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Abstract: Imidazole is one of the important heteroaro-
matic compounds that have found a broad range of uses
in, for example, pharmaceutical and industrial applica-
tions. Several conventional methodologies for the synthe-
sis of imidazole rings are known; however, they are limit-
ed in terms of substrate generality and are not always effi-
cient. Recent studies toward the development of catalytic
reactions have brought significant improvements to the

preparation of imidazoles. This Focus Review highlights
the very recent progress in the catalytic synthesis of imi-
dazoles, particularly those involving the formation of five-
membered ring cores.

Keywords: catalysis - cyclization - cycloaddition - imida-
zoles - multicomponent reactions
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1. Introduction

Imidazole is a five-membered heteroaromatic ring with two
nitrogen atoms at the 1- and 3-positions.!! This type of com-
pound is known to exhibit a broad range of uses in, for ex-
ample, pharmaceutical and industrial applications. For in-
stance, imidazole rings are found in many drug cores, such
as angiotensin II inhibitors,” anti-inflammatory® and anti-
cancer agents, as well as building blocks of naturally occur-
ring products.”) They also play an important role as ligands
in metalloenzymes,® and it is well-known that imidazolium
salts can serve as excellent precursors of stable carbene li-
gands in various metal complexes.”! The application of imi-
dazolium salts to environmentally friendly ionic solvents is
another example.®

Owing to the wide applicability of imidazoles, preparative
methodologies for this class of compounds have been inten-
sively developed.l'!' Conventional methods for imidazole-
core synthesis usually consist of cyclocondensation reactions.
Representative methods are 1) the reaction of a-diketones
and o-haloketones with formamide (Bredereck synthesis)
and 2) the base-promoted reaction of tosylmethyl isocya-
nides and aldimines or imidoyl chlorides (van Lausen’s
TosMIC chemistry®). These traditional procedures work
well in certain cases; however, we often encounter limita-
tions in terms of substrate generality and diversity. Under
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such reaction conditions, compatibility with a variety of
functional groups, efficiency of the transformations, and re-
gioselectivity of imidazole products could be problematic
due to the relatively harsh reaction conditions (e.g., basic
conditions, high temperature).

Recent investigations toward the development of catalytic
reactions have brought significant improvements for the
preparation of imidazoles. Many catalysts were examined
and employed for the synthesis of imidazole derivatives.
These processes can be categorized into the following two
types: I) catalytic derivatization of imidazole rings!'>** and
II) catalytic formation of imidazole cores.'>?! The former
method is based on stepwise functionalization of imidazole
rings, such as C—H activations,'*"! metal-catalyzed N-aryla-
tions,"**¥ and cross-coupling reactions.' The major draw-
back of this type of methodology exists in the use of corre-
sponding imidazoles as a starting material. On the other
hand, the latter method is based on newly developed trans-
formations that enable one to use a variety of starting com-
pounds other than imidazole rings; these reactions are espe-
cially effective for the preparation of densely functionalized
imidazoles such as trisubstituted and tetrasubstituted imida-
zoles. Intensive investigations into the catalytic derivatiza-
tion of imidazole rings (type I) have been carryied out and
many advanced approaches have been reported, but in this
Focus Review we would like to focus on the most-recent
progress in the formation of five-membered ring cores of
imidazole by utilizing a variety of catalysts (type IT).

2. Palladium-Catalyzed Intramolecular Cyclization
Reaction
Imidazoles that bear a functional group at the 2-position are

usually prepared by the metallation of imidazole cores fol-
lowed by trapping with various electrophiles such as alde-
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hydes and isocyanates.”) More recently, a similar type of re-
action between imidazole-derived azolium ylides and reac-
tive carbonyl compounds was reported for the preparation
of 2-substituted imidazoles.”? These procedures, however,
generally require a stoichiomet-
ric amount of strong base to ac-
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from amino acids to introduce an imidazole moiety as a
stable ester isostere at the C terminus of peptidomimetics®!
(Scheme 2). The aldehydes were prepared by DIBALH re-
duction of (S)-N-BocPheOMe, (S)-N-BocAlaOMe, and (S)-

. . H =
tivate the imidazole core; more- O NH,OH-HCI N OH NJ‘OH ll\l/\/
over, the corresponding imida- R y Na;COs R y NCS R o Bn
zoles themselves have to be BocNH MeOH/H,0 BocNH DMF BocNH DMF, 70 °C
used as the starting compound. RT 50-60 °C

Abell and co-workers recent- 2h

ly developed a new synthetic N,QOH CF-COCI NJJOCOCst . Me
method for trisubstituted imida- R /\/ ®EN s P 10 HE?BIN/"(%P:QES?B’)“] . r>|~§
zoles, 2-substituted 1-benzyl-4- N - ’}‘/\/—’ N
methylimidazoles 2, based on BocNH  Bn CHoCl 0°C BooNH ~ Bn DMF,80°C  BocNH gy,
the palladium-catalyzed intra- R= CH,Ph 1d 1h 2d 70%
molecular amino-Heck reaction Me 1e 1h 2e 56%

of amidoximes 1 (Scheme 1).1* CH,CHMe, 1f 30 min 2f 68%

The corresponding imidazoles

~»OCOC6Fs 10 mol % [Pd(PPha),] N Me

)NJ\ EtzN (5 equiv) /QK

AN R

RON DMF, 80 °C N

Bn Bn
R= CH,Ph  1a 30 min 2a 72%
(CH,),Ph 1b 30 min 2b 70%
CO,Me 1c 3h 2¢c 30%

Scheme 1. Pd-catalyzed intramolecular amino-Heck reaction of amidox-
imes.

2a and 2b were obtained in good yields from N,O-penta-
fluorobenzoyloximes 1a and 1b, respectively, in the pres-
ence of [Pd(PPh;),] (10 mol%) and Et;N (5 equiv) in N,N-
dimethylformamide (DMF) at 80°C for 30 min. In the case
of the amidoxime 1¢, which was derived from methyl glyox-
ylate, 2¢ was formed only in modest yield.

With the success of the catalytic imidazole synthesis by
the Pd-catalyzed intramolecular cyclization reaction, which
employed relatively simple amidoximes, Abell and co-work-
ers applied this transformation to the substrates prepared
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Scheme 2. Pd-catalyzed intramolecular amino-Heck reaction of amidoximes derived from amino acids."!

N-BocLeuOMe, respectively (Boc=tert-butoxycarbonyl,
DIBALH =diisobutylaluminum hydride). Dehydrative con-
densation with hydroxylamine hydrochloride in the presence
of Na,CO; furnished an E/Z mixture of a-amino aldoximes.
Chlorination with N-chlorosuccinimide (NCS) gave the hy-
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droxyamoyl chlorides, and treatment in situ with allyl ben-
zylamine afforded the amidoximes as a mixture of E/Z iso-
mers. Subsequent reaction with pentafluorobenzoyl chloride
in the presence of Et;N gave the starting materials 1d-f.
The Pd-catalyzed intramolecular amino-Heck reaction pro-
ceeded smoothly to produce the corresponding imidazoles
2d-f in good to moderate yields. After Boc deprotection of
2d and coupling of the resulting free amine with (S)-
BocAla, the corresponding amide was obtained with over
95 % de, which indicates that little or no racemization of the
chiral center in the original amino acid took place. This is
one of the advantages of the present transformation, as the
problem of racemization often arises in conventional meth-
ods during the preparation of imidazole rings.*

The mechanism for the Pd-catalyzed intramolecular
amino-Heck reaction of amidoximes is proposed in
Scheme 3. The catalytic cycle starts with oxidative addition
of a Pd’ species to the N—O bond of amidoxime 1 to form
alkylideneaminopalladium(IT) intermediate A.”! Olefin in-
sertion then takes place at the Pd—N bond of A to afford
the intermediate B. Subsequent {3 elimination affords a pal-
ladium hydride species and the dihydroimidazole C, which
eventually isomerizes under the reaction conditions to form
imidazole 2. Regeneration of the active Pd’ species is ach-
ieved in the presence of Et;N, which makes the catalytic
cycle feasible.

3. Palladium-Catalyzed Multicomponent Coupling
Reaction

Imidazole synthesis by the palladium-catalyzed intramolecu-
lar amino-Heck reaction in the previous section works very
well, though the strategy has
severe disadvantages in terms
of diversity and generality of
starting compounds. This limita-
tion is inherent in its reaction
pattern: intramolecular cycliza-

tion. A key to expanding sub- I

L . +
strate diversity and generality, N\RZ R3
and hence the variety of imida- 3

zole products, is to create a
convergent strategy involving
multiple  starting  building R*
blocks.”®! Siamaki and Arndt-

sen succeeded in developing a R4 Ts”
direct synthesis of imidazoles N

by the palladium-catalyzed mul- R3’<N4&R1
ticomponent coupling reaction |

(MCR) starting from two ,22 CO,
imines 3 and 5 and acid chlo- TolSO,H

rides 4 under CO atmosphere
(Scheme 4).1'  This reaction
provides tetrasubstituted imida-
zoles 6 in a single step.
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Scheme 3. Proposed reaction mechanism for the Pd-catalyzed intramolec-
ular amino-Heck reaction of amidoximes.
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Scheme 4. Pd-catalyzed MCR of imines and acid chlorides under CO.
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Scheme 5. Plausible reaction mechanism for the Pd-catalyzed MCR leading to tetrasubstituted imidazoles.
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A plausible mechanism for
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Table 1. Imidazole synthesis by the Pd-catalyzed MCR with a variety of starting compounds.”!

this Pd-catalyzed MCR, which Entry 3 4 5 6 Yield
leads to fully substituted imida- [%]
zoles, is illustrated in Scheme 5. Tol s N Ph

The approach is based on the \,[\Il PLCOCI r‘\]l/ oh /QNXTO' 76
1,3-dipolar cycloaddition reac- “Et Ph” L

tion of 1,3-oxazolium-5-olates Tol e 2furyl
(Miinchnones; D) with N-tosyl- \'f\l‘ i N

imine 5. The formation of D 2 \©\ p-TolCOCI U N T°|/<N Tol 7
through the palladium-cata- OMe \ (|35H40Me-p

lyzed three-component coupling . Ts N

reaction of imines, acid chlo- ; T\\l p-TolCOCI ’\\11/ Tol /(,\Tg\tBu 67
rides, and CO gas had already “Bn Ph” L

been reported by the same . 2thienyl

group.”’! Before entering the Tl i //’\}‘ )\

catalytic cycle, the reaction 4 L FhCOCI U N Ph N Tol 70
starts with selective nucleophil- nCeHis

ic attack of imine 3 on acid

chloride 4 to form iminium salt ;
E. Under the influence of a Pd’
catalyst, E is converted into the
intermediate F, which acts as
the active catalytic species. Sub-
sequent insertion of CO gas Et
into the Pd—C bond of F produ-
ces the intermediate G. § Elimi-
nation affords the ketene inter- “Et
mediate H along with regenera-

tion of the Pd’ species in the

presence of iPr,NEt. Intramo- g
lecular cyclization of H pro-
vides D, and selective 1,3-dipo-
lar cycloaddition with electron-
deficient 5 affords imidazole 6
with concomitant extrusion of

o Ph
Ts Ni
7\
W)J\q ,‘\]l/ iPr/<N Tol 60
Ph” |
Et

Ts 3-pyridyl
o)
I N
(\3| cl NS N 2—furyl/4,?‘ CeH,SMep 70
7 Et
Ph
Ts
N
-
PhCOCl Ph/\/N Ph/kl}l Tol 74
Et
Ts cCgHyq
g 911
p-TolCOCI ON T4 Tol 68
|
Et
[e] nC,4Hg
Ts N
H/ /1
/©)1\C| nC,H N (p'OMe)CGH"/{N Tol 69
4Mg )
MeO Et

CO, gas and toluenesulfinic
acid.”®

In the early stages of the in-
vestigation, Siamaki and Arndt-
sen suffered low yields of the desired imidazole due to the
formation of undesired a-sulfonylamide 7 and amide 8
(Scheme 5). The reaction between iminium salt E generated
in situ and sulfinic acid released by the 1,3-cycloaddition re-
action was responsible for the formation of 7, and thermal
decomposition of E accounted for the formation of 8. On
the basis of the postulates, the reaction conditions were opti-
mized to avoid these competing processes; the best reaction
conditions are shown in Scheme 4. Addition of the bulky (o-
Tol);P ligand and increasing the CO pressure accelerated
the reaction progress; as a result, the reaction temperature
could be reduced to 45°C. Addition of LiCl suppressed the
formation of 7 completely by shifting the equilibrium in
favor of E.

Table 1 summarizes the results of the synthesis of tetra-
substituted imidazoles by the Pd-catalyzed MCR with a
range of building blocks. Imines derived from alkyl- and
arylamines as well as from aryl and nonenolizable alkyl al-
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[a] Conditions: 3 (1 equiv), 4 (1.4 equiv), 5 (1.2 equiv), palladium catalyst (5 mol%) (Scheme 4), (o-Tol);P
(15 mol %), iPr,NEt/LiCl (3 equiv), CO (4 atm), THF/CH,CN, 45°C, 18 h. Tol =tolyl, Ts =tosyL

dehydes could be utilized as substrate. Various acid chlor-
ides, such as aryl, heteroaryl, and alkyl, could be applied.
Even greater diversity was possible for N-tosylimines, which
included aryl, heterocyclic, alkyl, and o,B-unsaturated sub-
stituents. Although enolizable aldehydes were not suitable
for N-alkylimines, they could be used as a component of N-
tosylimines. This transformation displays good compatibility
with a wide variety of functional groups and provides com-
plete regiochemical control of all the substituents on the
imidazole ring, in which they can be independently varied
by proper choice and combination of starting compounds.

To demonstrate the utility of this reaction, the synthesis
of a potent p38 MAP kinase inhibitor (MAP =mitogen-acti-
vated protein) was carried out (Scheme 6), which led to the
design of new anti-inflammatory agents.’! The desired com-
pound was obtained in a regioselective manner from the
readily available imines and acid chloride, after deprotec-
tion.

Chem. Asian J. 2007, 2, 568 -578
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responding imidazole through

N homodimerization of the isocy-
R anide. Accordingly, these re-
sults suggest that both of the

F = 1PraNEYLICI, CO o\ isocyanides involved in homodi-
+ L. .
\©\’ < b)5mol % [Pd(PPhs).] HO/O/AH F merization were coordinated to
| | PhSiH; the silver catalyst (Scheme 8).
N ¢) HBr, Nal

Scheme 6. Synthesis of a potent p38 MAP kinase inhibitor.

4. d"’-Metal-Catalyzed Cycloaddition Reaction

The MCR strategy can increase dramatically the variety of
substituents in the products; however, the palladium-cata-
lyzed MCR presented in the previous section is not ideal in
terms of atom economy.” The generation of a stoichiomet-
ric amount of waste such as toluenesulfinic acid and CO,
cannot be ruled out even though the whole reaction se-
quence is well-planned to proceed without the desired path-
ways being interfered with. To develop atom-economical
processes, new catalytic reactions need to be devised, espe-
cially those with raw starting materials.*” Such transforma-
tions eliminate prior activation of reagents, for instance,
base treatment or formation of silyl enol ethers to increase
nucleophilicity, in a separate step; thus, side-products can
theoretically be minimized.

Grigg etal. reported a catalytic imidazole synthesis by
silver-catalyzed homodimerization of isocyanoacetates.!'”]
They mainly focused on the catalytic synthesis of pyrrolines
derived from the coupling reaction between isocyanoace-
tates and olefins that bear an electron-withdrawing group
(Michael acceptors), and it seems that they happened to ob-
serve the homodimerization of isocyanoacetates to give imi-
dazoles in some cases. As shown in Scheme 7, only two ex-

CO,R
+ cat. AgOAc N‘S
2 —.N"coR ¢ )
CH5CN, RT f\t
CO,R
R= Me 9%a 2mol %, 2 h 10a 88%
CH,CH=CH, 9b 5mol%,20h  10b 90%

Scheme 7. Ag-catalyzed homodimerization of isocyanides.

amples were reported. The reaction of isocyanides 9a and
9b afforded the corresponding imidazoles 10a and 10b in
excellent yields.

Further experiments were carried out to elucidate a possi-
ble reaction mechanism for the Ag-catalyzed formation of
imidazole relevant to that of pyrroline. The reaction of
methyl isocyanoacetate with methyl acrylate in the presence
of a catalytic amount of AgOAc resulted in the formation of
pyrroline, whereas the reaction in the presence of a stoichio-
metric amount of AgOAc predominantly produced the cor-

Chem. Asian J. 2007, 2, 568 -578
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Such coordination would acti-
vate one isocyanide as a nucleo-
phile by increasing the acidity

AgOAc
.
- N"OCOR g
CO,R
’)1‘§ AcOH - OAc
N N
L . COR /N=C-Ag
10 COR Ag-C=N—. ROC
[
2 AcOH
CO,R " OAc
N
7\ + CO;R
AgT N TAg Ag-C=N—(
,C
kc02R Nk Ag
CO,R
CO,R
AcOH N
!
Ag/éN/ Ag
AcO CO,R

Scheme 8. Possible reaction mechanism for the Ag-catalyzed homodimer-
ization of isocyanides.

of the methylene proton (I), while at the same time activat-
ing the other isocyanide as an electrophile at the isocyano
moiety (J).

We later discovered independently the formation of imi-
dazole rings by the copper-catalyzed cross-cycloaddition of
two different isocyanides."® During the course of our re-
search on the copper-catalyzed synthesis of pyrroles starting
from isocyanides and acetylenes conjugated with an elec-
tron-withdrawing group (EWG),”! we encountered homodi-
merization of ethyl isocyanoacetate (12a, EWG=CO,Et;
Scheme 9) with a catalytic amount of Cu,O and 1,10-phen-
anthroline (phen) to produce 1-(ethoxycarbonylmethyl)-4-
(ethoxycarbonyl)imidazole (10¢, R =Et; Scheme 7) in 49 %
yield. Encouraged by this finding, we envisioned that cross-

10 mol % Cu,0 N EWG
+ - + 20 mol % phen
R-N=C + ~_N7 EWG ¢ Y
THF, 80 °C l}l
R
1 12 13

Scheme 9. Cu-catalyzed cross-cycloaddition of isocyanides.
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cycloaddition could be possible if a different isocyanide was
utilized as a coupling partner (Scheme 9). As expected, the
reaction of 4-methoxy-1-isocyanobenzene (11a, R=p-
MeOC¢H,) with 12a in the presence of Cu,O catalyst and
phen ligand furnished the corresponding product, 4-ethoxy-
carbonyl-1-(4-methoxyphenyl)imidazole (13a, R=p-
MeOCH,, EWG =CO,Et), in excellent yield. As for metal
sources, CuCl or CuCl, resulted in the formation of trace
amounts of cycloadduct or no reaction. Interestingly, copper
powder also furnished the target product in good yield. In
this cross-cycloaddition, the catalytic activity of AgOAc!”
was low and [RhH(PPh;),]® did not catalyze the reaction
at all, although these catalysts are known to activate the C—
H bond of isocyanides. The best yield was attained when
aryl isocyanide 11 was treated with 1.4 equivalents of isocya-
noacetate 12 under the reaction conditions shown in
Scheme 9.

Reactions between a range of aryl isocyanides 11 and 12a
were carried out to clarify the scope and limitations of the
present imidazole synthesis by Cu-catalyzed cross-cycloaddi-
tion. The results are summarized in Table 2. Imidazole for-
mation starting from para-, meta-, and ortho-substituted iso-
cyanobenzenes 11a—c took place to give the corresponding
products 13a—c in excellent yields. The substrates 11d-g
with an electron-withdrawing group on the aromatic ring
also produced the imidazoles 13d-g in high yields. These re-
sults indicate that the present transformation proceeds irre-

Table 2. Imidazole synthesis by Cu-catalyzed cross-cycloaddition with a
variety of starting compounds.”!

Entry Aryl isocya- 11 Isocyanide 12 ¢ 13 Yield
nide EWG [h] [%]
R
EWG
0T
R/— + - +
IND =S NTEWG N
Q
NN R
1 p-MeO 11a CO,Et 12a 3 13a 93
2 m-MeO 11b CO,Et 12a 2 13b 98
3 0-MeO 11c¢ CO,Et 12a 2 13c 88
4 p-CO,Me 11d CO,Et 12a 2 13d 98
5 p-CN 11e CO,Et 12a 15 13e 97
6 p-NO, 11f CO,Et 12a 1 13f 88
7 p-Cl 11g CO,Et 12a 5 13g 93
8 p-TMSC=C 11h CO,Et 12a 2 13h 91
9 H 11i CO,Et 12a 25 13i 93
10 O + 11j CO,Et 12a 4 13j 95
e
Me
L=
11 N=C 11k CO,Et 12a 4 13k 92
Me
12 p-CO,Me 11d CO,Bu 12b 3 131 97
13 p-CO,Me 11d P(O)(OEt), 12¢ 24 13m 62
14 p-CO,Me 11d CONE, 12d 20 13n 71
15 p-CO,Me 11d Ph 12¢ 24 130 trace!”

[a] Conditions: 11 (1 equiv), 12 (1.4 equiv), Cu,0O (10 mol%), phen
(20 mol %), THF, 80°C. [b] Significant amounts of 11d and 12e were re-
covered. TMS = trimethylsilyl.
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Cu,O-Ln
+
P
~ =N EW
g G 12
H,O
EWG
N Cu-Ln
¢\ v
N N EWG + -
Ar L K Ar—N=C
13 ‘ 1
¥ BN
—NTEWG N7 EWG
c- -
Ln-Cu K
12
EWG - + EWG
N& czNJy
/ .
<N Culn N/ Cu-Ln
M Ar \Ar L

Scheme 10. Plausible reaction mechanism for the Cu-catalyzed cross-
cycloaddition of two different isocyanides.

spective of the electronic nature of the aryl isocyanides and
is highly compatible with various functionalities, such as
ester, cyano, nitro, and chloro groups. The reaction also pro-
ceeded with aryl isocyanide 11h, which is conjugated with
an alkynyl group. Not only did nonsubstituted isocyanoben-
zene (11i) undergo the reaction, so did sterically hindered 1-
naphthyl isocyanide (11j) and 2,6-dimethylphenyl isocyanide
(11k), although slightly longer reaction times were required.
When aliphatic isocyanides, such as n-butyl and cyclohexyl
isocyanides, were employed as starting material, the corre-
sponding imidazoles were obtained only in low yields (12
and 10%, respectively), and the homodimerized product
10c was formed as the major product. These results indicate
that the order of electrophilicity of isocyanides is as follows:
Ar—-NC>EWG—CH,~NC>R-NC (R =alkyl).

We next examined the reaction between isocyanobenzene
11d (R=p-MeO,CC¢H,) and various isocyanides 12 to in-
vestigate the effect of the electron-withdrawing group in this
transformation. The size of the ester moiety did not exert a
significant effect on the reactivity of isocyanoacetates. In-
stallation of the phosphonate (12¢) and amide (12d) moiet-
ies instead of the ester group did not disturb the formation
of imidazoles 13m and 13n, despite elongation of the reac-
tion times. On the contrary, benzyl isocyanide (12e) afford-
ed only a trace amount of the desired imidazole 130, and
most of the starting compounds (11d and 12e) were recov-
ered, presumably due to the low acidity of 12e.

A plausible mechanism for the present Cu-catalyzed
cross-cycloaddition of two different isocyanides is depicted
in Scheme 10. The reaction is initiated by C—H bond activa-
tion of the isocyanide 12 with Cu,O catalyst to form the
active species K, a-cuprioisocyanide, or its tautomer K’
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along with extrusion of H,0.¥ Subsequent nucleophilic ad-
dition of the intermediate K and/or K’ to isocyanobenzene
11 occurs to form the intermediate L. Intramolecular cycli-
zation between the imine moiety generated from the isocya-
nobenzene and the carbon atom of the isocyano moiety
(C=N*-) followed by 1,3-hydrogen shift produces the cy-
clized intermediate M; this step can be considered as a
formal [3 +2] cycloaddition process. The C—Cu bond in M is
then protonated by the existing excess of 12 in the reaction
mixture to furnish 1,4-disubstituted imidazole 13 with regen-
eration of the active catalytic species K and/or K'.

5. Lewis Acid Catalyzed Multicomponent Coupling
Reaction

Another important feature of the MCR is its potent applica-
bility in the construction of a library of compounds that
bear a wide array of substitutions while keeping a common
structural scaffold. The power of the MCR is often seen in
combinatorial chemistry in the field of medicinal science for
finding leads for drug candidates and optimizing the struc-
tures of these leads.**3 In this context, Sharma et al. inves-
tigated a Lewis acid catalyzed synthesis of imidazoles. They
surveyed the three-component coupling reaction (TCR) of
benzil, aldehydes 14, and NH,OAc in the presence of a cata-
lytic amount of ZrCl, and observed a dramatic acceleration
in imidazole formation (Scheme 11).!] The combination of
these compounds is well-known as a classical preparative
method of trisubstituted imidazoles:;!! however, the reaction
often produces a mixture of compounds in rather low yields
owing to the harsh reaction conditions.*® This ZrCl,-cata-
lyzed formation of imidazoles took place at room tempera-
ture and was completed within 6 h in most cases to give
product yields of over 84 %, although the role of ZrCl, was
not mentioned at all.

The strategy is based on condensation of benzil with alde-
hydes 14 in the presence of an excess amount of NH,OAc
to afford trisubstituted imidazoles 15 under the influence of
ZrCl, (20 mol%). The reaction proceeded with a range of
aldehydes, and the results are summarized in Table 3. Both
aromatic and heteroaromatic aldehydes gave the corre-
sponding imidazoles. The reactions with benzaldehydes with
an electron-withdrawing group such as Cl, F, and NO, fur-
nished the target imidazoles in high yields, whereas the reac-
tion with p-anisaldehyde did not go to completion. Aliphatic
and terpenoidal aldehydes also produced the products in
high yields. Terephthalaldehyde, which has two reaction
sites on the aromatic ring, gave the bis(imidazoyl)benzene.
The reaction with aldehydes derived from sugars provided
the corresponding glycoconjugated imidazoles without diffi-
culty.P”

The ZrCl,-catalyzed four-component coupling reaction
(FCR) was further examined with benzil, benzaldehyde, pri-
mary amine 16, and NH,OAc to synthesize the fully substi-
tuted imidazoles 17 (Scheme 12). As expected, the FCR pro-
ceeded smoothly to furnish the corresponding tetrasubstitut-
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o) Oy Ph 20 mol % ZrCl, N {
o+ I + NH4OAc R ! Ph
R H 0 Ph CH3CN N
5 equiv RT H
14 15

Scheme 11. ZrCl,-catalyzed TCR for the synthesis of trisubstituted imida-
zoles.

ed imidazoles starting from both aliphatic and aromatic
amines.

Table 3. Imidazole synthesis by the ZrCl,-catalyzed TCR with a variety
of starting compounds.”

Entry 14 t 15 Yield
(h] [%]

[ 0.75 " 95
2 O\ e 10 ) 1 93
3 \_7 5 N Ph 96
4 7 R H 89

Ph

0._CHO 91&
5 @ 6 oy 95

\ H
Ph

Ph
CHO ’)‘1
8 4.5 N~ Ph 84
H

N/\g\
CHO L/ Fh
o T ey L
<7
PH
Ph
o N
0 CHO o )\
0 L 125 ow/(N Ph 88
0" oMe 74 [ H
0 OMe
o Ph
MeO cHO N&
U MeOWN Ph
11 S A 1.5 - H 87
x Oxb
Ph
el O._CHO N—\S\
o) 7
~ i o) N~ Ph
12 07" 15 X H 85
o_# S o)
Oxﬁ
P o
CHO =

[a] Conditions: 14 (1 equiv), benzil (1 equiv), NH,OAc (5 equiv), ZrCl,
(20 mol %), CH;CN, room temperature.
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0]

PN

Ph
inh 20 mol % ZrCl, N
+ + R-NH, + NH4OAc /
H o pn CH4CN Ph Ph
5 equiv RT R
R= Bn 16a 1h 17a 86%
CeHis  16b 0.75h 17b 88%
I\
N § 16c 1.25h 17¢ 89%

Scheme 12. ZrCl,-catalyzed FCR for the synthesis of tetrasubstituted imi-
dazoles.

6. Thiazolium-Catalyzed Three-Component
Coupling Reaction

In recent years, considerable effort has been made to devel-
op reactions catalyzed by small organic molecules.”® Such
catalysts are often referred to as organocatalysts, and they
can be attractive alternatives to metal-based catalysts. These
reactions often proceed even in the presence of water under
air, and in many cases, the starting compounds can be em-
ployed without any preactivation in a separate step.

Frantz et al. developed the one-pot synthesis of imida-
zoles through the synthesis of a-ketoamides (N) via the thia-
zolium-catalyzed addition of aldehydes 19 to acylimines gen-
erated from o-sulfonylamides 18" and subsequent treat-
ment with amines 20 (Scheme 13).?” A possible reaction
mechanism with emphasis on some key intermediates is il-
lustrated in Scheme 14. Sulfonylamide 18 exists in equilibri-
um with acylimine and triethylammonium sulfinate in the
reaction mixture.*”’ Aldehyde 19 is converted into the thia-
zole-enamine O by addition of the stabilized ylide derived
from thiazolium salt. Carbon-carbon bond formation takes
place to form the intermediate P, and subsequent release of
the catalytic thiazolium ylide species furnishes the a-ketoa-
mide N. Treatment of N with amine 20 and acetic acid in re-
fluxing EtOH produces imidazole 21.

The results of the thiazolium-catalyzed one-pot synthesis
of densely functionalized imidazoles are summarized in
Table 4. The present transformation allows for regiospecific

//—S
Me-N \%\/\OH
Me
1 N 2 0, 1 H 2
R N R 5-20 mol % R N R
T + R°CHO il l
O SOTol EtsN (15 equiv) O 7 g3
CH,CI, or THF
18 19 35-60 °C N
R*NH, (20) (5 equiv) R2
AcOH (5 equiv) N‘&
R’I /4 R3
EtOH N
R4
21

Scheme 13. Thiazolium-catalyzed TCR for imidazole synthesis.
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© o7 Re Me”W
Me 19
N
H
R'\ N R2 OH
Re S M’N\/)J
OH e
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R'. N& R? R! H R?
Y
o TolSO,H-Et;N O SO.Tol
18

Scheme 14. Possible reaction mechanism for the thiazolium-catalyzed
imidazole synthesis.

introduction of various substituents onto the imidazole ring
just by choosing the proper combination of starting com-
pounds; aldehyde 19 is installed in the S5-position, and
sulfonylamide 18 in the 2- and 4-positions. When a primary
amine is employed instead of NH,OAc, the functional group
on the nitrogen atom is introduced onto the 1-position of
the imidazole core. Besides simple amines, chiral amines
and amino acids can also be employed. The reaction prog-
ress was conveniently monitored by HPLC, and some of the
imidazole products could be isolated by direct recrystalliza-
tion from the crude reaction mixture. This methodology is
also applicable to the synthesis of tetrasubstituted imida-
zoles. Again, the choice of starting compounds regulates the
positions of substituents on the imidazole ring. The derived
imidazole in Table 4, entry 8 is especially interesting as 2-
imidazol-1-yl alkanoic acids have been implicated as angio-
tensin II receptor antagonists.?

7. Conclusions

This Focus Review describes the most recent progress on
the catalytic synthesis of five-membered ring cores of imida-
zole. The utilization of palladium catalysts realized imida-
zole formation either through the intramolecular amino-
Heck reaction of amidoximes or the multicomponent cou-
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Table 4. Imidazole synthesis by the thiazolium-catalyzed TCR with a variety of starting compounds.!!

Entry 18 19 20 Yield [% ]
H H Ph
1 T ph N CHO NH,0Ac wPh 68 (47)
O  SO,Tol N
H H Ph
2 A p-FCH,CHO  NH,OAc /&C HLE 82
O SO, Tol u erab-p
H CHO P
Ph N Ph X
3 Y Cf NH,OAc = 78
O S0,Tol Z LN
Ph
H Ph N OHO \
4 e @/ NH,OAc = 82 (55)
O SO,Tol N
H
H N Ph
5 YT p-FCH,CHO  Ph(CH,);NH, CoHaF-p 58 (35)
O  SO,Tol
y CeHaF-p
H. N CgHsF-p
6 Yooyt PhCHO Ph(CH,);NH, 61 (42)
O  S0,Tol
H H Ph X~ CHO NH,
T S 5w
O  SO,Tol N~ Me™ “Ph N
Ph
H
H._N._Ph NH2
8 A PhCHO Ph 73 (48)
O  SO,Tol HO,C™ "Bn
Ph
H r7 NH
9 NP phocH,cHo ? »
0 SO,Tol N
Ho 9N CHO
10 Pho N P Ph(CH,);NH 76
N 2)3 2
O  SO0,Tol
H CHO
Ph N Ph X
11 Y @ (MeO),CHCH,NH, LN 80
O  SO,Tol Z
H
CHO
Ph N Ph X
12 e O HO(CH,),NH, 75
O S0,Tol Z

[a] Conditions: 18 (1 equiv), 19 (1.1 equiv), Et;N (15 equiv), 2-5 mol% of thiazolium catalyst, in CH,Cl, or
THE, 35-60°C, then 20 (5 equiv), acetic acid (5 equiv), in EtOH, reflux. [b] Reaction yields and isolations
were not optimized and represent the result of a single experiment. Product yields were determined by
isolation on SiO, chromatography. Yields of products isolated by crystallization are shown in parentheses.

[c] >98% ee.

pling reaction of two imines and acid chloride. The silver
and copper catalysts promoted the cycloaddition of two iso-
cyanides to form 1,4-disubstituted imidazoles. The Lewis
acid ZrCl, was applied in the three-component coupling re-
action to afford trisubstituted and tetrasubstituted imida-
zoles. An organocatalyst derived from thiazolium salt was

CHEMISTRY
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also successfully employed for

construction of densely

functionalized imidazoles.
Nonetheless, there is still room
to improve the efficiency of
these catalytic transformations.
The development of more prac-
tical, atom-economical, and
general routes for the prepara-
tion of imidazole cores remains
a challenge for the future.
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