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Introduction

Nitrogen-containing heterocyclic compounds form the foun-
dational structures of many bioactive natural products and
synthetic molecules. Benzimidazoles are extensively utilized in
various pharmaceuticals due to their notable anti-inflamma-
tory," antibacterial, antiviral* and anticancer properties,® as well
as their roles as antihypertensive agents, exemplified by drugs
such as telmisartan® and bendazol.® Similarly, quinoxalines not
only exhibit comparable therapeutic effects® but also display
potential as antiparasitic’ and anti-HIV agents.® For instance,
caroverine is recognized for its antioxidant and vasodilatory
activities.” Additionally, quinoxalines are used in various
industrial materials, including organic semiconductors™ and
efficient electro-luminescent materials" (Fig. 1). Consequently,
enhancing the synthesis methods for benzimidazoles and qui-
noxalines is crucial for lowering costs in pharmaceutical and
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Fig.1 Examples of bioactive quinoxalin-2(1H)-one and benzimidazole
derivative molecules.
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substrates of benzimidazoles and quinoxalin-2(1H)-ones, with all reactions conducted at room
temperature, demonstrating excellent substrate adaptability and a broad substrate scope.

industrial production. This ongoing demand makes it impera-
tive for chemists to devise innovative synthetic pathways for the
preparation of benzimidazole and quinoxaline derivatives.”
Traditional methods for synthesizing benzimidazoles and qui-
noxalin-2(1H)-ones typically involve the reaction of aniline
derivatives with carbonyl compounds under harsh conditions,
often necessitating photocatalysis,"”® microwave irradiation,*
high temperatures,™ strong acids'® or metal catalysts.”” While
numerous synthetic strategies have been established, we now
present a straightforward and convenient approach that facili-
tates synthesis in an open flask at room temperature
(Scheme 1).

Results and discussion

We initiated the model cyclization by reacting N-benzyl-o-phe-
nylenediamine (1a) with acetoin (2a) in the presence of 2 M
hydrochloric acid in dichloromethane (DCM) at room temper-
ature (Table 1, entry 1). The reaction completed within two
hours, as confirmed by TLC, yielding 78% of 1-benzyl-2-methyl-
1H-benzo[d]|imidazole (3a). To optimize the reaction conditions,
we explored the necessity of an oxygen atmosphere. Reactions
conducted under nitrogen and oxygen atmospheres, while
maintaining the same experimental conditions, showed that
oxygen significantly improved the yield to 83%. In contrast, the
reaction failed under nitrogen, even at 40 °C, with only minimal
decomposition of N-benzyl-o-phenylenediamine (1a).
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Scheme 1 Synthesis of quinoxalin-2(1H)-ones and benzimidazoles.

L o .
conditions

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06887d&domain=pdf&date_stamp=2024-11-05
http://orcid.org/0000-0002-4440-9559
https://doi.org/10.1039/d4ra06887d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06887d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014048

Open Access Article. Published on 05 November 2024. Downloaded on 2/7/2026 4:44:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Optimization of the reaction conditions®

View Article Online

RSC Advances

R OH R
NH . N
@i . /Kﬂ/ conditions ©: />_Me
NH, 0 N
1a 2a 3a

Entry R Acid Solvent T/°C Yield (%)
1 Bn HCI DCM r.t. 78
2 Bn HCl DCM r.t. 83”
3 Bn HCI DCM r.t. 0°
4 BOC HCI DCM r.t. 0
5 Ts HCI DCM r.t. 0
6 Ac HCI DCM r.t. 0
7 Bn H,SO, DCM r.t. 55
8 Bn CF;COOH DCM r.t. 81
9 Bn CF,SO;H DCM Lt 65
10 Bn CF;COOH THF r.t. 83
11 Bn CF;COOH EtOH r.t. 82
12 Bn CF;COOH DMF r.t. 79
13 Bn CF;COOH MeCN r.t. 91
14 Bn CF;COOH MeCN —15 41
15 Bn CF3;COOH MeCN 0 93
16 Bn CF;COOH MeCN 40 57
17 Bn CF;COOH (2.0 eq.) MeCN r.t. 72
18 Bn CF3;COOH (1.5 eq.) MeCN r.t. 83
19 Bn CF3;COOH (0.5 eq.) MeCN r.t. 47
20 Bn CF;COOH (0.0 eq.) MeCN r.t. 0

“ Reaction conditions: 1a (0.6 mmol), 2a (0.6 mmol), acid (1.0 eq.), solvent (2.0 mL) in open flask, 2 h. ? O, balloon (1.0 atm). ¢ N, balloon (1.0 atm).

This confirmed that the reaction requires oxygen (Table 1,
entries 2 and 3). With this critical information, we continued to
further optimize the reaction conditions. Unfortunately, some N-
protected o-phenylene-diamines did not yield products, likely
because electron-withdrawing substituents hindered the cycliza-
tion reaction (Table 1, entries 4-6). We treated 1a with 2a in the
presence of several acids in dichloromethane at room temperature
(Table 1, entries 7-9). Although each acid was examined and the
target product 3a was obtained, trifluoroacetic acid demonstrated
superior yields compared to other acids. Moreover, a much higher
yield was achieved from the reaction conducted in acetonitrile
tested respectively under oxygen atmospheres (Table 1, entries 10—
13). Regarding temperature, we noted that lower temperatures
generally enhanced the yield, although the effect was not
substantial (Table 1, entries 14-16). Conversely, at elevated
temperatures, the reaction became complex, leading to an
increase in by-products and a consequent decrease in the desired
product yield. Finally, we assessed the influence of varying
amounts of CF;COOH on the reaction. Our findings revealed that
the optimal quantity of CF;COOH was 1.0 equivalent (Table 1,
entries 17-20). Notably, increasing the amount of acid resulted in
shortened reaction times but lower yields, while reducing the acid
amount inhibited the reaction's progression. Thus, we established
concise and efficient conditions for this cyclization: N-protected o-
phenylenediamines (1a, 1.0 eq.) and acyloin (2a, 1.0 eq.) in the
presence of CF;COOH (1.0 eq.) in acetonitrile, conducted in an
open flask at room temperature (Table 1, entry 13).

© 2024 The Author(s). Published by the Royal Society of Chemistry

With the optimal reaction conditions established, we first
explored the substrate scope of N-protected o-phenylene-
diamines, and the results were summarized in Table 2. A
variety of N-benzyl-1,2-diaminobenzenes, featuring both
electron-donating and electron-withdrawing substituents,
successfully underwent cyclization with 2a in an open flask,
yielding modest to good amounts of the corresponding benz-
imidazoles (3a-c). Next, we evaluated the scope of o-hydroxy
ketones under the established conditions. These substrates
delivered high yields, including 1-hydroxycyclohexyl phenyl
ketone (2c), despite bearing bulky substituent, 3d-i still ach-
ieved moderate yields. Similarly, various N-methyl-1,2-
diaminobenzenes with different electron-donating and
electron-withdrawing substituents underwent smooth cycliza-
tion with a range of a-hydroxy ketones, resulting in moderate to
good yields (3j-r). Furthermore, the reaction of N1-phenyl-1,2-
diaminobenzene (1g) with o-hydroxy ketones (2a-c) success-
fully afforded the target products in good yields (3s-u).

We then investigated the reactions of various N-protected o-
phenylenediamines (1) with a-ketoesters (4) under the opti-
mized conditions, as detailed in Table 3. Although the yields
were slightly lower when using an open flask, this method was
proven relatively straightforward and was therefore preferred
(Table 3, entries 1 and 2). The reactions of various N-protected o-
phenylenediamines containing electron-donating or electron-
withdrawing substituents with a-ketoesters proceeded
smoothly, furnishing the corresponding quinoxaline derivatives

RSC Adv, 2024, 14, 35386-35390 | 35387
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Table 2 Synthesis of the benzimidazoles®
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Table 3 Synthesis of quinoxalin-2(1H)-ones®

Re Ro
Ry NH )1\(&, CF,COOH (1.0eq) R N
]@[ * T omeon :@[ 7R
Ry NH; open flask Ry N
1a-1g 2a-2¢ 3a-3u
Entry 1, R1, R2 2, R3, R4 3, yield (%)
1 1a, H, Bn 2a, Me, Me 3a, 91
2 1b, Me, Bn 2a, Me, Me 3b, 81
3 1c, F, Bn 2a, Me, Me 3¢, 83
4 1a, H, Bn 2b, Et, Et 3d, 89
5 1b, Me, Bn 2b, Et, Et 3e, 78
6 1c, F, Bn 2b, Et, Et 3f, 82
7 1a, H, Bn 2¢, Ph, Cy 3g, 74
8 1b, Me, Bn 2¢, Ph, Cy 3h, 59
9 1c, F, Bn 2¢, Ph, Cy 3i, 63
10 1d, H, Me 2a, Me, Me 3j, 89
11 1e, Me, Me 2a, Me, Me 3k, 69
12 1f, F, Me 2a, Me, Me 31, 68
13 1d, H, Me 2b, Et, Et 3m, 86
14 1e, Me, Me 2b, Et, Et 3n, 64
15 1f, F, Me 2b, Et, Et 30, 62
16 1d, H, Me 2¢, Ph, Cy 3p, 73
17 1e, Me, Me 2¢, Ph, Cy 3q, 58
18 1f, F, Me 2¢, Ph, Cy 3r, 60
19 1g, H, Ph 2a, Me, Me 3s, 88
20 1g, H, Ph 2b, Et, Et 3t, 85
21 1g, H, Ph 2c, Ph, Cy 3u, 73

% Reaction conditions: a mixture of 1 (0.6 mmol), 2 (0.6 mmol) and
CF;COOH (0.6 mmol) in MeCN (2.0 mmol) while stirring in open flask
at room temperature.

in moderate yields (5b-i, 5m-u). Notably, the reaction showed
good tolerance to a range of functional groups, and ethyl 2-
cyclohexyl-2-oxoacetates were successfully introduced into the
desired products (5j-1, 5v-x).

To enhance the practicality of this methodology, the opti-
mized conditions were utilized to synthesize a series of benz-
imidazole and quinoxaline derivatives. We next examined the
reaction of N-phenyl-o-phenylenediamine (1a) with phenyl-
pyruvic acid (6a) under the optimized conditions (Table 4). The
reaction successfully produced the target product, 1,3-dibenzyl
quinoxalin-2(1H)-one (7a), with a yield of 9%, along with 1,2-
dibenzyl-1H-benzo[d]imidazole (8a) at 76% yield, which was
a precursor to the antihypertensive drug bendazol. Subse-
quently, the reaction of 1a with 6a was scaled up to 10 mmol,
resulting in a yield of 76% for 8a. N-Phenyl-o-phenylenedi-
amines (1a, 1c) bearing diverse substitutions reacted with tri-
methylpyruvic acid, yielding benzimidazoles (8b, 8c) in 73%
and 71%, respectively, along with 7b and 7¢ in 11% and 12%. In
sharp contrast, the reaction of N1-benzyl-4,5-dimethylbenzene-
1,2-diamine (1b) was performed under the standard conditions
to isolate 7d. Similarly, the reaction of N1-methyl-benzene-1,2-
diamine (1d) with phenylpyruvic acid (6a) afforded 3-benzyl-1-
methylquinoxalin-2(1H)-one (7e) but failed to isolate benz-
imidazoles. Next, we explored the reaction of N-methyl-o-phe-

nylenediamines with various a-ketoesters; however, this

35388 | RSC Adv, 2024, 14, 35386-35390

R o R
R NH R)l\n/OEt CF;COOH (1.0eq) R N_O
X (PR Raew
* i MeCN, rt. Ij I
R; NH, R N”Rg

1a-1f 4a-4f 5a-5x

Entry 1, R1, R2 4, R5 5, yield” (%)
1 1a, H, Bn 4a, i-Pr 5a, 78
2 1a, H, Bn 4a, i-Pr 5a, 81°
3 1b, Me, Bn 4a, i-Pr 5b, 57
4 1c, F, Bn 4a, i-Pr 5¢, 61
5 1a, H, Bn 4b, n-Pr 5d, 71
6 1b, Me, Bn 4b, n-Pr 5e, 55
7 1c, F, Bn 4b, n-Pr 5f, 57
8 1a, H, Bn 4c, n-Bu 5g, 55
9 1b, Me, Bn 4c, n-Bu 5h, 56
10 1c, F, Bn 4c, n-Bu 5i, 57
11 1a, H, Bn 4d, Cy 55, 71
12 1b, Me, Bn 4d, Cy 5k, 55
13 1c, F, Bn 4d, Cy 51, 51
14 1d, H, Me 4a, i-Pr 5m, 71
15 1e, Me, Me 4a, i-Pr 5n, 52
16 1f, F, Me 4a, i-Pr 50, 56
17 1d, H, Me 4b, n-Pr 5p, 67
18 1e, Me, Me 4b, n-Pr 5q, 65
19 1f, F, Me 4b, n-Pr 5r, 71
20 1d, H, Me 4c¢, n-Bu 5s, 66
21 1e, Me, Me 4c¢, n-Bu 5t, 61
22 1f, F, Me 4c¢, n-Bu 5u, 63
23 1d, H, Me 4d, Cy 5v, 53
24 1e, Me, Me 4d, Cy 5w, 54
25 1f, F, Me 4d, Cy 5%, 51

¢ Reaction conditions: a mixture of 1 (0.6 mmol), 4 (0.6 mmol) and
CF;COOH (0.6 mmol) in MeCN (2.0 mmol) while stirring in open flask
at room temperature. © N, balloon (1.0 atm).

obtained only quinoxalines (7f-i). Benzimidazoles were not
isolated even in the presence of oxygen. Clearly, substituents
played a directing role in the reaction.

Table 4 Synthesis of benzimidazoles and quinoxalin-2(1H)-ones”

Rs

NH )H(OHC&COOH(H)eq) Ry O Ry N
MeCN, 1. :/[ »—Re

Rs Ry N

6af 7a-7h 8a-8h
Entry 1, R1, R2 6, R6 7, yield (%) 8, yield (%)
1 1a, H, Bn 6a, Bn 7a,9 8a, 76
2 1a, H, Bn 6b, t-Bu 7b, 11 8b, 73
3 1c, F, Bn 6b, -Bu 7c, 12 8c, 71
4 1b, Me, Bn 6b, t-Bu 7d, 79 Trace
5 1d, H, Me 6a, Bn 7e, 69 Trace
6 1d, H, Me 6b, t-Bu 7f, 71 0
7 1e, Me, Me 6b, t-Bu 7h, 73 0
1f, F, Me 6b, +Bu 7i, 59 0

¢ Reaction conditions: a mixture of 1 (0.6 mmol), 6 (0.6 mmol) and
CF;COOH (0.6 mmol) in MeCN (2.0 mmol) while stirring in open flask
at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed reaction mechanism.
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Based on the above results and previous reports,**>* a prob-
able mechanism is proposed. N-protected o-phenylenediamines
1 with a-hydroxy ketone 2 afforded intermediate A in the pres-
ence of acid, subsequently, intermediate A undergone the
favored 5-exo-tet cyclization to generated intermediate B. Under
oxidative conditions, intermediate B was converted into benz-
imidazole (3), accompanied by the generation of aldehydes or
ketones (for details, see the ESIt). In addition, N-protected o-
phenylene-diamines 1 with o-ketoesters 4 in the presence of
acid to give intermediate C, which subsequently undergone 6-
exo-trig cyclization to afford intermediate D. Finally, after the
elimination of ethanol, quinoxalin-2(1H)-ones (5) was obtained.
The reaction mechanisms for the formation of compounds 7
and 8 was similar to the aforementioned. However, we have not
yet been able to provide a satisfactory explanation for the
different ratios of 7 and 8. We will continue to investigate this
reaction mechanism in our laboratory (Scheme 2).

Conclusions

We have established a concise and efficient protocol for the
synthesis of benzimidazoles and quinoxalin-2(1H)-ones in an
open flask at room temperature. The method accommodated
substrates with a variety of substitutions, obtaining moderate to
good yields under mild reaction conditions. On going investi-
gations in our laboratory aim to further explore the applications
of this cyclization protocol for the synthesis of additional
benzimidazole and quinoxaline derivatives.
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