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The first nickel-catalysed dehydrogenative coupling of primary
alcohols and ethylene glycol with aromatic diamines for selective
synthesis of mono- and di-substituted benzimidazoles and quinox-
alines is reported. The earth-abundant, non-precious and simple
NiCl,/L1 system enables the synthesis of N-heterocycles releasing
water and hydrogen gas as byproducts. Mechanistic studies invol-
ving deuterium labeling experiments and quantitative determina-
tion of hydrogen gas evaluation were performed.

Substituted benzimidazole and quinoxaline motifs are ubiqui-
tous in bioactive natural products and are significantly utilized
for anticancer, antiviral, antitumor, antibacterial and anti-HIV
related drugs.! These N-heterocycles have found broad applica-
tions in material research and pharmaceuticals as well as in dye
industries.”> Traditionally, benzimidazoles are synthesized
involving the condensation of 1,2-diaminobenzene with car-
boxylic acid derivatives under harsh reaction conditions.?
Furthermore, the coupling of 1,2-di-aminobenzene with con-
centrated formic acid is another extensively used procedure for
benzimidazole synthesis.> However, these processes often
require strong acidic or basic conditions as well as over
stoichiometric oxidants and are limited due to the formation
of stoichiometric salt waste, low atom-efficiency and functional
group compatibility.® Therefore, the development of efficient
and environmentally benign technologies which could minimize
the waste generation and avoid multi-step protocols is still a
demanding goal.*

In this context, transition metal-catalysed de-hydrogenative
coupling of renewable alcohols with 1,2-diaminobenzene
would be an alternative synthetic approach for benzimidazoles,
since water and hydrogen gas are only valuable byproducts.”
Since the last two decades, considerable progress has been
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directed for the acceptorless de-hydrogenation of alcohols with
diamines for benzimidazole synthesis involving sustainable
transformations, however, often limited with noble-metal
catalysts and harsh reaction conditions. For instance, studies
based on Ru-phosphine or Ru-NNN pincer complexes required
165-200 °C reaction temperature.®®” Thereafter, an improved
acceptorless de-hydrogenative coupling (ADC) for the benzimidazole
synthesis using defined Ir-catalysts was established.®“? Further-
more, Ru- and Ir-based heterogeneous catalysts have been
developed for benzimidazole synthesis (Scheme 1a).**/
Notably, the replacement of noble-metal catalysts using
base-metals (Fe, Co, Mn and Ni) with equal efficiency for such
key organic transformations is a challenging task. Due to their
high abundance, low toxicity and inexpensive nature, the base-
metal catalysts attract significant attention in homogeneous
catalysis (Scheme 1a).” Recently, de-hydrogenative condensa-
tion of alcohols with 1,2-diaminobenzene to benzimidazoles
was established using Cu, Co, and Mn-based homogeneous
catalysts. Nevertheless, most of these metal-complexes utilized
pincer ligands, such as, tridentate NNS-ligands, PNN-ligands,
and NNN-core ligands as well as triazole-core phosphine
ligands or expensive phosphine ligands to achieve higher product
yields.*® However, the multi-step synthesis and expensive nature
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Scheme 1 (a) The pincer complex catalysed benzimidazole synthesis.
(b) The nickel-catalysed dehydrogenative couplings for the synthesis of
N-heteroaromatics.
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of the pincer ligands are often a major concern in comparison to
the base-metal catalysts.® Furthermore, handling and storing of
these pincer-complexes requires special attention under standard
laboratory conditions.

Importantly, to date, most of these homogeneous and
heterogeneous based catalytic protocols are often limited with
2-substituted benzimidazoles. However, a general catalytic
protocol for 2-substituted as well as 1,2-disubstituted benzimid-
azoles is highly desirable. More specifically, herein we demon-
strated the first nickel-catalysed general protocol for selective
synthesis of substituted benzimidazoles using renewable alcohols
with 1,2-diaminobenzene.’ Activation and formation of a number
of bonds selectively occurred in one-pot operation using an
inexpensive nickel-catalyst releasing water and hydrogen gas as
byproducts. Again, this Ni-catalysed route was employed for
quinoxaline synthesis. Preliminary catalytic and mechanistic
studies were also performed (Scheme 1b).

Recently, we started a program to establish Ni-catalysed
(de)hydrogenative transformations using renewable alcohols
or diols and a couple of novel protocols were demonstrated
for the synthesis of indoles, substituted pyrroles, pyridines and
quinolines.'® Herein, we explored a nickel-catalysed tandem
one-pot construction of substituted benzimidazoles and quinox-
alines. Remarkably, the coupling of 1,2-benzenediamines
with alcohols comprises one-pot multiple step operations;
de-hydrogenation of alcohol to aldehyde followed by the con-
densation of imine and thereafter intramolecular cyclisation
and de-hydrogenation resulted in the formation of benzimida-
zoles (Scheme 3e).

Initially, we studied the model reaction using 1,2-benzene-
diamines 1a with benzyl alcohols 2a to establish an efficient
catalytic system for benzimidazole synthesis. Primarily, four
different nickel pre-catalysts were employed involving 1,10-
phenanthroline L1 as a ligand of our choice (Table 1, entries 1-4).
Pleasingly, we observed 91% isolated yield of 1,2-disubstituted
benzimidazole 3a with >49:1 selectivity involving a combination
of 2.5 mol% NiCl,, and 3 mol% 1,10-phenthroline L1 with 0.5 mmol
of +-BuOK at 140 °C in toluene (Table 1, entry 1). Next, the
influence of different nitrogen ligands L2-L5 further did not
improve the product yield and the selectivity of 3a (Table 1,
entries 5-8 and ESI,{ Table S2). Furthermore, we examined the
efficacy of different bases, such as ¢-BuONa, K3;PO,, K,CO; and
Cs,CO; and observed moderate product conversion to 3a
(Table 1, entry 9 and ESL T Table S3). Using different polar as well
as non-polar solvents, such as n-butanol, N,N-dimethyl formamide
(DMF), N,N-dimethyl acetamide (DMA), and p-xylene, proved ineffi-
cient (ESLt Table S4). Whereas, in the case of 1,4-dioxane we
observed moderate product conversion (ESL T Table S4). As expected,
product conversion is suppressed significantly when the reaction is
performed at a lower reaction temperature (ESL 1 Table S6). Control
experiments in the absence of catalyst, ligand and base prove their
significant role in achieving higher product yield and selectivity
(Table 1, entries 10 and 11 and ESL7 Tables S1-S6).

Next, a series of 1-benzyl-2-aryl-1H-benzo[d]imidazole
derivatives were synthesized using 1,2-benzenediamines with
substituted benzyl alcohols involving the standard catalytic
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Table 1 Optimisation of the reaction conditions®

H

NH, . N N
@E v oy NiCatL @[\)_ph + @:/)_ph

NH, t-BuOK, N N

1a 22 14500 54h o 2 4a
Conv. (%)
Entry Catalyst (mol%)  Ligand (mol%) Base 3a 4a
1 NiCl, (2.5) L1(3) t-BuOK  98(91) 2
2 NiBr, (2.5) 11 (3) +BuOK 65 5
3 Ni(acac), (2.5) L1 (3) tBuOK 56 11
4 NiCL(DME) (2.5) L1 (3) +BuOK 54 6
5 NiCl, (2.5) L2 (3) t-BuOK 57 20
6 NiCl, (2.5) L3 (3) tBuOK 76 12
7 NiCl, (2.5) 14 (3) tBuOK 55 6
8 NiCl, (2.5) L5 (3) +BuOK 33 5
9 NiCl, (2.5) L1 (3) tBuONa 75 9
10° — — t-BuOK 21 0
11° NiCl, (2.5) — tBuOK 35 0

Reaction conditions:* 1a (0.5 mmol), benzyl alcohol 2a (1.0 mmol),
Ni-cat (0.0125 mmol), L (0.015 mmol), #BuOK (0.5 mmol), toluene (2.0 mL)
in a Schlenk tube under nitrogen atmosphere at 140 °C in an oil bath
for 24 h reaction time. ? Conversion was determined by GC-MS (iso-
lated yield in parentheses, average yield of two runs). ¢ --BuOK
(0.5 mmol) was used. L1 = 1,10-phenanthroline. L2 = 2,9-dimethyl-
1,10-phenanthroline. L3 = bipyridine. L4 = 4,4’-dimethylbipyridine. L5 =
2,2’-biquinoline.

conditions of Table 1 (Table 2). For instance, benzyl alcohol
substituted with an alkyl or methoxy group resulted in up to
72% isolated yield of 3b-3d (Table 2). Importantly, 2-pyridine-
methanol 2f efficiently transformed to 1,2-disubstituted benz-
imidazole 3j in 78% yield. However, the application of other
heterocyclic alcohols, such as 2-thiophene-methanol 2g and
2-furfuralmethanol 2h gave a moderate yield of 3k-31 (Table 2).
Moreover, 4-methyl-1,2-phenylenediamine 1b and 4-chloro-1,2-
phenylenediamine 1c efficiently participated with substituted
benzyl alcohols and furnished the desired benzimidazoles
derivatives 3e-3i in 56-71% yield, respectively (Table 2). Notably,
in the case of 4-methyl-1,2-phenylenediamine 1b an isomeric
mixture of products were obtained.

Furthermore, we explored the synthesis of 2-substituted
benzimidazoles using the optimized conditions of Table 1. To
our delight, a series of benzyl as well as alkyl alcohols were
utilized to give the desired products in moderate to acceptable
yields (Table 3). Notably, the reaction of 1a with benzyl alcohols
decorated with bromide or trifluoromethyl groups gave a
moderate yield of 4b-4c. However, when benzyl alcohol 2a
and 2-naphthylmethanol 2k were employed, the desired 2-aryl
substituted benzimidazoles 4a and 4d were obtained in 52-56%
yield, respectively (Table 3). Next, we studied the reactivity of
more challenging acyclic and cyclic alkyl alcohols. We were
pleased to observe that long chain C¢—Cj, alkyl alcohols can be
incorporated into the benzimidazole core with good to moderate
isolated yield (Table 3, 4e-4h). Notably, the renewable terpenoid
alcohol, citronellol 20 and 1-cyclohexylmethanol 2p resulted in
the 2-alkylbenzimidazoles 4i-4j in acceptable yield (Table 3). This
remarkable chemo-selective transformation of citronellol high-
lights the potential of the present protocol. Nevertheless, in all
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Table 2 Ni-catalysed selective synthesis of 1,2-disubstituted benzimidazoles?
NiCl, (2.5 mol%)

CL-©
OH 1,10-Phen (3 mol%) _
5
NH;, t- BuOK (1.0 oequlv) sad
1a-c 2a-h toluene, 140 °C, 24 h

@E O Coy-O= O

3d, 64% 3e + 3e',69% (3:1)

@E@ L= ﬁ@

d 3g, 59% 6 3h, 67% ﬁ 3i,71%

Iy~ @E;%O @Er@

S
LN 3j, 78% \\ 3k, 32% \\ 31,34%
Reaction conditions: ¢ see ESL.

Table 3 Ni-catalysed selective synthesis of 2-substituted benzimidazoles®

R NH, NiCiy (2.5 mol%) R N
\C[ + R7OH  1,10- Phen (3 mol%) YR
_1,10- Phen (3 mol%)
NH, t-BuOK u

2a, 2i-2p o
1a-b toluene, 140 °C, 24 h

N N N
N N N
H H H
4a, 52% 4b, 35% 4c, 38%
\) \y\/M\
N
H N iy
4d, 56% 4e, 56%"° n =1 4f, 30%°
n=44g, 41%P
N
N
\©: \>/\/\/ ©: \) @ \
N
N H N
4h, 45%° 4i, 37%° 4j, 39%"

Reaction conditions: “ see ESL ” 2 (1.0 mmol) was used.

these cases, the unreacted alcohols were recovered and often a
small amount of di-substituted benzimidazoles was observed as
side products. At this point, it is to be noted that, variations of
alcohol equivalency control the product selectivity to mono- or
di-substituted benzimidazoles. More specifically, under the
optimised conditions of Table 1, use of two equivalents of
alcohols gave di-substituted benzimidazoles, whereas, one equi-
valent of alcohol is required for 2-substituted benzimidazoles.
Finally, we explored the de-hydrogenative coupling of
1,2-di-aminobenzenes with ethylene glycol for the synthesis of
quinoxaline derivatives. Though long chain vicinal diols are an
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Scheme 2 Synthesis of quinoxalines: see ESI.

effective partner for quinoxaline synthesis, application of ethylene
glycol is still a challenging task and rarely explored."* Gratifyingly,
using our nickel-catalyzed protocol, ethylene glycol efficiently
coupled with 1a as well as 4-methoxy-1,2-diaminobenzene 1d
and resulted in up to 40% yield of 5a-5b (Scheme 2). Further-
more, screening of reaction conditions, such as the variation of
pre-catalysts and bases, and the effect of solvents including
variable reaction temperatures did not improve the product yield
further (ESI,T Tables S7-S10).

The catalytic protocol is tolerant to aryl, alkyl, methoxy,
halide (Cl and Br), and trifluoromethyl as well as pyridine,
thiophene and furfural moieties. Importantly, the chemo-
selective transformations in the presence of reducible alkene
highlight the synthetic potential of the established protocol.
Notably, applications of benzyl alcohols bearing functional
groups, such as nitro, cyano, hydroxyl, esters, imine, amine,
aldehyde, alkyne, and alkene moieties, were not successful and
we observed only poor or no product conversion to the desired
benzimidazoles (ESL, T Table S11).

Next, to gain more insight for such dehydrogenative cou-
plings we explored the initial mechanistic studies for the
process. To understand the involvement of the putative key
Ni-intermediate species, Cat. A was independently prepared,'®
and used for the model reaction of Table 1 in catalytic
(2.5 mol%) and stoichiometric (100 mol%) amount. As
expected, 3a was obtained in 64-90% yield along with a small
amount of 4a (Scheme 3a).

Furthermore, deuterium labeling experiments using 1a with
2a-d1 (98% D), resulted in 3a in 77% yield and we did not
observe any deuterium incorporation at the imidazole core
(Scheme 3b). However, dehydrogenative couplings of 1a with
2a-d2 (92% D) exhibited 90% deuterium incorporation in 3a-d1
along with 4a in 90% product yield (Scheme 3b and ESI,f
Scheme S1). These deuterium labeling experiments evidence
the participation of the benzylic C-H bond of alcohols for
benzimidazole synthesis. Moreover, control experiments in
the absence of base and catalyst highlight their potential
role for the dehydrogenative condensation to benzimidazole
synthesis (Scheme 3c). In addition, we also performed catalytic
condensation of 1la with 4-methoxybenzaldehyde 2d’ under
standard conditions. These experiments resulted in the
formation of 3d and 4k at variable amounts, which strongly
supports that the first step is the metal-catalyzed dehydrogena-
tion of alcohol to aldehyde and thereby, base-mediated con-
densation/cyclisation facilitate the product formation. Notably,
it also provides evidence for the potential role of the metal
catalyst for bond activation, condensation followed by the
construction of the new bonds for benzimidazole synthesis
(Scheme 3c).

This journal is © The Royal Society of Chemistry 2019
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3a. Stoichiometric and catalytic studies using defined catalyst
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Scheme 3 Preliminary mechanistic studies and control experiments.
1a (0.10 mmol) and 2a-d1/2a-d2 (0.20 mmol) were used (see ESIT).

On the basis of the initial mechanistic studies and control
experiments, we hereby postulated a probable catalytic pathway
for the Ni-catalysed dehydrogenative condensation of aromatic
diamines with alcohols (Scheme 3e).% Initially, the Ni-catalysed
dehydrogenation of primary alcohol gave aldehyde 2’ followed
by condensation with 1a to imine intermediate A, which sub-
sequently undergoes cyclisation and dehydrogenation to give
product 4 via intermediate B. It is noteworthy to mention that,
in the GC-MS analysis of the crude reaction mixture we detected
intermediate 2’ as well as intermediate A. Another possibility is
that, intermediate B could couple with 2’ to intermediate C,
which subsequently undergoes intra-molecular cyclisation and
rearranges to 1,2-disubstituted benzimidazoles (Scheme 3e).
Nevertheless, to exclude the possibility of N-alkylation of
2-arylimidazoles, 4k was allowed to react with benzyl alcohol
under standard conditions and we did not observe any desired
product (Scheme 3d). Moreover, during the optimization stu-
dies we detected intermediate C in the GC-MS analysis, which
supports our hypotheses for 1,2-disubstituted benzimidazole
synthesis. Notably, the overall process released only water and
dihydrogen as side products, rendering it sustainable. There-
after, we measured the quantitative evaluation of hydrogen gas
for the process and confirmed it through gas chromatography
(ESLT Schemes S4 and S5).
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In conclusion, herein we demonstrated the first Ni-catalysed
selective dehydrogenative condensation of aromatic diamines
with a series of primary alcohols to substituted benzimidazoles.
A simple and inexpensive Ni-catalyst and 1,10-phenanthroline
ligand enables a variety of functionalised benzimidazoles and
quinoxalines in up to 91% yield. The catalytic system is tolerant
to alkyl, alkoxy, halides, and trifluoromethyl as well as hetero-
cyclic rings including unsaturated alcohols. Initial mechanistic
investigations involving the defined Ni-catalyst and deuterium
labeling experiments as well as quantitative determination of
hydrogen gas were performed to establish the dehydrogenation
process.
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