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Abstract—An ecofriendly, simple, and efficient one-pot protocol has been developed for the synthesis of
1,2,4,5-tetrasubstituted imidazoles by the reaction of benzil, aryl aldehydes, aliphatic or aromatic amines, and
ammonium acetate, catalyzed by the acidic halogen-free ionic liquid [bmim]HSO, under solvent-free conditions.
The advantages of the proposed protocol include high yields, short reaction time, operational simplicity, and re-
cyclability of the catalyst. Eight previously unknown tetrasubstituted imidazoles were synthesized, among which
those bearing a cyclopropyl substituent on N! can be considered as potential mutant isocitrate dehydrogenase 1

(IDH1) inhibitors.
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INTRODUCTION

Imidazoles is an important class of heterocycles that
exhibit diverse biological activities, including herbicidal
[1], antiallergic [2], analgesic [3], antidepressant [4],
antitubercular [5], anticancer [6], anti-inflammatory [7],
antifungal [8], and antiviral [9]. Imidazoles are present in
histidine [ 10] and histamine [11], and some of imidazole
structures are used in electronic and optoelectronic
devices [12].

Tetrasubstituted imidazoles have been synthesized
by the multi-component cyclocondensation of 1,2-dike-
tone, aldehydes, a primary amine, and ammonium
acetate, using various Lewis or protic acidic reagents,
including BF;-SiO, [13], silica gel/NaHSO, [14],
HPA-EtOH [15], L-proline [16], KsCoW,,—0,,-3H,0
[17], heteropolyacids [18], zeolite-HY—Cu(NO;), [19],
under microwave irradiation [20], and the reaction of
1,3-oxazolium-5-olates with N-(arylmethylene)ben-
zenesulfonamides [21]. Some imidazole cyclopropyl-
amine analogs were found to exhibit improved activity
as isocitrate dehydrogenase 1 (IDH1) inhibitors [22].

On the other hand, ionic liquids (ILs) have been
widely employed as an environmentally friendly
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alternative to organic solvents in various fields, such
as separation of azeotropic or close-boiling mixtures
[23], separation/purification of bioactive compounds
[24-26], desulfurization [27], Diels-Alder reaction
[28] and biodiesel production [29]. “Brensted acidic
ILs combining the advantages of extractant and acid
catalyst [30, 31] were designed to replace traditional
mineral liquid acids in current esterification protocols”
[32-34]. For example, [bmim][HSO,] was used as a dual
catalyst—solvent for the esterification of hexanoic acid
with n-butanol [35]. Also, [bmim][HSO,] was utilized
for the synthesis of heterocyclic compounds, such
3,4,5-substituted furan-2(5H)-ones [36] and 1,8-dioxo-
octahydroxanthenes [37].

Proceeding with our research on the preparation
of heterocyclic compounds, especially imidazole
derivatives [38—42], in the present work we developed a
mild and an effective one-pot four-component synthesis
of 1,2,4,5-tetrasubstituted imidazoles from benzil, aryl
aldehydes, aliphatic or aromatic amines, and ammonium
acetate, using the acidic halogen-free ionic liquid
[bmim]HSO, as a highly active and recyclable catalyst,
under solvent-free conditions (Scheme 1).
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RESULTS AND DISCUSSION

To study generality of this method, a variety of aryl
aldehydes as well as aromatic and aliphatic amines,
benzil, and ammonium acetate were employed for pre-
paring tetrasubstituted imidazoles, using [bmim]HSO,
as an acidic and a halogen-free ionic liquid. The
reactions were performed with 1 mmol of benzil,
1 mmol of aldehyde, 1 mmol of ammonium acetate,
1 mmol of amine (1 mmol), and 20 mol % of
[bmim]HSO, (20 mol %) under solvent-free condi-
tions at 110°C. As seen from Scheme 2, 1,2,4,5-
trisubstituted imidazoles 5a—5j were obtained in good-
to-excellent isolated yields over short reaction times.
To study the substituent effect, a wide variety of
aromatic aldehydes containing electron-acceptor (Cl, Br,
and NO,) or electron-donor substituents [OMe, (MeO),,
and OH] were reacted to obtain equally good results with
both groups of aldehydes (Scheme 1). Noteworthy is the
fact that, along with the high yields of the target products,
no by-products, like 2.4,5-triarylated imidazoles,
oxidized anilines, or aldehydes, which are normally
formed under strongly acidic conditions, were detected.
Other advantages of the new method include simple
isolation and purification of the products and reusability
of the catalyst. Using the developed protocol, we syn-
thesized eight previously unknown tetrasubstituted
imidazoles 5a—5h, of which cyclopropyamine deri-
vatives deserve special mentioning (Schemes 1 and 2).

The suggested mechanism of the formation of
tetrasubstituted imidazoles from aldehydes, benzil,
amines, and ammonium acetate is shown in Scheme 3.
The first step involves the reaction between a
[bmim]HSO,-activated aryl aldehyde, ammonium
acetate, and an amine to give a diamine intermediate
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4-OMe (a); R'=cyclopropyl, R*=

3,4-OMe, (g); R' = cyclopropyl R*=

4-OH (b); R' = cyclopropyl, R? = H (¢);
2,6-Cl, (e); R' = cyclopropyl, R* = 2-OH, 5-Br (f);
4-Br (h); R! = 4-Br-C H,, R> = 4-NO,-C,H, (i);
4-OMe (j).

6. The latter then reacts with a [bmim]HSO,-activated
diketone 7 to form intermediate 8, which undergoes
dehydration to produce imidazole 5.

To compare the merits of the proposed catalytic
protocol with previously reported ones, we compared
our results for the synthesis of 2-(4-methoxyphenyl)-
1,4,5-triphenyl-1H-imidazole (5j) with respective
results obtained with other catalysts (Table 1). As seen
from the table 1, the present method is not worse or
compares in efficiency with the others.

To our knowledge, [bmim]HSO, has never been
used for the synthesis of tetrasubstituted imidazoles,
especially novel cyclopropylamine imidazole derivati-
ves which hold promise as potential IDH1 inhibitors.
Therefore, the developed procedure can be considered
a useful contribution to the methods of synthesis of
tetrasubstituted imidazoles.

The synthesis of compounds 5j was also used to
assess the reusability of the [bmim]HSO, catalyst. After
completion of the reaction, the catalyst was removed
by filtration, dried under vacuum, and reused. In was
found that the catalyst could be reused at least for
times without appreciable loss of efficiency, yield of
compound 5j (run no.): 85 (1), 83 (2), 80 (3), 78 (4).

EXPERIMENTAL

The melting points were measured by on an
Electrothermal 1A9200 apparatus. The IR spectra were
recorded on a Perkin Elmer FTIR spectrometer in
the range 4000400 cm™' for KBr disks. The 'H and
3C NMR spectra were obtained on a Bruker DRX
300 MHz NMR instrument for CDCI; solutions. The
mass spectra were taken on an Agilent 5973 Network
Mass Selective Detector instrument.

No. 5 2020
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Scheme 2.

QL N\ oIy
00 OO 0

5a, 120 min, 85% 5b, 135 min, 90%

5¢, 120 min, 81% 5d, 170 min, 87%

FPRRFA RO

5e, 120 min, 85% 5f, 130 min, 72%

QL
pesRes

Br
5i, 150 min, 93%

Tetrasubstituted imidazoles 5a-Sj (general pro-
cedure). A mixture of benzil (I mmol), aryl aldehyde
(1 mmol), ammonium acetate (1 mmol), amine (1 mmol),
and [Bmim]HSO, (20 mol %) was stirred at 110°C for
2-2.5 h. After completion of the reaction, the reaction
mixture was cooled to room temperature and then
diluted with water. The precipitate was filtered off and
recrystallized from ethanol to obtain the desired product
(Schemes 1 and 2).

1-Cyclopropyl-2-(4-methoxyphenyl)-4,5-diphe-
nyl-1H-imidazole (5a). Cream solid, mp 141-143°C.
IR spectrum (KBr), v, cm!: 3065 (CH,,), 1612
(C=Cpom)> 1587 (C=C imidazole), 1446, 1309 (C—N).
'"H NMR spectrum, §, ppm (J, Hz): 0.82-0.90 m (2H,
CH,), 0.95-1.05 m (2H, CH,), 3.29-3.37 m (1H,
CH), 3.81 s (3H, OCHj;), 6.89 d (2H, J 8.8), 7.14—
7.21m (2H,.op), 7.32-7.55 m (10H,,,,,,). Mass spectrum,
m/z (g, %): 367 (19) [M]". Found, %: C 81.94; H 6.05;

5g, 135 min, 83%

<N
jostes

5§, 120 min, 95%

5h, 150 min, 91%

N 7.64. C,5H,,N,0. Calculated, %: C 81.91; H 6.02;
N 7.60.

4-(1-Cyclopropyl)-4,5-diphenyl-1H-imidazole-
2-yDphenol (5b). Yellow solid, mp 248-250°C. IR
spectrum (KBr), v, cm™': 3338 (OH), 3068 (CH,,,,)
1600 (C=C,,,m), 1584 (C=C imidazole), 1493, 1318
(C-N). "H NMR spectrum, &, ppm (J, Hz): 0.84-0.89 m
(2H, CH,), 1.01-1.06 m (2H, CH,), 3.67-3.74 m (1H,
CH),4.78 s (1H, OH), 7.00 d.d (J 8.2, 2.5), 7.17-7.34 m
(10H,;0m), 7.48-7.53 m (2H,,,,). Mass spectrum, m/z
(Lo, %): 352 (15) [M]". Found, %: C 81.75; H 5.70;
N 7.93. C,4,H,(N,0. Calculated, %: C 81.79; H 5.72;
N 7.95.

1-Cyclopropyl-2,4,5-triphenyl-1H-imidazole
(5c¢). Cream solid, mp 187-189°C. IR spectrum (KBr),
v, em™': 3067 (CH,,,,), 1621 (C=C,.,), 1584 (C=C
imidazole), 1448, 1317 (C-N). '"H NMR spectrum,
o, ppm (J, Hz): 0.83-0.89 m (2H, CH,), 1.01-1.04 m
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Scheme 3.
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Table 1. Comparison of the efficacy of [bmim]HSO, and other catalysts in the synthesis of 2-(4-methoxyphenyl)-1,4,5-triphenyl-
1 H-imidazole (5j)

Entry Catalyst Time, h T, °C Solvent Yield of 5j, % | References
1 PEG-400 (5 mL) 1.5 reflux PEG-400 96 [43]
2 Iodine (10 mol %) 0.2 75 EtOH-CH,Cl, 94 [44]
3 Cu(NO;),—Zeolite (0.03 g) 0.5 80 None 95 [45]
4 MCS-GT@Co(II) (5 mg) 3 reflux EtOH 99 [46]
5 MCM-41-SO;H (0.04 g) 0.25 100 None 98 [47]
6 [DABCO-DOL][OACc] (5 mol %) 5 60 H,0 96 [48]
7 CSC-Star-SO5-AlICL, (9 mol % ) 10 80 EtOH 94 [49]
8 n-CTW-SA (10 mol %) 1.35 120 None 93 [50]
9 nano-Fe;0, (15 mol %) 60 140 None 92 [51]
10 Fe;0,~PEG—Cu (10 mol %) 55 110 None 92 [52]
11 [Bmim]HSO, (20 mol %) 2 110 None 95 This work
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(2H, CH,), 3.68-3.75 m (1H, CH), 7.19-7.50 m
(15H,,,)- Mass spectrum, m/z (I, %): 336 (20)
[M]". Found, %: C 81.68; H 5.97; N 8.30. C,,H,(N,.
Calculated, %: C 85.68; H 5.99; N 8.33.

1-Cyclopropyl-2-(2,6-dichlorophenyl)-4,5-diphe-
nyl-1H-imidazole (5d). Yellow solid, mp 182°C. IR
spectrum (KBr),v,cm™: 3065 (CH,,o), 1606 (C=C01n)-
1582 (C=C imidazole), 1445 (C-N). "H NMR spectrum,
o, ppm (J, Hz): 0.95-0.99 m (2H, CH,), 1.03—
1.06 m (2H, CH,), 3.62-3.72 m (1H, CH), 7.21-
7.24m (2H,,op), 7.38-7.52 m (11H,,,,,). Mass spectrum,
m/z (L, %): 405 (22) [M]*. Found, %: C 71.10; H 4.45;
Cl 17.46; N 6.89. C,,H3sCL1N,. Calculated, %: C 71.12;
H4.48; C117.49; N 6.91.

2-(2,6-Dichlorophenyl)-1,4,5-triphenyl-1H-imi-
dazole (5e). Brown solid, mp 205°C. IR spectrum (KBr),
v, em': 3067 (CH,yp), 1609 (C=C,p), 1585 (C=C
imidazole), 1447 (C-N). '"H NMR spectrum, §, ppm
(J, Hz): 7.23-7.67 m (18H,,,). Mass spectrum, m/z
(L1, %): 440 (19) [M]". Found, %: C 73.45; H 4.08;
C116.05; N 6.31. Cy;H3CL1N,. Calculated, %: C 73.48;
H4.11; C1 16.07; N 6.35.

4-Bromo-2-(1-cyclopropyl-4,5-diphenyl-1H-
imidazole-2-yl)phenol (5f). White solid, mp 217°C.
IR spectrum (KBr), v, cm™!: 3348 (OH), 3061 (CH,,,),
1600 (C=C,), 1532 (C=C imidazole), 1487, 1419,
1343 (C-N). 'H NMR spectrum, §, ppm (J, Hz):
1.01-1.07 m (2H, CH,), 1.13-1.18 m (2H, CH,), 3.98—
4.05 m (1H, CH), 5.82 s (1H, OH), 6.72 d (1H, J 8.6),
7.16 d.d (1H, J 8.6, 2.4), 7.39-7.49 m (11H,,,,,,). Mass
spectrum, m/z (I, %): 431 (19) [M]". Found, %:
C 66.80; H 4.41; Br 18.50; N 6.47. CyH,yBrN,0.
Calculated, %: C 66.83; H 4.44; Br 18.53; N 6.49.

1-Cyclopropyl-2-(3,4-dimethoxyphenyl)-4,5-
diphenyl-1H-imidazole (5g). White solid, mp 205—
207°C. IR spectrum (KBr), v, em™': 3065 (CH,,),
1618 (C=C,om), 1576 (C=C imidazole), 1448, 1320
(C-N). '"H NMR spectrum, 8, ppm (J, Hz): 0.87-0.95 m
(2H, CH,), 1.19-1.26 m (2H, CH,), 3.66-3.73 m (1H,
CH), 3.88 s (3H, OCHs), 3.95 s (3H, OCHs;), 6.82 d
(2H, J 8.3), 7.42-7.53 m (11H,,,,,).- Mass spectrum, m/z
(Lo, %0): 396 (28) [M]*. Found, %: C 78.73; H 6.06;
N 7.04. C,4H,4N,0,. Calculated, %: C 78.76; H 6.10;
N 7.07.

2-(4-Bromophenyl)-1-cyclopropyl-4,5-diphenyl-
1H-imidazole (5h). Cream solid, mp 174-176°C. IR
spectrum (KBr),v,cm™': 3066 (CH,,,,,), 1599 (C=C

arom)a

1586 (C=C imidazole), 1486, 1449, 1322 (C-N). 'H
NMR spectrum, 3, ppm (J, Hz): 0.86—-0.96 m (2H, CH,),
1.18-1.26 m (2H, CH,), 3.64-3.71 m (1H, CH), 7.18-
7.50 m (11H,,,,,) 7.94 d (3H, J 7.4). Mass spectrum,
m/z (I, %): 414 (21) [M]*. Found, %: C 69.39; H 4.58;
Br 19.22; N 6.71. C,4H,yBrN,. Calculated, %: C 69.41;
H4.61; Br 19.24; N 6.74.

1-(4-Bromophenyl)-2-(4-nitrophenyl)-4,5-diphe-
nyl-1H-imidazole (5i). Yellow solid, mp 257-259°C
[53]. IR spectrum (KBr), v, cm™!: 3093 (CH,,,,,), 1595
(C=Cpom)> 1578 (C=C imidazole), 1479, 1449, 1353
(C-N). '"H NMR spectrum, 8, ppm (J, Hz): 7.14 d
(2H, J 8.4), 7.49-7.56 m (7H,,,,), 7.67 t (3H, J 8.0),
7.98d(2H,J7.5),8.24d (2H,J 7.6), 8.34 d (2H, J 7.6).

2-(4-Methoxyphenyl)-1,4,5-triphenyl-1H-imi-
dazole (5j). Cream solid, mp 178-180°C [54]. IR
spectrum (KBr), v, cm™': 3063, 1593, 1578, 1492, 1417,
1324. '"H NMR spectrum, 8, ppm (J, Hz): 3.75 s (3H,
OCH;), 6.96-7.04 m (2H,,,,), 7.16-7.68 m (11H,,,,,),
7.77-7.99 m (6H

arom) .

CONCLUSIONS

In summary, in the present work we developed a
simple, an efficient, and an environmentally benign
one-pot multicomponent method for the synthesis
of 1,2,4,5-tetrasubstituted imidazoles in solvent-free
conditions, catalyzed by the ionic liquid [bmim]HSO,.
This method was used to success to synthesize a variety
of imidazole derivatives from aromatic aldehydes and
aliphatic and aromatic amines in good-to-excellent
yields. The synthesized cyclopropylamine imidazole
derivatives hold promise as potential mutant IDHI
inhibitors. Further advantages of the developed protocol
consist in easy work-up of the reaction mixture and lack
of the need of column chromatography for purification
of the products.

CONFLICT OF INTEREST
The authors declare no conflict of interest.
REFERENCES

1. Zang, H., Su, Q., Mo, Y., Cheng, B.W., and Jun, S.,
Ultrason. Sonochem., 2010, vol. 17, p. 749.
https://doi.org/10.1016/j.ultsonch.2010.01.015

2. Wan, Y, Liu, G., Zhao, L., Wang, H., Hung, S., Chen, L.,
and Wu, H., J. Heterocycl. Chem., 2014, vol. 51, p. 713.
https://doi.org/10.1002/jhet. 1751

3. Nasr-Esfahani, M., Montazerozohori, M., and Abdiza-
deh, T., Chem. Pap., 2015, vol. 69, p. 1491.

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 56 No. 5 2020



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

[Bmim]HSO,-CATALYZED SYNTHESIS OF TETRASUBSTITUTED IMIDAZOLES

https://doi.org/10.1515/chempap-2015-0156

Shingalapur, R.V., Hosamani, K.M., and Keri, R.S.,
Eur. J. Med. Chem., 2009, vol. 44, p. 4244,
https://doi.org/10.1016/j.ejmech.2009.05.021

. Ozkay, Y., Iskar, 1., Incesu, Z., and Alkalin, G.E.,

Eur. J. Med. Chem., 2010, vol. 45, p. 3320.
https://doi.org/10.1016/j.ejmech.2010.04.015

Tonelli, M., Simone, M., Tasso, B., Novelli, F., and
Biodo, V., Bioorg. Med. Chem., 2010, vol. 18, 2937.
https://doi.org/10.1016/j.bmc.2010.02.037

Mukherjee, A., Kumar, S., Seth, M., and Bhaduri, A.P.,
Indian J. Chem. Sec. B, 1989, vol. 28, p. 391.

Hadizadeh, F.H., Hosseinzadeh, V., Shariaty, M., and
Kazemi, S., J. Pharm. Res., 2008, vol. 7, p. 29.
https://doi.org/10.22037/ijpr.2010.741

Bhandari, K., Srinivas, N., and Marrapu,
Bioorg. Med. Chem. Lett., 2010, vol. 20, p. 291.
https://doi.org/10.1016/j.bmcl.2009.10.117
Bhragual, D.D., Kumar, N., and Drabu, S., J. Chem.
Pharm. Res., 2010, vol. 2, p. 345.

Chawla, A., Sharma, A., and Sharma, A.K. Pharm. Chem.,
2012, vol. 4, p. 116.

Padhy, A.K., Chetica, B., Mishara, S., Pati, A., and
Iyer, PK., Tetrahedron Lett., 2010, vol. 51, p. 2751.
https://doi.org/10.1016/j.tetlet.2010.03.058

Sadeghi, B., Mirjalili, B.B.F., and Hashemi, M.M., Tetra-
hedron Lett., 2008, vol. 49, p. 2575.
https://doi.org/10.1016/j.tetlet.2008.02.100

Karimi, A.R., Alimohammadi, Z., Azizian, J., Mohamma-
di, A.A., and Mohammadizadeh, M.R., Catal. Commun.,
2006, vol. 7, p. 728.
https://doi.org/10.1016/j.catcom.2006.04.004

Heravi, M.M., Derikvand, F., and Bamoharram, F.F.,
J. Mol. Catal. A. Chem., 2007, vol. 263, p. 112.
https://doi.org/10.1016/j.molcata.2006.08.048

Subhasis, S., Ganesh, C.N., Pallavi, S., and Singh, M.S.,
Tetrahedron, 2009, vol. 65, p. 10155.
https://doi.org/10.1016/j.tet.2009.10.019

Nagarapu, L., Apuri, S., and Kantevari, S., J. Mol.
Catal. A. Chem., 2007, vol. 266, p. 104.
https://doi.org/10.1016/j.molcata.2006.10.056

Karimi, A.R., Alimohammadi, Z., and Amini, M.M., Mol.
Divers., 2010, vol. 14, p. 635.
https://doi.org/10.1007/s11030-009-9197-x

Sivakumar, K., Kathirvel, A., and Lalitha, A., Tetra-
hedron Lett., 2010, vol. 51, p. 3018.
https://doi.org/10.1016/j.tetlet.2010.04.013

VK,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

899

Davidson, D., Weiss, M., and Jelling, M., J. Org. Chem.,
1937, vol. 2, p. 319.
https://doi.org/10.1021/j001227a004

Wang, B., Gu, Y.L., Luo, C., Yang, T., Yang, L.M., and
Suo, I.S., Tetrahedron Lett., 2004, vol. 45, p. 3417.
https://doi.org/10.1016/].tetlet.2004.03.012

Zheng, Q., Chen, Z., Wana, H., Tang, S., Yea, Y., Xua, Y.,
Jiang, L., Ding, J., Geng, M., Huang, M., and
Huang, Y., Bioorg. Med. Chem. Lett., 2018, vol. 28,
p. 3808.

https://doi.org/10.1016/j.bmcl.2018.07.002

Lei, Z.G., Dai, C.N., Zhu, J.Q., and Chen, B.H., AIChE
J., 2014, vol. 60, p. 3312.
https://doi.org/10.1002/aic.14537

Ventura, S.P.M., Silva, F.A.E., Quental, M.V., Mon-
dal, D., Freire, M.G., and Coutinho, J.A.P., Chem.
Rev.,2017,vol. 117, p. 6984.
https://doi.org/10.1021/acs.chemrev.6b00550

Ferreira, A.M., Passos, H., Okafuji, A., Tavares, A.P.M.,
Ohno, H., Freire, M.G., and Coutinho, J.A.P., Green
Chem., 2018, vol. 20, p. 1218.
https://doi.org/10.1039/C7GC03880A

Taha, M., Quental, M.V,, Silva, F.A.E., Capela, E.V.,
Freire, M.G., Ventura, S.P.M., and Coutinho, J.A.P.,
J. Chem. Technol. Biotechnol., 2017, vol. 92, p. 2287.
https://doi.org/10.1002/jctb.5222

Song, Z., Zhang, C.Y., Qi, Z.W., Zhou, T., and
Sundmacher, K., AIChE J., 2018, vol. 64, p. 1013.
https://doi.org/10.1002/aic.15994

Zhou, T., McBride, K., Zhang, X., Qi, Z.W., and
Sundmacher, K., AIChE J., 2015, vol. 61, p. 147.
https://doi.org/10.1002/aic.14630

Olkiewicz, M., Caporgno, M.P., Font, J., Legrand, J.,
Lepine, O., Plechkova, N.V., Pruvost, J., Seddon, K.R.,
and Bengoa, C., Green Chem., 2015, vol. 17, p. 2813.
https://doi.org/10.1039/C4GC02448F

Amarasekara, A.S., Chem. Rev., 2016, vol. 116, p. 6133.
https://doi.org/10.1021/acs.chemrev.5b00763.

Dai, C.N., Zhang, J., Huang, C.P., and Lei, Z.G.,
Chem. Rev.,2017,vol. 117, p. 6929.
https://doi.org/10.1021/acs.chemrev.7b00030

Zhang, H., Xu, F., Zhou, X., Zhang, G., and
Wang, C., Green Chem., 2007, vol. 9, p. 1208.
https://doi.org/10.1039/B705480G

Zhang, L., Xian, M., He, Y., Li, L., Yang, J., Yu, S., and
Xu, X., Bioresour. Technol., 2009, vol. 100, p. 4368.
https://doi.org/10.1016/j.biortech.2009.04.012

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 56 No. 5 2020



900

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

SHEKARCHI, BEHBAHANI

Andersen, S.J, Berton, J.K.E.T., Naert, P., Gilde-
myn, S., Rabaey, K., and Stevens, C.V., ChemSusChem.,
2016, vol. 9, p. 2059.
https://doi.org/10.1002/cssc.201600473

Zeng, Q., Song, Z., Qin, H., Cheng, H., Chen, L., Pan, M.,
Heng, Y., and Qi, Z., Catal. Today, 2020, vol. 339, p. 113.
https://doi.org/10.1016/j.cattod.2019.03.052

Salahi, S., Maghsoodlou, M.T., and Hazeri, N., Oriental
J. Chem., 2015, vol. 31, p. 2047.
http://dx.doi.org/10.13005/0jc/310424

Niknam, K. and Damya, M., J. Chin. Chem. Soc.,
2009, vol. 56, p. 659.
https://doi.org/10.1002/jccs.200900098

Behbahani, F.K., Ziaei, P., Fakhroueian, Z., and Doragi, N.,
Monat. Chem., 2011, vol. 142, p. 901.
https://doi.org/10.1007/s00706-011-0523-5

Heravi, M.M, Behbahani, F.K., Daraie, M., and Os-
kooie, H.A., Mol. Divers., 2009, vol. 13, p. 375.
https://doi.org/10.1007/s11030-009-9118-z

Oskooie, H.A., Heravi, M.M., Sadnia, A., Jannati, F., and
Behbahani, F.X., Monat. Chem., 2008, vol. 139, p. 27.
https://doi.org/10.1007/s00706-007-0740-0

Behbahani, F.K. and Ziaei, P., Chin. J. Chem., 2012,
vol. 30, p. 65.

https://doi.org/10.1002/cjoc.201180461

Behbahani, F.K. and Yektanezhad, T., Monat. Chem.,
2012, vol. 143, p. 1529.
https://doi.org/10.1007/s00706-012-0724-6

Das, B., Sudhakar, C., and Srinivas, Y., Synth. Commun.,
2010, vol. 40, p. 2667.
https://doi.org/10.1080/00397910903318633

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Kidwai, M. and Mothsra, P. Tetrahedron Lett., 2006,
vol. 47, p. 5029.
https://doi.org/10.1016/j.tetlet.2006.05.097

Sivakumar, K. and Lalitha, A., Tetrahedron Lett., 2010,
vol. 51, p. 3018.
https://doi.org/10.1016/j.tetlet.2010.04.013

Singh, H. and Rajput, J.K., Appl. Organomet. Chem.,
2018, vol. 32, p. E3989.
https://doi.org/10.1002/a0c.3989

Mahdavinia, G.H., Amani, A.M., and Sepehrian, H., Chin.
J. Chem., 2012, vol. 30, p. 703.
https://doi.org/10.1002/¢cjoc.201280008

Ahmed, A. and Wael, A., RSC Adv., 2018, vol. 8, p. 16392.
https://doi.org/10.1039/C8RA02755B

Gupta, P. and Paul, S., J. Mol. Catal. A Chem., 2012,
vol. 352, p. 75.
https://doi.org/10.1016/j.molcata.2011.10.016

Kolvari, E. and Zolfagharinia, S., RSC A4dv., 2016,
vol. 6, p. 93963.

https://doi.org/10.1039/C6RA11923A

Montazeri, N., Pourshamsian, K., Rezaei, H., Fouladi, M.,
and Rahbar, S., Asian J. Chem., 2013, vol. 25, p. 3463.
https://doi.org/10.14233/ajchem.2013.13963

Zarnegar, Z. and Safari, J., New J. Chem., 2014,
vol. 38, p. 4555.

https://doi.org/10.1039/C4NJ00645C

Zolfigol, M.A., Baghery, S., Moosavi, A.R., and
Vahdat, S.M., RSC Adv., 2015, vol. 5, p. 32933.
https://doi.org/10.1039/C5SRA03241E

Kidwai, M., Mothsra, P., Bansal, V., Somvanshi, R.K.,
Ethayathulla, A.S., Dey, S., and Singh, T.P., J. Mol.
Catal. A, 2007, vol. 265, p. 177.
https://doi.org/10.1016/j.molcata.2006.10.009

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 56 No. 5 2020



