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Baldwin’s rules

and environmentally benigatpeol for the synthesis of benzimidazoles

from ortho-phenylenediamines and aldehydes via aerobic owidatvas developed in w
organic solvents. Notably, water significantly decated this transformian, which allowed L
to achieve this important transformatisthout the assistance of any metal catalysts dhel
co-oxidants. Mechanistic studies suggested that water as the nucleophilic catalyst for

conversion of disfavorednBe-trig cyclization of imines to favored 5-
tetrahedral intermediates and shibsequent aerobic oxidatiaf the
lines affords benzimidazoles.

2009 Elsevier Ltd. All rights reserved

Introduction

Benzimidazoles are important building blocks fourrd
biologically and therapeutically active compoundsatural
products, and functional materidl¥herefore, tremendous effort
has been made to develop efficient methods forsyimhesis of
these compounds. One conventional method for the synthesis
of benzimidazoles involves the oxidative cyclizatiof imines
derived from ortho-phenylenediamines with aldehydes in the
presence of oxidantsHowever, many of these protocols produce
toxic and/or environmentally problematic by-prodycivhich
often requires tedious workup and purification prhges.

Because molecular oxygen is an abundant, inexperesin
environmentally benign oxidant, aerobic oxidationsing
molecular oxygen as the terminal oxidant have etch much
attention from the synthetic community as greentqaols® In
this regard, a number of protocols for the synthesf
benzimidazoles under aerobic oxidation conditiomsehbeen
developed. In contrast to the aerobic oxidation protocols tfoe
synthesis of other benzofused 1,3-azoles, sucheasokazoles
and benzothiazoles, generally requiring transitionetal

have specified the reaction parameters requiredotdrol this
transformation. Herein, we report the synthesis of
benzimidazoles frorortho-phenylenediamines and aldehydes via
metal-free aerobic oxidation in wet organic solveNstably, we
for the first time elucidated the key controllingrameter in the
synthesis of benzimidazoles via metal-free aerabi@ation;
water plays a crucial role in the synthesis of bmtazoles
under aerobic oxidation conditions by converting thisfavored
5-endo-trig cyclization of imines to the favored exo-tet
cyclization through tetrahedral intermediates. THiading
enables us to synthesize benzimidazoles withouguesity metal
catalysts and/or co-oxidants.

Results/Discussion

Our group has been interested in the developmenieof
protocols for the synthesis of biologically imparta
heteroaromatic compounds via metal-free aerobicdatian
reactions in the presence of a nucleophile whicHdctacilitate
this transformation by converting the less favoreddo-
cyclization of imines to the more favorexb-cyclization through
tetrahedral intermediates generated by the additibnthe

catalysts;® there have been a few examples of the synthesis @fucleophile to the imines™ For example, we recently

benzimidazoles via the metal-free aerobic oxidafiostocols’°

However, none of these previous reports for the ggishof
benzimidazoles under the metal-free aerobic oxdatbnditions

OCorresponding author. Tel.: +82-2-3290-3147; f882-2-3290-3121;

developed a highly efficient method for the synibesf
benzoxazolesl from 2-aminophenol and aldehydes via metal-
free aerobic oxidation using cyanide as the nudidiopcatalyst.
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It was found that cyanide significant accelerateis t ~Scheme 2. Working hypothesis for the synthesis of
transformation by promoting the cyclization of amine by  benzimidazoles5 via metal-free aerobic oxidation with a
converting disfavored Bnado-trig-cyclization of the imine into different nucleophile.

favored 5exo-tet-cyclization through tetrahedral intermediate

(Scheme 1aY:

When this protocol was attempted to be extendedhéo t
synthesis of benzimidazoles witbrtho-phenylenediamine and
aldehydes, the expected benzimidazoles were notinebta
instead, 2-aminoquinoxalin@were obtained in good yields via
the 6exo-dig cyclization at the carbon of the nitrile group in
tetrahedral intermediat& (Scheme 1b)

To test this hypothesis, several nucleophiles werestigated
as catalysts for the synthesis of benzimidazoleleuthe similar
reaction condition's used for the benzoxazole synthesis (Table
1). Delightfully, iodide was found to significantlgeelerate this
transformation; benzimidazol®a was obtained fromortho-
phenylenediamin@a and benzaldehydéa in an excellent yield
in the presence of a stoichiometric amount of iedid 80°C
(entry 2). Howeverba was not obtained in the absence of iodide,
presumably because imine could not undergo cyclization
through the disfavored &«o-trig cyclization (entry 1). When this

a) Synthesis of benzoxazoles with cyanide

@[ ©:OH _NacN O/>_R reaction was carried out under argon atmosphere, artrace
openﬂask N amount of5a was obtained, indicating that the molecular oxygen

1 present in air acts as the terminal oxidant in thassformation

5-endo-trig (entry 3). Next, other nucleophiles were investigated the

NaCN aerobic catalysts in this transformation. However, other eaphiles did

oxidation not promote this transformation at all (entries i &). The

OH 5 o nucleophilicity of the halide turned out to slightaffect this

C -exo-tet 3 N A
@[&/@) _— @[ R transformation; KCI and KBr also afforded the degiproduct in
N N high yields, but longer reaction times were needeH thiese less

H
A nucleophilic halides than iodide (entries 6 and 7).

b) Synthesis of 2-aminoquinoxalines with cyanide b . . . .
) S a Ed Table 1.Optimization of Reaction Conditions

NH; NH3 NaCN NH
o L L, e
NH, N> open flask y )J\ >_Ph

| NH, H™ "Ph 4 A MS, solvent, 80 °C

3a 4a open flask 5a
NaCN aerobic

oxidation
[a] Isolated yield oba.

H N H
NH, /, . .
N 5-exo-tet \fc/’J 6-exo-dig N -NH. Entry Nu (x mol%) Solvent Time (h) Yidl (%)
Re—— M |
N N7 R N R
H B H H

1 - DMF 48 N.RY
2 Kl (100) DMF 24 93
Scheme 1.Synthesis of heteroaromatic compounds via metal- “
free aerobic oxidation in the presence of cyanide. 3 Kl (100) DMF 48 Trace
4 NaOAc (100) DMF 48 N.R!
Although the aerobic oxidation afrtho-phenylenediamines 5 DMAP (100) DMF 48 N.F!
and aldehydes in the presence of cyanide only agfbr2-
aminoquinoxalines, in which tetrahedral intermediat8 KCI (100) DMF 36 89
underwent 6exo-dig cyclization rather than Bxo-tet cyclization, KB (100) DMF 36 90

we envisioned that the benzimidazoles could be nisitally

synthesized with a different nucleophile (instead cgfinide) 8 KI (100) DMSO 24 91
under aerobic oxidation conditions, where tetraHedra
intermediated’, generated by the addition of the nucleophile to®
imines I, undergo only %xo-tet cyclization, not 6exo-dig K1 (100) 14-Dioxane 24 N
cyclization (Scheme 2).

Kl (100) CHCN 24 N.RE

11 Kl (100) Toluene 24 N.EB.
N2 N2 N 12 KI (10) DMF 48 o1
HRA P >R
, Nz | N R open flask N 13 KI (5) DME 9% 84
14 KI(1) DMF 120 50
Nu 5-endo-trig

oxidation [b] N.R. means no reaction.

[c] Under argon atmosphere.

©:NH2 5-exo-tet @EN>_
R
No 6-exo-dig H Because previous studies on the metal-free aembiation
6

protocols for the synthesis of benzimidazoles destrated that
these transformations could be performed in divesieents,
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the effect of reaction media was further invesgdafentries 2
and 8-11). Rather unexpectedly, the choice of tbbest
significantly affected the efficiency of this trdasmation; the
desired producba was obtained in high yields in DMF and
DMSO (entries 2 and 8), whereas no reaction was oliténve

H
NH
any other solvent (entries 9-11). Because the imaéh DMF ©i 2 . j\ Kl (xmol%) ©:N/>—Ph
c N

Table 2. Effect of Additives on the Synthesis of Benzimidaso
via Aerobic Oxidation

afforded the desired produsa in a slightly better yield than that NH, H” ~Ph  Additive, DMF, 80°
in DMSO, DMF was selected for further study. 3a 4a open flask 5a
On th_e basis c_)f the working hypothesis in conjugaﬁdﬂn_ Entry KI (xmol%) _ Additive Time () Yield (%)
our previous studies on the synthesis of benzoraagh aerobic
oxidation in the presence of a nucleophile, thes¢formation 1 100 4AMS 24 93

was intrinsically possible with a catalytic amounkdf Thus, we

investigated this transformation with a catalyticoamt of Ki 2 100 . 3 o1
(entries 2, 12-14). To our delight, a catalytic amoof KI was 5 ; ) 12 54
sufficient enough to promote this transformatiomere with 5

mol % of KI, the desired product was obtained inhhigeld, 4 - watef! 2 94

albeit a long reaction time was needed.

[a] Isolated yield oba.

With these results in hand, we attempted to dematesthe [b] 10 vol % of water was used.

advantages of the methods developed by our groughén
selective synthesis of either benzimidazolés or 2-
aminoquinoxaline® from the same substrate depending on the On the basis of this interesting finding, the rotenwlecular
choice of a nucleophilic reagent (Scheme 3). Foample, Sieves, i.e., the role of water, was explored onttaissformation
benzimidazole5 was expected to be produced with Kl as the(Table 2). It was found that molecular sieves were auually
nucleophilic catalyst as shown in Scheme 3, while Na@nld needed in this transformation; the formation5aftook place in

yield 2-aminoquinoxalin€ under the similar reaction conditions. the absence of molecular sieves without any lossffediency
even in a short reaction time (entries 1 and 2j)pi&ingly, this

" N reaction proceeded in the absence of KI and molesigaes; the

o oorone )R desired productba was obtained |n_54__% yield (entry 3).

NH, HJ\R N oxidation N Furthermore, water was found to significantly accekerthe
@[ 4 O: 2 5 formation of 5a; when water was intentionally added to the

NH, R reaction mixture, this aerobic oxidation proceedecth faster to

3 I | neon | yield 5a in an excellent yield and a much shorter reactiome

C[ I (entry 4).
aeroblc
oxidation With these unexpected results, we conducted a tlitera

survey on the synthesis of benzimidazoles via aeroxidation
nd found that there have been a few reports of Ifadthtive-
ree aerobic oxidation protocols for the synthesid
benzimidazole$. However, none of them clearly specified
whether their optimized reaction medium was completel
anhydrous. Since our result strongly suggested thater
significantly facilitate the formation of benzimiales under
metal-free aerobic oxidation conditiolisthe effect of water on
this transformation in various aprotic organic soits was
investigated (Table 3). As expected, water signifigan
accelerated this transformation in various orgasubtrents;5a

Scheme 3. Diverse synthesis of 2-aminoquinoxalin& or
benzimidazoless from the same substrates depending on th
choic of the nucleophile.

When Kl was used as a nucleophilic catalyst, as egdethe
corresponding benzimidazolea was obtained in an excellent
yield (Eq. 1). However, the reaction with NaCN furnishad
aminoquinxoline 2 in low vyield; rather unexpectedly,
benzimidazolébawas obtained as the major product (Eq. 2).

H was obtained in good-to-excellent yields in any wpto#c
N o K100 moi%) N lvent, while only a t t 54 btained in a d
©: s @[ pa (1)  sSolvent, while only a trace amount & was obtained in a dry
NH H” “Ph DMF, 80°C, 24 h N solvent (entries 1-5).
2
3a 4a open flask 5a

>90 %
Table 3. Effect of water on the synthesis of benzimidazoles

@ENHz o NaCN (110 mol%) ©: I
+ + 5a (2) -
NH, H)J\Ph DMF, 80°C, 8 h ©iNH2 o Conditions A or B @

3a 4a open flask ~70% + - />_Ph
~100/ NH, H Ph open flask
° 3a 4a 5a

Because the formation of benzimidaz&a has never been Yield®™ (%)
achieved during our previous attempts in the sygitheof
benzimidazoles with NaCN,we carefully compared the reaction Entry solvent Time (h) Method A Method B
conditions in Eg. 2 with those used previously fog synthesis
of 2-aminoquinoxaliné® and found that molecular sieves were 1 DMF 3 Track 98 (91¥”
not accidently added to the reaction mixture in EqThis result DMSO 8 Trach 85

strongly suggested that water play a crucial role tlis
transformation> 3 MeCN 24 Tracd 78
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4 1,4-Dioxane 24 Traét 67
5 Toluene 24 Traé 69 Table 5. Substrate Scope
RZ
— - - — - . 2
[a] Conditions A: 4 A MS, 86C, opgn flask with a Caglube. Conditions B: Rl NH o DMF/H,0 (9:1) RL N'R
H,0 (10 % (v)), 8C°C, open flask without a Cagiube. JJ\ _— >_R3
[b] Determined byH NMR of the crude reaction mixture. NH * W OR®  80°C, open flask N/
[c] Less than 5 % of yield &a. 3 2 4 3-24h 5
[d] The value in parentheses indicates the isolgiteld of 5a. Ent 5 R = = Yield
ry (%)
Based on the result shown in Table 3, we expectedathna
X ! o . 1 5a H H CeHs 91
alcoholic solvent might play a similar role as water this
transformation; i.e., an alcoholic solvent would elecate the 2 5b H H 4-MeOGH, 87
transformation (Table 4§. As expected, the aerobic oxidation
reaction took place in any alcoholic solvent in #sence of any 3 5¢ H H 4-MeGH, 91
metal catalyst. However, a significant amount of 1,2-
. . L ’ ; i .’ 5d H H 4-CIGH 93
disubstituted benzimidazoléa was obtained in an alcoholic !
solvents including water and the amount7afdecreases as the 5 5e H H 4-MeQCGCeH, 92
alkyl group in the alcohol became bulkier (entrie$).
6 5f H H 4-NO,CgHa 92
. _ 7 59 H H 2-MeOGH, 82
Table 4. Effect of Alcoholic Solvents on the Synthesis of
Benzimidazoles 8 5h H H 2-MeGH, 95
H /—Ph .
©:N Ha O solvent, 80 °C N>_ N 9 5i H H 2-CIGH,4 96
+ —_— /) —Ph+ Ph
NH, H)Lph open flask N @E,\%_ 10 5j H H 2-HOGH, 90
3a 4a 5a Ta
11 5k H H 1-naphthyl 96
Entry Solvent Time (h) Yield (%) Ga: 7a) 12 5| H H 2-naphthyl 94
1 H,0O 6 30: 32 13 5m H H 2-fury| 90
2 MeOH 6 36:30 14 5n H H 2-thienyl 93
3 EtOH 6 57:20 15 50 H H 2-pyridyl 93
4 i-PrOH 6 6713 16 5p H H cinnamyl 69
17 5 H H -hexyl 69
[a] Isolated yield oba and7a, respectively. 9 rhexy
18 5r H H c-hexyl 70
Next, the substrate scope of this transformation was 19 5s H H t-butyl 70
investigated in wet DMF (Table 5). Various aromatidedilydes 20 5t H H H 83
were applicable to this protocol (entries 1-10). Tedectronic
natures of aromatic aldehydes had little influenoe the 21 Su Me H GeHs 86
formation of benzimidazoles; the desired productsevabtained
. ) . . 22 5v Cl H CeHs 80
in high-to-excellent yields regardless of electcomatures of
aromatic aldehyqles (entries 1_-6). In addition,isaxﬂy_c_ongested 23 5w COH H CeHs 82
aldehydes bearing a substituent at thetho-position were
amenable to this protocol, affording the desiredziraidazoles 24 X H Me GeHs 90
without any loss of efficiency (entries 7-10) Thi®iocol could 25 7a H Bn CHe %

be extended to fused aromatic aldehydes, heter@diom
aldehydes, ando,p-unsaturated aldehydes (entries 11-16). 26 5y H Ph CeHs 96
Furthermore, aliphatic aldehydes were also applkcabl this .
protocol. However, aliphatic aldehydes furnished tesired [al Isolated yield.

benzimidazoles in slightly lower yields than aromatnes

(entries 17-19). In addition, formaldehyde was atile to this . ) ]
protocol affording the parent benzimidazole in 83/i#d (entry With these results, we attempted to elucidate theetien
20). The substituents on thartho-phenylenediamine moiety Mechanism, particularly the role of water (or Ki)this aerobic
were also investigated. The substituents slightfecaéd this oxidation protocol for the synthesis of benzimidasoAs shown
transformation and the desired products were oldaime N Scheme 2, the oxidative cyclization ofortho-
excellent yields regardless of the electronic ratof ortho- ~ Phenylenediamined with aldehyde4 is generally believed to
phenylenediamine moiety (entries 1 and 21-23). Moee N-  Proceeds as follows: (1) the formation of imime (2) the
substituted ortho-phenylenediamines were applicable to thiscyclization of the imine to form benzimidazolige and (3) the

protocol, affording l,z_disubstituted benzimidazoleithout any oxidation of6 to afford5. Similar to our pl‘eViOUS studies on the
loss of efficiency (entries 24-26). synthesis of benzoxazoles via aerobic oxidationgisiyanide as

the catalyst, we believed that the cyclization stequld be the
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rate-determining step for this transformation underobic = disfavored Sendo-trig cyclization ofl. However, when water
oxidation conditions, because therido-trig cyclization ofl isa  was added to the imine solution, the equilibriumlddae shifted
disfavored transformation according to the Baldwinikes from imine | to the starting diamin8 and aldehyde! through
tetrahedral intermediat@ During this equilibrium, intermediate
9 could undergo the favored éxe-tet cyclization to generate
benzimidazoline6. Final oxidation of6 yields compound5
(pathway C)?°

To test this idea, when iminé’ was subjected to the aerobic
oxidation conditions in the absence of any nucldaptatalyst,|
remained intact and no formation of benzimidazék was
observed even after a long reaction time (Eq. 3véi@r, when
Kl was added to the above reaction mixture from Eqth®
aerobic oxidative cyclization smoothly proceededfford 5a in NHz “H,0 NH,
an excellent yield (Eq. 4§.Moreover, when water (50 vol % of ©: —=ed C[ " Hzo
DMF) was added to the above reaction mixture from Edpa 2
was also obtained without any loss of efficiency (&g?

H pathway C
NH, N 5-exo-tet Rathway A
@[ DMSO-d6, 4A MS ©: S—ph . 5-endo-trig
Né\Ph 80°C, 24 h N 3) H NH
| open flask 5a N>—R (0] _pathway B 2,
No Reaction N/ N 5 _exo-tet
N
Reaction mixture KI (100 mol%) 5 6 H 8
—_— > 5a (4)
from Eq. (3) 80°C, 24 h itati _ _
open flask quantitative Scheme 4Proposed Reaction Mechanism
N H,0 (50 vol%)
Reaction mixture [ D 5 . - .
from Eq. (3) 80°C,1h quanf’i?ative (5) To further verify the validity of the proposed ré&an
open flask mechanism, the same reaction was carried out usidcahol as

the nucleophilic catalyst. Whe3a and4a were subjected to the
reaction conditions in a mixture of DMF and 2-propla(®:1),
initially all the starting materials were completelgnverted into
h|m|nel and no formation of the desired prod&atwas observed.
However, in the presence of alcohol, the initiallynfied imine
was gradually converted into the desired produditento the
formation of the desired produsa in 70 % yield after 24 h (Eq.
directly subjected to the reaction conditions in W&iF, 3a and 9) Wis result also |mpl|ed that an aIcohoI comaidt as the

fa_ were  completly convered o the _conespondingoeopri SISt uhich coud aclate hectyaton of
benzimidazoléa even in a short reaction time (Eq. 8). i ug | | veng

was not as efficient as water.
NH, DMF/IPA (9:1)

NH
NH o 4A MS 2
2 O DMSO-d6 4AMS N2 ] @[ L ©: (9)
+ —_—_— —
A 80°C, 24 h (6) NH, H™ "Ph 100°C, 1 h N> Ph

Furthermore, wherda and 4a were directly subjected to dry
reaction conditions with molecular sieves, the dekir
benzimidazoleba was not formed and iminke was obtained in
moderate yield (Eq. 6). However, when Kl was added & t
above reaction mixture from Eqg. 6, this aerobic dakibn
proceeded to completion affording the desired peodia in
quantitative yield (Eq. 7). Furthermore, wh8a and 4a were

7
NH H” “Ph —~
3a 2 4a open flask |N P 3a 4a open flask |
30 % quantitative
. . K1 (100 mol%
Reaction mixture __KI (100 mol%) _ 5a (7) l 24h
from Eq. (6) 80°C, 24 h o
open flask quantitative H
Lo
NH; o} DMF/H,0 (9:1) N
L —E 52 (8) 5a
H” >Ph 80°C,1h o
NH, guantitative 70 %
3a 4a open flask

This proposed reaction mechanism also explained thiby

Based on these experimental results along with egent reaction from iminé required a much larger amount of water (50
report on the benzoxazole synthesis under the meooidation  vol % of DMF) than the direct reaction 8 and4a (10 vol % of
conditions, a possible reaction mechanism was peghos DMF). Becausé might be more stable than starting matergals
(Scheme 4). The cyclization of imine might be the rate- and4a, a significantly large amount of water was needeshift
determining step and not take place without anystmsie of a the equilibrium from imine to the starting matesiathrough
nucleophile because the ebdo-trig cyclization of | is a tetrahedral intermediat® which could be susceptible for the 5-
disallowed transformation according to the Baldwinikes. Thus, exo-tet cyclization to form intermediate
the desired benzimidazofcould not be formed in the absence
of a nucleophilic catalyst (pathway A). However, ie fhresence
of Kl, tetrahedral intermedia® generated by adding iodidelto  Conclusion
could undergo the favored eéxo-tet cyclization to furnish
benzimidazoline. The subsequent aerobic oxidatiorbaiffords We developed a highly efficient and environmentdlgnign
the desired benzimidazolg (pathway B). For the significant protocol for the synthesis of benzimidazoles viatakfree
acceleration by water, we believed that water wouldy @a aerobic oxidation in wet organic solvents. Althoudiew reports
similar role as Kl under anhydrous conditions. la #bsence of on the synthesis of benzimidazoles via metal/agzliice
water,| remained intact even after a long reaction time iuthe  aerobic oxidation have been reported, we, for thst fiime,
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elucidated the key controlling parameter in thetlsgsis of

benzimidazoles through metal/additive-free aerobxidation;
water plays a crucial role in this aerobic oxidatimaction.

Furthermore, we further clarified the role of water KI) as the
nucleophilic catalyst, which could promote the cafion of

imines through the conversion of disfavoredentlo-trig

cyclization to favored ®xo-tet cyclization via a tetrahedral
intermediate generated by the addition of the ropiéde to the
imine. Further explorations on the applicationstluf aerobic
oxidation protocol for benzimidazole synthesis awrently

underway in our laboratory.

Experimental Section

Tetrahedron

2H), 7.36 (d,J = 8.0 Hz, 2H), 7.18 (ddl = 5.8, 3.0 Hz, 2H), 2.38
(s, 3H). Mp 270-271C (lit. 276°C).

2-(4-Chlorophenyl)-1H-benzimidazole (5d).*° A yellow solid.
Yield: 213 mg (93 %)R; = 0.4 (EtOAc:hexanes = 1:2H NMR
(300 MHz, DMSO-¢, ppm)J: 8.19 (d,J = 8.5 Hz, 2H), 7.64 (d,
J = 8.8 Hz, 2H), 7.21 (dd] = 6.0, 3.0 Hz, 2H). Mp 299-3¢°C
(lit. 302°C).

2-(4-Methoxycarbonyl phenyl)-1H-benzimidazole (5e).* A yellow

solid. Yield: 232 mg (92 %R = 0.3 (EtOAc:hexanes:GBl, =

1:2:1).'H NMR (300 MHz, DMSO-g¢, ppm)&: 8.32 (d,d = 8.5
Hz, 2H), 8.13 (dJ = 8.5 Hz, 2H), 7.63 (dd] = 5.8, 3.3 Hz, 2H),
7.24 (dd,J = 6.0, 3.0 Hz, 2H), 3.90 (s, 3H). Mp 232-2%2 (lit.

220°C).

General. All reactions were carried out in oven-dried glassware2-(4-Nitrophenyl)-1H-benzimidazole (5f).* A light gray solid.

in an open flask unless otherwise noted. Exceptthsrwise
indicated, all reactions were magnetically stirred anonitored
by analytical thin layer chromatography (TLC) usioig-coated
silica gel glass plates (0.25 mm) with F254 indicato
Visualization was accomplished by UV light (254 nm)thwi
combination of potassium permanganate
phosphomolybdic acid solution as an indicator. lirlaslumn
chromatography was performed according to the medfidstill
using silica gel 60 (230 — 400 mesh). Yields refer t
chromatographically and spectrographically pure poamds,
unless otherwise noted. Commercial grade reagentsalments
were used without further purification. Liquid aldeleg were
freshly distilled under an atmosphere of dry argand solid
aldehydes were purified by flash chromatography iticasgel.

and/o

Yield: 220 mg (92 %)R; = 0.3 (EtOAc:hexanes:GBl, = 1:2:1).
'H NMR (300 MHz, DMSO-¢, ppm)J: 8.41 (s, 4H), 7.65 (dd
=5.9, 3.2 Hz, 2H), 7.25 (dd,= 6.0, 3.0 Hz, 2H). Mp over 300
°C (lit. 315°C).

-(2-Methoxyphenyl)-1H-benzimidazole (5g). A light brown
(2 h henyl) benzimidazole (5g).” light b

solid. Yield: 184 mg (82 %)R: = 0.3 (EtOAc:hexanes = 1:2H
NMR (300 MHz, DMSO-¢, ppm)d: 8.31 (d,J = 7.7 Hz, 1H),
7.58 — 7.63 (m2H), 7.47 (tJ = 7.7 Hz, 1H), 7.24 (d] = 8.2,
1H), 7.16 — 7.20 (m, 2H), 7.11 @,= 7.7 Hz, 1H), 4.03 (s, 3H).
Mp 186-188°C (lit. 150-180°C).

2-(2-Methylphenyl)-1H-benzimidazole (5h).*° A yellow solid.
Yield: 199 mg (95 %)R; = 0.3 (EtOAc:hexanes = 1:2H NMR
(300 MHz, DMSO-¢, ppm)d: 7.73 (d,J = 6.6 Hz, 1H), 7.60 (br

All the ortho-phenylenediamine derivatives were purchased fronH), 7.34 — 7.41 (m, 3H), 7.21 (ddi= 5.8, 3.0 Hz, 2H), 2.61 (s,

commercial sources and used directly without furtheification.

N-Methyl- and N-benzyl-1,2-phenylenediamines were prepare

by the literature procedurés™® NMR spectra were recorded at
25°C unless stated otherwis#i NMR spectra were recorded at
400/300 MHz. Tetramethylsilane was used as inter@aldards

for '"H NMR (5: 0.0 ppm). The proton spectra were reported a

follows & (position of proton, multiplicity, coupling constiaJ,

number of protons). Multiplicities are indicated by(singlet), d
(doublet), t (triplet), g (quartet), p (quintet), (septet), m
(multiplet) and br (broad).

Synthesis of benzimidazoles via metal-free aerobic oxidation in
wet DMF (Table 5): To a solution of amrtho-phenylenediamine
derivative3 (1.0 mmol; 1.0 equiv) and an aldehyti¢l.1 mmol;
1.1 equiv) were dissolved in wet DMF (DMF 9.0 mL;(H1.0
mL). The resulting reaction mixture was stirred t°8 in an
open flask, and the reaction progress was monitoyetL,C. On
the complete consumption 8f the reaction mixture was cooled
to room temperature and concentrated under redpoessure.

d

3H). Mp 227-228C (lit. 200-220°C).

2-(2-Chlorophenyl)-1H-benzimidazole (5i).% A light brown solid.
Yield: 219 mg (96 %)R; = 0.3 (EtOAc:hexanes = 1:2H NMR
(300 MHz, DMSO-¢, ppm)d: 7.89 — 7.92 (m, 1H), 7.60 — 7.67

{m, 3H), 7.49 - 7.57 (m2H), 7.24 (dd,) = 5.9, 3.2 Hz, 2H). Mp

237-238°C (lit. 235°C).

2-(2-Hydroxylphenyl)-1H-benzimidazole (5j).? A white solid.
Yield: 189 mg (90 %)R; = 0.5 (EtOAc:hexanes = 1:2H NMR
(300 MHz, DMSO-¢, ppm)d: 8.06 (d J = 8.0 Hz, 1H), 7.67 (br,
2H), 7.35 — 7.42 (m, 1H), 7.29 (dd~ 6.0, 3.0 Hz, 2H), 6.99 —
7.09 (m, 2H). Mp 244-248&C (lit. 242°C).

2-(1-Naphthyl)-1H-benzimidazole (5k).Z A yellow solid. Yield:
235 mg (96 %)R = 0.3 (EtOAc:hexanes = 1:3H NMR (300
MHz, DMSO-d;, ppm)Jd: 9.11 (d,J = 7.7 Hz, 1H), 8.10 (d] =
8.2 Hz, 1H), 8.00 — 8.06 (m, 2H), 7.60 — 7.72 (m, 536 (dd,J
=5.9, 3.2 Hz, 2H). Mp 267-26 (lit. 270°C).

The crude product obtained was purified by column2-(2-Naphthyl)-1H-benzimidazole (1) A yellow solid. Yield:

chromatography on silica gel to afford the corresfiog
benzimidazolé&.

2-Phenyl-1H-benzimidazole (5a).% A white solid. Yield: 176 mg
(91 %).R = 0.3 (EtOAc:hexanes = 1:2)H NMR (300 MHz,
DMSO-d;, ppm) d: 8.17 — 8.19 (m, 2H), 7.46 — 7.59 (m, 5H),
7.19 (ddJ = 5.9, 3.2 Hz, 2H). Mp 297-29€ (lit. 293-296°C).

2-(4-Methoxyphenyl)-1H-benzimidazole (5b).° A pale yellow
solid. Yield: 196 mg (87 %R = 0.3 (EtOAc:hexanes:GEl, =
1:1:1).'H NMR (300 MHz, DMSO-g, ppm)&: 8.10 (d,J = 8.8
Hz, 2H), 7.54 (br, 2H), 7.15 (dd,= 5.2, 3.2 Hz, 2H), 7.10 (d,=
8.8 Hz, 2H), 3.83 (s, 3H). Mp 233-23@ (lit. 226°C).

2-(4-Methylphenyl)-1H-benzimidazole (5¢).° A vyellow solid.
Yield: 190 mg (91 %)R; = 0.3 (EtOAc:hexanes = 1:2H NMR
(300 MHz, DMSO-¢, ppm)d: 8.06 (d,J = 8.0 Hz, 2H), 7.57 (br

230 mg (94 %)R: = 0.4 (EtOAc:hexanes = 1:3H NMR (300
MHz, DMSO-g;, ppm)d: 8.73 (s, 1H), 8.30 (d] = 8.5 Hz, 1H),
8.07 (d,J = 9.1 Hz, 1H), 7.97 — 8.04 (m, 2H), 7.58 — 7.62 (m,
4H), 7.21 (dd,J=5.9, 3.2 Hz, 2H). Mp 220-22Z (lit. 217°C).

2-(Furan-2-yl)-1H-benzimidazole (5m).” A brown solid. Yield:
166 mg (90 %)R = 0.4 (MeOH:CHCl, = 1:20).*H NMR (300
MHz, DMSO-d, ppm)d: 7.94 (s, 1H), 7.55 (br, 2H), 7.16 — 7.23
(m, 3H), 6.73 (ddJ = 3.4, 1.8 Hz, 1H). Mp was not available due
to decomposition odm at 290°C (lit. 290°C).

2-(Thien-2-yl)-1H-benzimidazole (5n).%° A light yellow solid.186

mg (93 %).R = 0.5 (MeOH:CHCI, = 1:20)."H NMR (300 MHz,
DMSO-d;, ppm)d: 7.83 (d,J = 3.6 Hz, 1H), 7.73(c] = 4.9 Hz,
1H), 7.50 — 7.59 (m, 2H), 7.15 — 7.26 (M, 3H). Mp 0860°C

(iit. 330°C).



2-(Pyrid-2-yl)-1H-benzimidazole (50).2 A yellow solid. Yield:
182 mg (93 %)R; = 0.5 (MeOH:CHCI, = 1:20)."H NMR (300
MHz, CDCk, ppm)d: 10.55 (br, 1H), 8.65 (d] = 4.7 Hz, 1H),

8.44 (d,J = 8.0 Hz, 1H), 7.83 — 7.92 (m, 2H), 7.48 — 7.56 (m, Acknowledgements

1H), 7.30 — 7.42 (m, 3H). Mp 226-238 (lit. 218°C).

2-trans-Cinnamyl-1H-benzimidazole (5p).2 A yellow oil. Yield:
152 mg (69 %)R: = 0.4 (EtOAc:hexanes = 1:2H NMR (300

3H), 7.36 (d,J = 6.9 Hz, 1H), 7.11 - 7.27 (m, 3H). Mp 200-202 Korean Government (NRF-2014-011165, Center for

°C (lit. 190-200°C).

2-Hexyl-1H-benzimidazole (5g).* A white solid. Yield: 140 mg

(69 %).R = 0.4 (EtOAc:hexanes = 1:1)H NMR (300 MHz,

DMSO-d;, ppm)d: 12.14 (br, 1H), 7.34 - 7.60 (m, 2H), 7.09 {d,
= 3.0 Hz, 2H), 2.78 (1) = 7.4 Hz, 2H), 1.74 (br, 2H), 1.29 (br, 1.

6H), 0.85 (br, 3H). Mp 135-13& (lit. 135°C).

2-Cyclohexyl-1H-benzimidazole (5r).” A white solid. Yield: 140

mg (70 %). R= 0.4 (EtOAc:hexanes = 1:34 NMR (300 MHz,

DMSO-d;, ppm)o: 12.09 (br, 1H), 7.31 - 7.60 (m, 2H), 6.97 -
7.22 (m, 2H), 2.83 (tt, J = 11.40, 3.57 Hz, 1H), 2@0J = 12.64

Hz, 2H), 1.75 - 1.86 (m, 2H), 1.74 - 1.18 (m, 6H). MGB270
°C (lit. 270-285°C).

2-(t-Butyl)-1H-benzimidazole (55).* A brown solid. Yield: 122

mg (70 %).R; = 0.3 (EtOAc:hexanes = 1:3H NMR (300 MHz,

DMSO-d;, ppm)d: 12.06 (s, 1H), 7.51 (dl = 6.9 Hz, 1H), 7.39
(d,J= 7.1 Hz, 1H), 7.06 — 7.13 (m, 2H), 1.38 (s, 9H). MoV

300°C (lit. 330°C).

Benzimidazole (5t).”°A white solid. Yield: 97.7 mg (83 %).;R
0.5 (Acetone:MeOH = 30:1H NMR (300 MHz, DMSO-g,
ppm)d: 12.44 (br, 1H), 8.20 (s, 1H), 7.46-7.70 (m, 2H) 87(tr,
1H).). Mp 178-186C (lit. 171-173C).

5-Methyl-2-phenyl-1H-benzoimidazole (5u).”® A vyellow solid.
Yield: 179 mg (86 %)R; = 0.4 (EtOAc:hexanes = 1:3H NMR

(300 MHz, DMSO-¢, ppm)d: 8.15 (d,J = 7.1 Hz, 2H), 7.44 -
7.57 (m, 4H), 7.32 (br, 1H), 7.02 (@,= 7.1 Hz, 1H), 2.43 (s, 3

H). ). Mp 245-249C (lit. 243°C).

5-Chloro-2-phenyl-1H-benzoimidazole (5v).*° A pink solid.
Yield: 183 mg (80 %)R; = 0.4 (EtOAc:hexanes = 1:3H NMR

(300 MHz, DMSO-¢, ppm)d: 8.13 - 8.19 (m, 2H), 7.51 - 7.66

(m, 3H), 7.23 (dd)) = 8.7, 2.1 Hz, 1H). ). Mp 232-23% (lit.
215C).

2-Phenyl-3H-benzoimidazole-5-carboxylic acid (5w).” A yellow

solid. Yield: 208 mg (82 %)R = 0.4 (EtOAc:hexanes:MeOH =

6:5:1).'H NMR (300 MHz, DMSO-¢, ppm): 8.20 (d,J = 6.9

Hz, 3H), 7.84 (dJ = 8.5 Hz, 1H), 7.51 - 7.67 (m, 4H). ). Mp over

300°C (lit. 325°C).

1-Methyl-2-phenyl-1H-benzoimidazole (5x).” A vyellow solid.
Yield: 188 mg (90 %)R; = 0.3 (EtOAc:hexanes = 1:2H NMR
(300 MHz, DMSO-4, ppm)J: 7.84 — 7.87(m, 2H), 7.68 (d,=
8.2 Hz, 1H), 7.57 — 7.63 (m, 4H), 7.22 — 7.33 (m, 23438 (s,
3H). ). Mp 96-98°C (lit. 95°C).

1-Benzyl-2-phenyl-1H-benzoimidazole (7a).”® A yellow solid.
Yield: 256 mg (90 %)R; = 0.4 (EtOAc:hexanes = 1:2H NMR

(300 MHz, DMSO-¢, ppm)d: 7.71 — 7.74 (m, 3H), 7.52 — 7.54 °"

(m, 3H), 7.45 — 7.48 (m, 1H), 7.21 — 7.31 (m, 5H)86(8, J =
7.0 Hz, 2H), 5.59 (s, 2H). ). Mp 138-130 (lit. 133°C).

1,2-diphenyl-1H-benzoimidazole (5y).* A white solid. Yield: mg
(90 %). R, = 0.35 (CHCl,:hexanes:MeOH = 8:1:1}H NMR

(400 MHz, CDC}, ppm)&: 7.71 — 7.74 (m, 3H), 7.52 — 7.54 (m,
3H), 7.45 — 7.48 (m, 1H), 7.21 — 7.31 (m, 5H), 6.98)(d 7.0 Hz,

2H), 5.59 (s, 2H). Mp 109-11%C (lit. 110°C).

This work was supported by a National Research Foundation of
Korea (NRF) grant funded by the Korean Government (NRF-
2013R1A1A1008434 and NRF-20100020209). C.-H.C. also
MHz, DMSO-d, ppm)d: 7.54 - 7.73 (m, 4H), 7.39 - 7.50 (m, thanks for a financial support from an NRF grant funded by the

New

Directionsin Organic Synthesis).

References

2.

3.

4.

5.

6

For reviews on benzimidazoles, see: (a) Singlal.&ami,
V.; Paul, K. RSC Adv. 2014 4, 12422; (b) Bansal, Y.;
Silakari, O.Bioorg. Med. Chem. 2012 20, 6208.

Another conventional method for the synthesis of
benzimidazoles involves the amide formation between
ortho-phenylenediamines and carboxylic acids and their
derivatives, followed by the dehydration of the aesidih the
presence of acid or microwave irradiation. For néce
examples, see: (a) Rambabu, D.; Murthi, P. R. K.Jd&D®.;
Rao, M. V. B.; Pal, MSynth. Commun. 2013 43, 3083; (b)
Wen, X.; Bakali, J. E.; Deprez-Poulain, R.; Deprez, B.
Tetrahedron Lett. 2012 53, 2440; (c) Maras, N.; Kocevar,
M. Helv. Chim. Acta, 2011, 94, 1860; (d) Niknam, K;
Fatehi-Raviz, AJ. Iran. Chem. Soc. 2007, 4, 438; (e) Wang,

R.; Lu, X.-X.; Yu, X.-Q.; Shi, L.; Sun, YJ. Mal. Catal. A:
Chem. 2007, 266, 198; (f) Wang, Y.; Sarris, K.; Sauer, D.
R.; Djuric, S. W. Tetrahedron Lett. 2006 47, 4823; (9)
Charton, J.; Girault-Mizzi, S.; Sergheraert,Ghem. Pharm.
Bull. 2005 53, 492.

For the examples of transition-metal catalyzed tsgsis of
benzimidazoles, see: (a) Kumar, R. K.; Punniyamurth
RSC Adv. 2012 2, 4616; (b) Kim, Y.; Kumar, M. R.; Park,
N.; Heo, Y.; Lee, SJ. Org. Chem. 2011 76, 9577; (c) Biju,
A. T.; Hirano, K.; Glorius, FJ. Org. Chem. 2009 74, 9570.

For recent examples, see: (a) with IBD: Du, L.-H.; Wang
Y.-G.; Synthesis 2007, 5, 675; (b) with In(OTf): Trivedi, R.;
De, S. K.; Gibbs, R. AJ. Mol. Catal. A: Chem. 2006 245,

8; (c) with b: Gogoi, P.; Konwar, DTetrahedron Lett. 2006

47, 79; (d) with Yb(OTf): Curini, M.; Epifano, F.;
Montanari, F.; Rosati, O.; Taccone, §nlett 2004 1832;
(e) with DDQ: Eynde, J. J. V.; Delfosse, F.; Lor, P;
Haverbeke, Y. VTetrahedron 1995 51, 5813.

For reviews on aerobic oxidation in organic synthesee:
(@) Allen, S. E.; Walvoord, R. R.; Padilla-Salinag,;

Kozlowski, M. C.Chem. Rev. 2013 113, 6234; (b) Shi, Z,;
Zhang, C.; Tang, C.; Jiao, NChem. Soc. Rev. 2012 41,

3381; (c) Constable, D. J. C.; Dunn, P. J.; HayleD.J.
Humphrey, G. R.; Leazer, J. L. Jr.; Linderman, RLdrenz,
K.; Manley, J.; Pearlman, B. A.; Wells, A.; Zaks, Zhang,
T. Y. Green Chem. 2007, 9, 411.

Selected examples of the synthesis of benzimidaaateler
aerobic oxidation conditions in the presence of amnet
catalysts and/or additives, see: (a) Qiu, D.; Wei, Zthou,
L.; Zeng, Q.Appl. Organometal. Chem. 2014 28, 109; (b)
Yu, J.; Xu, J.; Lu, MAppl. Organometal. Chem. 2013 27,
606; (c) Lei, M.; Ma, L.; Hu, LSynth. Commun. 2012 42,
2981; (d) Riadi, Y.; Mamouni, R.; Azzalou, R.; Hadddd,
E.; Routier, S.; Gullaumet, G.; Lazar, Btrahedron Lett.
2011, 52, 3492; (e) Mao, Z.; Wang, Z.; Li, J.; Song, X.; L.uo



10.

11.

12.

13.

14.
15.

Tetrahedron

Y. Synth. Commun. 201Q 40, 1963; (f) Mukhopadhyay, C.;
Tapaswi, P. K.; Butchere, R.Aust. J. Chem. 2009 62, 140;
(g) Chen, Y.-X.; Qian, L.-F.; Zhang, W.; Han, Bngew.
Chem,, Int. Ed. 2008 47, 9330; (h) Mukhopadhyay, C.;
Tapaswi, P. KTetrahedron Lett. 2008 49, 6237.

For examples of the synthesis of benzoxazoles etabic
oxidation, see: (a) Yoo, W.-J.; Yuan, H.; Miyamura, H.;
Kobayashi, SAdv. Synth. Catal. 2011, 353, 3085; (b) Chen,
W.-H.; Pang, Y.Tetrahedron Lett. 2009 50, 6680; (c)
Kawashita, Y.; Nakamichi, N.; Kawabata, H.; Hayashi, M.
Org. Lett. 2003 5, 3713; (d) Speier, Gl. Mol. Catal. 1987,

41, 253; (e) See ref 6(f).

For examples of the synthesis of benzothiazolesaerabic
oxidation, see: (a) Parikh, N.; Kumar, D.; Roy, S;
Chakraborti, A. KChem. Commun. 2011, 1797; (b) see also
refs 6(f) and 7(b).

(a) Chen, G.-F.; Shen, H.-D.; Jia, H.-M.; Zhang, L.Kang,
H.-Y.; Qi, Q.-Q.; Chen, B.-H.; Cao, J.-L.; Li, J.-Aust. J.
Chem. 2013 66, 262; (b) zZhang, C.; Zhang, L.; Jiao, N.
Green Chem. 2012 14, 3273; (c) Bachhav, H. M.; Bhagat, S.

B.; Telvekar, V. N.Tetrahedron Lett. 2011, 52, 5697; (d) 23

Panda, S. S.; Jain, S. §mnth. Commun. 2011, 41, 729; (e)
Lin, S.; Yang, L.Tetrahedron Lett. 2005 46, 4315.

For the synthesis of benzimidazoles via metal-freeobic
oxidation under visible light irradiation, see: @ark, S.;
Jung, J.; Cho, E. Eur. J. Chem. 2014 4148. (b) Samanta,
S.; Das, S.; Biswas, B.Org. Chem. 2013 78, 11184.

For benzoxazoles, see: Cho, Y.-H.; Lee, C.-Y.; Ha, D.-C
Cheon, C.-HAdv. Synth. Catal. 2012 354, 2992.

For benzothiazoles, see: Cho, Y.-H.; Lee, C.-Y.; Chébn
H. Tetrahedron 2013 69, 6565.

For 2-aminoquinoxalines, see: Cho, Y.-H.; Kim, K.-H.;

Cheon, C.-HJ. Org. Chem. 2014 79, 901. 29.

Johnson, C. DAcc. Chem. Res. 1993 26, 476.

For the similar reactivity enhancement with watemiatal-
free aerobic oxidation in the synthesis of quinsmwles,

16.

17.

18.

R 20.
21.

22.

24.

25.
26.

27.

see: Kim, N. Y.; Cheon, C.-Hletrahedron Lett. 2014 55,
2340.

For the metal/additive-free synthesis of benzimidez via
aerobic oxidation in alcoholic solvents. See ref 9a

Imine | was prepared in ethanol under argon atmosphere at
80 °C. When the same reaction was performed under air
atmosphereha and7a were obtained.

Ebenezer, W. J.; Hutchings, M. G.; Jones, K.; Lamtert
A.; Watt, |. Tetrahedron Lett. 2007, 48, 1641.

19. Chattopadhyay, P.; Rai, R.; Pandey, PSgth. Commun.

2006 36, 1857.

Chen, C.; Chen, C.; Li, B.; Tao, J.; Pengyidlecules 2012
17, 12506.

Kazerouni, M. R.; Bamoniri, A.; Mirjalili, B. F.Chem.
Heterocyclic Compd. 2014 50, 35.

Tushar, M.; Dhimant, K.; Kapse, G. K.; Hugar, M. 8.
Appl. Chem. 2013 2, 50.

Li, G.; Wang, J.; Yuan, B.; Zhang, D.; Lin, Z.; Li,;Muang,
H. Tetrahedron Lett. 2013 54, 6934.

Weires, N. A.; Boster, J.; Magolan, Bur. J. Org. Chem.
2012 6508.

Xue, D.; Long, Y.-QJ. Org. Chem. 2014 79, 4727.

Graham, T. H.; Lin, W.; Shen, D.-MDrg. Lett. 2011, 13,
6232.

Shargi, H.; Aberi, M.; Doroodmand, M. M. Iran Chem.
Soc. 2012 9, 189.

28. Shelkar, R.; Sarode, S.; NagarkarTdrahedron Lett. 2013

54, 6986.

Peng, J.; Ye, M.; Zong, C.; Hu, F.; Feng, L.; Wang, Y.
Chen, WJ. Org. Chem. 2011, 76, 716.

Click here to remove instruction text...




Significant facilitation of metal-fr ee aerobic
oxidative cyclization of imines with water in
synthesis of benzimidazoles

Ye-Sol Lee? Yeon-Ho Chd SeungJae LeéeJong-Kwan Birf, JoongHwan Yan§GeeSung Chde,
and Cheol-Hong Chebénh

& Department of Chemistry, Korea University, 145 Anam-ro, Seongbuk-gu, Seoul 136713, Republic of
Korea

® |G Display R&D Center, 245 LG-ro, Wbllong-myeon, Paju-si, Gyeonggi-do 413779, Republic of
Korea

Table of Contents

1. General methods--------------=--- - S2
2. Synthesis of benzimidazoles via metal-free aerobic oxidation in the presenteao

nucleophile--------- . S3
3.'"H NMR spectra of benzimidazol&s ----------=------msemee e S14
4. RefOrBNCES oo S26

S1



1. General methods

All reactions were carried out in oven-dried glasswnder air atmosphere unless otherwise
noted. Except as otherwise indicated, all reactiwase magnetically stirred and monitored
by analytical thin layer chromatography (TLC) usprg-coated silica gel glass plates (0.25
mm) with F254 indicator. Visualization was accorspéd by UV light (254 nm), with
combination of phosphomolybdic acid solution as amdicator. Flash column
chromatography was performed according to the naetfdStill using silica gel 60 (230 —
400 mesh). Yields refer to chromatographically apctroscopically pure compounds,

unless otherwise noted.

Commercial grade reagents and solvents were us#tbwifurther purification. Liquid
aldehydes were freshly distilled under an atmospbédry argon, and solid aldehydes were
purified by flash chromatography on silica gel. &k ortho-phenylenediamine derivatives
were purchased from commercial sources and usedtlgirwithout further purificationN-
Methyl- and N-benzyl-1,2-phenylenediamines were prepared bylitbeature procedures,

respectively:?

'H spectra were recorded on Varian Gemini 300 (38@zMNMR and Varian Gemini 400
(400 MHz), respectively. Tetramethylsilane (TMS3) 0.00 ppm) and DMSOegd(5: 2.50
ppm) were used as internal standards'fWINMR, respectively. The proton spectra were
reported as follows) (position of proton, multiplicity, coupling constad, number of
protons) and the carbon spectra were reported dfhpsition of carbon). Multiplicities are
indicated by s (singlet), d (doublet), t (triplef), (quartet), p (quintet), h (heptet), m

(multiplet) and br (broad).
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2. Synthesis of benzimidazoles 5 via metal-fr ee aer obic oxidation in the
presence of a nucleophile

Conditions A: Synthesis of benzimidazoles via metal-free aerobic oxidation in

wet DMF:
R2
1 ! Ho0O (10% vol.) 1 R?
R NH 0 yol. R N’
JIg DMF, 80 °C 3
+ 3 = />_R
H® R open flask
NH-2 N
3 4 3-24h 5

To a solution of aortho-Phenylenediamine derivativé (1.0 mmol; 1.0 equiv) and an
aldehyde4 (1.1 mmol; 1.1 equiv) were dissolved in wet DMRAMP 9.0 mL, HO 1.0 mL).
The resulting reaction mixture was stirred at’80n an open flask, and the reaction progress
was monitored by TLC. On the complete consumptib8, dhe reaction mixture was cooled
to room temperature and concentrated under redpiessure. The crude product obtained
was purified by column chromatography on silica del afford the corresponding
benzimidazole.

Conditions B: Synthesis of benzimidazoles via metal-fr ee aerobic oxidation in the

presence of KlI:
H
NH,
0 K1 (100 mol%) N
L, - A - (0=
NH H™ 'R 4AMS, DMF, 80°C N
3a 4 open flask 5

To a solution of aortho-phenylenediamine derivativd (1.0 mmol, 1.0 equiv) and an
aldehyde4 (1.1 mmol, 1.1 equiv) in DMF were added 4A molecidieve and Kl (1.0 mmol,
1.0 equiv). The resulting reaction mixture wasrstrat 80°C in an open flask, and the

reaction progress was monitored by TLC. On the detapconsumption 08, the reaction
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mixture was cooled to room temperature and conatttrunder reduced pressure. The crude
product obtained was purified by column chromatpbyaon silica gel to afford the

corresponding benzimidazdbe

2-1. Substrate scope for benzimidazoles5in wet DMF (Table5)

2-Phenyl-1H-benzimidazole (5a)*

OO

The spectroscopic data were in good agreementthattiterature. A white solid. Yield: 176
mg (91 %).R; = 0.3 (EtOAc:hexanes = 1:2H NMR (300 MHz, DMSO-¢, ppm)J: 8.17 —

8.19 (M, 2H), 7.46 — 7.59 (m, 5H), 7.19 (dds 5.9, 3.2 Hz, 2H).

2-(4-Methoxyphenyl)-1H-benzimidazole (5b)*

H

N
CLOromn

N

The spectroscopic data were in good agreementthgthiterature. A pale yellow solid. Yield:
196 mg (87 %)R: = 0.3 (EtOAc:hexanes:GBl, = 1:1:1).'*H NMR (300 MHz, DMSO-g,
ppm)o: 8.10 (d,J = 8.8 Hz, 2H), 7.54 (br, 2H), 7.15 (d#i= 5.2, 3.2 Hz, 2H), 7.10 (d,= 8.8

Hz, 2H), 3.83 (s, 3H).
2-(4-Methyl phenyl)-1H-benzimidazole (5¢c)°
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H

N
@[ > )t

N
The spectroscopic data were in good agreementthathiterature. A yellow solid. Yield: 190
mg (91 %).R; = 0.3 (EtOAc:hexanes = 1:ZH NMR (300 MHz, DMSO-¢, ppm)J: 8.06 (d,
J=8.0 Hz, 2H), 7.57 (h2H), 7.36 (dJ = 8.0 Hz, 2H), 7.18 (dd, = 5.8, 3.0 Hz, 2H), 2.38 (s,

3H).

2-(4-Chlorophenyl)-1H-benzimidazole (5d)*

IO

The spectroscopic data were in good agreementthathiterature. A yellow solid. Yield: 213
mg (93 %).R; = 0.4 (EtOAc:hexanes = 1:2H NMR (300 MHz, DMSO-¢, ppm)J: 8.19 (d,

J=8.5Hz, 2H), 7.64 (d] = 8.8 Hz, 2H), 7.21 (dd} = 6.0, 3.0 Hz, 2H)

2-(4-Methoxycar bonyl phenyl)-1H-benzimidazole (5e)*

H

N
CL(0)-oosn

N

The spectroscopic data were in good agreementthathiterature. A yellow solid. Yield: 232
mg (92 %).R; = 0.3 (EtOAc:hexanes:GBl, = 1:2:1)."H NMR (300 MHz, DMSO-¢, ppm)
0:8.32 (d,J = 8.5 Hz, 2H), 8.13 (d] = 8.5 Hz, 2H), 7.63 (dd]l = 5.8, 3.3 Hz, 2H), 7.24 (dd,

J=6.0, 3.0 Hz, 2H), 3.90 (s, 3H).

2-(4-Nitrophenyl)-1H-benzimidazole (5f)*
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H
N

CL— v
N

The spectroscopic data were in good agreementtihiterature. A light gray solidrield:
220 mg (92 %)R; = 0.3 (EtOAc:hexanes:GBl, = 1:2:1).*H NMR (300 MHz, DMSO-g,

ppm)J: 8.41 (s, 4H), 7.65 (dd = 5.9, 3.2 Hz, 2H), 7.25 (dd,= 6.0, 3.0 Hz, 2H).

2-(2-Methoxyphenyl)-1H-benzimidazole (5g)°
H
N
CL—O
N
H5CO
The spectroscopic data were in good agreementthathterature. A light brown solidield:
184 mg (82 %)R: = 0.3 (EtOAc:hexanes = 1:24H NMR (300 MHz, DMSO-¢, ppm)d:

8.31 (d,J = 7.7 Hz, 1H), 7.58 — 7.63 (1i8H), 7.47 (tJ = 7.7 Hz, 1H), 7.24 (d] = 8.2, 1H),

7.16 — 7.20 (m, 2H), 7.11 @,= 7.7 Hz, 1H), 4.03 (s, 3H).

2-(2-Methylphenyl)-1H-benzimidazole (5h)?

H
N
L
N
HaC

The spectroscopic data were in good agreementthatliterature. A yellow solidyield: 199
mg (95 %).R; = 0.3 (EtOAc:hexanes = 1:7H NMR (300 MHz, DMSO-¢, ppm)J: 7.73 (d,
J =6.6 Hz, 1H), 7.60 (h2H), 7.34 — 7.41 (m, 3H), 7.21 (ddi= 5.8, 3.0 Hz, 2H), 2.61 (s,

3H).
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2-(2-Chlorophenyl)-1H-benzimidazole (5i)°

Cre0

The spectroscopic data were in good agreementthathterature. A light brown solidield:
219 mg (96 %)R: = 0.3 (EtOAc:hexanes = 1:2%H NMR (300 MHz, DMSO-g, ppm) -

7.89 — 7.92 (m, 1H), 7.60 — 7.67 (BH), 7.49 — 7.57 (i2H), 7.24 (ddJ = 5.9, 3.2 Hz, 2H).

2-(2-Hydroxyl phenyl)-1H-benzimidazole (5))°

H
N
L
N
HO

The spectroscopic data were in good agreementthathiterature. A white solid. Yield: 189
mg (90 %).R; = 0.5 (EtOAc:hexanes = 1:7H NMR (300 MHz, DMSO-¢, ppm)J: 8.06 (d
J = 8.0 Hz, 1H), 7.67 (br, 2H), 7.35 — 7.42 (m, 1AR9 (dd,J = 6.0, 3.0 Hz, 2H), 6.99 —

7.09 (m, 2H).

2-(1-Naphthyl)-1H-benz midazol e (5k)°

o

The spectroscopic data were in good agreementthathiterature. A yellow solidyield: 235
mg (96 %).R; = 0.3 (EtOAc:hexanes = 1:3H NMR (300 MHz, DMSO-¢, ppm)d: 9.11 (d,

J=7.7 Hz, 1H), 8.10 (d] = 8.2 Hz, 1H), 8.00 — 8.06 (m, 2H), 7.60 — 7.72 &), 7.26 (dd,
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J=5.9, 3.2 Hz, 2H).

2-(2-Naphthyl)-1H-benzimidazole (51)*

O

The spectroscopic data were in good agreementthethterature. A yellow solid. Yield230
mg (94 %).R: = 0.4 (EtOAc:hexanes = 1:3H NMR (300 MHz, DMSO-g, ppm)J: 8.73 (s,
1H), 8.30 (dJ = 8.5 Hz, 1H), 8.07 (d) = 9.1 Hz, 1H), 7.97 — 8.04 (m, 2H), 7.58 — 7.62 (m,

4H), 7.21 (dd,) = 5.9, 3.2 Hz, 2H).

2-(Furan-2-y1)-1H-benzimidazole (5m)*

H
(L=

The spectroscopic data were in good agreementthathiterature. A brown solid. Yield: 166
mg (90 %).R; = 0.4 (MeOH:CHClI, = 1:20)."H NMR (300 MHz, DMSO-g, ppm)J: 7.94 (s,

1H), 7.55 (br, 2H), 7.16 — 7.23 (m, 3H), 6.73 (d¢; 3.4, 1.8 Hz, 1H).

2-(Thien-2-y1)-1H-benzimidazole (5n)*

H
o

The spectroscopic data were in good agreementththiterature. A light yellow solidl86
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mg (93 %).R = 0.5 (MeOH:CHCl, = 1:20).*H NMR (300 MHz, DMSO-¢, ppm)J: 7.83 (d,

J=3.6 Hz, 1H), 7.73(d] = 4.9 Hz, 1H), 7.50 — 7.59 (m, 2H), 7.15 — 7.26 &i).

2-(Pyrid-2-y1)-1H-benzimidazole (50)°

H
CL—D

The spectroscopic data were in good agreementthathiterature. A yellow solidYield: 182
mg (93 %).R; = 0.5 (MeOH:CHCI, = 1:20).*H NMR (300 MHz, CDC}, ppm)J: 10.55 (br,
1H), 8.65 (dJ = 4.7 Hz, 1H), 8.44 (d] = 8.0 Hz, 1H), 7.83 — 7.92 (m, 2H), 7.48 — 7.56 (m,

1H), 7.30 — 7.42 (m, 3H).

2-trans-Cinnamyl-1H-benzimidazol e (5p)°

Cry

The spectroscopic data were in good agreementthhiterature. A yellow oil. Yield: 152
mg (69 %).R; = 0.4 (EtOAc:hexanes = 1:2H NMR (300 MHz, DMSO-g, ppm)d: 7.54 -

7.73 (m, 4H), 7.39 - 7.50 (m, 3H), 7.36 {dk 6.9 Hz, 1H), 7.11 - 7.27 (m, 3H).

2-Hexyl-1H-benzimidazole (50)”

STl
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The spectroscopic data were in good agreementthathiterature. A white solid. Yield: 140
mg (69 %).R; = 0.4 (EtOAc:hexanes = 1:H NMR (300 MHz, DMSO-¢, ppm)s: 12.14
(br, 1H), 7.34 - 7.60 (m, 2H), 7.09 @ = 3.0 Hz, 2H), 2.78 (1) = 7.4 Hz, 2H), 1.74 (br, 2H),

1.29 (br, 6H), 0.85 (br, 3H).

2-Cyclohexyl-1H-benzimidazole (5r)®

OO

The spectroscopic data were in good agreementthathiterature. A white solid. Yield: 140
mg (70 %). R= 0.4 (EtOAc:hexanes = 1:3H NMR (300 MHz, DMSO-g, ppm)d: 12.09
(br, 1H), 7.31 - 7.60 (m, 2H), 6.97 - 7.22 (m, 2RB3 (tt, J = 11.40, 3.57 Hz, 1H), 2.00 (d, J

= 12.64 Hz, 2H), 1.75 - 1.86 (m, 2H), 1.74 - 1.48 6H).

2-(t-Butyl)-1H-benzimidazole (5s)°

T

The spectroscopic data were in good agreementthatiiterature. A brown solid. Yield: 122
mg (70 %).R; = 0.3 (EtOAc:hexanes = 1:3H NMR (300 MHz, DMSO-¢, ppm)J: 12.06 (s,

1H), 7.51 (dJ = 6.9 Hz, 1H), 7.39 (d] = 7.1 Hz, 1H), 7.06 — 7.13 (m, 2H), 1.38 (s, 9H).

Benzimidazole (5t)*°
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Cr

The spectroscopic data were in good agreementthéthiterature. A white solid. Yield: 97.7
mg (83 %).R; = 0.5 (Acetone:MeOH = 30:13H NMR (300 MHz, DMSO-g, ppm)J: 12.44

(br, 1H), 8.20 (s, 1H), 7.46-7.70 (m, 2H), 7.18, (k).

5-Methyl-2-phenyl-1H-benzoimidazole (5u)*
HyC N
TL—O
N
The spectroscopic data were in good agreementthathiterature. A yellow solid. Yield: 179
mg (86 %).R; = 0.4 (EtOAc:hexanes = 1:3H NMR (300 MHz, DMSO-¢, ppm)J: 8.15 (d,

J=17.1Hz, 2H), 7.44 - 7.57 (m, 4H), 7.32 (br, 1A02 (d,J = 7.1 Hz, 1H), 2.43 (s, 3 H).

5-Chloro-2-phenyl-1H-benzoimidazole (5v)*
H
N

ROV,

The spectroscopic data were in good agreementthéHiterature. A pink solid. Yield: 183
mg (80 %).R; = 0.4 (EtOAc:hexanes = 1:3H NMR (300 MHz, DMSO-¢, ppm)d: 8.13 -

8.19 (m, 2H), 7.51 - 7.66 (m, 3H), 7.23 (dcs 8.7, 2.1 Hz, 1H).

2-Phenyl-3H-benzoimidazole-5-carboxylic acid (5w)™
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The spectroscopic data were in good agreementthathiterature. A yellow solid. Yield: 208
mg (82 %).R; = 0.4 (EtOAc:hexanes:MeOH = 6:5:1H NMR (300 MHz, DMSO-¢, ppm)

9:8.20 (d,J = 6.9 Hz, 3H), 7.84 (d] = 8.5 Hz, 1H), 7.51 - 7.67 (m, 4H).

1-Methyl-2-phenyl-1H-benzoimidazol e (5x)®

Me
N
CL—O
N
The spectroscopic data were in good agreementthethiterature. A yellow solid. Yield: 188

mg (90 %).R; = 0.3 (EtOAc:hexanes = 1:2H NMR (300 MHz, DMSO-¢, ppm)J: 7.84 —

7.87(m, 2H), 7.68 (d] = 8.2 Hz, 1H), 7.57 — 7.63 (m, 4H), 7.22 — 7.33 Pi), 3.88 (s, 3H).

1-Benzyl-2-phenyl-1H-benzoimidazole (7a)*?

Bn

Cr-O)

The spectroscopic data were in good agreement tivitHiterature. A yellow solid. Yield: 256 mg
(90 %).R: = 0.4 (EtOAc:hexanes = 1:2H NMR (300 MHz, DMSO-¢, ppm)ds: 7.71 — 7.74 (m, 3H),

7.52 — 7.54 (m, 3H), 7.45 — 7.48 (m, 1H), 7.21317m, 5H), 6.98 (d] = 7.0 Hz, 2H), 5.59 (s, 2H).

1,2-diphenyl-1H-benzoi midazole (5y)*
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The spectroscopic data were in good agreementthgthiterature. A white solid. Yield: mg (90 %).
R = (EtOAc:hexanes =fH NMR (400 MHz, CDC}, ppm)d: 7.71 — 7.74 (m, 3H), 7.52 — 7.54 (m,

3H), 7.45 — 7.48 (m, 1H), 7.21 — 7.31 (m, 5H), 6@8) = 7.0 Hz, 2H), 5.59 (s, 2H).
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3. 'H NMR spectra of benzimidazoles 5
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c)*H NMR spectrum obc
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e)'H NMR spectrum obe
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9) *H NMR spectrum obg
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i) *H NMR spectrum obi
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k) *H NMR spectrum osk
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m)'H NMR spectrum obm
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) 'H NMR spectrum o8q
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s)*H NMR spectrum o6s
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u)*H NMR spectrum ofu
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w) *H NMR spectrum obw
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y) 'H NMR spectrum ofa
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