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1. Introduction

Imidazoles are common scaffolds in highly significant
biomolecules, including biotin, the essential amino acid
histidine, histamine, the pilocarpine alkaloids,1 and other al-
kaloids, which have been shown to exhibit interesting biolog-
ical activities such as antimicrobial, anticryptococcal,
inhibition of nitric oxide synthase, and cytotoxic activities.2

Imidazole derivatives have also been found to possess many
pharmacological properties and are widely implicated in
biochemical processes. Members of this class of diazoles
are known to possess NO synthase inhibition,3 antibiotic,4

antifungal,5 and antiulcerative activities6 and include com-
pounds, which are inhibitors of 5-lipoxygenase7 and sub-
stances with CB1 receptor,8 VEGF receptor I and II,9 and
neuropeptide Y antagonistic activities.10 In addition, these
heterocycles include several inhibitors of p38 MAP ki-
nases,11–14 a subgroup of mitogen-activated protein kinases,
which are thought to be involved in a variety of inflammatory
and immunological disorders, and some derivatives such as
cimetidine (1), etomidate (2), and ketoconazole (3), which
have found application in drug therapy.15,16
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Recent advances in organometallic catalysis, coordination
chemistry, and green chemistry have extended the boundary
of imidazoles to the synthesis and application of imidazole
derivatives as ionic liquids17,18 and stable N-heterocyclic
carbenes.19–21 Consequently, it is not surprising that method-
ologies for the synthesis of imidazoles have attracted much
attention from both academia and industry and an ever
increasing amount of research has been focused on the prep-
aration and functionalization of the imidazole moiety.2,22–39

However, to the best of our knowledge, no review on the syn-
thesis of imidazole derivatives with two aryl groups on adja-
cent positions has been published, even though these diazole
derivatives have been found to be able to exhibit a variety of
interesting biological properties and, in recent years, much
attention has been turned to the synthesis and evaluation of
the bioactivity of several classes of vicinal diaryl-substituted
five-membered heterocycles.40

The purpose of this article is to provide a critical account of
the procedures utilized in the literature up to the end of June
2006 for the synthesis of vicinal diaryl-substituted 1H-imid-
azoles. Furthermore, this article, which covers our recent re-
search in this field, aims to summarize and comment on
several data concerning the biological properties of these
compounds. In fact, many of these heterocycle derivatives
are known as inhibitors of p38 MAP kinases,11–14

JNK3,41,42 B-Raf kinase,43–45 transforming growth factor
b1 (TGF-b1) type 1 activin receptor-like kinase,46–49 and
acyl-CoA:cholesterol O-acyl transferase (ACAT).50–55 Addi-
tionally, some of these diazoles are known as glucagon
receptor antagonists,56,57 anti-inflammatory agents,58–72

modulators of P-glycoprotein-mediated multidrug resis-
tance,73–76 antagonists of the cannabinoid CB1 receptor,7,78,79

anti-psychotic agents with clozapine-like activities,80 modu-
lators of the g-aminobutyric acid (GABA) function,80,81

cytotoxic agents able to mimic the activity of combretastatin
A-4 (CA-4) against the polymerization of tubulin,82–85 and
substances able to abolish the induction of differentiation
markers.86

The topics covered in this review include: (i) a critical sum-
mary of the methods reported in the scientific literature for
the synthesis of 1,2-, 1,5-, and 4,5-diaryl-1H-imidazoles;
1,2,4-, 1,2,5-, and 2,4,5-triaryl-1H-imidazoles and 1,2,4,5-
tetraaryl-1H-imidazoles; and (ii) a survey of the literature
data on the biological properties of these vicinal diaryl-
substituted heterocycles. However, this review does not
cover data reported in the patent literature and those con-
cerning the synthesis and biological properties of vicinal di-
aryl-substituted compounds in which the imidazole ring is
fused with another ring.

2. Synthesis of vicinal diaryl-substituted 1H-imidazoles

2.1. Synthesis of 1,2-diaryl-1H-imidazoles

Several methods have been reported in the literature for the
synthesis of 1,2-diaryl-1H-imidazoles and, as illustrated in
this section, some of those recently developed have wide
application.

Several years ago, 4,5-diamino-1,2-diaryl-1H-imidazoles 7
were synthesized by the reaction of 1,2-diaminoethenes 4
with N-aryl-N0-chlorobenzamidines 587 in boiling CH2Cl2
or CHCl3 in the presence of an equimolar amount of pyri-
dine, followed by oxidation of the resulting trans-4,5-di-
amino-1,2-diaryl-4,5-dihydroimidazoles 6 with chloranil
(Scheme 1).88
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Scheme 1. Synthesis of compounds 7 and 8.

Oxidation of compounds 6 also provided 5-amino-1,2-di-
aryl-1H-imidazoles 8 in variable yields, which, however,
could be obtained in excellent yields by reacting 6 with tri-
ethylammonium chloride in boiling toluene or 1,1,2-trichloro-
ethane.88 On the other hand, 1-aryl-2-phenyl-1H-imidazoles
10a–i were synthesized in 55–75% yield by the reaction of
silyl enolethers 9a–i with the required N-chloro-N0-aryl-
benzamidines 5 in refluxing CHCl3 in the presence of pyri-
dine (Scheme 2).89
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Scheme 2. Synthesis of 1,2-diaryl-1H-imidazoles 10a–i.

In 1994, Kawase reported that treatment of the mesoionic 4-
trifluoroacetyl-1,3-oxazolium-5-olate 11 with formamidine
hydrochloride (12) and K2CO3 in DMF at 70 �C provides
1,2-diphenyl-5-trifluoroacetyl-1H-imidazole (10j) in 54%
yield.90
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Other mesoionic compounds, structurally related to 11, were
shown to be able to give a variety of 5-trifluoroacetyl and 5-
perfluoroacylated imidazoles in moderate yields by treat-
ment with amidines.90
In recent years, a large number of 1,2-diaryl-1H-imidazoles
of general formula 16, which include orally active anti-
inflammatory agents,67,68 derivatives with clozapine-like
mixed activities at dopamine D2, serotonin, and GABAA

receptors,80 potent and selective CB1 cannabinoid receptor
antagonists,7,91 and compounds that potentiate [3H]-GABA
binding to rat brain membranes,81 have been synthesized
by a strategy involving treatment of an amidine derivative
13 with a 2-halomethyl ketone 1492 and NaHCO3 in refluxing
isopropanol, followed by acid-catalyzed dehydration of the
resulting hydroxyimidazoline 15 (Scheme 3).7,67,68,80,81,91
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Scheme 3. Synthesis of 1,2-diaryl-1H-imidazoles 16.

Recently, it has been found that this alkylation–cyclization
reaction can furnish carbinols 15 or mixtures of these deriv-
atives and the target imidazoles 16.81 However, in the case of
compounds 16a and 16b, no trace of the corresponding car-
binols was detected and the reaction proceeded directly to
the required imidazoles.81 A similar result had previously
been obtained for the synthesis of compounds 16 in which
R3 is Ph and R1 is 4-MeOC6H4.67

Khanna and his group used a modification of the alkylation–
cyclization reaction illustrated in Scheme 3 to prepare
3{4-methyl-1-[4-(methylthio)phenyl]-1H-imidazol-2-yl}pyri-
dine (20).68 Specifically, amidine 17 was reacted with 1-
bromo-2-methoxy-2-propene (18) in THF using sodium
bis(trimethylsilyl)amide as a base to give regioselectively
the N-alkylated product 19, which was then reacted with pyr-
idinium p-toluenesulfonate to produce 20 in 78% yield. This
imidazole derivative was converted into the corresponding
4-methylsulfonyl derivative 21 in 29% yield by a two-step
process involving a reaction with m-chloroperbenzoic acid
and a subsequent deoxygenation with Pd/C in absolute
ethanol and cyclohexene.68
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The amidine derivatives used to prepare imidazoles 16 were
usually synthesized utilizing a methodology (Scheme 4)
very similar to that developed by Garigipati.93 In particular,
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anilines 22 were reacted with trimethylalane in toluene and
the resulting aluminum amides were treated with aryl cya-
nides 23 in toluene at 70–75 �C. Subsequent work up, which
involved treatment of the cold reaction mixtures with a slurry
of silica gel in CHCl3 and methanol, filtration and concentra-
tion of the filtrates, furnished compounds 13 in 50–80%
yield.67,80,81

NH2

+
CN

R1

1) Me3Al, PhMe

(50-80%)

2) hydrolysis

NH

NH

13 R1

R2

R2

22 23

Scheme 4. Synthesis of amidines 13.

However, in certain cases, this protocol gave inconsistent re-
sults during the scaleup, since the presence of aluminum salts
occasionally led to emulsion formation during the reaction
workup. Thus, a base-catalyzed amidine formation was in-
vestigated and the best results were obtained when the ami-
dine formation from compounds 22 and 23 was performed
in THF with sodium bi(trimethylsilyl)amide as base.68 This
last protocol was used to prepare amidine 17 in 96% yield.68

In 1997, an alkylation–cyclization sequence involving the
use of amidine 13a and a-bromoaldehyde 24 was employed
to prepare imidazole 10k highly regioselectively in 56%
yield (Scheme 5).94

Ph NH
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Ph
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2413a

K2CO3, CHCl3, H2O
rt

(56%)

+

Scheme 5. Synthesis of trisubstituted 1,2-diphenyl-1H-imidazole 10k.

A similar protocol was employed with satisfactory results
for the synthesis of other 1,2-disubstituted 1H-imidazole-
5-carboxyaldehydes.94

In 2004, the trisubstituted 1,2-diaryl-1H-imidazole 16c was
synthesized in 65% overall yield via a four-step procedure
involving N-acylation of aminoalcohol 25 with benzoic
acid (26), oxidation of the resulting compound 27, formation
of imine 28, and cyclization (Scheme 6).95
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Scheme 6. Synthesis of the trisubstituted 1,2-diphenyl-1H-imidazole 16c.

This methodology was also used for the synthesis of the
1,2,5-triaryl-1H-imidazole derivative 29 in 32% overall
yield.95

Recently, Clapham and co-workers disclosed a four-step
reaction sequence for the synthesis of the tetrasubstituted
1,2-diaryl-1H-imidazoles 36a–c.96

N

N
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The Rh-catalyzed reaction between the diazocarbonyl com-
pound 30 and N-phenylurea (31) was used as a key step of
this sequence. The resulting compound 32 was cyclized
with trifluoroacetic acid to give imidazolone 33, which was
then converted into the 2-bromo-1-phenyl-1H-imidazole de-
rivative 34. Finally, Pd-catalyzed Suzuki-type reactions were
employed to prepare compounds 36a–c from 34 and 35a–c
(Scheme 7).96
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Scheme 7. Synthesis of tetrasubstituted 1,2-diaryl-1H-imidazoles 36a–c.
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A similar protocol was used to prepare 1,2,5-triphenyl-1H-
imidazole (37a).96

N

N
Ph

PhPh

37a

In 2004, 1,2-diaryl-1H-imidazoles 40a–d were concisely
synthesized in 65–71% yield by the reaction of thioamides
38a–d with dimethyl acetylenedicarboxylate (39) in
CH2Cl2 at room temperature (Scheme 8).97
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Scheme 8. Synthesis of tetrasubstituted 1,2-diaryl-1H-imidazoles 40a–d.

The Mahajan group had previously shown that a variety of 1-
aryl-2-phenyl-4-secondary amino or methyl-1H-imidazoles
42a–h can be prepared in good yields by treatment of 1-
aryl-4-secondary amino-4-methylthio or methyl-2-phenyl-
1,3-diazabuta-1,3-dienes 41a–h with the Simmons–Smith
reagent generated from diiodomethane and a zinc–copper
couple in ether (Scheme 9).98

In recent years, several interesting procedures for the synthe-
sis of 1,2-diaryl-1H-imidazoles that involve the elaboration
of imidazole derivatives instead of the construction of the
heteroaromatic ring, have also been reported in the litera-
ture. Thus, 2-(3-methoxy)phenyl-1-(4-methylthio)phenyl-
1H-imidazole (45a) has been prepared in 62% overall yield
by lithiation of 1-aryl-1H-imidazole 43 at position 2 fol-
lowed by quenching with iodine and Pd-catalyzed cross-
coupling of the resulting 2-iodoimidazole 44 with 3-meth-
oxyphenylboronic acid (35d).99 Compound 45a has then
been converted into the corresponding sulfone 45b by treat-
ment with oxone�.99

On the other hand, several 1,2-diaryl-1H-imidazoles of
general formula 47 have conveniently been prepared via
Cu-catalyzed N-arylation of the corresponding 2-aryl-1H-
imidazoles 44 or highly regioselective transition metal-
mediated direct C-2 arylation of the required 1-aryl-1H-
imidazoles 46 with aryl halides 45.
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Scheme 9. Synthesis of 1,2-diaryl-1H-imidazoles 42a–h.
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The first of these approaches was used by Sezen and Sames100

to prepare 1,2-diphenyl-1H-imidazole (47a) in 82% yield
by CuI-catalyzed N-arylation of 2-phenyl-1H-imidazole
(44a) with iodobenzene (45a) in dioxane according to the
general procedure described by Buchwald and co-workers
for N-arylation of nitrogen heterocycles.101 Compound 47a
was also synthesized in 89% yield by coupling of 44a
with phenylboronic acid (35e) in CH2Cl2 at room tempera-
ture in the presence of a catalytic amount of [Cu(OH)$
TMEDA]2Cl2

100 according to a literature procedure.102,103

The second strategy, which involves a regioselective Csp2–
Csp2 bond-forming reaction by direct arylation of a C–H
bond of a 1-aryl-1H-imidazole, is a very attractive, practical,
and convenient alternative to the approaches in which
the imidazolyl–aryl bond is formed by a transition metal-
catalyzed cross-coupling reaction of a 2-imidazolyl organo-
metallic with an aryl halide or of an arylmetal with a
2-haloimidazole. In fact, these approaches, which require the
pre-activation of both partners of these cross-coupling reac-
tions by installation of stoichiometric amounts of activating
agents, are time consuming and economically inefficient and
wasteful, since they involve the subsequent disposal of the
activating groups. This simplest second strategy was first
used by Wang and co-workers82 for the synthesis of 1,2-di-
aryl-1H-imidazole 47b in 31% yield via reaction of 1-aryl-
1H-imidazole 46b with 2 equiv of aryl iodide 45b in DMF
at 140 �C in the presence of 2 equiv of Cs2CO3, 2 equiv of
CuI, and 0.67 equiv of PPh3. Compound 46b was obtained
in 53% yield by the reaction of imidazole (48a) with
0.83 equiv of aryl bromide 45c in DMF at 100 �C in the pres-
ence of 0.21 equiv of CuI and 1.08 equiv of K2CO3.82,104–106

The second strategy was also used by our research group. In
fact, we recently reported that 1,2-diaryl-1H-imidazoles 47a
and 47c–m can be regioselectively synthesized in moderate-
to-high yields by direct coupling of 1-aryl-1H-imidazoles
46a–h with the required aryl halides 45 in DMF at 140 �C
in the presence of 2 equiv of CuI, 2 equiv of CsF, and
5 mol % Pd(OAc)2 under ligandless conditions.83 Interest-
ingly, 1,2-diaryl-1H-imidazole 47l, which is a selective
COX-2 inhibitor,67 was prepared through this procedure in
62% yield.83

Recently, an improvement of this protocol has been used to
prepare 1,2-diaryl-1H-imidazoles 47d and 47e in 66 and
84% yield, respectively. Specifically, these heterocycles
were synthesized by the reaction of 46a and 46f with aryl
iodide 45d in DMF at 140 �C in the presence of 5 mol %
Pd(OAc)2 and 2 equiv of CuI under base-free and ligandless
conditions.84,107 It should also be noted that this reliable new
protocol for the direct and totally regioselective C-2 aryla-
tion of 1-aryl-1H-imidazoles and other azoles, which does
not produce byproducts and thus allows the required imida-
zole derivatives to be obtained in high purity, has the poten-
tial to be of great benefit in the rapid, convenient, and
efficient synthesis of substituted imidazoles. Interestingly,
this protocol was found to be also suitable for the regioselec-
tive arylation of heterocyclic substrates containing base-
sensitive groups, such as the NH group of imidazole,
benzimidazole or indole, without prior protection.84,107,108

More recently, we also established that the regioselective C-2
arylation of imidazole (48a) or 1-aryl-1H-imidazoles 46 with
aryl iodides can conveniently be performed in DMF at 140 �C
in the presence of 2 equiv of CuI under base-free and ligand-
less conditions using 5 mol % Pd/C in place of 5 mol %
Pd(OAc)2 as the catalyst.107,108 This procedure, in which
Pd/C was removed by filtration at the end of the reaction
and did not contaminate the reaction product, furnished com-
pound 44b in 41% yield from 48a and 45d and compound 47f
in 90% yield from 46a and 45d (Scheme 10).107,108

On the other hand, in 2004, 1,2-diaryl-1H-imidazoles 51a
and 51b were synthesized by Revesz and co-workers by
a classical nucleophilic substitution reaction.109 Specifically,
the potassium salts, obtained by treatment of 4(5)-sub-
stituted 2-aryl-1H-imidazoles 49a and 49b with potassium
bis(trimethylsilyl)amide, were reacted with 4-chloro-2-
(methylthio)pyrimidine (50) in a 2:1 mixture of DMF and
toluene at 80 �C to give compounds 51a and 51b in 70–
80% yield (Scheme 11).109

1,2-Diaryl-1H-imidazoles have also been reported to be able
to undergo structural modification by transition metal-
catalyzed C–H bond functionalization. In fact, in 2003, it
was claimed that 1,2-diphenyl-1H-imidazole (47a) can
undergo a highly regioselective C-20 arylation reaction by
treatment with 1.2 equiv of an aryl bromide 45 in DMF at
150 �C in the presence of 1.2 equiv of Cs2CO3 and 5 mol %
Rh(acac)(CO)2 to give compounds 52 in high yield
(Scheme 12).100a

However, in 2006, one of the authors of this study found that
this result could not be reproduced. Thus, the publication
was withdrawn.100b

Nevertheless, it is worth mentioning that examples of transi-
tion metal-catalyzed arylation reactions of o-heteroaryl-
arenes, that involve the activation of an aromatic C–H
N

N
H

I

MeO
+ Pd/C (5 mol %), CuI (2 equiv)

DMF, 140°C, 68h
(41%)

N

N
H OMe

44b48a 45d (2 equiv)

N

N
I

MeO
+

45d (2 equiv)

Ph

46a

N

N
OMe

47f

Ph

Pd/C (5 mol %), CuI (2 equiv)
DMF, 140°C, 144h

(90%)

Scheme 10. Synthesis of compounds 44b and 47f from 48a and 46a, respectively.
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bond and in which the heteroarene moiety is an effective
directing group for the arylation reaction, have been reported
in the literature.100c,d

2.2. Synthesis of 1,5-diaryl-1H-imidazoles

Few synthetic strategies have been employed in the literature
for the synthesis of 1,5-diaryl-1H-imidazoles, but one of the
most versatile is that developed in 1977 by van Leu-
sen.110,111 Later, this strategy was employed to prepare
a large variety of pharmacologically interesting compounds
that include COX-2-selective inhibitors,70,112 substances
with potent antitubulin and cytotoxic activities82 and deriv-
atives, which display inhibitory activity against COX-2-
catalyzed PGE2 production.72 In particular, the van Leusen
group found that the base-induced [3+2] cycloaddition of
p-toluenesulfonylmethyl isocyanide (TosMIC) (53) to
N-(arylidene)anilines 54 in a protic medium occurs with
concomitant elimination of p-toluenesulfinic acid to give
1,5-diaryl-1H-imidazoles 55 in satisfactory yields (Scheme
13).38,110,111,113 TosMIC is a commercially available stable

N N

SMe

Cl

N

N
H

N
EtOOC

R1

49a : R1 = 4-F
49b : R1 = 3-CF3

+

DMF/PhMe (2:1)
80 °C

(70-80%)

KN(SiMe3)2

N

N

N

N

N
EtOOC

MeS

R1

51a : R1 = 4-F
51b : R1 = 3-CF3

50

Scheme 11. Synthesis of 1,2-diaryl-1H-imidazoles 51a and 51b.

Ar-Br+

Cs2CO3, DMF, 150 °C
Rh(acac)(CO)2

45g : Ar = Ph
45e : Ar = 4-MeOC6H4
45f : Ar = 4-CF3C6H4

52a : R = H (81%)
52b : R= 4-MeOC6H4 (84%)
52c : R = 4-CF3C6H4 (81%)

N N Ph

2'2'

N N PhR

47a

Scheme 12. Synthesis of 1-phenyl-2-aryl-1H-imidazoles 52a–c.
solid, which can be prepared from p-toluenesulfonic acid
in a two-step process.114,115

TosCH2-NC Ar2CH=N–Ar1+

N

N
Ar1

Ar2

K2CO3, MeOH, DME, 20 °C
(43-82%)

55

53 54

Scheme 13. Synthesis of 1,5-diaryl-1H-imidazoles 55 from TosMIC (53)
and imines 54.

In 2001, the reaction illustrated in Scheme 13 was used by
Almansa and co-workers as a key step of the preparation
of UR-8880 (62),112 a COX-2-selective inhibitor, which in
a human whole-blood assay was found to be nine times
more potent than celecoxib and four times more potent
than rofecoxib. Compound 63 was synthesized in 44% yield
from arylsulfonyl chloride 56 (Scheme 14).112 In particular,
the reaction of 56 with tert-butylamine (57) gave sulfon-
amide 58, which was transformed into compound 59 by
treatment with aqueous KOH in MeOH.

The [3+2] cycloaddition of 53 to aldimine 54a, obtained
from arylamine 59 and aldehyde 60, followed by elimina-
tion of p-toluenesulfinic acid gave the imidazole deriva-
tive 61, which was then converted into the required
compound 62 by regioselective chlorination with N-chloro-
succinimide.

In 1997, Katritzky and co-workers compared TosMIC (53)
and benzotriazol-1-yl-methyl isocyanide (BetMIC) (63) as
to their synthetic utilities for the synthesis of 1,5-diaryl-
and 1,4,5-triaryl-1H-imidazoles and found that these re-
agents are complementary.116 In fact, 1,4,5-trisubstituted
1,5-diaryl-1H-imidazoles 64a and 64b, which could not be
obtained from 53,110,111 were prepared from 63 in 67 and
23% yield, respectively.116

N
N

N

NC

63

N

N
Ph

R

Ph

64a : R = Me
64b : R = Ph

These authors also observed that the best results for the
reaction of diarylimines 54 with TosMIC were obtained
when an electron-withdrawing group was present on at least
one of the aryl substituents.116

In 1976, 2-methyl-1,5-diphenyl-1H-imidazole (67) and
2,4,5-triaryl-1H-imidazoles 68a and 68b were synthesized
in good yields by treatment of b-morpholinostyrene 65
with N-chloroamidines 66a, 66b, and 66c, respectively, in
boiling CHCl3 in the presence of an equimolar amount of
pyridine.117
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AcNH

SO2Cl

AcNH

SO2NHt-But-BuNH2 (57), DME

reflux
(70%)

KOH / MeOH / H2O

100 °C
(90%) H2N

SO2NHt-Bu 3-F,4-MeOC6H3CHO (60)
PhMe, Δ

SO2NHt-Bu

N

MeO

F
53, DME, MeOH, 95 °C

(87%) (2 steps)

N

NMeO

1) N-chlorosuccinimide, MeCN, Δ 
2) 6N HCl, Δ 

(80%)

N

NMeO

SO2NH2

Cl

56 58

59

54a

SO2NHt-Bu
61 62

F F

Scheme 14. Synthesis of UR-8880 (62).
Compounds 66a–c were obtained almost quantitatively by
the reaction of the corresponding amidines with N-chloro-
succinimide in CH2Cl2 at room temperature.117

A few years later, methyl 1,5-diaryl-1H-imidazole-4-
carboxylates 71a–d were synthesized by the reaction of
methyl (Z)-3-bromo-2-isocyano-3-phenylacrylate (69) with
1.2 equiv of arylamines 70a–d in DMF at 25 �C in the pres-
ence of 1 equiv of Et3N (Scheme 15).118

BrPh

NCMeOOC

69

NH2Ar1+
Et3N, DMF

25 °C

N

N
Ar1

Ph

MeOOC

70a-d

71a : Ar1 = Ph (52%)
71b : Ar1 = 4-MeOC6H4 (62%)
71c : Ar1 = 3,4,5-(MeO)3C6H2 (64%)
71d : Ar1 = 4-ClC6H4 (38%)
71e : Ar1 = 4-MeOC6H4 (0%)

Scheme 15. Synthesis of methyl 1,5-diaryl-1H-imidazole-4-carboxylates
71a–d.

However, the reaction between 69 and amine 70e that con-
tains an electron-withdrawing group did not proceed to
71e. Another drawback of this synthetic method was that
the preparation of compound 69 involved a three-step

PhH

HN
O

65

R1

HN

N

R2

Cl
N

N R2
Ph

R1

67 : R1 = H ; R2 = Me
68a : R1 = H ; R2 = Ph
68b : R1 = NO2 ; R2 = Ph

66a : R1 = H ; R2 = Me
66b : R1 = H ; R2 = Ph
66c : R1 = NO2 ; R2 = Ph
sequence in which methyl isocyanoacetate (72) and benzal-
dehyde (73a) were the starting materials.118

CN COOMe CHOPh
73a72

A multi-step reaction sequence was also devised by Medaer
and Hoornaert for assembling the imidazole ring of
1,2,5-trisubstituted 1,5-diaryl-1H-imidazoles 79a and 79b
(Scheme 16).119

In particular, o-aminophenols 74a,b were reacted with
oxalyl chloride in chlorobenzene to give 3-chloro-2H-1,4-
benzoxazin-2-ones 75a,b. Treatment of these compounds
with aminoketone 76 furnished 3-(2-phenyl-2-oxoethyl-
amino)-2H-1,4-benzoxazin-2-one (77a) and 6-methyl-3-(2-
phenyl-2-oxoethylamino)-2H-1,4-benzoxazin-2-one (77b),
respectively, which underwent ring closure by treatment
with a mixture of acetic anhydride and trifluoroacetic
acid to give 1-phenyl-4-imidazo[2,1-c][1,4]benzoxazin-4-
ones 78a and 78b, respectively. Finally, cleavage of the
lactone ring of these compounds with methanol and pro-
pylamine (80) furnished the required imidazoles 79a and
79b. On the other hand, treatment of 79a with the potas-
sium salt of trimethylsilanol in refluxing THF, followed by
reaction with 3 N HCl, produced imidazole 55a in 40%
yield.119

In 2002, a combinatorial library of substituted 2-thio-1,5-di-
aryl-1H-imidazoles 85 was synthesized by alkylation with
84 of 2,3-dihydroimidazole-2-thiones 83 obtained via reac-
tion of aryl isothiocyanates 81 with b-aminoketones 82
(Scheme 17).120 Most of the yields were included between
45 and 98% and the synthesized compounds were purified
at a purity higher than 85% using a mass-triggered prepara-
tive LC/MS apparatus.120



4579F. Bellina et al. / Tetrahedron 63 (2007) 4571–4624
N CAr1 S

81 82

Ar2 NH2

O

+
THF, 30 °C

NH

N
Ar1

Ar2 S

83

R1X (84)
Et3N, CH2Cl2, rt

N

N
Ar1

SR1Ar2

85 : Ar1 = Ph, 3-MeOC6H4
       Ar1 = Ph, 4-MeOC6H4
       R1 = CH2 (3-indolyl), 2-NO2Bz, CH2NEt2,
               CH2CH2 (1-pyrrolyl), CH2 (2-NO2furyl),
               CH2CH=CH-Me

Scheme 17. Synthesis of substituted 2-thio-1,5-diaryl-1H-imidazoles 85.

Recently, the attention of our research group has been
directed to the development of an effective procedure to pre-
pare 1,5-diaryl-1H-imidazoles 55 by direct arylation of
1-aryl-1H-imidazoles 46 (where R1 and R2 is H) with aryl
halides 45.84 After a preliminary study aimed at screening
the reaction conditions most suitable for a highly regioselec-
tive C-5 arylation of 1-phenyl-1H-imidazole (46a) with 4-
iodoanisole (45d), it was found that a variety of imidazoles
55 could be regioselectively synthesized in moderate yields
by direct coupling of 1-aryl-1H-imidazoles 46 (where R1

and R2 is H) with activated, unactivated, and moderately
deactivated aryl iodides or bromides 45 in DMF at 140 �C
in the presence of 2 equiv of CsF as the base and a catalyst
precursor consisting of a mixture of 5 mol % Pd(OAc)2

and 10 mol % AsPh3 (Scheme 18).84
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O

R1

N

O

NH

O

R1 Ph

O
77a : R1= H  (50%)
77b : R1 = Me  (35%)

75a : R1 = H
75b : R1 = Me

74a : R1 = H
74b : R1 = Me

(COCl)2

PhCl, 120 °C
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78a : R1 = H (70%)
78b : R1 = Me (92%)

1) Me3SiOK
THF, reflux
2) 3 N HCl

N

NPh
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55a

H2N-CH2-COPh (76)

Scheme 16. Synthesis of 1,5-diaryl-1H-imidazoles 55a and 79a,b.
N

N
Ar1

R1

R1

+

46 : R1 = R2 = H

Ar2 X

45 : X = Br, I

Pd(OAc)2 (5 mol%), AsPh3 (10 mol%)
CsF (2 equiv), DMF, 140 °C

55

N

N
Ar1

Ar2

[Ar1 = Ph, 4-MeOC6H4, 3,4,5-(MeO)3C6H2, 4-ClC6H4; 
  Ar2 = Ph, 4-MeOC6H4, 4-CF3C6H4, 4-ClC6H4, 3-F, 4-MeOC6H3, 3,4,5-(MeO)3C6H2]

Scheme 18. Synthesis of 1,5-diaryl-1H-imidazoles 55 from 1-aryl-1H-imid-
azoles 46.

This simple and practical preparation method favorably
competes with those discussed in this section, which are
based on the construction of the imidazole ring. However,
it suffers from a limitation due to the fact that the Pd-cata-
lyzed C-5 arylation of 1-aryl-1H-imidazoles 46 is hampered
by the presence of a sulfur atom in the electrophile or the
imidazole substrate.84

2.3. Synthesis of 4,5-diaryl-1H-imidazoles

The 4,5-diaryl-1H-imidazole derivatives include several
biologically active compounds. Thus, a variety of synthetic
procedures have been devised for the synthesis of this class
of heterocycles from the early 1950s.

In 1953, Brodereck and Theilig121 reported that symmetrical
and unsymmetrical 4,5-diaryl-1H-imidazoles of general
formula 89 and 92, respectively, can be synthesized by the
reaction of a very large molar excess of formamide (88)
with the appropriate benzoins, 86 or 90,122 or 2-amino-1,2-
diarylethanones, 87 or 91 (Scheme 19).123

+ HCONH2
Δ

Ar X

OAr

Ar2 X

OAr1

+ HCONH2
Δ

92

8988

88

86 : X = OH
87 : X = NH2

90 : X = OH
91 : X = NH2

N
H

N

Ar

Ar

N
H

N

Ar2

Ar1

N
H

N

Ar1

Ar2

Scheme 19. Synthesis of symmetrical and unsymmetrical 4,5-diaryl-1H-
imidazoles 89 and 92, respectively.

Specifically, 4,5-diphenyl-1H-imidazole (89a), 4,5-di(2-
furyl)-1H-imidazole (89b), and 4(5)-(4-dimethylamino-
phenyl)-5(4)-phenyl-1H-imidazole (92a) were prepared in
91, 89, and 62% yield by treatment of formamide (88)
with benzoin (86a), furoin (86b), and 4-dimethylamino-
benzoin (90a), respectively.121 Compound 89a could also be
prepared in 90% yield by the reaction of desylamino hydro-
chloride (87a$HCl) with 88 and in 71% yield by treatment of
benzyl monoxime (93) with 88 at 70 �C in the presence of
formic acid and sodium hydrosulfite.121

In 1985, the Brodereck protocol was used to prepare 4,5-di-
aryl-1H-imidazole 89c from 86c in 63% yield.124

In 2000, researchers at Novartis employed a modification
of the Brodereck protocol to synthesize 4,5-diaryl-1H-
imidazole 92b from a-bromoketone 94a in 26% yield
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(Scheme 20).125 This modification involves treatment of an
a-bromoketone with ammonium oxalate and formamide
(88) at 200 �C.

O

Br
N

F

94a

HCONH2+ (COONH4)2, 200 °C

92b (26%)

O

N

N

F

95

+

88

N
H

N
N

F

Scheme 20. Synthesis of compound 92b.

The low yield of this reaction was due to the fact that this
imidazole ring-forming process produced a 1:1 mixture of
the required heterocycle and 4,5-diaryloxazole 95.125

More recently, modest yields have also been obtained in the
preparation of 4,5-diaryl-1H-imidazoles 92c and 92d by
a cyclization reaction of a-bromoketones 94b and 94c,
respectively, with ammonium formate and formic acid.109

O

Br
YN

F

SMe

YN

F

SMe

N
H

N
Ph N

H
NH2

O

96

92c : Y = N
92d : Y = CH

94b : Y = N
94c : Y = CH

A low yield was also obtained in the synthesis of 89a by an-
other modification of the Brodereck reaction involving treat-
ment of benzoin (86a) with N-(aminomethyl)benzamide
(96)126 in acetic acid at 50 �C.127 On the contrary, unsym-
metrical 4,5-diaryl-1H-imidazoles 92e and 92f, respectively,
were obtained in satisfactory yields when 1,2-diketones 97a
and 97b were reacted with hexamethylenetetramine (98),
5 equiv of ammonium acetate (99), and Na2SO4 in acetic
acid at 65 �C (Scheme 21).128 Compounds 97a,b were pre-
pared by oxidation of the corresponding alkynes at room
temperature with 3.8 equiv of a very finely powdered form
of KMnO4 in a solution of water and acetone buffered
with NaHCO3 and MgSO4.128,129

Ar OH

OAr

86a : Ar = Ph
86b : Ar = 2-furyl
86c

Ph NH2

OPh

87a

89a : Ar = Ph
89b : Ar = 2-furyl
89c : Ar = 4-FC6H4 : Ar = 4-FC6H4

OH

O

Me2N
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Ph NOH

OPh

93

N
H

N

Ar

Ar

N
H

N

Me2N
As regards the synthesis of 1,2-diarylethanediones, it should
be mentioned that, besides the oxidation of alkynes, several
other methods have been developed to prepare these com-
pounds, which are useful starting materials for the synthesis
of a variety of 4,5-diaryl-1H-imidazoles. These methods
include: (i) the oxidation of precursors such as benz-
oins,130–132 hydrobenzoins,133 stilbenes,63 methylene
ketones,134–136 and a-benzotriazolyl ketones;137 (ii) the
samarium iodide-mediated reductive coupling of a-keto-
amides138 or N-acylbenzotriazoles;139 (iii) the indium-
mediated reductive coupling of a-ketocyanides;140 (iv) the
ytterbium iodide-mediated reductive coupling of a-keto-
cyanides;141 and (v) the reaction of 1,10-oxalyldiimidazole
with 2 equiv of aryl Grignard reagents.142

Another useful procedure for producing unsymmetrical 4,5-
diaryl-1H-imidazoles of general formula 92 involves the
cyclization reaction of a-(N-acylamino)ketones.143 This
reaction has recently been used as a key step of an elegant
one-pot process in which two a-(N-acylamino)ketones,
compounds 104a and 104b, were generated by the thiazo-
lium-catalyzed addition of heteroarylaldehyde 100a to the
N-acyl derivatives 102a and 102b prepared in situ from the
corresponding a-amidosulfones 101a and 101b, respec-
tively.143,144 Scheme 22 illustrates the synthesis of the un-
symmetrical 4,5-diaryl-1H-imidazoles 92g and 92b from
aldehyde 100 and a-amidosulfones 101a and 101b, respec-
tively, via cyclization of the a-(N-acylamino)ketones 104a
and 104b with ammonium acetate.143

This methodology was also applied to the efficient one-
pot synthesis of 1-alkyl-4,5-diaryl-1H-imidazoles 105a–d,
2-cycloalkyl-4,5-diaryl-1H-imidazole 106a, 2,4-diphenyl-
5-(pyridyn-4-yl)-1H-imidazole (107a), and 1-alkyl-2,4,6-
triaryl-1H-imidazoles 108a–c.143

The synthesis of 4,5-diaryl-1H-imidazole-2-thiones 109a–h
has also caught the attention of the heterocyclic community
over the last few years. In fact, these compounds are direct
precursors to several biologically active 2-alkylthio-4,5-di-
aryl-1H-imidazoles.60,123e,145–149

In 1984, Lantos and co-workers synthesized 4-aryl-5-(4-pyr-
idyl)-1H-imidazole-2-thiones 109a and 109b by the reaction
of pyridoins 86d and 86e, respectively, with thiourea (110)
in refluxing DMF (Scheme 23).145

Later, compounds 109c and 109d were prepared by classical
chemistry60 by condensation of a-hydroxyketone 86a with
110 in n-hexanol or DMF at 160 �C and by the reaction of
a-diketone 97c with a large molar excess of ammonium thio-
cyanate (111) in n-hexanol at 160 �C, respectively.146
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92a : R = i-Pr  (52%)
92f : R = t-Bu  (56%)

+

98 99

Scheme 21. Synthesis of compounds 92e and 92f.
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O
N

N

CHO

100a

SO2

Y

N
H

CHO

101a : Y = H
101b : Y = F

Et3N (5 equiv), THF, 50 °C

N

S OH
I

(5 mol %)
+

N

OH

N

S OH

103

N

S OH
I

N
CHO

Y
102a : Y = H
102b : Y = F

Y
H
N

CHO

104a : Y = H
104b : Y = F

99 (15 equiv)
AcOH, refluxN

H

N
N

Y

92g : Y = H  (76%)
92b : Y = F  (82%)

-TsH

Scheme 22. Synthesis of unsymmetrical 4,5-diaryl-1H-imidazoles 92b and 92g.

N

N

Ar1

Ar2

N
H

NPh

N

106a  (82%)

105a : R1 = Ph(CH2)3 ; Ar1 = 4-FC6H4 ; Ar2 = Ph (58%)
105b : R1 = Ph(CH2)3 ; Ar1 = Ph ; Ar2 = 4-FC6H4  (61%)
105c : R1 = Ph-CH(Me)2 ; Ar1 = 4-pyridyl ; Ar2 = Ph  (83%)
105d : R1 = PhCH(COOH) ; Ar1 = Ar2 = Ph  (48%)

R1

N

N

Ar1

Ar2

R1

Ar3

108a : R1 = Ph(CH2)3 ;  Ar1 = 4-pyridyl; Ar2 = 2-furyl; Ar3 = Ph (76%)
108b : R1 = (MeO)2CH-CH2 ; Ar1 = 4-pyridyl; Ar3 = Ar2 = Ph (80%)
108c : R1 = HOCH2CH2 ; Ar1 = 4-pyridyl;  Ar3 = Ar2 = Ph (75%)

N
H

NPh
Ph

N

107a  (78%)

Ar1

Ar2

N
H

H
N

S

109a-h

4-MeOC6H4
4-MeSC6H4

Ph
4-Me2NC6H4

4-FC6H4
4-ClC6H4 
4-MeC6H4

4-MeOC6H4

Ar1 Ar2
109

 4-pyridyl
 4-pyridyl

 Ph
 4-Me2NC6H4

 Ph
 Ph
 Ph
 Ph

a
b
c
d
e
f
g
h

OH

OAr1

N

86d : Ar1 = 4-MeOC6H4
86e : Ar2 = 4-MeSC6H4

H2N NH2

S

110

DMF
reflux

+

N
H

H
N

S
Ar1

N

109a : Ar1 = 4-MeOC6H4 (68%)
109b : Ar1 = 4-MeSC6H4  (65%)

Scheme 23. Synthesis of compounds 109a,b.
NH4SCN

111

O

OPh

Ph

O 112a : Y = F
112b : Y = Cl
112c : Y = Me
112d : Y = OMe

Y

O

O

Me2N

Me2N

97c

Imidazole-2-thiones 109e–h were alternatively prepared in
80–90% yield by treatment of the corresponding benzoyl
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acyloins 112a–d with an equimolar amount of 111 in reflux-
ing amyl or butyl alcohol.150

A four-step synthetic protocol, in which the cyclization reac-
tion of a-aminoketones with potassium thiocyanate was
a key step, was devised by the Laufer’s research group to pre-
pare a variety of 4(5)-(4-fluorophenyl)-5(4)-(3-substituted
pyridin-4-yl)-1H-imidazole-2-thiones 109.123e Scheme 24
illustrates the nitrosation/reduction/cyclization sequence
used to synthesize compounds 109i–m from 2-halogeno-4-
methylpyridines 113a,b and 4-fluoro-N-methoxy-N-methyl-
benzamide (114a) via formation of ketones 115a,b and their
conversion into a-oximinoketones 116a–c.123e Methylation
of the exocyclic sulfur atom in 109i, 109g, 109l, and 109m
by treatment with a methyl halide in a refluxing mixture of
ethanol and THF furnished the methylsulfanylimidazole de-
rivatives 118a–d.123e Compound 109m was obtained in 70%
yield from 117d (Scheme 24). Some aspects of this reaction
sequence are worth mentioning. Firstly, in the case of the con-
version of a-oximinoketones 116a–c into the corresponding
a-aminoketones 117a–c by Pd-catalyzed hydrogenation in
methanolic HCl, the selective reduction of the oximino group
was accomplished by acid-catalyzed nucleophilic substitu-
tion of the fluorine substituent at the pyridine ring by the sol-
vent alcohol. Secondly, the formation of an alkoxypyridine
derivative occurred only as a side reaction when the hydroge-
nation reaction was performed in 2-propanolic HCl. Thirdly,
the synthesis of 109j from 117b and KSCN in 10% HCl was
accompanied by the formation of its hydrolysis product,
109k.

However, treatment of 117b with KSCN in refluxing DMF
gave, unexpectedly, 4-[5-(4-fluorophenyl)-2-methylsul-
fanyl-3H-imidazol-4-yl]-1H-pyridin-2-one (119) in 45%
yield.123e

In 1999, Liverton and co-workers attempted the preparation
of the tetrasubstituted 4,5-diaryl-1H-imidazoles 121a and
121b by N-methylation of the 2-substituted 4,5-diaryl-1H-
imidazoles 120a and 120b, respectively.151
N

R

113a : R = F
113b : R = Cl

1) LDA, THF, -85 °C

F

N
OMe

O

(114a)

(66-99%)

2)

O

N

R

F

115a : R = F
115b : R = Cl

NaNO2 , AcOH
10 °C then rt

(76-91%)

O

N

R

F

NOH

HCl in i-PrOH
Δ

(48%)

116a : R = F

116c : R = OCHMe2

116b : R = Cl

H2 (1 atm), Pd/C (10 %)
HCl in MeOH (for 116a and 116b)
HCl in i-PrOH (for 116a and 116c)

O

N

R

F

NH2

117a : R = F
117b : R = OMe
117c : R = Cl
117d : R = OCHMe2

KSCN, DMF, reflux
(for 117a, c, d)

KSCN, 10% HCl, reflux
(for 117b)

N
H

H
N

S

N

F

R
109i : R = F (91%)
109j : R = OMe (31%) (from 117b)
109k : R = OH (13%) (from 117b)
109l : R = Cl (74%)
109m : R = OCHMe2 (70%)

MeX, EtOH/THF (8 : 2), reflux
(for 109i,j,l,m)

N
H

N

N

F

R

S

118a : R = F (30%)
118b : R = OMe (31%)
118c : R = Cl (26%)
118d : R = OCHMe2 (50%)

Scheme 24. Synthesis of compounds 109i–m and 118a–d.
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However, methylation of 120b using iodomethane and
Cs2CO3 in DMF furnished the undesired regioisomer
122b, together with less than 5% of the required product
121b (Scheme 25). Sulfide 120a under the same conditions
122a and the required isomer 121a in a 75:25 molar ratio,
respectively, and this result was not altered using methyl tri-
flate as electrophile.151

N
H

N
N Cbz

N N

F3C

Y
120a : Y = SMe
120b : Y = SO2Me

N

NF3C

Y

121a : Y = SMe
121b : Y = SO2Me

N

N

N N N N

F3C

Y
122a : Y = SMe
122b : Y = SO2Me
  (major products)

+

MeI or MeOTf
Cs2CO3, DMF

Scheme 25. Synthesis of compounds 121a,b and 122a,b.

More recently, taking into account these data and the un-
desired results obtained in the direct N-methylation of 5-
(pyridin-4-yl)imidazoles, Laufer and co-workers123e,152

synthesized the 1-methyl-2-methylsulfanyl-4,5-diaryl-1H-
imidazole 133 (Scheme 26), using a strategy different
from that was followed to prepare compounds 118a–d.

Compound 133 is a potent p38 mitogen-activated protein ki-
nase inhibitor. Specifically, these authors used a multi-step
approach in which the cyclization reaction of oximinoketone
127 with 1,3,5-trimethylhexahydro-1,3,5-triazine (128) and
the conversion of the resulting N-oxide 129 into the tetra-
substituted imidazole 131 by treatment with 2,2,4,4-tetra-
methylcyclobutane-1,3-dithiane (130) were the key steps
(Scheme 26).123e,152 Later, an analogous reaction sequence
was used for the synthesis of several tetrasubstituted deriva-
tives of general formula 134a–g, which are inhibitors of
cytokine release.149

A strategy involving the cyclization reaction of 1-(4-
fluorophenyl)-2-(pyridin-4-yl)ethane-1,2-dione monoxime
(135) with aldehydes 136a,b and ammonium acetate (99)
in refluxing acetic acid, followed by the reaction of the
resulting N-hydroxyimidazoles 137a,b with triethyl phos-
phite according to a literature procedure,153 was used to
prepare the 2-substituted 4,5-diaryl-1H-imidazoles 138a,b
(Scheme 27).148

N
H

N

HN

F

O

SMe

119
2-Alkyl-4,5-diaryl-1H-imidazoles 138c–e were synthe-
sized58,154 using the Davidson modification155 of the Rad-
zinszewki imidazole synthesis156 in which an a-diketone
97 is reacted with an aldehyde 136 and a molar excess of
ammonium acetate in refluxing acetic acid. Scheme 28 illus-
trates the synthesis of the imidazole derivatives 138c–e from
a-diketones 97d,e and aldehydes 136c,d according to this
procedure.

N

NHAc

COOH

123

N

N

N

O

N, DMF, rt1)

2)  t-BuOK, THF
     4-FC6H4CH2CN (124)
            (65%)

OH

CN

N

F

NHAc

125

48 % HBr, reflux
(55%)

O
N

F

NH2

126

1) Ac2O, DMAP, reflux
2) i-C5H11ONO, MeONa, rt

(51%) O

NOH

N

F

NHAc

125

N

N

N

(128)

EtOH, reflux

N

F

NHAc

N

N
O

129

S

S
(130)1) , CH2Cl2, rt

2) MeI, K2CO3, rt
(25%) N

F

NHAc

N

N
SMe

131

1) 10 % HCl, reflux
2) PhCH(Me)Br (132)
    NaH, DMF, reflux

(26%)

N

F

HN

N

N
SMe

133

Ph

Scheme 26. Synthesis of tetrasubstituted imidazole derivative 133.

N

N
SMe

R1N

F

NHAc

(CH2)2OH
(CH2)2OMe
(CH2)3OH
(CH2)3OMe
(CH2)3O(CH2)2OH
CH2-CH(Me)OH
(CH2)2NHAc
(CH2)2NMe2
(CH2)2OCH2-CH=CH2
(CH2)2OCH2-C
(CH2)2SMe
CH2CH(OMe)2

CH

(CH2)2

O

O
CH2

N O

N O(CH2)3

NCH2

NCH COOEt

R1

a
b
c
d
e
f
g
h
i
j
k
l

m

n

o

p

q

134a-q
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O

Ar1

Ar2

O

97d : Ar1 = Ar2 = Ph
97e : Ar1 = Ar2 = 4-MeOC6H4

AcONH4 ++

99 136c : R1 = Me
136d : R1 = CHMe2

AcOH, reflux

N
H

N
R1

Ar1

Ar2

138c : Ar1 = Ar2 = Ph; R1 = Me (55-59%)
138d : Ar1 = Ar2 = 4-MeOC6H4 ; R1 = Me (29%)
138e : Ar1 = Ar2 = 4-MeOC6H4 ; R1 = CHMe2 (46%)

R1-CHO

Scheme 28. Synthesis of 2-alkyl-4,5-diaryl-1H-imidazoles 138c–e.

A similar protocol, which involved treatment of a 1,2-di-
ketone 97 with ammonium acetate and trifluoroacetaldehyde
ethyl hemiacetal (139) in acetic acid, was used to prepare
a large number of 4,5-diaryl-2-trifluoromethyl-1H-imid-
azoles 140 in modest or low yields.58,63,157 The structures
of the so-prepared compounds 140a–s and the yields
obtained in their preparation are reported in Table 1.

OH

OEt
F3C

139

N
H

N
CF3

Ar1

Ar2

140a-s

On the contrary, a good yield (80%) was obtained in the
preparation of the 2-formyl-4,5-diaryl-1H-imidazole 142a
by treatment of 1,2-diketone 97f with glyoxal dimethyl ace-
tal (141) and ammonium acetate in acetic acid and methyl
tert-butyl ether at room temperature.

NOH

N

F

O

135

AcONH4 ++

99 136a : R1 = Ph(CH2)2
136b : R1 = Ph-CH=CH

AcOH, reflux

P(OEt)3 (2 equiv)
DMF, 100 °C

N

F

N

N
OH

R1

137a : R1 = Ph(CH2)2 (71%)
137b : R1 = Ph-CH=CH (41%)

N

F

N
H

N
R1

138a : R1 = Ph(CH2)2 (25%)
138b : R1 = Ph-CH=CH (52%)

R1-CHO

Scheme 27. Synthesis of compounds 138a,b.

N

N

N
H

N
R1

142a : R1 = CHO
142b : R1 = CH(OMe)2

O

O

N

N

F

MeS

97f

OMe

OMeH

O

141

MeS

F

Moreover, dimethyl acetal 142b was obtained in 86% yield
by the reaction of 97f with 141 and ammonium acetate in
methanol and tert-butyl ether at room temperature.134 Com-
pounds 142a,b were afterward used as direct precursors to
the 4,5-diaryl-2-(1,3-dioxan-2-yl) derivatives 142c,d.134,135

Three other 2-substituted 4,5-diaryl-1H-imidazoles, com-
pounds 138f–h, were prepared by cyclocondensation of
2-(tert-butyldimethylsilyloxy)-1-(4-fluorophenyl)-2-pyridin-
4-ylethanone (144) with the required aldehydes 136 and
10 equiv of ammonium acetate in refluxing acetic acid in
the presence of 2 equiv of copper(II) acetate (Scheme
29).151 Compound 144 was prepared by the reaction of
the anion of 4-[(tert-butyldimethylsilyloxy)methyl]pyridine
(143) with N-methoxy-N-methyl-4-fluorobenzamide (114a)
(Scheme 29).151 On the other hand, the HCl-mediated depro-
tection of 138g and 138h gave the piperidine derivatives 145a
and 145b, respectively.151

N

H
N

N

N

F

MeS

O

O

O

142c : R =

R

ON

142d : R = OMe

Cyclocondensation reactions involving 1,2-diketones have
also been used to prepare tetrasubstituted 4,5-diaryl-1H-
imidazoles. In fact, compounds 148a and 148b were synthe-
sized in satisfactory yields by the reaction of benzil (97d)
with cyclohexanecarboxyaldehyde (136e), ammonia (146),
and amines 147a and 147b, respectively (Scheme 30).158

Recently, two other tetrasubstituted 4,5-diaryl-1H-imid-
azoles, compounds 151a,b, have been synthesized by a
two-step reaction sequence involving the thermal cyclization
of benzoins 86a and 86f with N-methylurea (149), followed
by the reaction of POCl3 with the resulting compounds

Table 1. Structures and yields of 4,5-diaryl-2-trifluoromethyl-1H-imid-
azoles 140a–s prepared form 1,2-diarylethanediones, ammonium acetate,
and trifluoroacetaldehyde ethyl hemiacetal in acetic acid

Compound Ar1 Ar2 Yield (%) Ref.

140a Ph Ph 38 56
140b 4-MeOC6H4 4-MeOC6H4 47 56
140c 4-BrC6H4 Ph 42 56
140d 4-MeOC6H4 Ph 16 56
140e 4-BrC6H4 4-BrC6H4 31 56
140f 4-MeSC6H4 4-MeSC6H4 11 56
140g 3-MeOC6H4 3-MeOC6H4 26 56
140h 2-MeOC6H4 2-MeOC6H4 42 56
140i 4-MeC6H4 4-MeC6H4 31 56
140j 2-MeOC6H4 2-MeOC6H4 24 56
140k 2-Pyridyl 2-Pyridyl 28 56
140l 4-EtOC6H4 4-EtOC6H4 20 56
140m 4-FC6H4 4-FC6H4 36 56
140n 4-HOC6H4 4-HOC6H4 91 56
140o 4-MeOC6H4 4-HOC6H4 9 56
140p Ph 4-MeSO4C6H4 43 61
140q 3-Me2N-1,2,4-triazin-6-yl Ph 55 154
140r 3-Me2N-1,2,4-triazin-6-yl 2-Thienyl 30 154
140s 3-Me2N-1,2,4-triazin-6-yl 3-Thienyl 25 154
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N

143

O

N

R

F

144

N
H

N

N

F

OTBDMS
OTBDMS

    R1CHO, Cu(OAc)2

AcONH4 (99), AcOH, reflux

R1

138f : R1 = c-C6H11 (26%)

138g : R1 = 

138h : R1 =

NBoc (46%)

(n.d.)

N
H

N

N

F

R2(for 138g and 138h)
1) HCl(g), AcOH, MeOH
2) aq NaHCO3

145a : R2 = 

145b : R2 =

HN

N
BocN

Boc

(28%)

(n.d.)

1) LDA, THF, -78 °C

F

N
OMe

O

(114a)

2)

Scheme 29. Synthesis of compounds 138f–h and 145a,b.
150a,b.77 Scheme 31 illustrates the synthesis of these tetra-
substituted imidazole derivatives.

On the other hand, the tetrasubstituted 5-(2-fluoro-4-pyr-
idyl)-4-(3-trifluorophenyl)-1H-imidazoles 153a–g were
efficiently prepared by thermal cyclocondensation of the
N-alkyl-N-(b-keto)amides 152a–g with ammonium tri-
fluoro-acetate (Scheme 32).159

Ph O

OPh

97d

NH3 R1 NH2
CHO

136e

a : R1 = Bn
b : R1 = c-C6H11CH2

+ + +

146

N

N

R1
Ph

Ph

a : R1 = Bn (70%)
b : R1 = c-C6H11CH2 (60%)

147

148

Scheme 30. Synthesis of 4,5-diaryl-1H-imidazoles 148a,b.
This procedure was also used to synthesize the trisubsti-
tuted imidazole derivative 138i and as a key step of the
synthesis of compound 154, which is a p38 MAP kinase
inhibitor.159

More recently, 4,5-diphenyl-1H-imidazole 158 has been pre-
pared by an analogous cyclocondensation of the N-butyl-N-
(b-keto)amide 157 with ammonium acetate in DMF at 90 �C

O

OH

R

R

86a : R = H
86f : R = Me

N
H

NH2

O

149

+
N

H
N

R

O

R

150a : R = H
150b : R = Me

180 °C
(40-60%)

POCl3, 100 °C
(70-85%) N

N

R

R

Cl

151a : R = H
151b : R = Me

Scheme 31. Synthesis of compounds 151a,b.
N

N

N
N

O

N

F3C O

152a-gF

CF3COONH4, Δ
(70-85%)

F3C

F 153a-g

N
Cbz

N
Cbz

NHCbz
N

NHCbz
NHCbz N OR1

R1
R1

a b c d e f g

Scheme 32. Synthesis of tetrasubstituted 4,5-diaryl-1H-imidazoles 153a–g.
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in the presence of acetic acid (Scheme 33).160 Compound
157 was synthesized from the resin-bound secondary amine
155 using a solid-phase approach in which the resin-bound
tertiary amine 156 was the direct precursor to 157.160

N
H

N

N

F3C

F

NCbz

138i

N
H

N

N

F3C

HN

NH

Ph 154
For the preparation of 1-substituted 4,5-diaryl-1H-imidazole
derivatives, that include several p38 MAP kinase inhibitors,
several authors within the space of several years have pre-
ferred a methodology, which has relied on the tosylmethyl
isocyanide (TosMIC) technology developed by van Leusen
and co-workers110 to that based on the above-described
cyclocondensation reactions. This preferred methodology
involves the base-induced [3+2] cycloaddition of a-aryl-
substituted tosylmethyl isocyanides 162 to aldimines 161
prepared by traditional methods or synthesized in situ
from aryl aldehydes 159 and primary amines 160 before
the addition of the substituted TosMIC reagents
162.80,110,161–169 Table 2 lists an extensive series of
O
H
N

n-Bu

155

Ph O

Ph N
n-Bu

O
156

1) MeCOCl (6 equiv), DMF

ON (1.5 equiv), 45 °C

2) aminomethylpolystyrene (10 equiv)
    CH2Cl2

NPh

OPh

n-Bu

O

157

4AcONH  (100 equiv)

AcOH, DMF, 90 °C N

N

n-Bu

Ph

Ph

158

Scheme 33. Synthesis of 4,5-diphenyl-1H-imidazole 158.

Table 2. Synthesis of 4,5-diaryl-1H-imidazoles 163 from a-aryl-substituted TosMIC reagents

Ar1-CHO + FGR1-NH2
solvent

FGR1-N=CH-Ar1 Ar2 NC

Ts
(162)

base, solvent, rt N

N

FGR1

Ar2

Ar1

159 160 161

163

Entry Ar1 FG-R1 Ar2 Base Solventa Product Yield (%) Ref.

1 Ph Me Ph K2CO3 MeOH 163a 90 107
2 2-N3C6H4 Me-C^C–CH2 Ph K2CO3 DMF 163b 53 158
3 2-N3C6H4 Ph-C^C–CH2 Ph K2CO3 DMF 163c 60 158

4 N

N
NH2

SO2-i-Pr

Me 4-FC6H4 t-BuNH2 DMF 163d 24 159

5 N

N
NH2

SO2-i-Pr
NEtOOC 4-FC6H4 t-BuNH2 DMF 163e 24 159

6
N

NMeO
O N (CH2)3 4-FC6H4 K2CO3 DMF 163f Nd 160

7
N

NMeO
i-Pr 4-FC6H4 K2CO3 DMF 163g Nd 160

8
N

NMeO
HN 4-FC6H4 K2CO3 DMF 163h Nd 160

9
N

NMeO
HN 4-FC6H4 K2CO3 DMF 163i Nd 160

(continued)
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Table 2. (continued)

Entry Ar1 FG-R1 Ar2 Base Solventa Product Yield (%) Ref.

10
N

NMeO
HO 4-FC6H4 K2CO3 DMF 163j Nd 160

11
N

NMeO
O 4-FC6H4 K2CO3 DMF 163k Nd 160

12
N

NMeO
SO

O
4-FC6H4 K2CO3 DMF 163l Nd 160

13
N

NMeO
O 4-FC6H4 K2CO3 DMF 163m Nd 160

14
N

NMeS
NBoc 4-FC6H4 K2CO3 DMF 163n Nd 161

15
n-Pr-S

N

N
NBoc 4-FC6H4 K2CO3 DMF 163o Nd 161

16 Polymer
N

NS
NBoc 4-FC6H4 K2CO3 DMF 163p Nd 161

17 MeS
N

N
O N (CH2)3 4-FC6H4 TBD DMF 163q Nd 162

18
H2N

N

N
O N (CH2)3 4-FC6H4 TBD CH2Cl2 163r Nd 162

19
AcHN

N

N
O N (CH2)3 4-FC6H4 TBD CH2Cl2 163s Nd 162

20
MeHN

N

N
O N (CH2)3 4-FC6H4 TBD CH2Cl2 163t Nd 162

21
N

N
O N (CH2)3 4-FC6H4 TBD CH2Cl2 163u Nd 162

22 N

NH2N
O N (CH2)3 4-FC6H4 TBD CH2Cl2 163v Nd 162

23
O COOH

4-FC6H4 NaOH and piperazine MeOH 163w 67 163

24

S COOH
4-FC6H4 NaOH and piperazine MeOH 163y 74 163

25 4-MeO,3-HOC6H3
COOH

Ph

S
NaOH and piperazine MeOH 163z 79 163

26
O

(CH2)2COOH 4-FC6H4 NaOH and piperazine MeOH 163aa 67 163

27

N
H

Et 4-FC6H4 Piperazine MeOH 163ab 49 163

28 4-HOC6H4 (CH2)3OH 4-MeOC6H4 Piperazine MeOH 163ac 67 163

29 4-BrC6H4CO
N

N (CH2)3 2-Naphthyl Et3N and piperazine DMSO 163ad 50 163

(continued)
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Table 2. (continued)

Entry Ar1 FG-R1 Ar2 Base Solventa Product Yield (%) Ref.

30b 4-Pyridyl O N (CH2)2 4-FC6H4 TBD CH2Cl2 163ae Nd 164

31b 4-Pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163af Nd 164

32b 4-Pyridyl O N (CH2)4 4-FC6H4 TBD CH2Cl2 163ag Nd 164

33b 4-Pyridyl MeOOC-(CH2)3 4-FC6H4 TBD CH2Cl2 163ah Nd 164
34b 4-Pyridyl i-Pr 4-FC6H4 TBD CH2Cl2 163ai Nd 164

35b 4-Pyridyl 4-FC6H4 TBD CH2Cl2 163aj Nd 164

36b 4-Pyridyl CH2 4-FC6H4 TBD CH2Cl2 163ak Nd 164

37b 4-Pyridyl t-Bu 4-FC6H4 TBD CH2Cl2 163al Nd 164

38b 3-Pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163am Nd 164

39b 2-Pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163an Nd 164

40b 2-Me-4-pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163ao Nd 164

41b 2,6-Me2-4-pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163ap Nd 164

42b 4-Quinolyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163aq Nd 164

43b 2-Cl-4-pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163ar Nd 164

44b 2-NH2-4-pyridyl O N (CH2)3 4-FC6H4 TBD CH2Cl2 163as Nd 164

45b 4-Pyridyl O N (CH2)3 3-ClC6H4 TBD CH2Cl2 163at Nd 164

46b 4-Pyridyl O N (CH2)3 3-MeSC6H4 TBD CH2Cl2 163au Nd 164

47b 4-Pyridyl O N (CH2)3 3,4-Cl2C6H3 TBD CH2Cl2 163av Nd 164

48b 4-Pyridyl O N (CH2)3 3-CF3C6H4 TBD CH2Cl2 163aw Nd 164

49b 4-Pyridyl O N (CH2)3 3-MeSO2C6H4 TBD CH2Cl2 163ay Nd 164

50b 4-Pyridyl O N (CH2)3 3,5-(CF3)2C6H3 TBD CH2Cl2 163az Nd 164

51c 4-MeO,3-(NO2)C6H3 PhCH2 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163ba Nd 165
52c 4-MeO,3-(BnO2)C6H3 PhCH2 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163bb Nd 165
53c 4-(Me2N)C6H4 PhCH2 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163bc Nd 165
54c 4-MeO,3-FC6H3 PhCH2 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163bd Nd 165
55c 4-MeOC6H4 PhCH2 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163be Nd 165
56c 4-MeO,3-(NO2)C6H3 Me 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163bf Nd 165

57c

N
PhCH2 3,4,5-(MeO)3C6H2 K2CO3 EtOH/DME (6:4) 163bg Nd 165

58
N

N
O

Et

Et

NBn 4-FC6H4 Piperazine THF 163bh 20 166

59d 4-Pyridyl Ph–(CH2)3 4-FC6H4 K2CO3 DMF 163bi nd 167

a TBD¼1,5,7-triazabicyclo[4.4.0]dec-7-ene.
b In this entry, imine 161 was prepared by the reaction between the required aldehyde 159 and primary amine 160 in toluene at room temperature in the presence

of MgSO4.
c In this entry, imine 161, synthesized before the reaction with 162, was prepared by treatment of the required aldehyde 159 and primary amine 160 in refluxing

ethanol in the presence of a catalytic amount of acetic acid.
d In this entry, imine 161 was prepared by the reaction of the required aryl aldehyde 159 and primary amine in methanol solution.
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4,5-diaryl-1H-imidazoles of general formula 163, which
have been synthesized from a-aryl-substituted TosMIC re-
agents. Among these imidazole derivatives, compounds
163w–z and 163aa–ad were synthesized by Sisko and co-
workers using a one-pot protocol in which methanol contain-
ing significant amounts of water was the solvent.166

The Sisko group also reported an improved procedure for
preparing substituted tosylmethyl formamides, which are
precursors of the substituted TosMIC reagents.170 The liter-
ature protocols for forming these intermediates had previ-
ously been based on heating an acidic aqueous solution of
an aldehyde and p-toluenesulfinic acid171 or on condensing
thiocresol with an aldehyde and subsequent oxidation with
m-chloroperbenzoic acid.172–174

However, electron-poor aldehydes provided poor yields or
completely failed these protocols. In the procedure devel-
oped by Sisko and co-workers170 the a-aryl-substituted Tos-
MIC derivatives 162 were obtained by straightforward
dehydration of the corresponding a-aryl-substituted tosyl-
methyl formamides 166 with POCl3 in THF at 0 �C in the
presence of Et3N and compounds 166 were prepared by
heating an aryl aldehyde 164, formamide (88), trimethylsilyl
chloride (TMSCl), and dry p-toluenesulfinic acid in a 1:1
mixture of toluene and acetonitrile at 50 �C to give bis-form-
amides 165 (Scheme 34).

Ar2 CHO +
TMSCl

PhMe, MeCN
50 °C

Ar2 NHCHO

NHCHO

165

TsOH, 50 °C
(62-94%)

164 88

Ar2 NHCHO

Ts

166

POCl3
Et3N, THF, 0°C

(68-78%)
Ar2 NC

Ts

162

HCONH2

Scheme 34. Synthesis of a-aryl-substituted TosMIC derivatives 162.

A drawback of this practical procedure, which allows the
preparation of compounds 162 on a large scale, is that dry
p-toluenesulfinic acid has to be prepared. However, on
a large scale, drying of this acid can produce significant
amounts of undesired dimeric material.31

The van Leusen TosMIC chemistry has also been used
for the one-pot synthesis of 1-(2,2,6,6-tetramethyl-4-pyper-
idinyl)-4-(4-fluorophenyl)-5-(2-amino-4-pyrimidinyl)-1H-
imidazole (163bj), a potent p38 MAP kinase inhibitor.174 In
this flexible route, capable of producing kilogram quantities
of 163bj, the combination of the amine 167 with a 40%
aqueous solution of pyruvaldehyde (168) in DMF for 10–
20 min, followed by addition of isonitrile 163a and
K2CO3 to so obtained a-ketoaldimine 169, produced the
imidazole derivative 170 and 5% of oxazole 171. The syn-
thesis of 163bj was then completed by heating crude 170
with an excess of N,N-dimethylformamide dimethyl acetal,
followed by direct reaction of the resulting vinylogous
amide 172 with guanidine hydrochloride and sodium meth-
oxide at 80 �C (Scheme 35).174 In this manner, compound
163bj was obtained in 36% overall yield from 167.
H
N

NH2
167

CHO

O

168

DMF, H2O
+

O

N

NH

169

F

NC

Ts

(162ab), K2CO3 N

N

O

F

170

N
H

N

O
O

F

171 (< 5%)

NMe2
MeO

MeO

110 °C

+

N

N

O

F

172

N
H

Me2N
H2N NH2

NH

, HCl

K2CO3, 110 °C

N

N

F

163bj

N
H

N

N

H2N

Scheme 35. Synthesis of compound 163bj, a p38 MAP kinase inhibitor.

In 1996, a modification of the methodology of van Leusen
was applied by Boehm and co-workers toward the synthesis
of 4,5-diaryl-1H-imidazole 92b.167 Specifically, pyridine-4-
carboxyaldehyde (100a) was treated with lithium bis(tri-
methylsilyl)amide (LDA) in THF at�50 �C and the solution
of the resulting compound 173 was reacted with the lithium
derivative 174, obtained by addition of a THF solution of
LDA to isonitrile 163a (Scheme 36). Compound 92b was
so prepared in 35% overall yield.

Recently, a one-pot procedure involving treatment of THF
solutions of aryl aldehydes 100a–c with an excess of 30%
NH4OH, followed by addition of isonitrile 162b, has been
used by Sisko and co-workers to prepare 4,5-diaryl-1H-
imidazoles 92b, 92h, and 92i in good yields (Scheme 37).166

As shown in Scheme 37, the reaction, presumably, involves
the formation of arylimines 175 and the corresponding
hydrobenzamides 176.176

In 2002, 4,5-diaryl-1H-imidazoles 92j–o were prepared by
hydrogenolysis of the corresponding 1-benzyl derivatives
with ammonium formate and palladium on charcoal.80 The
1-benzyl-1H-imidazoles were synthesized via TosMIC
chemistry (Table 2, entries 51–55 and 57).80

Soni177 had previously synthesized 1-methyl-4,5-diaryl-1H-
imidazoles 178a–e in satisfactory yields from the corre-
sponding N-(substituted benzylidene)methylamine N-oxides
177a–e178 and cold aqueous ethanolic KCN (Scheme 38)
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N

CHO

100a

LiN(SiMe3)2

THF, -50 °C N
N(SiMe3)

173

F

NC

Ts

Li

(174)

THF, -50 °C
(35%) N

H

N

N

F

92b

Scheme 36. Synthesis of compound 92b from aldehyde 100a.
according to the method developed in 1975 by Clark and
Cawkill for the synthesis of 1-alkyl-4,5-diaryl-1H-imid-
azoles from N-alkyl-C-aryl nitrones.179

N
H

Ar

O
2

KCN
aq EtOH, rt

N

NAr

Ar

178a-e

Ph
4-MeC6H4
4-ClC6H4

2-naphthyl
pyridyn-4-yl

Ar Yield (%)
a
b
c
d
e

177a-e

65
51
72
37
57

Scheme 38. Synthesis of 1-methyl-4,5-diaryl-1H-imidazoles 178a–e.

On the contrary, low yields (<30%) were obtained in the
synthesis of 4,5-diaryl-1-trimethylsilylmethyl-1H-imid-
azoles 180a–d by treatment of the corresponding 1,2,5-thia-
diazoles 179a–d180 with 2.5 equiv of trimethylsilyl triflate at
80 �C for 12 h, followed by the reaction with CsF in CH2Cl2
(Scheme 39).181

In 1990, Katritzky and co-workers182 showed that the
1-substituted-4,5-diaryl-1H-imidazoles 105e–g could

Ar1 CHO

100a  = 4-pyridyl
100b  = 4-MeOC6H4
100c  = 4-HOC6H4

NH

Ar1
N N

Ar1

Ar1 Ar1

175 176

F

NC

Ts

(162b)

piperazine N
H

N

Ar1

F

92b : Ar1 

 : Ar1 

 : Ar1 

 : Ar1 

= 4-pyridyl (60%)
92h : Ar1 = 4-MeOC6H4 (65%)
92i : Ar1 = 4-HOC6H4 (73%)

NH4OH

Scheme 37. Synthesis of 4,5-diaryl-1H-imidazoles 92b, 92h, and 92i.

N
H

NMeO

R2

MeO

R1

92j-o

OMe
R1 R2

j
k
l

m
n
o

OMe
OMe
NMe2
OMe
OMe

NH2
OH
H
F
H

CHCHN(Me)
efficiently be synthesized by the reaction of 1-(benzotri-
azol-1-yl)-N-(triphenylphosphorylidene)-methylamine (181)
(Betmip)183 with benzils 97d,f and the required primary
amines 147 (Scheme 40).

O

Ar1

Ar2

O

97d : Ar1 = Ar2 = Ph
97f : Ar1 = Ph ; Ar2 = 4-ClC6H4

N
N

N

N P(Ph)3

181

+ R1NH2 +

147c : R1 = c-C7H13
147a : R1 = Bn
147d : R1 = n-C12H25

N

N

R1
Ar1

Ar2

105e : R1 = c-C7H13 ; Ar1 = Ar2 = Ph (81%)
105f : R1 = Bn ; Ar1 = Ph ; Ar2 = 4-ClC6H4 (55%)
105g : R1 = n-C12H25 ; Ar1 = Ph ; Ar2 = 4-ClC6H4 (53%)

Scheme 40. Synthesis of compounds 105e–g.

Interestingly, the reaction could be performed in one pot
without isolation of the intermediate 182.182

R1
N
H

N
P(Ph)3

182

Another method for the production of 4,5-diaryl-1H-imid-
azoles is the oxidation of 4,5-diaryl-2-imidazolines184 with
MnO2 according to the protocol described by Martin and
co-workers.185 This procedure was used by Gust and co-
workers to prepare compounds 183a–d.186

Some 4,5-diaryl-1H-imidazoles have also been synthesized
using reaction sequences in which a Pd-catalyzed cross-cou-
pling reaction involving an organometallic reagent is a key
step. Thus, the imidazole derivative 92b was synthesized
in 10% overall yield from the known SEM-protected
2,4,5-tribromoimidazole 184187 using a four-step sequence

N
S

N

Ar Ar

179a-d

N

N

Ar

180a-d

Ar

CH2SiMe3

1) Me3SiOTf (2.5 equiv), 80 °C

2) CsF, CH2Cl2

  Ph      4-MeC6H4    4-MeOC6H4    4-ClC6H4Ar
a b c d

Scheme 39. Synthesis of compounds 180a–d.
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in which the 4-pyridyl group at the C-5 position of the inter-
mediate 4-bromo derivative 189 was introduced by a Stille-
type reaction between 4-bromopyridine (188) and the
organotin derivative 187. This organometallic reagent was
regioselectively prepared from 184 via the dibromo deriva-
tive 185 and the distannane 186. On the other hand, the
C-4 arylation of 189 was performed by a Suzuki-type reac-
tion with 4-fluorophenylboronic acid (35f) (Scheme 41).188

A Pd-catalyzed Negishi-type reaction was employed to pre-
pare 1-methyl-4,5-diaryl-1H-imidazole 192a from 2-bromo-
pyridine (191) and the organozinc derivative obtained from
4-iodo-1-methyl-5-(4-methoxyphenyl)-1H-imidazole (190)
(Scheme 42).189 Unfortunately, the yield of this cross-cou-
pling reaction and the procedure used to prepare 190 were
not reported.

Recently, the syntheses of 2-(2,5-difluorobenzyl)-4,5-diaryl-
1H-imidazoles 138l and 138m by Pd-catalyzed Suzuki

183a : R1= R2 = H
183b : R1 = F ; R2 = H
183c : R1 = Cl ; R2 = H
183d : R1 = R2 = Cl

N
H

N
R1

MeO R2

R1

MeO
coupling reactions involving the use of the unprotected 5-
chloroimidazole 194 as the substrate have also been de-
scribed (Scheme 43).190 Compound 194 was prepared by
treatment of the N-acylated a-aminonitrile 193 with PPh3

and CCl4.190

N CN

F

F

O Ph

H
193

PPh3, CCl4, 45 °C
(74%) N

H

N

Cl

Ph

F

F

194

Pd2(dba)3, t-Bu3P-HBF4
Na3PO4, PhMe,100 °C

Ar1B(OH)2 (1.5 equiv)

N
H

N

Ar1

Ph

F

F

138l : Ar1 = 2-MeC6H4 (66%)
138m : Ar1 = Ph (71%)

Scheme 43. Synthesis of compounds 138l and 138m.

To the best of our knowledge, the Pd-catalyzed reactions
reported in Scheme 43 represent the first examples of
successful Suzuki reactions performed on an unprotected
haloimidazole derivative.

More recently, our research group has explored a new proto-
col for preparing in three steps 1-methyl-4,5-diaryl-1H-
imidazoles 192b–d, which include biologically active
derivatives, from 1-methyl-1H-imidazole (195).
N

N

Br

Br

184

SEM

Br
N

N

Br

Br

185

SEM

1) BuLi, THF, -78 °C
2) i-PrOH
         (70%)

Me3Sn-SnMe3 (186) (3 equiv)

PdCl2(PPh3)2 (cat), xylene, 165 °C
(31%)

N

N

Me3Sn

Br

SEM
187

N

Br

(188) PdCl2(PPh3)2 (cat)

xylene, reflux
(74%)

N

NBr

SEMN
189

1) 4-FC6H4B(OH)2 (35f)
        Pd cat, base, Δ

2) EtOH/HClconc (1:1), rt
(65%)

N
H

N

N

F

92b

(SEM = Me3SiCH2CH2OCH2)

Scheme 41. Synthesis of compound 92b.

N

NI

MeO

N

N

Ar2

Ar1

192a : Ar1 = 2-Pyr
           Ar2 = 4-MeOC6H4

190

1) EtMgBr, THF, -20 °C
2) ZnCl2, -20 °C to rt

3) N

Br
(191), Pd(OAc)2, ligand, reflux

( ligand =

PCy2

Me2N

)

Scheme 42. Synthesis of compound 192a.
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Specifically, we demonstrated108b,191 that this compound
can be regioselectively transformed into 5-aryl-1-methyl-
1H-imidazoles 196 in satisfactory yields using a modifica-
tion of the procedure, which we recently developed for the
synthesis of 1,5-diaryl-1H-imidazoles 55 from the corre-
sponding 1-aryl-1H-imidazoles84 (Scheme 44). This modi-
fied procedure for the highly regioselective Pd-catalyzed
C-5 arylation of 195 involved the use of tris(2-furyl)phos-
phine in place of triphenylarsine as the Pd ligand. Toluene
was the reaction solvent of choice. Bromination of com-
pounds 196 with N-bromosuccinimide (NBS) in acetonitrile
at room temperature gave the 4-bromoimidazole derivatives
197, which proved to be able to undergo Pd-catalyzed
Suzuki-type coupling reactions under phase-transfer condi-
tions192 to provide the required 1-methyl-4,5-diaryl-1H-
imidazoles 192 in 18–33% overall yield from 195.108b,191

Scheme 44 illustrates the synthesis of compounds 192b–
d according to this protocol.

We also developed a new method for the synthesis of 4,5-di-
aryl-1H-imidazoles of general formula 92 starting from N-
benzylimidazole (198) that involves a four-step sequence.
The first two steps of this procedure were similar to those
employed for the preparation of compounds 192b–
d (Scheme 45).191 Specifically, the regioselective Pd-cata-
lyzed C-5 arylation of 198 with 2 equiv of aryl iodides
gave the 1-benzyl-5-aryl-1H-imidazoles 199a–c in satisfac-
tory yields. These compounds were then converted into their
4-bromo derivatives 200a–c by treatment with 1.05 equiv of
NBS in acetonitrile at room temperature. Attempts to
perform the C-4 arylation of these derivatives by a Suzuki-
type reaction using the same experimental conditions
employed to prepare compounds 192b–d from the corre-
sponding 4-bromo derivative 197a–c gave unsatisfactory
results. However, when bromides 200a–c were reacted
with 1.5 equiv of an arylboronic acid in a mixture of water
and DMF at 100 �C in the presence of 5 mol % Pd(OAc)2,
10 mol % t-Bu3P$HBF4, and 9 equiv of Na2CO3, the re-
quired 1-benzyl-4,5-diaryl-1H-imidazoles 201a–c were
obtained in 24–60% yield. Finally, debenzylation of com-
pounds 201a–c with a large molar excess of ammonium for-
mate in methanol at 70 �C in the presence of Pd/C provided
compounds 92p,n,q (Scheme 45).191 Two aspects of this
protocol merit comments. Firstly, the reaction times of the
Suzuki-type coupling reactions were significantly higher
than those of similar reactions involving 4-bromo-1-methyl-
1H-imidazole derivatives. Secondly, the crude mixtures,
obtained from these cross-coupling reactions, proved to
contain significant amounts of compounds 199 that derived
from a reductive dehalogenation of bromo imidazoles 200.

2.4. Synthesis of 1,2,4-triaryl-1H-imidazoles

Until a few years ago, it was known that 1,2,4-triaryl-1H-
imidazoles do not include compounds with significant bio-
logical properties. Thus, little attention was directed to the
synthesis of this class of imidazole derivatives. However,
this state of affairs might change in the near future. In fact,
it has recently been reported that 1,2,4-triaryl-1H-imidazole
202a is able to cause hormonal activity in estrogen receptor
positive MCF-7-2a cells and that the imidazole derivatives
202b,c are cytotoxic and show strong inhibitory effects on
cyclooxygenase enzymes.193

N

N

R2

Ar
Y

R1

Y

202a : Ar = 4-HOC6H4; R1 = H; R2 = Et; Y = OH
202b : Ar = 2-Cl,4-HOC6H3; R1 = R2 = H; Y = OH
202c : Ar = 2-Cl,4-HOC6H3; R1 = Cl; R2 = H; Y = OH
N

N

195

N

N

Ar1

196a  = 4-MeOC6H4 (66%)
196b   = 3,4,5-(MeO)3C6H2 (61%)
196c  = 2-naphthyl (72%)

N

N

Ar1

Ar1

Br

N

N

Pd(OAc)2 (5 mol %)

P(2-furyl)3 (10 mol %), CsF (2 equiv)
PhMe, 110 °C, 48 h

Ar1 I

45d : Ar1 = 4-MeOC6H4
45i : Ar1 = 3,4,5-(MeO)3C6H2
45l : Ar1 = 2-naphthyl

+

NBS, MeCN, rt

197a : Ar1 = 4-MeOC6H4 (55%)
197b : Ar1  = 3,4,5-(MeO)3C6H2 (56%)
197c : Ar1

 : Ar1

 : Ar1

 : Ar1
 = 2-naphthyl (56%)

Ar2B(OH)2 (2 equiv)
PdCl2(PPh3)2 (5 mol %)

BnEt3N+Cl- (5 mol %), CsF (3 equiv)
PhMe, H2O, 60-80 °C

192b : Ar1 = 4-MeOC6H4 ;
           Ar2 = Ph (91%)
192c : Ar1 = 3,4,5-(MeO)3C6H2 ; 
           Ar2 = 2-naphthyl (55%)
192d : Ar1 = 2-naphthyl ;
           Ar2 = 3,4,5-(MeO)3C6H2 (54%)

Ar2

Scheme 44. Synthesis of 1-methyl-4,5-diaryl-1H-imidazoles 192b–d.
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N

N

Bn

Ar1-I

Pd(OAc)2 (5 mol %)
P(2-furyl)3 (10 mol %)

CsF (2 equiv), PhMe, 110 °C
(53-88%) N

N

Bn
Ar1

NBS, MeCN, rt
(64-80 %)

N

N

Bn
Ar1

Br Ar2B(OH)2 (1.5 equiv), Na2CO3 (9 equiv)
Pd(OAc)2 (5 mol %), t-Bu3P•HBF4 (10 mol %)

H2O, DMF, 100 °C
(24-60%)

+

N

N

Bn
Ar1

Ar2

45a : Ar1 = Ph
45c : Ar1 = 3,4,5-(MeO)3C6H2
45d : Ar1 = 4-MeOC6H4

198

199a : Ar1 = Ph
199b : Ar1 = 3,4,5-(MeO)3C6H2
199c : Ar1 = 4-MeOC6H4

200a : Ar1 = Ph
200b : Ar1 = 3,4,5-(MeO)3C6H2
200c : Ar1 = 4-MeOC6H4

201a : Ar1 = Ar2 = Ph
201b : Ar1 = 3,4,5-(MeO)3C6H2; 
           Ar2 = 4-MeOC6H4
201c : Ar1 = 4-MeOC6H4; Ar2 = Ph

10 % Pd/C (10 mol %)
HCOONH4 (10 mol %)
MeOH, 70 °C, 48 h
(90-99%)

N
H

N

Ar1

Ar2

92p : Ar1 = Ar2 = Ph
92n : Ar1 = 3,4,5-(MeO)3C6H2; 

           Ar2 = 4-MeOC6H4
92q : Ar1 = 4-MeOC6H4; Ar2 = Ph

Scheme 45. Synthesis of 4,5-diaryl-1H-imidazoles 92 starting from N-benzylimidazole (198).
In this section, we summarize the few data reported so far in
the literature on the synthesis of 1,2,4-triaryl-1H-imidazoles.

In 1996, the tetrasubstituted 1,2,4-triaryl-1H-imidazoles
208a,b were synthesized by cyclization of a-(N-acyl-N-
alkylamino)-b-ketoamides 207a,b with ammonium acetate
in acetic acid at 100 �C, followed by treatment of the result-
ing products with 10% trifluoroacetic acid in CH2Cl2
(Scheme 46).194 Resins 207a,b were obtained via an Ugi
four-component condensation (U-4CC)195 of phenylglyoxal
(206), the required arylamines 70a,b, benzoic acid (26), and
isonitrile (205) attached on Wang resin.196 The latter com-
pound was obtained by the reaction of Wang resin with
11-formylaminoundecanoic acid (203) in CH2Cl2 in the
presence of DIC and DMAP, followed by treatment of the
resulting resin 204 with PPh3 and CCl4 (Scheme 46).194
More recently, 1,2,4-triaryl-1H-imidazoles 211a,b have
been prepared by a thermal ring-opening reaction of 3a,
4,5,6-tetrahydroimidazo[1,5-b]isoxazoles 210a,b, obtained
by diastereoselective cycloaddition of dimethyl acetylene
dicarboxylate (DAD) with the D3-imidazoline 3-oxides
209a,b (Scheme 47).197

Finally, in 2005, the synthesis of 1,2,4-triaryl-1H-imidazoles
202a–h has been performed utilizing a procedure very sim-
ilar to that employed to prepare 1,2-diaryl-1H-imidazoles
16a,b79 (Scheme 48).193 Specifically, amidines 13b,c, pre-
pared from aryl nitriles 212a,b and anisidine according to
Gautier198 or Daoust199 using sodium amide as condensing
agent, were reacted with the a-bromoketones 213a–c in
CHCl3 in the presence of aqueous K2CO3 to give the imid-
azole derivatives 202d–g. Demethylation of these compounds
Wang resin

HOOC-(CH2)10NHCHO (203)

DIC, DMAP, CH2Cl2, rt
O

N
CHO

O

10

10

H

OH

204

PPh3, CCl4
Et3N, CH2Cl2

O
NC

O

10

205

+ Ph CHO

O

206

Ar1 NH2

70a,b

PhCOOH

26

CHCl3/MeOH/pyridine (1:1:1)
65 °C

+ +

Ph
N

Ar1

O

NO

PhO

H

O

O

207a,b

1) AcONH4, AcOH, 100 °C
2) 10 % CF3COOH, CH2Cl2 N

N
Ph

Ar1

Ph

HN

OCOOH
10

208a : Ar1 = Ph (16%)
208b : Ar1 = 4-MeOC6H4 (43%)

205

Scheme 46. Synthesis of 1,2,4-triaryl-1H-imidazoles 208a,b.
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with BBr3 in CH2Cl2 then gave compounds 202h, 202b,
202c, and 202a, respectively, in high yields (Scheme 48).

2.5. Synthesis of 1,2,5-triaryl-1H-imidazoles

Until 1972, 1,2,5-triaryl-1H-imidazole derivatives 37 were
not described in the literature. However, in that year, Popilin
and Tiscenko200 reported that treatment of u-benzamido-
acetophenone (214) with PCl3 and 6 equiv of arylamines
22a–e in boiling chlorobenzene gives compounds 37a–e in
25–60% yield (Scheme 49).

Four years later, van Leusen and co-workers synthesized
compounds 37a and 37f in 23 and 51% yield, respectively,

N
N

Ph

Ph

O
Ar

209a : Ar = 4-MeC6H4
209b : Ar = 4-MeOC6H4

N O
N

Ph

COOMeAr

210a : Ar = 4-MeC6H4 (79%)
210b : Ar = 4-MeOC6H4 (95%)

COOMePh

Δ
N

N
Ph

Ar

Ph

211a : Ar = 4-MeC6H4 (68%)
211b : Ar = 4-MeOC6H4 (67%)

COOMeMeOOC

Scheme 47. Synthesis of 1,2,4-triaryl-1H-imidazoles 211a,b.
 in a single operation from the N-tosylmethylimino com-
pounds 215 and aldimines 216a and 216b, respectively
(Scheme 50).201

Imidazoles 37 have also been prepared via a multi-step pro-
cess in which N-(benzotriazol-1-ylmethyl)thiobenzamide
(217) was the starting material.202 Lithiation of 217 and sub-
sequent reaction with methyl iodide provided S-methyl-N-
(benzotriazol-1-ylmethyl)thioimidate (218).

Lithiation of this compound followed by reaction with im-
ines 216 gave 4,5-dihydroimidazoles 219, which, upon treat-
ment with ZnBr2 or direct refluxing in toluene, yielded the
required 1,2,5-triaryl-1H-imidazoles 37.202 This protocol
was used for the preparation of compounds 37a and 37g in
good yields (Scheme 51).202

N

N
Ph

Ph
HN

O

OPh
Ph

214

NH2

R

22a-e

PCl3
PhCl, reflux
(25-65%)

R
37a-e

+

R
yield (%)

  H      4-MeO        2-MeO        4-Cl        2-Cl
55-60     65              30              50          25

a          b                 c               d            e

Scheme 49. Synthesis of 1,2,5-triaryl-1H-imidazoles 37a–e.
OMe

CN
R1

4-MeOC6H4NH2

NaNH2, PhMe, Δ

N NH2

MeO

OMe

R1

H
N NH

MeO

OMe

R1

212a : R1 = H
212b : R1 = Cl

13b : R1 = H (53%)
13c : R1 = Cl (18%)

13a, b +
BrR2

OAr

213a : R2 = H; Ar = 2-Cl,4-MeOC6H3
213b : R2 = H; Ar = 4-MeOC6H4
213c : R2 = Et; Ar = 4-MeOC6H4

K2CO3, H2O, CHCl3, rt N

N

R2

Ar
OMe

R1

OMe

202d : R1 = R2 = H; Ar = 4-MeOC6H4 (63%)
202e : R1 = R2 = H; Ar = 2-Cl,4-MeOC6H3 (48%)
202f : R1 = Cl; R2 = H; Ar = 2-Cl,4-MeOC6H3 (80%)
202g : R1 = H; R2 = Et; Ar = 4-MeOC6H4 (22%)

BBr3, CH2Cl2
0 °C to rt N

N

R2

Ar
OH

R1

OH

202h : R1 = R2 = H; Ar = 4-HOC6H4 (98%)
202b : R1 = R2 = H; Ar = 2-Cl,4-HOC6H3 (89%)
202c : R1 = Cl; R2 = H; Ar = 2-Cl,4-HOC6H3 (95%)
202a : R1 = H; R2 = Et; Ar = 4-HOC6H4 (39%)

Scheme 48. Synthesis of 1,2,4-triaryl-1H-imidazoles 202a–h.
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Ph N
H

Bt

S
1) BuLi, THF, -78 °C
2) MeI
          (87%)

N
Ph

MeS

218
217

1) BuLi, THF, -78 °C
2) Ar1-CH=N-Ph (216)
    -78 °C
3) H2O

N

NPh

Bt

Ar1

Ph
219a : Ar1 = Ph (65%)
219b : Ar1 = 4-MeC6H4 (97%)

ZnBr2
or

heat
N

N
Ph

Ar1

Ph
37a : Ar1 = Ph (90%)
37g : Ar1 = 4-MeC6H4 (72%)

CH2Bt

Scheme 51. Synthesis of compounds 37a and 37g from N-(benzotriazol-
1-ylmethyl)thiobenzamide (217).

As mentioned in Section 2.1, the methodology developed in
2002 by Capretta and co-workers for the synthesis of 1,2-di-
aryl-1H-imidazole 16c was also employed for the prepara-
tion of 4-methyl-1,2-diphenyl-5-(3,4-dimethoxy)phenyl-1H
imidazole 29 from aminoalcohol 220 in 32% overall yield.95

Recently, compound 37a has been synthesized from the
diazocarbonyl compound 221 using a protocol very similar
to that employed to prepare 1,2-diaryl-1H-imidazoles
36a–c.96

TsCH2N C
Ph
SMe

+
N

Ar1

R

215

216a : Ar1 = Ph ; R = H
216b : Ar1 = 4-ClC6H4 ;
            R = 4-Cl

NaH
DME, DMSO

N

N
Ph

Ar1

R

37a : Ar1 = Ph ; R = H (23%)
37f : Ar1 = 4-ClC6H4
         R = 4-Cl (51%)

Scheme 50. Synthesis of 1,2,5-triaryl-1H-imidazoles 37a and 37f from 215
and aldimines 216a and 216b, respectively.

N

N

Ph

Ph

10a

N

N

Ph

Ph
Ar1

37b : Ar1 = 4-MeOC6H4 (77%)
37h : Ar1 = 4-CF3C6H4 (75%)

Ar1I (1.2 equiv), Pd(OAc)2 (5 mol %)
PPh3 (20 mol %), Cs2CO3 (1.2 equiv)

DMF, 150 °C

Scheme 52. Synthesis of 1,2,5-triaryl-1H-imidazoles 37b and 37h–j.
In recent years, the efficient synthesis of 1,2,5-triaryl-1H-
imidazoles 37 has brilliantly been achieved by regioselective
direct transition metal-mediated arylation of 1-aryl-1H-
imidazoles84 or 1,2-diaryl-1H-imidazoles.83,100 Thus, Sezen
and Sames100 synthesized compounds 37b and 37h by C-5
arylation of 1,2-diphenyl-1H-imidazole (10a) with the re-
quired aryl iodides under the optimized conditions originally
reported by Miura203 for 2-phenyloxazole, 2-methylthi-
azole, and 1,2-dimethyl-1H-imidazole (Scheme 52).

1,2,5-Triaryl-1H-imidazoles 37i and 37j have analogously
been prepared from 1,2-diaryl-1H-imidazoles 47o and 47p,
respectively (Scheme 53).100

N

N

Ph

OMe

47f

I

OMe
45d

+

Pd(OAc)2 (5 mol %)
CsF (2 equiv), CuI (2 equiv)
DMF, 140 °C, 113 h

Pd(OAc)2 (5 mol %)
CsF (2 equiv), CuI (2 equiv)
DMF, 140 °C, 113 h

N

N

Ph

OMe

MeO
37k

N

N

Ph
55a

I

OMe

45d

+

MeO

Scheme 53. Synthesis of compound 37k.

N

N

Ph
R2

R1

R3

47o : R1 = R2 = H ; R3 = CF3
47p : R1 = R2 = H ; R3 = OMe

N

N

Ph
Ar1

R3

37i : Ar1 = 4-MeOC6H4 ; R3 = CF3 (84%)
37j : Ar1 = 4-CF3C6H4 ; R3 = OMe (85%)

Ar1I (1.5 equiv), Pd(OAc)2 (5 mol %)
PPh3 (20 mol %), Cs2CO3 (1.2 equiv)

DMF, 150 °C

NH2

OH

OMe
OMe
220

N

N

Ph

Ph

MeO
OMe

29

H
Ph

N2

O

221
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More recently, we found that compound 37k, which was iso-
lated in 16% yield as a byproduct of the Pd- and Cu-mediated
reaction of 1-phenyl-1H-imidazole (46a) with 4-iodoanisole
(45d), could be obtained in 57% GLC yield by treatment of
the 1,2-diaryl-imidazole derivative 47f with 2 equiv of 45d
in DMF at 140 �C in the presence of 5 mol % Pd(OAc)2,
2 equiv of CuI, and 2 equiv of CsF. Moreover, we synthesized
this same compound in 74% GLC yield by the reaction of 1,5-
diaryl-1H-imidazole 55a with 2 equiv of 45d in DMF at
140 �C in the presence of 5 mol % Pd(OAc)2, 2 equiv of
CuI, and 2 equiv of CsF (Scheme 53).84

Furthermore, we showed that 1,2,5-triaryl-1H-imidazoles
37l–n can be synthesized via a one-step process involving
the direct Pd- and Cu-mediated arylation of 1-aryl-1H-imid-
azoles 46a–c with iodide 45d (Scheme 54).83 Interestingly,
this procedure, which allowed us to produce the required
heterocycles in modest yields, did not require the necessary
use of a phosphine ligand.

N

N

Ar1

46a : Ar1 = Ph
46b : Ar1 = 3,4,5-(MeO)3C6H2
46c : Ar1 = 4-MeOC6H4

I

OMe

45d

+

N

N

Ar1

OMe

MeO
37l : Ar1 = Ph (36%)
37m : Ar1 = 3,4,5-(MeO)3C6H2 (21%)
37n : Ar1 = 4-MeOC6H4 (32%)

(for the preparation of 37n) : 
45d (2 equiv), Pd(OAc)2 (10 mol %), Cs2CO3 (2 equiv)
CuI (2 equiv), DMF, 140 °C

(for the preparation of 37l and 37m) : 
45d (3 equiv), Pd(OAc)2 (10 mol %), P(t-Bu)3 or
[P(t-Bu)3H]+BF4

- (20 mol %), CsF (3 equiv)
CuI (3 equiv), DMF, 140 °C

Scheme 54. Synthesis of compounds 37l–n from the corresponding 1-aryl-
1H-imidazoles 46.

2.6. Synthesis of 1,4,5-triaryl-1H-imidazoles

The van Leusen strategy,110 developed for the synthesis of
1,5-diaryl-1H-imidazoles, has also been employed to pre-
pare 4,5-diphenyl-1-(4-chlorophenyl)-1H-imidazole (223).
Specifically, this compound was obtained in 82% yield by
the reaction of aldimine 213c with the sodium salt prepared
by treatment of the phenyl-substituted TosMIC derivative
222 with NaH in DME (Scheme 55).110

C
H

Ph
Ts NC

N

O2N

Ph
216c

NaH, DME
-5 °C

N

N

Ph

Ph

NO2

223

+

222

Scheme 55. Synthesis of compound 223.
More recently, this strategy has been used to build up, in one
step, imidazoles 226a–c starting from aldehyde 224, aryl-
amines 22f–h, and the aryl-substituted TosMIC reagent
225 (Scheme 56).204

NH2

Y

22f : Y = C6H4OC6H4
22g : Y = 4-ClC6H4
22h : Y = 4-Me2NC6H4

H

O

COOH

O

O

COOH

224

O

O

NC

Tos

225

Et3N, reflux

N

N

Y
O

O
O

HOOC
O

HOOC

226a : Y = C6H4OC6H4 (42%)
226b : Y = 4-ClC6H4 (21%)
226c : Y = 4-Me2NC6H4 (22%)

+ +

Scheme 56. Synthesis of imidazoles 226a–c according to the van Leusen
strategy.

1,4,5-Triaryl-1H-imidazole 228 had previously been pre-
pared in 84% yield by treatment of benzil (97c) with com-
pound 227 obtained by treatment of Betmip (181) with
4-dimethylaminoaniline (22i).182

N
N

N

N PPh3
181

NH2

Me2N

22i

Me2N

N
PPh3

227

O

O

Ph

Ph

97c

N

N

Ph

Ph

NMe2
228

2.7. Synthesis of 2,4,5-triaryl-1H-imidazoles

Cyclocondensation of a 1,2-diarylethanedione 97, an aryl
aldehyde 229, ammonium acetate (99) or ammonia in re-
fluxing acetic acid is a well-established procedure for the
preparation of 2,4,5-triaryl-1H-imidazoles 230 (Scheme
57).43,57,58,73,74,82,155,205–219

However, this widely used synthetic protocol suffers from
disadvantages such as harsh reaction conditions, prolonged
reaction time, laborious work up and purification of the re-
quired reaction products, and formation of side products.
With regard to this last aspect, it is worth mentioning that
it has recently been reported that treatment of benzaldehyde
(229a) with 2,20-pyridyl (97g) and ammonium acetate in
acetic acid at 110 �C gives a mixture of 4,5-bis(2-pyridyl)-
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2-phenyl-1H-imidazole (230a) and 1-(2-pyridyl)-3-phenyl-
imidazo[1.5-a]pyridine (231a) (Scheme 58).220

O

O

N

N

97g

+

AcONH4 (99), AcOH
           140 °C

O

NN N
N
H

N

N

N

231a 230a

+

Ph CHO

229a

Scheme 58. Synthesis of a mixture of compounds 230a and 231a.

The yield of 231a was 67.2% when 97f, 229a, and 99 were in
a 2:1:2 molar ratio, respectively. However, 230a was ob-
tained in 37.5% yield when these three reagents were in
a 1:1:8 molar ratio.220 Interestingly, imidazo[1.5-a]pyridines
231b–h were obtained in 42–68% yield when 97g, aryl alde-
hydes 229b–h, and ammonium acetate were in a 2:1:2 molar
ratio, respectively.220

R

CHO

229b-h

O

NN N

R 231b-h

b
Me

c
Et

d
i-Pr

e
OMe

f
Cl

g
F

h
NO2R

Reduction in reaction time, increases in the yield, and sup-
pression of side product formation have recently been re-
ported for several microwave (MW)-assisted syntheses of
2,4,5-triaryl-1H-imidazoles from 1,2-diketones 97, ammo-
nium acetate (99), and aryl aldehydes 229.221–224

These reactions have sometimes been performed in the pres-
ence of silica gel as the solid support225 and their modifica-
tions involving the use of a primary amine 147 and
ammonium acetate have been employed in the synthesis of
tetrasubstituted 2,4,5-triaryl-1H-imidazoles 108 where
Ar1¼Ar2 (Scheme 59).226–228 The significant shortfall of
this methodology is the necessity to use symmetrical benzils,

O

O

Ar1

Ar2

97

+ AcONH4 + Ar3 CHO

22999

AcOH, reflux

N
H

N
Ar3

Ar1

Ar2

N

H
N

Ar3

Ar1

Ar2

230

Scheme 57. Synthesis of 2,4,5-triaryl-1H-imidazoles 230 from a-diketones
97, ammonium acetate (99), and aldehydes 229.
due to a lack of regiocontrol for the 4- and 5-positions in the
process.

O

O

Ar2

Ar1

97 : Ar1 = Ar2

+ AcONH4 + Ar3 CHO

22999

SiO2 or zeolite HY
          MW
       (50-95%)

N

N
Ar3

Ar1

Ar2

+ R1-NH2

147

R1

108 : Ar1 = Ar2

Scheme 59. Synthesis of tetrasubstituted 2,4,5-triaryl-1H-imidazoles 108.

Recently, a large number of 2,4,5-triaryl-1H-imidazoles 230
where Ar1¼Ar2 have been prepared in excellent yields and
short reaction times by the reaction of symmetrical 1,2-dike-
tones 97 with aryl aldehydes 229 and ammonium acetate in
1-butylimidazolium tetrafluoroborate [(Hbim)BF4], a room
temperature ionic liquid,229 or in 1,1,3,3-N,N,N0,N0-tetrame-
thylguanidinium trifluoro-acetate.230 It should be noted that
the methodology involving the use of [(Hbim)BF4] is
characterized by a simple work up procedure and efficient
recovery and recycling of the ionic liquid, which acts as
a promoter.229

On the other hand, Gallagher and co-workers153 synthesized
2,4,5-triaryl-1H-imidazoles 230 by using a strategy that in-
volves the cyclocondensation reaction of keto-oximes 232
with aldehydes 229 and ammonium acetate, followed by
reduction of the resulting N-hydroxyimidazoles 233 with
trimethyl phosphite (Scheme 60).

O

NOH

Ar2

Ar1

232

+ AcONH4+Ar3 CHO

229 99

AcOH, reflux
N

N
Ar3

Ar1

Ar2

OH
233

P(OMe)3

N
H

N
Ar3

Ar1

Ar2

230

Ar1 = 4-pyridyl; Ph; 2-Me,4-pyridyl; 4-quinolyl; 4-BnNMeCH2C6H4; 
         4-MeOOC6H4; 4-CH2-N-morpholinoC6H4

Ar2 = 4-NO2C6H4; 4-(CN)C6H4; 4-MeSOC6H4; 4-FC6H4; 3-ClC6H4;
         2-MeOC6H4; 3-MeOC6H4; 3-NO2C6H4; 1-naphthyl; 2-naphthyl;
         3-NH2C6H4; 3-MeSO2C6H4

Ar3 = 4-NO2C6H4; 4-MeSO2NHC6H4; 4-(CHO)NHCH2C6H4; 4-N3C6H4;
         4-(CN)C6H4; 4-(COOH)C6H4; 4-EtOOCC6H4

Scheme 60. Synthesis of 2,4,5-triaryl-1H-imidazoles 230 from keto-oximes
232.

Compounds 232, which are more readily available compared
to the corresponding 1,2-diketones, can be prepared by treat-
ment of ketones 234 with sodium nitrite and HCl.153

In 2002, the strategy depicted in Scheme 61 was used to pre-
pare compound 230b, an imidazole derivative with reduced
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inhibitory activity of ALK5 kinase, which does not inhibit
p38 MAP kinase.48

Ar1 N Ar3

O

235

DIC
PhMe N

O

Ar1

O
Ar3

236

60 °C

N
Ar3

Ar1

Ar2
SO2Ph

238

N

N
Ar3

Ar1

Ar2

108d : Ar1 = Ar3 = Ph; Ar2 = 4-NO2C6H4
108e : Ar1 = Ar3 = Ph; Ar2 = 4-MeOC6H4
108f : Ar1 = Ar2 = Ar3 = Ph

(237)CH N SO2PhAr2

(45-65%)

HOOC

CO O

Scheme 61. Synthesis of 1-methyl-2,4,5-triaryl-1H-imidazoles 108d–f.

More recently, compounds 230 where Ar1 is 4-pyrimidyl or
4-pyridyl have been synthesized in modest yields from the
corresponding keto-oximes 232 via cyclization to N-hydroxy-
imidazoles 233 and an unprecedented in situ thermal reduc-
tion of the N–O bond upon microwave irradiation at 200 �C
for 20 min.231

In 1991, a direct approach to 1-methyl-2,4,5-triaryl-1H-
imidazoles 108 with two different aryl groups at the 4- and
5-positions was achieved by cycloaddition of mesoionic
1,3-oxazolium-5-olates (m€unchnones) 236 with N-

O

Ar2

Ar1

234

N
H

N

N

F

COOH

230b
(arylmethylene)benzenesulfonamides 237 via formation of
unstable primary bicyclic adducts 238 (Scheme 61).232

Compounds 236 could be prepared in situ from the corre-
sponding N-acyl-a-aminoacids 235 and N,N0-dicyclohexyl-
carbodiimide (DIC) in toluene. This protocol was used to
prepare compounds 108d–f.

However, the versatility of this methodology proved to be
limited to 1-methyl-1H-imidazole derivatives. Furthermore,
it must be taken into account that m€unchnones have the po-
tential to selfcondense232,233 and this can cause low yields.
Nevertheless, this side reaction can readily be suppressed in
a solid-phase approach. In fact, a library of 12 2,4,5-triaryl-
1H-imidazoles 230 has been prepared in 53–99% yield and
high purity by the reaction of the resin-bound m€unchnones
243 with tosylimines 244 in CH2Cl2 in the presence of
10 equiv of 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDC), followed by release of the imidazoles from
the polymer-linked derivatives 245 by acidic treatment
(Scheme 62).234 M€unchnones 243 were synthesized via
cyclization of compounds 242, which were obtained by
acylation of compounds 241, prepared from the commer-
cially available polystyrene-poly(ethylene glycol) graft
copolymer resin 239 and the amino acid methyl esters
240 (Scheme 62).234

Recently, Frantz and co-workers described a methodology
that allows the one-pot synthesis of tetrasubstituted 2,4,5-tri-
aryl-1H-imidazoles 108 and has no apparent limitation to the
amine incorporated in the 1-position of these hetero-
cycles.143 The cornerstone of this methodology is the thiazo-
lium-catalyzed addition of an aryl aldehyde 159 to an
acylimine 247 to generate the corresponding a-ketoamide
248 and the subsequent addition of an appropriate amine
147, followed by ring closure to the imidizole derivative
(Scheme 63). Acylimines 247 were prepared in situ by elim-
ination of p-toluenesulfinic acid from compounds 246.
OMe
CHO

H2N

Ar1

COOMe

240239

NaB(OAc)3H
1% AcOH, DMF

+ N
H

COOMe

Ar1OMe

241

1) Ar3COCl, i-Pr2NEt, CH2Cl2
2) KOH, dioxane, H2O

N COOH

Ar1OMe

OAr3

EDC (10 equiv)

CH2Cl2

OMe

N

O

Ar1

O
Ar3

243

OMe

N

N

Ar1

Ar2

Ar3

245

1) CF3COOH, H2O
2) AcOH, 100 °C N

H

N
Ar3

Ar1

Ar2

230 : Ar1 = Ph, 4-FC6H4
         Ar2 = 3-pyridyl, 4-pyridyl
         Ar3 = Ph, 4-FC6H4, 4-MeOC6H4

CH N Ts(244)Ar2

242

O

O

O
O

O

Scheme 62. Solid-supported synthesis of 2,4,5-triaryl-1H-imidazoles 230.
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Ar1
O

H Ar2 N
H

Ar3

Ts O

159

N

S OH

OH

Ar1+

N

S OHI

(5 mol%)

Et3N (5 equiv)
THF, 50 °C

Ar2 N Ar3

O

247
N

S OHI

Ar2 H
N Ar3

OAr1 O

248

R1-NH2 (147) (5 equiv)
EtOH, AcOH, refluxN

N
Ar3

R1
Ar1

Ar2

108g-i

246

g

h

i

4-pyridyl
4-pyridyl
4-pyridyl

2-furyl
Ph
Ph

Ph
Ph
Ph

Ph(CH2)3
(MeO)2CHCH2

HO-(CH2)2

R1
108 Ar1 Ar2 Ar3

N
H

N
Ph

Ph

N

230c

N

N
Ph

Ar2

N n-Bu

108g : Ar2 = Ph
108h : Ar2 = 4-FC6H4

Scheme 63. One-pot synthesis of compounds 108g–i.
This methodology was used for the one-pot synthesis of
compounds 108g, 108h, and 108i in 76, 80, and 75% yield,
respectively (Scheme 63) and 2,4,5-triaryl-1H-imidazole
230c in 78% yield.143

In 2005, a solid-phase route involving a synthetic approach
similar to that shown in Scheme 64 was followed to prepare
compounds 108j, 108k, and 108l in 35, 34, and 27% yield,
respectively.235

Ph

C NBn
Cl

257

t-BuOK, THF
0 °C

Ph

C
N

CHPh
258

N

N
Ph

Bn
Ph

Ph

108k

N

N

Bn

Ph

Ph

Ph

108l

Scheme 64. Synthesis of mixture of compounds 108k and 108l.

2,4,5-Triaryl-1H-imidazoles have also been prepared starting
from aryl nitriles. In fact, several years ago, it was reported
that compounds 230d (lophine), 230e, 230f, and 230g can
be prepared in 10, 52, 50, and 47% yields, respectively, by
the reaction of the required aryl nitriles 248 with the
2-azallyllithium derivative 249, prepared by treatment of
the corresponding azomethine derivative with LDA.236

More recent work by Hayes and co-workers237 shows that
aryl nitriles 248 are able to react with a,a-dilithioarylnitro-
methanes 250 to give 2,4,5-triaryl-1H-imidazoles 251 in
good yields. An unusual cyclization–elimination mechanism
has been proposed for this reaction.237

N
H

N
Ph

Ar2

Ph

230d : Ar2 = Ph
230e : Ar2 = 4-MeC6H4
230f : Ar2 = 3-MeC6H4
230g : Ar2 = 3-pyridyl

Ar2 CN

248a : Ar2 = Ph
248b : Ar2 = 4-MeC6H4
248c : Ar2 = 3-MeC6H4
248d : Ar2 = 3-pyridyl

Ph N
H

Li

Ph

H H

249

Lophine (230d) and the corresponding 1-benzyl derivative,
108j had previously been isolated in low yields from the
products of the reactions between benzylamine and CCl4
at 150 �C in an autoclave under CO or nitrogen pressure in
the presence of a catalytic quantity of Co2(CO)8.238 On the
other hand, 230d and other 2,4,5-triaryl-1H-imidazoles of
general formula 253 were easily obtained in high yields
by reacting 2,4,6-triaryl-4H-1,3,5-thiadiazines 252 with
aliphatic amines at room temperature.239

Compounds 253 were also obtained together with the corre-
sponding 2,3-diaryl-2H-azirines 256 as the major products
of pyrolysis of 1-aroylamino-4,5-diaryl-1,3,3-triazoles 254,
which, presumably, proceeds via the 4,5-diaryl-1,2,3-tri-
azolyl radicals 255.240
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Ar1 CLi2NO2

250 : Ar1 = Ph; 4-FC6H4; 4-MeOC6H4
N
H

N
Ar2

Ar2

Ar1

251 : Ar1 = 4-FC6H4; Ph; 4-MeOC6H4
         Ar2 = Ph; 4-CF3C6H4; 4-MeOC6H4

N

N
Ph

Ph

Ph
Bn

108j

N
S

N

Ar2

Ar1

Ar2

H

252

N
H

N
Ar2

Ar1

Ar1

253
N
N

N NH

Ar1Ar1

COAr2

254

N
N

N

Ar1Ar1

NHCOAr2

255

N

Ar1Ar1

H

256

On the other hand, a mixture of the tetrasubstituted 2,4,5-tri-
aryl-1H-imidazoles 108k and 108l was obtained from nitrile
ylide 258, generated via the base-catalyzed 1,3-dehydro-
chlorination of imidoyl chloride 257 (Scheme 64).241

In 1993, a hetero-Cope rearrangement was used as key re-
action of a two-step synthesis of imidazole 108f.242 Specifi-
cally, oxime 259 was reacted with a 2-fold excess of imidoyl
chloride 260 in the presence of Et3N to afford the amidine
261. This compound readily underwent the hetero-Cope rear-
rangement in refluxing toluene in the presence of 2.5 equiv of
p-toluenesulfonic acid to give 108f (Scheme 65).242

Ph NOH

Ph

259

Cl Ph

N
2

260

N Ph

NPh

Ph

O

NHPh

261

N

N

Ph

Ph
Ph

108f

Et3N (3-5 equiv)
THF, -78 °C

(57%)

p-TsOH (2.5 equiv)
PhMe, reflux

(96%)

+

Scheme 65. Synthesis of compound 108f via hetero-Cope rearrangement of
amidine 261.

In 2003, 2,4,5-triaryl-1H-imidazoles 263a–f were synthe-
sized in 40–90% yield by heating the corresponding
triaryl-2,4-diazapentadienes 262a–f with a stoichiometric
amount of t-BuOK in DMSO in the presence of air or oxy-
gen.243 Compounds 262 were prepared by the reaction of
the corresponding aryl aldehydes with a solution of ammo-
nia in 95% EtOH and ammonium chloride243 or with liquid
ammonia.244

More recently, imidazoles 263a, 263d, 263g, and 263h have
been obtained in modest-to-satisfactory yields by thermal
cyclization of 262a, 262d, 260g, and 262h, respectively, at
120 �C and 10�2 Torr, followed by further heating at 140–
160 �C of the resulting cis-imidazolines 264a–d.244

N
H

N
Ar1

Ar1

Ar1 264a : Ar1 = Ph
264b : Ar1 = 2-thienyl
264c : Ar1 = 2-furyl
264d : Ar1 = 3-thienyl

Another strategy followed for the multi-step synthesis of
2,4,5-triaryl-1H-imidazoles involves the structural modifi-
cation of functionalized imidazole derivatives via classical
Pd-catalyzed cross-coupling reactions of organometallic re-
agents. Thus, in 1998, Revesz and co-workers188 synthe-
sized compound 230h in 6% overall yield from the known
SEM-protected 2,4,5-tribromo-1H-imidazole (184)187 using
two Suzuki-type reactions involving imidazolyl bromides
184 and 267 and a Stille-type reaction between 4-bromopyr-
idine and the trimethyltin derivative 266 regioselectively
prepared from the 4,5-dibromoimidazole derivative 265
(Scheme 66).188

A Stille-type coupling was also used as a key step in the syn-
thesis of 2,4,5-triaryl-1H-imidazole 230i from 4-(bromoace-
tyl)pyridine hydrobromide (268) and benzamidine (269)
(Scheme 67).151 Thus, imidazole 270, which was prepared
from 268 and a molar excess of 269, was protected as the
Ar1HC N
CHAr1

NAr1HC

262a-h

N
H

N

Ar1

Ar1

Ar1

263a-h

Ar1    Ph   4-BrC6H4   4-MeOC6H4   2-thienyl   3-NO2C6H4   4-pyridyl   2-furyl   3-thienyl
a b c d e gf h
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N

N
Br

SEM
Br

Br

184

N

N

SEM
Br

Br
OMe

265

N

N

SEM
Me3Sn

Br
OMe

266

N

N

SEM

Br
OMe

N

N
H

N
OMe

N

F

230h

4-MeOC6H4B(OH)2
PdCl2(PPh3)2 (cat)

2 M Na2CO3 (2 equiv), xylene
MeOH, reflux

(34%)

1) BuLi, THF, hexane, -78 °C
2) Me3SnCl, -78 °C to rt
                (34%)

N

Br

, xylene

PdCl2(PPh3)2 (cat), reflux
(74%)

2 3

1) 4-FC6H4B(OH)2, PdCl2(PPh3)2 (cat)
    2 M Na CO , xylene, MeOH, reflux

2) EtOH, HCl (conc), rt
(84 %)

267

Scheme 66. Multi-step synthesis of 2,4,5-triaryl-1H-imidazole 230h.

HBr N
O

Br

Ph NH2

NH
DMF, 40 °C

(80%)
+ N

H

N
Ph

N

1) NaH, THF, 0 °C
2) MOMCl

(57%)

N

N
Ph

MOM

N

1) BuLi, THF, -78 °C
2) Me3SnCl N

N
Ph

MOM

N

Me3Sn

3-CF3C6H4I, DMF
Pd(PPh3)4, 80 °C
         (72%)

N

N
Ph

MOM

N

CF3

6 M HCl, reflux
(54%) N

H

N
Ph

N

CF3

(MOM = MeOCH2)
230i108m

272271

270269268

Scheme 67. Synthesis of compound 230i.
1-methoxymethyl ether to give a 3:1 mixture of regioisomers
favoring the less-hindered isomer 271. This compound was
functionalized at the 5-position by treatment with butyl-
lithium and subsequent reaction with chlorotrimethyltin.
The resulting organometallic derivative 272 underwent
smooth Pd-catalyzed coupling with 3-iodo-(trifluorome-
thyl)benzene to give the imidazole derivative 108m. Finally,
this compound was deprotected by treatment with aqueous
HCl to furnish the required 2,4,5-triaryl-1H-imidazole 230i.

A related stannane coupling-based route was used to prepare
the 5-(4-pyrimidinyl)-2-phenyl-1H-imidazole derivatives
251a–e from the MOM-protected imidazole 273.151

In 2002, Novartis Pharma researchers developed a method
for preparing the aryl-substituted pyridinylimidazoles
230j–l (Scheme 68).245 Specifically, the SEM-protected
imidazole 274 was treated with butyllithium and the result-
ing 2-lithium derivative underwent regioselective arylation
with pentafluoropyridine to give compound 275. Bromina-
tion of this compound gave the dibromo derivative 276,
which underwent regioselective Pd-catalyzed reaction with

N

NPh
Ph

MOM

273

N
H

NPh
Ph

N N

R

251a : R = H
251b : R = SO2Me
251c : R = NHMe
251d : R = 4-MeOC6H4CH2NH
251e : R = NH2
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N

N

SEM N

N
N

SEMF F

FF

275

1) BuLi, THF, -40°C
N

F
FF

F F
2)

Br2, AcOH, AcONa, rt
(86% from 274) N

N
N

SEMF F

F
Br

Br

276

N

SnMe3

PdCl2(PPh3)2 (cat), PhMe
reflux
(46%)

N

N
N

SEMF F

FF
Br

N
277

PdCl2(PPh3)2(cat)
xylene, reflux
     (88%)

O SnBu3 O
B(OH)2

PdCl2(PPh3)2(cat)
aq. Na2CO3
DME, 100 °C
     (78%)

CF3

B(OH)2

PdCl2(PPh3)2(cat)
aq Na2CO3
DME, 100 °C
    (92%)

N

N
N

SEMF F

FF

N

O

N

N
N

SEMF F

FF

N

O
N

N
N

SEMF F

FF

N

F3C

280279278

1) EtOH, HCl, rt (75-85%)
2) 25 % aq NH3, 170 °C, autoclave
                  (30-36%)

N
H

N
N

F NH2

NH2F

N

Ar2

230j : Ar2 = 2-furyl
230k : Ar2 = 2-benzofuryl
230l : Ar2 = 3-CF3C6H4

274

Scheme 68. Synthesis of compounds 230j–l.
4-trimethylstannylpyridine to furnish compound 277. The
remaining C–Br bond at C-4 of this compound served to
introduce the 2-furyl group of compound 278 via a Stille re-
action and the 2-benzofuryl group of compound 279 and the
3-trifluoromethylphenyl group of 280 via Suzuki-type reac-
tions. Removing the SEM-protecting group from 278, 279,
and 280 under acidic conditions, followed by heating in an
autoclave at 170 �C in the presence of 25% aqueous ammo-
nia delivered compounds 230j, 230k, and 230l, respectively,
in moderate yields.245

More recently, a Negishi-type cross-coupling reaction has
been used to prepare 2,4,5-triaryl-1H-imidazole 253a from
4,5-diaryl-1H-imidazole 105h (Scheme 69).246 The imid-
azol-2-ylzinc reagent used in this reaction was generated
by treatment of 105h with tert-butyllithium in THF at
–78 �C, followed by addition of ZnCl2. The Pd-catalyzed
cross-coupling of this organozinc reagent with 2-iodopyri-
dine led to imidazole 108o, which was then converted into
the target compound by Pd-catalyzed hydrogenolysis.246
2.8. Synthesis of 1,2,4,5-tetraaryl-1H-imidazoles

In 1968, Heinze and co-workers developed a three-step pro-
cedure for the synthesis of 1,2,4,5-tetraaryl-1H-imidazoles
285a–k from the required desylamines 281 and aroyl chlo-
rides 282.247 This procedure involved the formation of N-
(a-chlorobenzylideneanilino)desoxy-benzoin derivatives
284 from a-amido ketones 283 (Scheme 70).247 Later, com-
pound 285a was synthesized by Stradi and co-workers by the
reaction of enamine 286 with N-chloro-N0-phenylbenz-
amidine (5a) and treatment of the resulting compound 287
with sulfuric acid at 130 �C (Scheme 71).248

A similar reaction sequence was used to prepare 1,2,4-tri-
aryl-1H-imidazoles 288a–c.248

Compound 285a was alternatively prepared in two steps in
52% overall yield by the reaction of oxime 259 with imidoyl
chloride 289 via a hetero-Cope rearrangement of the result-
ing amidine 290.242
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N
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Bn

O
O

O
O 108o

N , Pd/C, reflux

(75%)

1) t-BuLi, THF, -78 °C
2) ZnCl2, -78 °C to rt
3) 2-iodopyridine,
    Pd(OAc)2, ligand
             reflux
            (82%)

N
H

N

O
O

O
O

N
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( ligand =

Me2N

PCy2

)

Scheme 69. Synthesis of compound 253a.
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OAr3
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281 282

Ar2 COCl
N Ar2

OAr3

Ar4
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PCl5 N Ar2

OAr3

Ar4
Ar1Ar1

Cl
Cl

284

NH3, CH2Cl2
(85-98%) N

N
Ar2

Ar1
Ar4

Ar3

+

285a : Ar1 = Ar2 = Ar3 = Ar4 = Ph
285b : Ar1 = Ar3 = Ar4 = Ph ; Ar2 = 4-MeOC6H4
285c : Ar1 = Ar3 = Ar4 = Ph ; Ar2 = 4-ClC6H4
285d : Ar1 = Ar3 = Ar4 = Ph ; Ar2 = 4-NO2C6H4
285e : Ar1 = Ar3 = Ar4 = Ph ; Ar2 = 4-Me2NC6H4
285f : Ar2 = Ar3 = Ar4 = Ph ; Ar1 = 4-MeOC6H4
285g : Ar1 = Ar2 = 4-MeOC6H4 ; Ar3 = Ar4 = Ph
285h : Ar1 = Ar2 = Ph ; Ar3 = Ar4 = 4-MeOC6H4
285i : Ar1 = Ph ; Ar2 = Ar3 = Ar4 = 4-MeOC6H4
285j : Ar1 = Ar3 = Ar4 = 4-MeOC6H4 ; Ar2 = Ph
285k : Ar1 = Ar2 = Ar3 = Ar4 = 4-MeOC6H4

Scheme 70. Synthesis of compounds 285a–k.
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Scheme 71. Synthesis of compound 285a from 5a and 286.
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N
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288a : Ar1 = Ph
288b : Ar1 = 4-MeC6H4
288c : Ar1 = 4-FC6H4
N Ph

NPh
O

Ph

NHPh
Ph
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N
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Ph

Ph

289

Ph

Ph NHOH

259

Ph

Finally, 1,2,4,5-tetraaryl-1H-imidazoles 285a and 285l were
synthesized by condensation of benzil monoxime 291, benz-
aldehyde (73a), and arylamines 70a and 70f, respectively,
followed by reduction of the resulting 1-aryl-2,4,5-tri-
phenyl-1H-imidazole-N-oxides, 291a and 291b, with tri-
ethyl phosphite (Scheme 72).249

Ph NOH

OPh

291 73a

Ph CHO+

N

N
Ph

Ar1
Ph

Ph

+ AcOH
reflux

Ar1NH2

70a : Ar1 = Ph
70f : Ar1 = 4-MeC6H4

N

N
Ph

Ph

Ph

Ar1

O

292a : Ar1 = Ph (73%)
292b : Ar1 = 4-MeC6H4 (70%)

P(OEt)3 (2.4 equiv)
CHCl3, rt

285a : Ar1 = Ph (89%)
285l : Ar1 = 4-MeC6H4 (100%)

Scheme 72. Synthesis of compounds 285a and 285l via reduction of the
corresponding tetraarylimidazole-N-oxides.

3. Biological properties of vicinal diaryl-substituted
1H-imidazoles

In this section, an overview of the biological properties of
imidazole derivatives with two aryl groups on adjacent posi-
tions is given. In particular, we dwell upon the compounds
included in the following classes: (a) inhibitors of p38
MAP kinase; (b) inhibitors of B-Raf kinase; (c) inhibitors
of transforming growth factor b1 (TGF-b1) type 1 activin re-
ceptor-like kinase (ALK5); (d) inhibitors of the biosynthesis
of interleukin-1 (IL-1); (e) cyclooxygenase-2 (COX-2)
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inhibitors; (f) antagonists of the cannabinoid CB1 receptor;
(g) selective acyl-CoA: cholesterol O-acyl transferase
(ACAT) inhibitors; (h) glucagon receptor antagonists; (i)
compounds endowed with a neurochemical profile similar
to that of clozapine; (j) combretastatin A-4 (CA-4) ana-
logues with antitumor activities; (k) modulators of P-glyco-
protein (P-gp) mediated multidrug resistance (MDR); and (i)
antibacterial agents.

3.1. Inhibitors of p38 MAP kinase

The mitogen-activated protein (MAP) kinases are a family
of ubiquitously distributed enzymes, which are able to medi-
ate intracellular signal transduction and participate in a num-
ber of physiological as well as pathophysiological cellular
processes including cell growth, differentiation, and apopto-
sis.13,250,251 The members of the mammalian MAP kinase
family that include ERK1, ERK2, ERK3a, ERK3b, JNK1,
JNK2, JNK3, p38a, p38b, p38g, p38d, and ERK5 share se-
quence similarity and conserved structural domains.252,253

The extracellular-signal regulated kinases (ERKs) are acti-
vated by growth and mitogen factors via a Ras-dependent
pathway.253,254 In contrast, Jun N-terminal kinases (JNKs)
and p38 kinases are activated in response to the pro-inflam-
matory cytokines interleukin-1 (IL-1) and tumor necrosis
factor a (TNF-a) and by environmental stress including
toxins, UV light, heat, shock, and cellular injury.255

The human p38a MAP kinase was originally identified as the
molecular target of the pyridinylimidazole class of
compounds that were known to inhibit the biosynthesis of
inflammatory cytokines such as IL-1 and TNF in lipopoly-
saccharide (LPS)-stimulated human monocytes.256 At the
present time, it is known that pyridinylimidazole drugs also
inhibit p38b and that the p38 kinases, p38g and p38d, are in-
sensitive to these drugs.256 Nevertheless, during the last 10
years a number of novel chemotypes of p38 kinase inhibitors,
which include a variety of 4,5-diaryl- and 2,4,5-triaryl-1H-
imidazoles, have been discovered via high-throughput
screening.14,257 In particular, 4,5-diaryl-1H-imidazoles in
which an aryl substituent is a pyrimidine or a pyridine group
and the second aryl substituent is a 4-fluorophenyl group
form an important class of these inhibitors vigorously pur-
sued by a number of pharmaceutical companies and research
institutes as anti-inflammatory drugs.163,165,167,257–271

Several examples of 5(4)-aryl-4(5)-(4-fluorophenyl)-1H-
imidazoles, which are p38 MAP kinase inhibitors and are
also known as CSBP, RK or HOG1 inhibitors, are listed in
Table 3. Compounds 163af (SB-210313),12,151,167 309
Table 3. 5(4)-Aryl-4(5)-(4-fluorophenyl)-1H-imidazole derivatives, which are p38 mitogen-activated protein kinase inhibitors

N

N
R2

R1
Ar1

F

Compound Ar1 R1 R2 Ref.

293
N

N
O H H 168

294
N

NH H 12

295
N N

O N (CH2)3 H 258

163af (SB-210313)
N

O N (CH2)3 H 167

163r

NH2

N N O N (CH2)3 H 258

296

OMe

N N O N (CH2)3 H 258

297 (SB-220025)

NH2

N N NH H 259

298

NH2

N N HN H 256

(continued)



Table 3. (continued)

Compound Ar1 R1 R2 Ref.

299

OPh

N N NH H 257

300 (SB-242235)

OMe

N N NH H 163,260,261

301 (SB-239063)

OMe

N N HO H 163

302

NHMe

N N NH H 262

303

N N

O NH H 257

304
N

N
O

Et

Et

NH H 168

305 (ML-3375)
N

H SMe 148,151

306 N

OMe

H SMe 123e

307 (ML-3163)
N

H CH2 SOMeS 263

308
N

NHPh
H SMe 123e

309 (SB-203580)
N

H 4-MeSOC6H4 264–267

310
N

H 4-ClC6H4 268

311
N

H N

F

F NH2

NH2

125

312 (SB-202190)
N

H 4-HOC6H4 270,267

313
N

H t-Bu 125

314 (RPR 200765A)
N

H
O

O

O

N
O

258

315
N

H –CMe2OH 125

(continued)
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Table 3. (continued)

Compound Ar1 R1 R2 Ref.
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N

H
OH

125

317 (RPR 238677)
N

NN
H

H
O

O

O

N
N

133

318 (RPR 203494)
N

NN
H

H
O

O

O

N
O

134

319 N

NHAc

CH2CH2OMe SMe 149

320
N

Me SMe 270

321
N

SMe 270

322 N

NHAc

HN SMe 123e

323
N

NHPh
Me SMe 123e

324 (RWJ-67657)
N

Ph–(CH2)3 HO–(CH2)2–C^C 169,271

325
N

N
O

Et

Et

Me NH 168
(SB-203580),77,264–267 312 (SB-202190),269 314 (RPR-
200765A),165 and 323 (RWJ-67657)169,271 are typical
examples of pyridinylimidazoles in which the 4-pyridinyl
substituent was considered as an essential element in the
early p38 inhibitors.13 Indeed, the strong hydrogen bond
established between the p38 amide NH of Met109 and the pyr-
idine nitrogen is a key determinant of binding affinity com-
mon to all pyridinylimidazole p38 MAP kinase inhibitors.13

However, these substances also potently inhibit human
hepatic cytochrome P-450 enzymes165,259 and inhibitors of
these enzymes are known to potently cause drug–drug inter-
actions or to lead to hepatic changes such as P-450 enzyme
induction.165 The potent in vitro inhibitory activity of these
substances for some cytochrome P-450 isoenzymes, due to
the fact that both pyridine and imidazole are ligands for
the heme iron of cytochrome P-450,260 and their consequent
severe liver toxicity prevented the clinical development of
these first-generation p38 inhibitors. Thus, important modi-
fications of their structure were introduced with the success-
ful replacement of the 4-pyridyl moiety by related
heterocycles. In particular, replacement of the pyridine
ring by a pyrimidine moiety in a number of previous series
of pyridinylimidazoles has been an active area in the search
for improved p38 inhibitors, which has frequently resulted in
analogues, such as RPR-238677 (317)134 and RPR-203494
(318),135 with minimal inhibition of cytochrome P-450. Pyr-
imidinylimidazole SB-24235 (300) has been reported to
have entered phase I clinical trials.13

It is worth noting that imidazole derivatives, which are p38
MAP kinase inhibitors, but do not contain a 4-fluorophenyl
group, have also been described.109,151,272–275

They include compounds 326 (L-790070),151,272 327,162 328
(SB-2,27,931),273 329,274 330,275 and the unusual 1,2-di-
aryl-substituted imidazole 331.109

3.2. Inhibitors of B-Raf kinase

Ras is a GTP-hydrolyzing protein that once activated binds to
and activates the downstream target or effector, the Ser/Thr-
specific protein Raf.276 Raf is a protein kinase that initiates
a cascade of other protein kinases by acting on the protein
kinases MEK-1 and MEK-2.277 The phosphorylated active
MEK proteins phosphorylate the mitogen-activated protein
kinases MAPK, which act on a variety of other proteins.276

Two MAPK proteins are designed ERK-1 and ERK-2.
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Three isoforms of Raf proteins have been found in mamma-
lian cells: Raf-1 (or C-Raf), A-Raf, and B-Raf. The latter
protein, which has higher affinity and stronger stimulation
toward MEK than C-Raf and A-Raf, specifically promotes
cell survival by activating the mitogen-activated protein
kinase pathway.278 The Ras–Raf–MEK–ERK signaling,
which was the first MAP kinase cascade to be character-
ized,279 under physiological conditions is activated by mito-
gens, growth factors and cytokines and regulates cell growth,
survival and differentiation.280,281 Constitutive activation of
this signaling pathway is observed in a variety of cancers.282

Moreover, activating mutations of B-Raf have been reported
to be present in 66% of malignant melanomas.283 Disruption
of the Ras–Raf–MEK–ERK signaling cascade could thus
offer a novel approach for cancer chemotherapy by develop-
ment of novel anticancer drugs.284

N
H

N
Ph

N

Cl

HO

230m (L-779,450)

N
H

N
t-Bu

N

F

145c

N
H

N

N

O
NMe2

230n (SB-590885)

N
HO

In 1998, Merck researchers reported that 2,4,5-triaryl-1H-
imidazole 230m (L-779,450) is a highly potent low nanomo-
lar inhibitor of Raf.285

Very recently, screening of the SmithKline Beecham com-
pound bank identified imidazole 145c as a submicromolar
inhibitor of B-Raf (B-Raf IC50¼900 nM).43 Unfortunately,
this compound is poorly soluble in aqueous systems, thus
precluding its use as an in vivo tool. However, a novel 2,4,5-
triaryl-1H-imidazole, SB-590885 (230n), bearing a 2,3-di-
hydro-1H-inden-1-one oxime substituent, was identified as
a potent and extremely selective inhibitor of B-Raf kinase and
was shown to be quite soluble (>1 mg/ml) in pH 5 buffer.43
Raf inhibitors, which are currently undergoing clinical eval-
uation show promising signs of anticancer efficacy with
a very tolerable safety profile.286a On this subject, it should
be mentioned that, in December 2005, the U.S. FDA ap-
proved the novel oncolytic drug, sorafenib (Nexavar�)
(332), for the treatment of patients with advanced renal cell
carcinoma.286b,c Compound 332, which was formerly called
BAY-439006, is the first oral multikinase inhibitor that tar-
gets Raf kinase, VEGFR-2, VEGFR-3, PDGFR-b, KIT,
and FLT3.

N
H

N
H

O
Cl

F3C

O

N
N
H

O

332

On the other hand, the p38 MAP kinase inhibitor, SB-
203580 (309), has been shown to be able to activate Raf1
in quiescent smooth muscle cells in a dose-dependent fash-
ion.45 This is particularly interesting in view of the recent re-
ports that compound 309 and related p38 MAP kinase
inhibitors can prevent apoptosis in certain cell sys-
tems,45,287–289 because Raf1 has also been suggested to
cause anti-apoptotic effects.290–292

3.3. Inhibitors of transforming growth factor b1 (TGF-
b1) type 1 activin receptor-like kinase (ALK5)

The transforming factor-betas (TGF-bs) are members of
a large family of cytokines, which also include activins
and bone morphogenetic proteins. Members of the TGF-
b superfamily regulate a variety of physiological processes
such as cell proliferation, differentiation, adhesion, motility,
and cell death.293 Dysregulation of TGF-b signaling contrib-
utes to several pathological processes including cancer,
fibrosis, and autoimmune disorders.294–296 Thus, inhibition
of this signaling represents a promising and exciting target
of therapeutic strategies to control tumor growth and fibrotic
diseases.

Signaling by the TGF-b superfamily is mediated by two
types of transmembrane receptor serine/threonine kinases,
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types 1 and 2. The type 2 receptor phosphorylates and acti-
vates homodimers of type 1 receptors or activin receptor-like
kinases (ALKs). There are seven known mammalian type I
receptors (ALK1–7) and five type 2 receptors, and combina-
tions of the type 1 and type 2 receptors confer specificity of
ligand signaling.297

In 1998, Eyers and co-workers298 discovered that 2,4,5-tri-
aryl-1H-imidazole 309 (SB-203580), which is a potent
p38a kinase inhibitor, is also able to inhibit the type 1
TGF-b receptor with an IC50 values of 20 mM.
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In 2002, GlaxoSmithKline researchers screened their inter-
nal compound collection for inhibitors of the TGF-b1 type
1 receptor (ALK-5) and identified compound 333.48 Optimi-
zation of this 2,4,5-triaryl-1H-imidazole gave the selective
inhibitor 334 (SB-431542), which lacks the 4-pyridyl group
characteristic of related p38 kinase inhibitors. Compound
334, which was synthesized using the strategy illustrated
in Scheme 61, was shown to be able to inhibit the activity
of TGF-b1 activin receptor-like kinases and to be a selective
and potent inhibitor of ALK-4, ALK-5, and ALK-7.46,47

However, it was without effect on ALK-1, -2, -3, and -6.
SB-431542 was also shown to inhibit TGF-b1-stimulated
proliferation of MG63, a human osteosarcoma cell line
ALK-1 that contains another TGF-b type 1 receptor predom-
inantly present in vascular endothelial cells.299

3.4. Inhibitors of biosynthesis of interleukin-1 (IL-1)

The pro-inflammatory cytokines TNF-a and IL-1 have been
shown to induce the release of prostaglandin E2 (PGE2) and
collagenase from synovial fibroblasts300 and upregulate the
expression of vascular adhesion molecules, leading to the in-
filtration of tissues by neutrophils and lymphocytes.301 p38
MAP kinase regulates the biosynthesis of these cytokines
at both the transcriptional and translational level.302 IL-1,
which plays a key role in the body’s response to infections,
activating lymphocyte products, toxins and inflammatory
stimuli,303,304 consists of two structurally distinct proteins,
IL-1a and IL-1b.305

Inhibition of IL-1, which is a contributing factor in a host of
diseases such as osteoporosis, colitis, arthritis, diabetes, and
atherosclerosis,306 has been a strategy for studying diseases
and for new drug development. In 1995, Gallagher and co-
workers307 reported that some 5-(4-pyridinyl)-2,4-diaryl-
1H-imidazoles were inhibitors of IL-1 biosynthesis and
found that compounds SB-203580 (309), SB-202190
(312), and 335–339 were the most potent among these het-
erocycles.
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309 : Y = SOMe
312 : Y = OH
335 : Y = NO2
336 : Y = CH2NH2
337 : Y = SO2NH2
338 : Y = CN
339 : Y = NH2

These authors were also able to show that, for this series of
compounds, IL-1 inhibition does not correlate with 5-lip-
oxygenase (5-LO) inhibition and is not a function of non-
specific antioxidant activity.307

3.5. Cyclooxygenase-2 (COX-2) inhibitors

Classical nonsteroidal anti-inflammatory agents are non-
selective COX inhibitors that reduce the formation of phys-
iological prostaglandins produced by COX-1, the isoform of
COX, which is expressed constitutively in most tissues,
including the gastrointestinal tract and kidneys.308 These
compounds include the 4,5-diaryl-1H-imidazole derivatives
340a,58 fenflumizole (340b),71 341,58 flumizole (140t),59

and triflumizole (342).71

By contrast, the COX-2 enzyme is not detected in most nor-
mal tissues, but it is induced by pro-inflammatory cytokines
IL-1 and TNF-a, which results in enhanced synthesis of
prostaglandins in neoplastic and inflamed tissues.64,309

Thus, selective COX-2 inhibitors have been developed
with the hope of producing lesser gastrointestinal side-
effects as compared with the conventional nonsteroidal
anti-inflammatory drugs.
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The first compound, DUP-697 (343),310 with a clear COX-2
specificity was developed in 1990 and served as template for
the development of new COX-2 inhibitors such as rofecoxib
(344),311 celecoxib (345),312 and 4-[4-chloro-5-(3-fluoro-4-
methoxyphenyl)imidazol-1-yl]benzenesulfonamide (cimi-
coxib) (346).70
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Compound 346 was identified as a highly selective COX-2
inhibitor showing high potency in all inflammation tests,
together with good pharmacokinetics.70 More recently,
another 1,5-diaryl-1H-imidazole, compound 347, has been
shown to have strong inhibitory activity on COX-2-cata-
lyzed PGE2 production.72 On the other hand, 4,5-diaryl-1H-
imidazole 140u was also found to be a COX-2 inhibitor.63

In fact, it is 6750-fold more selective against COX-1,
although it is somewhat less active then celecoxib (345)
(IC50 690 vs 28 nM).63

The pharmacological activity of a series of 1,2-diaryl-
1H-imidazoles developed as potent and selective COX-2
inhibitors has also been described.67 In 1997, Khanna and
co-workers found that some of these heterocycles are very
potent (IC50 10–100 nM) and selective (COX-1/COX-2¼
103–104) inhibitors of human COX-2 enzyme and observed
that compounds 47p and 47q that contained a 4-methyl-
sulfonylphenyl group attached at N-1 were more potent than
compounds 47n and 47o, in which this group is switched to
the C-2 position.67 Interestingly, compounds 47r and 47s
and other 1,2-diaryl-1H-imidazoles showed excellent inhibi-
tion in the adjuvant-induced arthritis model.67

N

N
Ar2

Ar1
H

R1

47n : R1 = Me; Ar1 = 4-MeSO2C6H4; Ar2 = 4-ClC6H4
47o : R1 = CF3; Ar1 = 4-MeSO2C6H4; Ar2 = 4-ClC6H4
47p : R1 = Me; Ar1 = 4-FC6H4; Ar2 = 4-MeSO2C6H4
47q : R1 = CF3; Ar1 = 4-FC6H4; Ar2 = 4-MeSO2C6H4
47r : R1 = CF3; Ar1 = 4-MeSO2C6H4; Ar2 = 3-ClC6H4
47s : R1 = CF3; Ar1 = 4-H2NSO2C6H4; Ar2 = 3-ClC6H4

In 2002, Khanna and co-workers synthesized a series of
heteroaryl-modified 1,2-diaryl-1H-imidazoles that included
highly selective (1000- to 9000-fold) inhibitors of COX-
2.68 Compound 47t was found to exhibit excellent activity
in acute and chronic models of inflammation and compounds
47u–y demonstrated excellent oral activity in every efficacy
model evaluated.68

In the same year, Desiraju and Gopalakrishnan69 performed
comparative molecular field analyses and comparative
molecular similarity index analyses on 114 1,2-diaryl-1H-
imidazoles to optimize their COX-2 selective anti-inflamma-
tory activities. Docking studies were also carried out in
which these heterocycles were docked into the active sites
of COX-1 and COX-2 to analyze the receptor ligand interac-
tions that confer selectivity for COX-2. The most active
among these derivatives, compound 47z, was found to adopt
an orientation similar to that of SC-558 (348) inside the
COX-2 active site.69
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348 (SC-558)

In ending this section, we deem it necessary to mention that,
recently, it has been reported that the use of some COX-2 in-
hibitors such as rofecoxib (Vioxx�), celecoxib (Celebrex�),
and vadecoxib (Bextra�) causes an increase in the risk of
heart attack and stroke. Thus, in 2005, an advisory panel
of the US FDA recommended that these drugs carry black
box warnings, but the panel did not recommend that the
drugs should be withdrawn from the market.313 In fact, these
drugs may still remain the best option for treating arthritis in
some patients without cardiovascular risk factors who can-
not tolerate traditional nonsteroidal anti-inflammatory drugs
because of their gastric side effects.

3.6. Antagonists of CB1 cannabinoid receptor

Cannabinoids are psychotropic constituents of the Indian
hemp Cannabis sativa L., which, in spite of their potential
for abuse, have a number of potential therapeutic uses
including antinociception, suppression of chemotherapy-
induced nausea, and appetite stimulation in cachexic
patients.314–317

Mammalian tissues contain at least two types of cannabinoid
receptor, CB1 and CB2, both coupled to G proteins.318 CB1

receptors are expressed mainly in neurones of the peripheral
and central nervous system, whereas the CB2 receptor occurs
in non-neuronal tissues, particularly in immune cells.318

Brain CB1 receptor antagonists are currently the subject of
intensive research, due to their highly promising therapeutic
prospects in the treatment of a number of diseases such as
neuro-inflammatory disorders, psychosis, anxiety, cognitive
disorders, depression, addiction, septic shock, obesity, and
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47t : R1 = Me; R2 = H
47n : R1 = NH2; R2 = 2-Me
47v : R1 = NH2; R2 = 5-Me
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47w : Het = 6-Me-2-pyridyl
47x : Het = 2-Me-4-thiazolyl
47y : Het = 2-Me-5-thiazolyl
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gastrointestinal disorders.79,319 However, the role of the CB1

receptors in these psychiatric and neurovegetative disorders
is not well understood.

Some vicinal diaryl-substituted imidazole derivatives, struc-
turally related to rimonabant (349),320,321 have been demon-
strated to be potent and selective CB1 cannabinoid receptor
antagonists.8a,77,78 Compound 349, which was reported to
have potent human CB1 receptor affinity,322 was later dem-
onstrated with feeding studies in the rat to afford a dose-de-
pendent reduction in both food intake and body weight.175

Vicinal diaryl-substituted 1H-imidazoles structurally related
to 349 include 1,2-diaryl-1H-imidazoles 350a–e8a and
350f–j78 and 4,5-diaryl-1H-imidazoles 351a,b.77

Molecular modeling studies have shown a close three-
dimensional structural overlap between compound 350g
and rimonabant (349).78 On the other hand, compounds
351a,b demonstrated efficacy in overnight feeding studies
in the rat for reduction in both food intake and overall
body weight.77

3.7. Selective acyl-CoA:cholesterol acyl transferase
(ACAT) inhibitors

ACAT, the enzyme principally responsible for the acylation
of cholesterol to cholesteryl esters with long-chain fatty
acids,323 plays a key role in the absorption and metabolism
of cholesterol. In mammalian species, including humans, it
is present in two different forms, ACAT1 and ACAT2.324,325

These isoforms of the enzyme have different substrate
specificity and different potential function.

Some years ago, the implications for inhibiting ACAT for
treatment of hyperchloesterolemia and atherosclerosis be-
came clear326 and a large number of pharmaceutical compa-
nies were prompted to pursue ACAT inhibitors as a potential
therapeutic target for treatment of both atherosclerosis and
hypercholesterolemia.52–54,146,147,326–335 Thus, a number of
2-(alkylthio)-4,5-diphenyl-1H-imidazoles 352 that show po-
tent in vitro and in vivo inhibition of ACAT were discovered
and described.146,147,322–324,326 The lead compound, Dup
128 (352a), was an interesting ACAT inhibitor that inhibits
ACAT in rat hepatic microsomes with an IC50 of 10 nM.
The compound is also a potent antihypercholesterolemic
agent as evidenced by serum cholesterol lowering in choles-
terol-fed hamsters when dosed orally (ED50¼3 mg/kg).336

However, its limited bioavailability and decreased potency
against macrophage ACAT suggested that it could not be
an effective systemic therapeutic agent.146
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Thus, studies directed to the identification and development
of bioavailable arterial active ACAT inhibitors, concerning
modification of the structure of 352a, were carried
out.147,321,332,335 These investigations resulted in the devel-
opment of RP-73163 [(S)-353], a potent and systemically
bioavailable alkylsulfinyl diphenylimidazole ACAT inhibi-
tor.327 This compound, which is the major metabolite of
the ACAT inhibitor RP-76076 (352b), was shown to exhibit
higher systemic bioavailability than the parent thioether, but
it was consistently some 3- to 4-fold less active against
ACAT from a variety of tissues and species.54

3.8. Glucagon receptor antagonists

Glucagon is a peptide hormone produced in the pancreas and
is the major counter-regulating hormone to insulin, stimulat-
ing glycogenolysis and gluconeogenesis.337 In patients with
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diabetes, excess glucagon secretion plays a primary role in
the metabolic perturbations associated with diabetes, such
as hyperglycemia. The glucagon receptor, which belongs
to the superfamily of heptahelical transmembrane G pro-
tein-coupled receptors,338 mediates the effects of glucagon
in controlling glucose metabolism by initiating a cascade
of events that regulate the amount of glucose released
from the liver into the bloodstream.

Glucagon receptor antagonists bind to hepatic glucagon re-
ceptors and have the potential to induce a decrease in fasting
plasma glucose levels in diabetics.339,340 Thus, glucagon
receptor antagonists have actively been pursued for the
treatment of type 2 diabetes, the most common form of
diabetes.339,340 The majority of the initial antagonists were
peptide-based substances, whereas more recent efforts
have been directed at identification of non-peptide, orally
available, low-molecular-weight agents341–344 that include
imidazole derivatives.56,345 In 1999, screening of the Merck
sample collection for compounds with affinity for the cloned
human glucagon receptor allowed the identification of 2,4,5-
triaryl-1H-imidazole 230o, the precursor to SB-203580
(309), an inhibitor of p38 kinase,265–267 as a weak human
glucagon receptor ligand.56 More recently, another screen-
ing programme led to the discovery of the triarylimidazole
derivative 230p, which exhibited an IC50 of 0.27 mM in the
human glucagon receptor (hGlur) assay, but also registered
an IC50 of 0.16 mM in a p38 MAP kinase assay.345
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This modestly active, non-selective lead was then optimized
for binding affinity with human glucagon receptor (hGlur)
and this led to the identification of triarylimidazoles
230q–w possessing high binding affinity for hGlur.345
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230q : R = 4-n-Bu
230r : R = 2-OPh
230s : R = 3-OPh
230t : R = 4-OPh
230u : R = 2-O-n-Bu
230v : R = 2,4-(O-n-Pr)2
230w : R = 2,4-(O-n-Bu)2

The most significant compound was 230w, which exhibited
an IC50 of 0.0053 mM in the hGlur assay and was highly
selective over p38 MAP kinase.345

3.9. Compounds endowed with a neurochemical profile
similar to that of clozapine

Clozapine (354) is a benzodiazepine derivative, which is
the prototype of a group of atypical anti-psychotic drugs
exhibiting clinical efficacy similar to that of the classical
antipsychotics, but lacking, or inducing to a lesser extent,
most of their motor side effects.346,347 Unlike typical anti-
psychotic drugs, clozapine increases GABA turnover in
vivo348 and reversibly inhibits transmission at GABAergic
synapses in cultures of tegmental neurons.349 Although
354 appears to be the most effective anti-psychotic drug
for treating resistant schizophrenia and reducing the risk of
suicide in schizophrenic or schizoaffective patients judged
to belong to a high-risk group with chronic risk for suicidal
behavior, its general use is limited because of the risk of he-
matological disorders (e.g., agranulocytosis), possibly corre-
lated to its oxidizability in vivo.350 For these reasons, the
development of new drugs to replace clozapine has become
an active field of research.349,351,352
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In this context, a series of 1-[(1,2-diphenyl-1H-4-imidazo-
lyl)methyl]-4-piperazine derivatives 355 were designed
and synthesized as possible ligands with mixed dopamine
D2/serotonin 5-HT1A affinity.80 One of these trisubstituted
1,2-diaryl-1H-imidazoles, compound 355a, with a D2/
5-HT1A IC50 ratio of ca. 1, was found to inhibit in a concen-
tration-dependent manner GABA-evoked Cl� currents in
Xenopus laevis oocytes expressing recombinant human
GABAA receptors composed of a1, b2, and g2 subunits.80

This finding suggested that 355a could represent a prototype
of a novel class of drugs endowed with a neurochemical pro-
file similar to that of atypical antipsychotics. In addition, it
prompted the Asproni research group to determine whether
the 1,2-diaryl-1H-imidazole framework of 355a might serve
as the basis for development of more specific modulators of
the GABAA receptor.81 In 2005, this research group reported
that compounds 356a,b and several analogues are effective
modulators of human recombinant GABAA receptor with
a molecular mechanism comparable to that of the anesthetic
etomidate (357).81
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3.10. Combretastatin A-4 (CA-4) analogues with anti-
tumor activity

Tubulin is a globular protein, which makes up microtubules
and is a major target for anticancer drug discovery.353 A
variety of natural compounds including podophyllotoxin,
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colchicine, steganacine, and combretastatins inhibit tubulin
polymerization by binding at a common site, the colchicine
binding site.354 Combretastatins are natural antimitotic
agents, isolated from the bark of the South African tree
Combretum caffrum,355–358 which appear to have antitumor
activity as a result of specifically targeting the vasculature of
tumors.359,360 In fact, these substances are able to cause pro-
nounced shutdown in blood flow to solid tumors, resulting in
extensive tumor-cell necrosis, while leaving the blood flow
in normal tissues relatively intact.361 Among these natural
products, combretastatin A-4 (CA-4) (358a) possesses the
most potent antitumor activity. In fact, it shows strong cyto-
toxicity against a variety of cell lines, including multidrug
resistant cancer cell lines362,363 and, most importantly, has
demonstrated powerful cancer antivascular properties.364

However, the low water solubility of CA-4 limits its efficacy
in vivo and the water-soluble disodium phosphate prodrug
CA-4P (358b) has already entered clinical trials.365 In endo-
thelial cells in culture, CA-4P causes rapid re-organization
of the actin cytoskeleton, mediated by disruption of the tubu-
lin cytoskeleton.361 An increase in vascular permeability is
likely to be an important component of the mechanisms
that lead to the shutdown of tumor blood flow by this com-
pound and other vascular-disrupting agents (VDAs) structur-
ally related to CA-4P.361 It should be noted that the VDAs
were previously known as vascular-targeting agents (VTAs).

Recently, it has been shown that CA-4P selectively targets
endothelial cells, but not smooth muscle cells, and induces
regression of unstable nascent tumor neovessels by rapidly
disrupting the molecular engagement of the endothelial
cell-specific junctional molecular vascular endothelial-cad-
herin (VE-cadherin) in vitro and in vivo in mice.366

Compound 358c (AVE-8062) (AC-7700), a synthetic ana-
logue of CA-4 bearing a different substitution on ring B, is
currently under clinical evaluation as a tumor vascular-
targeting agent.367–369 This compound is the prodrug of
AC-7739 (358d).
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358a (CA-4) : R = OH
358b (CA-4P) : R = OPO3Na2
358c (AVE-8062) : R = NHSerHCl
358d (AC-7739) : R = NH2HCl

The Z configuration of CA-4 and its analogues poses another
liability. In fact, the C–C double bond of these substances is
prone to isomerize to the E-form during their storage and
administration and these E-configured compounds show
a dramatic reduction in both antitubulin activity and cyto-
toxicity.370,371 This prompted the synthesis of a number of
(Z)-restricted analogues of CA-4 in which the C–C double
bond of this natural product has been bioisosterically
replaced with a 3,4-disubstituted 2(5H)-furanone371–373

or a 3,4-diaryloxazolone ring374 or disubstituted five-
membered heteroaromatic rings including pyrrole,375

isoxazole,376–378 pyrazole,379,380 tetrazole,380 thiazole,380
1,3,4-triazole,380 indole,381,382oxazole,82furazan,383 andimid-
azole.83,84,384–387 As far as these last heterocycle derivatives
are concerned, it should be noted that, in 2002, Wang and
co-workers384 found that, among a series of 4,5-diaryl-1H-
imidazoles, compounds 92j and 92m had potent antitubulin
and cytotoxic activity, but 4,5-diaryl-1-methyl-1H-imid-
azoles 192e and 192f had improved pharmacokinetic profiles.
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Antitubulin activity was also shown by the 1,5-diaryl-1H-
imidazole derivative 359, which possessed antiproliferative
properties against NCI-H460 and HCT-15 cancer cell
lines.384
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In 2005, 1,5-diaryl-1H-imidazoles 360a–c and 361 were
also found to be significantly cytotoxic in the NCI’s in vitro
human disease-oriented tumor cell line screening panel that
consists of 60 human cancer cell lines.385 Among these het-
erocycles, compound 360c was the most potent and proved
to be able to cause depolymerization of microtubules in en-
dothelial cells.386,387 Nevertheless, 5-(3-fluoro-4-methoxy-
phenyl)-1-(3,4,5-trimethoxyphenyl)-1H-imidazole (360d),
which had MG-MID log GI50 �7.40, was more recently
shown to be more cytotoxic than 360c.386 Interestingly, com-
pounds 361 and 360d proved to be more cytotoxic than CA-4
in cytotoxicity tests involving their evaluation over a 10�4–
10�8 M range.385 Recently, it was also found that com-
pounds 360c, 360d, and 361 cause profound changes in
the morphology of endothelial cells (IC50¼6.5, 30.9, and
38.8 mM, respectively) and that in comparable experiments,
360c, but not 360d and 361, induces changes in the shape of
endothelial cells at concentrations that did not affect their
proliferation.386 Furthermore, by immunohistochemistry,
the ability of 360c to cause depolymerization of microtu-
bules in endothelial cells has been confirmed.386 The ability
of compounds 360c, 360d, and 361 to induce necrosis of ex-
perimental tumors in vivo, the hallmark of vascular-disrupt-
ing activity, was also analyzed and it was found that,
following a single treatment, these substances cause massive
central necrosis of tumors.387

Some 1,2-diaryl-1H-imidazoles were also evaluated for
cytotoxicity against the 60 human tumor cell lines of the
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NCI and, among the tested compounds, imidazoles 47c, 47d,
and 47g were found to be moderately cytotoxic.84 Interest-
ingly, compound 47c, which had cytotoxicity (MG-MID
log GI50�5.45) lower than that of the corresponding 1,5-di-
aryl-1H-imidazole, 360c (MG-MID log GI50 �6.33), was,
however, significantly active against the COLO-205, HCC-
2998, HCT-116, HCT-15, HT-29, KM-12, and SW-620 colon
cancer cell lines (MG-MID log GI50 �6.33), and the MDA-
MB-435 breast cancer line (log GI50 �6.95).84 On the other
hand, compound 47d was very active against the MOLT-4
leukemia cell line (log GI50<�8.00) and the human SR
leukemia cell line (log GI50 �7.88).84

It is also worth mentioning that docking experiments have
recently shown a good correlation between the MG-MID
log GI50 values of compounds 360a–d, 361, 47c, 47d, and
47g and their calculated interaction energies with the colchi-
cine binding site of ab-tubulin.385

3.11. Modulators of P-glycoprotein (P-gp)-mediated
multidrug resistance (MDR)

MDR, which is now recognized as one of the most common
causes of failure of cancer chemotherapy, is due to overex-
pression of the plasma membrane P-gp molecule, a protein
that functions as an ATP-dependent pump of the efflux of
diverse anticancer drugs from MDR cells.388 The level
of expression of P-gp correlates directly with the degree of
resistance.389

The hope of identifying compounds able to reverse simulta-
neously the resistance to a number of unrelated drugs has
stimulated research in this field and hundreds of compounds
have been selected by different approaches, with the
properties of inhibiting P-gp.73 However, the clinical toxic-
ity associated with these agents has limited their use.

In 2000, 2-aryl-4,5-(4-dimethylamino)phenyl-1H-imid-
azoles 362 were identified as a novel class of potent non-toxic
modulators of P-gp mediated MDR.390 These compounds
were then optimized via structure–activity relationship
studies74 and the optimized imidazole OC-144-093 (363),
which was generated via solution-phase combinatorial
chemistry, was shown to be able to reverse MDR to doxo-
rubicin, paclitaxel, and vinblastine in human lymphoma,
breast, ovarian, uterine, and colorectal carcinoma cell lines
expressing P-gp.391

In 2004, Chen and co-workers reported that three imidazole
derivatives, compounds 364a,b, and 365, possess a 3- to
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4-fold stronger reversal of MDR activity than verapamil
(366), a well-known positive MDR modulator.392 These au-
thors also demonstrated that 365 (FG-020318) is a highly po-
tent, efficacious MDR modulator, not only in vitro, but also
in vivo.393

3.12. Antibacterial agents

4,5-Diaryl-1H-imidazoles have been identified as a class
of compounds, which include derivatives showing consider-
able antimicrobial activity against bacteria, yeast, and
fungi.177,394–396 4,5-Bis(3,5-dichlorophenyl)-2-trifluoro-
methyl-1H-imidazole (367) is the most potent antibacterial
agent among a series of 4,5-bis(3,5-dichlorophenyl)-1H-
imidazole derivatives in which a good electron-withdrawing
group, a formyl or an amino group at C-2 are required for
good levels of activity against Gram positive bacteria, in-
cluding methicillin resistant Staphylococcus aureus.396

N
H

N
CF3

Cl

Cl

Cl

Cl

367

The minimum inhibitory concentrations (MICs) for 366
against S. aureus, Bacillus subtilis, Escherichia coli perme-
able mutant, and E. coli permeable mutant+polymyxin were
found to be 0.25, 4, >32, and 16 mg/ml, respectively.396

4. Conclusions and perspectives

The chemistry of imidazoles with two aryl groups on adja-
cent positions has been investigated from the early 1980s,
but the most considerable advances in both the synthetic
methodologies and the biological evaluation of these di-
azole derivatives have been made in the last decade.
Although several strategies and methodologies have been
applied to achieve conveniently the synthesis of these com-
pounds, further research must, however, be undertaken in
order to design and develop efficient, practical, and scal-
able synthetic routes to some of these compounds and their
analogues for biological and preclinical studies. The chal-
lenge for prospective research in this area of synthetic
organic chemistry involves the optimization of known pro-
cedures on the one hand, and the development of new
useful synthetic approaches on the other. In particular,
future work should be directed to develop effective pro-
cesses involving multicomponent reactions397,398 and/or
highly selective transition metal-catalyzed reactions, which
should be designed to reduce or eliminate the use and gen-
eration of hazardous substances,399,400 which should avoid,
whenever possible, the temporary activation of the reaction
partners, which should involve the utilization of the atom-
economy concept, i.e., the maximization of the incorpora-
tion of all materials used in the process in the final
product,401 and which should be conducted at ambient
temperature.
Acknowledgements

We are indebted to the Ministero dell’Istruzione,
dell’Universit�a e della Ricerca Scientifica (MIUR), and the
University of Pisa for financial support. We also wish to
thank Professor Maurizio Botta (University of Siena, Italy)
and Dr. David D�ıez Martin (Universidad de Salamanca,
Spain) for their critical and careful review of this article.

References and notes

1. Grimmett, M. R. Comprehensive Heterocyclic Chemistry II;
Katritsky, A. R., Scriven, E. F. V., Eds.; Pergamon: Oxford,
1996; Vol. 3, pp 77–220.

2. De Luca, L. Curr. Med. Chem. 2006, 13, 1–23 and references
cited therein.

3. Sennequier, N.; Wolan, D.; Stuehr, D. J. Biol. Chem. 1999,
274, 930–938.

4. Brogden, R. N.; Heel, R. C.; Speight, T. M.; Avery, G. S.
Drugs 1978, 16, 387–417.

5. (a) Niwano, Y.; Seo, A.; Kanai, K.; Hamaguchi, H.; Uchida,
K.; Yamaguchi, H. Antimicrob. Agents Chemother. 1994, 38,
2204–2206; (b) Di Santo, R.; Tafi, A.; Costi, R.; Botta, M.;
Artico, M.; Corelli, F.; Forte, M.; Caporuscio, F.;
Angiolella, L.; Palamara, A. T. J. Med. Chem. 2005, 48,
5140–5153 and references therein; (c) Botta, M.; Corelli, F.;
Gasparrini, F.; Messina, F.; Mugnaini, C. J. Org. Chem.
2000, 65, 4736–4739; (d) Saha, A. K.; Liu, L.; Simoneaux,
R. L.; Kukla, M. J.; Marichal, P.; Odds, F. Bioorg. Med.
Chem. Lett. 2000, 10, 2175–2178.

6. Brimblecombe, R. W.; Duncan, W. A. M.; Durant, G. J.;
Emmett, J. C.; Gannellin, C. R.; Parsons, M. E. J. Int. Med.
Res. 1975, 3, 86–92.

7. (a) Mano, T.; Stevens, R. W.; Ando, K.; Nakao, K.; Okumura,
Y.; Sakakibara, M.; Okumura, T.; Tamura, T.; Miyamoto, K.
Bioorg. Med. Chem. 2003, 11, 3879–3887; (b) Mano, T.;
Okumura, Y.; Sakakibara, M.; Okumura, T.; Tamura, T.;
Miyamoto, K.; Stevens, R. W. J. Med. Chem. 2004, 47,
720–725.

8. (a) Dyck, B.; Goodfellow, V. S.; Phillips, T.; Grey, J.;
Haddach, M.; Rowbottom, M.; Naeve, G. S.; Brown, B.;
Saunders, J. Bioorg. Med. Chem. Lett. 2004, 14, 1151–1154;
(b) Hunkeler, W.; M€ohler, H.; Pieri, L.; Polc, P.; Bonetti,
E. P.; Cumin, R.; Schaffner, R.; Haefely, W. Nature 1981,
290, 514–516.

9. Kiselyov, A. S.; Semenova, M.; Semenov, V. V. Bioorg. Med.
Chem. Lett. 2006, 16, 1440–1444.

10. Blum, C. A.; Zheng, X.; De Lombaert, S. J. Med. Chem. 2004,
47, 2318–2325.

11. Jackson, P. F.; Bullington, J. L. Curr. Top. Med. Chem. 2002,
2, 1011–1020.

12. Wilson, K. P.; McCaffrey, P. G.; Hsiao, K.; Pazhanisamy, S.;
Galullo, V.; Bemis, G. W.; Fitzgibbon, M. J.; Caron, P. R.;
Murcko, M. A.; Su, M. S. S. Chem. Biol. 1997, 4, 423–431
and references therein.

13. Bol�os, J. Mini-Rev. Med. Chem. 2005, 5, 857–868 and refer-
ences therein.

14. Diller, D. J.; Lin, T. H.; Metzger, A. Curr. Top. Med. Chem.
2005, 5, 953–965 and references therein.

15. Wilson and Gisvold’s Textbook of Organic Medicinal and
Pharmaceutical Chemistry, 10th ed.; Delgado, J. N., Remers,
W. A., Eds.; Lippincott-Raven: Philadelphia, PA, 1998.



4615F. Bellina et al. / Tetrahedron 63 (2007) 4571–4624
16. Coura, J. R.; de Castro, S. L. Mem. Inst. Oswaldo Cruz 2002,
97, 3–24.

17. Wasserscheid, P.; Keim, W. Angew. Chem., Int. Ed. 2000, 39,
3772–3789.

18. Welton, T. Chem. Rev. 1999, 99, 2071–2083.
19. Bourissou, D.; Guerret, O.; Gabba€ı, F. P.; Bertrand, G. Chem.

Rev. 2000, 100, 39–91.
20. Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, S. P. J. Org.

Chem. 1999, 64, 3804–3805.
21. (a) Herrmann, W. A.; K€ocher, C. Angew. Chem., Int. Ed. 1997,

36, 2162–2187; (b) Herrmann, W. A. Angew. Chem., Int. Ed.
2002, 41, 1290–1309.

22. Grimmett, M. R. Adv. Heterocycl. Chem. 1970, 12, 103–183.
23. Pozharskii, A. F.; Garnovskii, A. D.; Simonov, A. M. Usp.

Khim. 1996, 35, 261–303.
24. Grimmett, M. R. Imidazole and Benzimidazole Synthesis;

Academic: San Diego, CA, 1997.
25. Grimmett, M. R. Sci. Synth. 2002, 12, 325–529.
26. See Ref. 1.
27. Grimmett, M. R. Comprehensive Heterocyclic Chemistry;

Katritzky, A. R., Rees, C. W., Eds.; Pergamon: London,
1984; Vol. 5, pp 374–498.

28. Harju, K.; Yli-Kauhaluoma, J. Recent Res. Devel. Org. Chem.
2004, 8, 111–157.

29. Ebel, K. Methoden der Organischen Chemie (Houben-Weyl);
Band E8c, Hetarene III/Teil 3; Schaumann, E., Ed.; Georg
Thieme: Stuttgart, 1994; pp 1–215.

30. Grimmett, M. R. Adv. Heterocycl. Chem. 1980, 27, 241–
326.

31. Murry, J. A. Curr. Opin. Drug Discov. Devel. 2003, 6, 945–
965.

32. Sisko, J.; Mellinger, M. Pure Appl. Chem. 2002, 74, 1349–
1357.

33. Hoffmann, H.; Lindel, T. Synthesis 2003, 1753–1783.
34. Dolensky, B.; Nam, G.; Deng, W.-P.; Narayanan, J.; Fan, J.;

Kirk, K. L. J. Fluorine Chem. 2004, 125, 501–508.
35. (a) Jin, Z. Nat. Prod. Rep. 2005, 22, 196–229 and references

therein; (b) Jin, Z. Nat. Prod. Rep. 2003, 20, 584–605 and
references therein.

36. Zificsak, C. A.; Hlasta, D. J. Tetrahedron 2004, 60, 8991–
9016.

37. Du, H.; He, Y.; Sivappa, R.; Lovely, C. J. Synthesis 2006, 965–
992.

38. van Leusen, D.; van Leusen, A. M. Org. React. 2001, 57, 417–
666.

39. Menge, W. M. P. B.; Timmerman, H. Pharmacochem. Libr.
1998, 30, 145–158.

40. For a recent article review on the synthesis and biological
activity of pyrrole, pyrrolines, and pyrrolidine derivatives
with two aryl groups on adjacent positions, see: Bellina, F.;
Rossi, R. Tetrahedron 2006, 62, 7213–7256. In this review
several bioactive vicinal diaryl-substituted 2(5H)-furanones,
pyrazoles, thiazoles, thiophenes, and 1,2,4-triazoles have
also been mentioned.

41. Graczyk, P. P.; Khan, A.; Bhatia, G. S.; Palmer, V.; Medland,
D.; Numata, H.; Oinuma, H.; Catchick, J.; Dunne, A.; Ellis,
M.; Smales, C.; Whitfield, J.; Neame, S. J.; Shah, B.;
Wilton, D.; Morgan, L.; Patel, T.; Chung, R.; Desmond, H.;
Staddon, J. M.; Sato, N.; Inoue, A. Bioorg. Med. Chem.
Lett. 2005, 15, 4666–4670.

42. Lisnock, J. M.; Griffin, P.; Calaycay, J.; Frantz, B.; Parsons, J.;
O’Keefe, S. J.; LoGrasso, P. Biochemistry 2000, 39, 3141–
3148.
43. Takle, A. K.; Brown, M. J. B.; Davies, S.; Dean, D. K.;
Francis, G.; Gaiba, A.; Hird, A. W.; King, F. D.; Lovell,
P. J.; Naylor, A.; Reith, A. D.; Steadman, J. G.; Wilson,
D. M. Bioorg. Med. Chem. Lett. 2006, 16, 378–381.

44. Heimbrook, D. C.; Huber, H. E.; Stirdivant, S. M.; Patrick, D.
R.; Claremon, D.; Liverton, N.; Selnick, H.; Ahern, J.;
Conroy, R.; Drakas, R.; Falconi, N.; Hancock, P.; Robinson,
R.; Smith, G.; Olif, A. American Association for Cancer
Research, New Orleans, April 1998, poster # 3793.

45. Kalmes, A.; Deou, J.; Clowes, A. W.; Daum, G. FEBS Lett.
1999, 444, 71–74.

46. Laping, N. J.; Grygielko, E.; Mathur, A.; Butter, S.;
Bomberger, J.; Tweed, C.; Martin, W.; Fornwald, J.; Lehr,
R.; Harling, J.; Gaster, L.; Callahan, J. F.; Olson, B. A. Mol.
Pharmacol. 2002, 62, 58–64.

47. Inman, G. I.; Nicol�as, F. J.; Callahan, J. F.; Harling, J. D.;
Gaster, L. M.; Reith, A. D.; Laping, N. J.; Hill, C. S. Mol.
Pharmacol. 2002, 62, 65–74.

48. Callahan, J. F.; Burgess, J. L.; Fornwald, J. A.; Gaster, L. M.;
Harling, J. D.; Harrington, F. P.; Heer, J.; Kwon, C.; Lehr, R.;
Mathur, A.; Olson, B. A.; Weinstock, J.; Laping, N. J. J. Med.
Chem. 2002, 45, 999–1001.

49. (a) DaCosta Byfield, S.; Major, C.; Laping, N. J.; Roberts,
A. B. Mol. Pharmacol. 2004, 65, 744–752; (b) Singh, J.;
Ling, L. E.; Sawyer, J. S.; Lee, W.-C.; Zhang, F.; Yingling,
J. M. Chem. Today 2005, 23, 35–37.

50. Billheimer, J. T.; Cromley, D. A.; Highley, C. A.; Wexler, R.;
Robinson, C. S.; Gillies, P. J. Poster presented at the 9th
International Symposium on Atherosclerosis, Chicago, 6–11
October 1991.

51. Ashton, M. J.; Bridge, A. W.; Bush, R. C.; Dron, D. I.; Harris,
N. V.; Jones, G. D.; Lythgoe, D. J.; Riddell, D.; Smith, C.
Bioorg. Med. Chem. Lett. 1992, 2, 375–380.

52. Harris, N. V.; Smith, C.; Ashton, M. J.; Bridge, A. W.; Bush,
R. C.; Coffee, E. J.; Dron, D. I.; Harper, M. F.; Lythgoe, D. J.;
Newton, C. G.; Riddel, D. J. Med. Chem. 1992, 35, 4384–4392.

53. Bani, M.; Bormetti, R.; Ceccarelli, W.; Fiocchi, R.; Gobetti,
M.; Lombroso, M.; Magnetti, S.; Olgiati, V.; Palladino, M.;
Villa, M.; Vanotti, E. Eur. J. Med. Chem. 1995, 30, 39–46.

54. Smith, C.; Ashton, M. J.; Bush, R. C.; Facchini, V.; Harris,
N. V.; Hart, T. W.; Jordan, R.; MacKenzie, R.; Riddel, D.
Bioorg. Med. Chem. Lett. 1996, 6, 47–50.

55. Riddell, D.; Bright, C. P.; Burton, B. J.; Bush, R. C.; Harris,
N. V.; Hele, D.; Moore, U. M.; Naik, K.; Parrott, D. P.;
Smith, C.; Williams, R. J. Biochem. Pharmacol. 1996, 52,
1177–1186.

56. de Laszlo, S. E.; Hacker, C.; Li, B.; Kim, D.; MacCoss, M.;
Mantlo, N.; Pivnichny, J. V.; Colwell, L.; Koch, G. E.;
Cascieri, M. A.; Hagmann, W. K. Bioorg. Med. Chem. Lett.
1999, 9, 641–646.

57. Chang, L. L.; Sidler, K. L.; Cascieri, M. A.; de Laszlo, S.;
Koch, G.; Li, B.; MacCoss, M.; Mantlo, N.; O’Keefe, S.;
Pang, M.; Rolando, A.; Hagmann, W. K. Bioorg. Med.
Chem. Lett. 2001, 11, 2549–2553.

58. Lombardino, J. G.; Wiseman, E. H. J. Med. Chem. 1974, 17,
1182–1188.

59. Wiseman, E. H.; McIlhenny, H. M.; Bettis, J. W. J. Pharm. Sci.
1975, 64, 1469–1475.

60. Sharpe, T. R.; Cherkofsky, S. C.; Hewes, W. E.; Smith, D. H.;
Gregory, W. A.; Haber, S. B.; Leadbetter, M. R.; Whitney,
J. G. J. Med. Chem. 1985, 28, 1188–1194.

61. Moncada, S.; Gryglewski, R.; Bunting, S.; Vane, J. R. Nature
1976, 263, 663–665.



4616 F. Bellina et al. / Tetrahedron 63 (2007) 4571–4624
62. Whittle, B. J. R.; Higgs, G. A.; Eakins, K. E.; Moncada, S.;
Vane, J. R. Nature 1980, 284, 271–273.

63. Barta, T. E.; Stealey, M. A.; Collins, P. W.; Weier, R. M.
Bioorg. Med. Chem. Lett. 1998, 8, 3443–3448.

64. Xie, W.; Robertson, D. L.; Simmons, D. L. Drug Dev. Res.
1992, 25, 249–265.

65. Vane, J. Nature 1994, 367, 215–216.
66. Khanna, I. K.; Weier, R. M.; Yu, Y.; Collins, P. W.; Miyashiro,

J. M.; Koboldt, C. M.; Veenhuizen, A. W.; Currie, J. L.;
Seibert, K.; Isakson, P. C. J. Med. Chem. 1997, 40, 1619–
1633.

67. Khanna, I. K.; Weier, R. M.; Yu, Y.; Xu, X. D.; Koszyk, F. J.;
Collins, P. W.; Koboldt, C. M.; Veenhuizen, A. W.; Perkins,
W. E.; Casler, J. J.; Masferrer, J. L.; Zhang, Y. Y.; Gregory,
S. A.; Seibert, K.; Isakson, P. C. J. Med. Chem. 1997, 40,
1634–1647.

68. Khanna, I. K.; Yu, Y.; Huff, R. M.; Weier, R. M.; Xu, X.;
Koszyk, F. J.; Collins, P. W.; Cogburn, J. N.; Isakson, P. C.;
Koboldt, C. M.; Masferrer, J. L.; Perkins, W. E.; Seibert, K.;
Veenhuizen, A. W.; Yuan, J.; Yang, D.-C.; Zhang, Y. Y.
J. Med. Chem. 2000, 43, 3168–3185.

69. Desiraju, G. R.; Gopalakrishnan, B.; Jetti, R. K. R.; Nagaraju,
A.; Raveeendra, D.; Sarma, J. A. R. P.; Sobhia, M. E.;
Thilagavathi, R. J. Med. Chem. 2002, 45, 4847–4857.

70. Almansa, C.; Alf�on, J.; de Arriba, A. F.; Cavalcanti, F. L.;
Escamillo, K. I.; G�omez, L. A.; Miralles, A.; Soliva, R.;
Bartrol�ı, J.; Carceller, E.; Merlos, M.; Garc�ıa-Rafanell, J.
J. Med. Chem. 2003, 46, 3463–3475.

71. Corell, T.; Hasselmann, G. Acta Pharm. Toxicol. (Copenh)
1983, 53, 288–296.

72. Tuyen, T. N.; Sin, K. S.; Kim, H. P.; Park, H. Arch. Pharm.
Res. 2005, 28, 1013–1018.

73. Sarshar, S.; Zhang, C.; Moran, E. J.; Krane, E. J.; Rodarte,
J. C.; Benbatoul, K. D.; Dixon, R.; Mjalli, A. M. M. Bioorg.
Med. Chem. Lett. 2000, 10, 2599–2601.

74. Zhang, C.; Sarshar, S.; Moran, E. J.; Krane, S.; Rodarte, J. C.;
Benbatoul, K. D.; Dixon, R.; Mjalli, A. M. M. Bioorg. Med.
Chem. Lett. 2000, 10, 2603–2605.

75. Chen, L.-M.; Wu, X.-P.; Ruan, J.-W.; Liang, Y.-J.; Ding, Y.;
Shi, Z.; Wang, X.-W.; Gu, L.-Q.; Fu, L.-W. Oncol. Res.
2004, 14, 355–362.

76. Chen, L.-M.; Liang, Y.-J.; Ruan, J.-W.; Ding, Y.; Wang, X.-
W.; Shi, Z.; Gu, L.-Q.; Yang, X.-P.; Fu, L.-W. J. Pharm.
Pharmacol. 2004, 56, 1061–1066.

77. Plummer, C. W.; Finke, P. E.; Mills, S. G.; Wang, J.; Tong, X.;
Doss, G. A.; Fong, T. M.; Lao, J. Z.; Schaeffer, M.-T.; Chen,
J.; Shen, C.-P.; Stribling, D. S.; Shearman, L. P.; Strack, A. M.;
Van der Ploeg, L. H. T. Bioorg. Med. Chem. Lett. 2005, 15,
1441–1446.

78. Lange, J. H. M.; Van Stuivenberg, H. H.; Coolen, H. K. A. C.;
Adolfs, T. J. P.; McCreary, A. C.; Keizer, H. G.; Wals, H. C.;
Veerman, W.; Borst, A. J. M.; de Loof, W.; Verveer, P. C.;
Kruse, C. G. J. Med. Chem. 2005, 48, 1823–1838.

79. For reviews on the cannabinoid CB1 receptor antagonists, see:
(a) Barth, F.; Rinaldi-Carmona, M. Curr. Med. Chem. 1999, 6,
745–755; (b) Adam, J.; Cowley, P. Expert Opin. Ther. Pat.
2002, 12, 1475–1489; (c) Reggio, P. H. Curr. Pharm. Des.
2003, 9, 1607–1633; (d) Black, S. C. Curr. Opin. Investig.
Drugs 2004, 5, 389–394; (e) Lange, J. H.; Kruse, C. G.
Curr. Opin. Drug Discov. Devel. 2004, 7, 498–506; (f) de
Foll, B.; Goldberg, S. R. J. Pharmacol. Exp. Ther. 2005,
312, 875–883; (g) Muccioli, G. G.; Lambert, D. M. Curr.
Med. Chem. 2005, 12, 1361–1394.
80. Asproni, B.; Pau, A.; Bitti, M.; Melosu, M.; Cerri, R.; Dazzi,
L.; Seu, E.; Maciocco, E.; Sanna, E.; Busonero, F.; Talani, G.;
Pusceddu, L.; Altomare, C.; Trapani, G.; Biggio, G. J. Med.
Chem. 2002, 45, 4655–4668.

81. Asproni, B.; Talani, G.; Busonero, F.; Pau, A.; Sanna, S.;
Cerri, R.; Mascia, M. P.; Sanna, E.; Biggio, G. J. Med.
Chem. 2005, 48, 2638–2645.

82. Wang, L.; Woods, K. W.; Li, Q.; Barr, K. J.; McCroskey,
R. W.; Hannick, S. M.; Gherke, L.; Credo, R. B.; Hui,
Y.-H.; Marsh, K.; Warner, R.; Lee, J. Y.; Zielinsky-Mozng,
N.; Frost, D.; Rosenberg, S. H.; Sham, H. L. J. Med. Chem.
2002, 45, 1697–1711.

83. Bellina, F.; Cauteruccio, S.; Mannina, L.; Rossi, R.; Viel, S.
Eur. J. Org. Chem. 2006, 693–703.

84. Bellina, F.; Cauteruccio, S.; Rossi, R. Eur. J. Org. Chem. 2006,
1379–1382.

85. (a) Bellina, F.; Cauteruccio, S.; Mannina, L.; Rossi, R.; Viel,
S. J. Org. Chem. 2005, 70, 1859–1864; (b) Bellina, F.;
Cauteruccio, S.; Monti, S.; Rossi, R. Bioorg. Med. Chem.
Lett. 2006, 16, 5757–5762; (c) Bellina, F.; Cauteruccio, S.;
Borsotti, P.; Taraboletti, G.; Monti, S.; Giavazzi, R.; Rossi,
R. Targeted Oncol. 2007, 2, S22–S23.

86. Sayama, K.; Hanakawa, Y.; Shirakata, Y.; Yamasaki, K.;
Sawada, Y.; Sun, L.; Yamanishi, K.; Ichijo, H.; Hashimoto,
K. J. Biol. Chem. 2001, 276, 999–1004.

87. Citerio, L.; Pocar, D.; Stradi, R. J. Chem. Soc., Perkin Trans. 1
1978, 309–314.

88. Stradi, R.; Verga, G. Synthesis 1977, 688–690.
89. Citerio, L.; Stradi, R. Tetrahedron Lett. 1977, 18, 4227–4228.
90. Kawase, M. J. Chem. Soc., Chem. Commun. 1994, 2101–

2102.
91. See Ref. 78.
92. For the chemistry of a-haloketones and their utility in hetero-

cyclic synthesis, see: Erian, A. W.; Sherif, S. M.; Gaber, H. M.
Molecules 2003, 8, 793–865.

93. Garigipati, R. S. Tetrahedron Lett. 1990, 31, 1969–1972.
94. Shilcrat, S. C.; Mokhallati, M. K.; Fortunak, J. M. D.; Pridgen,

L. N. J. Org. Chem. 1997, 62, 8449–8454.
95. Bleicher, K. H.; Gerber, F.; W€uthrich, Y.; Alanine, A.;

Capretta, A. Tetrahedron Lett. 2002, 43, 7687–7690.
96. Lee, S.-H.; Yoshida, K.; Matsushita, H.; Clapham, B.; Koch,

G.; Zimmermann, J.; Janda, K. D. J. Org. Chem. 2004, 69,
8829–8835.

97. Marwaha, A.; Singh, P.; Mahajan, M. P.; Velumurugan, D.
Tetrahedron Lett. 2004, 45, 8945–8947.

98. Jaydcakumar, S.; Ishar, M. P. S.; Mahajan, M. P. Tetrahedron
Lett. 1998, 39, 6557–6560.

99. Langhammer, I.; Erker, T. Heterocycles 2005, 65, 2721–
2728.

100. (a) Sezen, B.; Sames, D. J. Am. Chem. Soc. 2003, 125, 10580–
10585; (b) Sezen, B.; Sames, D. J. Am. Chem. Soc. 2006, 128,
8364; (c) Kalyani, D.; Deprez, N. R.; Desai, L. V.; Sanford,
M. S. J. Am. Chem. Soc. 2005, 127, 7330–7331; (d) Oi, S.;
Fukita, S.; Hirata, N.; Watanuki, N.; Miyano, S.; Inoue, Y.
Org. Lett. 2004, 3, 2579–2581; (e) Shabashov, D.; Daugulis,
O. Org. Lett. 2005, 7, 3657–3659; (f) Ackermann, L.;
Althammer, A.; Born, R. Angew. Chem., Int. Ed. 2006, 45,
2619–2622.

101. Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S. L. J. Am.
Chem. Soc. 2001, 123, 7727–7729.

102. (a) Collmann, J. P.; Zhong, M. Org. Lett. 2000, 2, 1233–1236;
(b) Collmann, J. P.; Zhong, M.; Zeng, L.; Costanzo, S. J. Org.
Chem. 2001, 66, 1528–1531.



4617F. Bellina et al. / Tetrahedron 63 (2007) 4571–4624
103. For other examples of copper-catalyzed N-arylation of imida-
zole derivatives with arylboronic acids, see: (a) Lan, J.-B.;
Chen, L.; Yu, X.-Q.; You, J.-S.; Xie, R.-G. Chem. Commun.
2004, 188–189; (b) Lam, P. Y. S.; Clark, C. G.; Saubern, S.;
Adams, J.; Winters, M. P.; Chan, D. M. I.; Combs, A.
Tetrahedron Lett. 1998, 39, 2941–2944.

104. For other representative examples dealing with the prepara-
tion of 1-aryl-1H-imidazoles and other 1-aryl substituted
azoles via Cu-catalyzed reaction of the required free (NH)-
azoles with aryl halides in the presence of a base, see: (a)
Liu, L.; Frohn, M.; Xi, N.; Dominguez, C.; Hungate, R.;
Reider, P. J. J. Org. Chem. 2005, 70, 10135–10138; (b)
Alcade, E.; Dinar�es, I.; Rodr�ıguez, S.; de Miguel, C. G. Eur.
J. Org. Chem. 2005, 1637–1643; (c) Cristeau, H.-J.; Cellier,
P. P.; Spindler, J.-F.; Taillefer, M. Chem.—Eur. J. 2004, 10,
5607–5622; (d) Ma, D.; Cai, Q. Synlett 2004, 128–130; (e)
Antilla, J. C.; Baskin, J. M.; Barder, T. E.; Buchwald, S. L.
J. Org. Chem. 2004, 69, 5578–5587; (f) Kiyomori, A.;
Marcoux, J.-F.; Buchwald, S. L. Tetrahedron Lett. 1999, 40,
2657–2660.

105. For an unprecedented example of Cu-catalyzed N-arylation
reaction of an azole, see: (a) Calandri, C. Degree Thesis.
University of Pisa, 2006; (b) Bellina, F.; Rossi, R.;
Cauteruccio; Calandri, C. Italian Patent PI20006000084,
July 11, 2006.

106. For other procedures for the synthesis of 1-aryl-1H-imid-
azoles, see: (a) Xi, N.; Xu, S.; Cheng, Y.; Tasker, A. S.;
Hungate, R. W.; Reider, P. J. Tetrahedron Lett. 2005, 46,
7315–7319; (b) Liu, J.; Chen, J.; Zhao, J.; Zhao, Y.; Li, L.;
Zhang, H. Synthesis 2003, 2661–2666; (c) Wang, L.; Chen,
Z.-C. J. Chem. Res., Synop. 2000, 367–369; (d) Jacobs, C.;
Frotscher, M.; Dannhardt, G.; Hartmann, R. W. J. Med.
Chem. 2000, 43, 1841–1851; (e) L�opez-AlvaradoAvendaño,
C.; Men�endez, J. C. Tetrahedron Lett. 1992, 33, 659–662;
(f) Johnson, A. L.; Kauer, J. C.; Sharma, D. C.; Dorfman,
R. L. J. Med. Chem. 1969, 12, 1021–1028; (g) Elliott, G. I.;
Konopelski, J. P. Org. Lett. 2000, 2, 3055–3057.

107. Bellina, F.; Calandri, C.; Cauteruccio, S.; Rossi, R.
Tetrahedron 2007, 63, 1970–1980.

108. (a) Bellina, F.; Calandri, C.; Cauteruccio, S.; Rossi, R. 4th
Eurasian Meeting on Heterocyclic Chemistry, August 27–
31, 2006; Thessaloniki, Greece, Book of Abstracts PO33,
pp 194–195; (b) Bellina, F.; Calandri, C.; Cauteruccio, S.;
Di Fiore, A.; Rossi, R. XXII European Colloquium on
Heterocyclic Chemistry, Bari (Italy), 2–6 September 2006;
Book of Abstracts SO21.

109. Revesz, L.; Blum, E.; Di Padova, F. E.; Bihl, T.; Feifel, R.;
Gram, H.; Hiestand, P.; Manning, U.; Rucklin, G. Bioorg.
Med. Chem. Lett. 2004, 14, 3595–3599.

110. van Leusen, A. M.; Wildeman, J.; Oldenziel, O. H. J. Org.
Chem. 1977, 42, 1153–1159.

111. Possel, O.; van Leusen, A. M. Heterocycles 1977, 7, 77–80.
112. Almansa, C.; Alf�on, J.; Cavalcanti, F. L.; Escamilla, I.;

G�omez, LA.; Miralles, A. Abstract of Papers, 222nd ACS
National Meeting, Chicago, Il, August 26–30, 2001; MEDI-
267.

113. For reviews on the synthetic implications of TosMIC, see: (a)
Tandon, V.; Rai, S. Sulfur Rep. 2003, 24, 307–385; (b)
Lambert, C. J. Prakt. Chem. 1998, 340, 483–485; (c) See
Ref. 38.

114. Hoogenboom, B. E.; Oldenzil, O. H.; van Leusen, A. M. Org.
Synth. 1977, 57, 102–106.

115. Obrecht, R.; Herrmann, R.; Ugi, I. Synthesis 1985, 400–401.
116. Katritzky, A. R.; Cheng, D.; Musgrave, R. P. Heterocycles
1997, 44, 67–70.

117. Pocar, D.; Stradi, R.; Gioia, B. Tetrahedron Lett. 1976, 17,
1839–1842.

118. Nunami, K.-i.; Yamada, M.; Tukui, T.; Matsumoto, K. J. Org.
Chem. 1994, 59, 7635–7642.

119. Medaer, B. P.; Hoornaert, G. J. Tetrahedron 1999, 55, 3897–
4002.

120. Theoclitou, M.-E.; Delaet, N. G.; Robinson, L. A. J. Comb.
Chem. 2002, 4, 315–319.

121. Brodereck, H.; Theilig, G. Chem. Ber. 1953, 86, 88–96.
122. For leading references on the synthesis of benzoins, see: (a)

Ide, W. S.; Buck, J. S. Org. React. 1948, 4, 269–304; (b)
Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719–3726; (c)
Lappert, M. F.; Maskell, R. K. J. Chem. Soc., Chem.
Commun. 1982, 580–581; (d) Ukai, T.; Tanaka, R.; Dokawa,
T. J. Pharm. Soc. Jpn. 1943, 63, 296–300; (e) Clerici, A.;
Porta, O. J. Org. Chem. 1993, 58, 2889–2893; (f) Corrie,
J. E. Tetrahedron 1998, 54, 5407–5416; (g) Liu, Y.; Xu, X.;
Zhang, Y. Tetrahedron 2004, 60, 4867–4873; (h) Demir,
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