2825, 1562, 1461, 979, 767; ESI-MS (m/z): 375.0597 (100) [M+H]", 376.0633 (24).

2,5-Bis-(4-bromophenyl)-4-phenyl-1H-imidazole (3p, C21H14Br2N2, 78%):1° Creamy white solid; mp
253-256 °C; *H NMR (400 MHz, DMSO-ds) 6 12.83 (s, 1H), 8.05 - 8.03 (d, J = 8.62 Hz, 2H), 7.70 — 7.68
(d, J = 8.67 Hz, 2H), 7.53 — 7.34 (m, 9H); 3C NMR (100 MHz, DMSO-ds) 6 145.3, 132.1, 131.8, 129.9,
129.1, 128.5, 128.1, 127.6, 122; ¥ (neat, cm™): 3063, 2828, 1601, 1477, 1069, 825, 722; ESI-MS (m/z):
452.9750 (100) [M+H]*, 450.9771 (50) [M-H]*, 455.9761 (15).

Benzil (4a, C14H1002, 96%6):4748 Yellow solid, 'H-NMR (400 MHz, DMSO-ds) 6 8.01 — 7.99 (d, J = 8.27
Hz, 4H), 7.7 — 7.66 (t, J = 7.43 Hz, 2H), 7.56 — 7.51 (t, J = 7.78 Hz, 4H); 13C NMR (100 MHz, DMSO-ds)
0194.6, 134.9, 133, 129.9, 129,
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