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Abstract This work shows that ultrasound irradiations
and mesoporous SBA-SO;H together can have a synergic
effect on the catalysis of highly substituted imidazole,
dihydropyrimidinone and dihydropyridine derivatives
syntheses via multicomponent coupling method. In this
paper, we have presented a system which is combination of
mesoporous nanoreactors and ultrasonic irradiation for
efficient synthesis of the biologically interesting heterocy-
cles. Induction of ultrasonication on SBA-SOzH has led to
a remarkable acceleration on the mass transfer through the
mesochannels (or nanoreactors). This modification on the
mesochannels caused to development of mild conditions,
high selectivity and tolerance with various functional
groups and high yields in short reaction time.
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1 Introduction

Ultrasound irradiation as an assisting agent has been uti-
lized not only to accelerate the reaction rate, also to
develop green approaches by increasing the reaction rate
and yields and decreasing the unfavourable products [1, 2].
A large number of reactions can be carried out in higher
yields, shorter reaction times or milder conditions if
ultrasonic irradiation is exerted [3—6]. On the other hand,
the catalysis of multicomponent reactions are widely
developed by the catalytic applications of porous materials
in the last decade [5-8]. Various mesoporous silica mate-
rials with different surface functionalities including acidic
and basic groups or metal supported species are of
promising candidates for development of green protocols
in the field of catalysis [7-9]. Among them, utilization of
SBA-SO3H as a heterogeneous Bronsted acid is been more
preferable due to its intrinsic capabilities in the catalysis of
the organic reactions [10, 11]. However, a major concern is
in its catalytic mass transfer through the mesochannels
which leads to decrease in catalytic efficiency. To solve
this problem, functionalization of the surface with a
hydrophobic alkyl chain or embedding it within the pore
walls are some alternatives [12, 13]. However, their syn-
thesis is somehow more difficult and costly than SBA-15
itself. Moreover, functionalization onto surface could play
the role of a barrier inside the pores. Application of fluo-
rous alcohols is another alternative to resolve the problem
[14—16]. However, the use of fluorous alcohols as a solvent
is costly and sometimes is not affordable.

Recently, we found that ultrasonic irradiation can have
drastic effect on the resolving of this problem [17].
Therefore, in this work we applied this synergistic tech-
nique as a combination of the sonochemistry and
nanocatalysis of SBA-SO;H in multicomponent reactions.
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Among multicomponent reactions, syntheses of the imi-
dazoles, dihydropyrimidinone and dihydropyridine hete-
rocycles were selected to develop this catalytic system
(Scheme 1).

2 Experimental
2.1 Chemicals and apparatus

All reagents were obtained from Merck (Germany) and
Fluka (Switzerland) and used without further purification.
Melting points were measured on an Electrothermal 9100
apparatus. A multi-wave ultrasonic generator (Sonica-
tor_3000; Misonix Inc., Farmingdale, NY, USA), equipped
with a converter/transducer and titanium oscillator (horn),
12.5 mm in diameter, operating as continues irradiation
with a maximum power output of 600 W, was used for the
ultrasonic irradiation. We selected 19.6 kHz for sonication.
The lower frequencies was insufficient for reaction pro-
gress while the effect of higher frequencies than 19.6 kHz
was insignificant. Progress of reactions was monitored by
Thin Layer Chromatography (TLC).

2.2 General procedure for the synthesis
of imidazoles under ultrasonic/nonoreactor
method

A mixture of benzil (2 mmol), aromatic aldehyde
(2 mmol), ammonium acetate (2.2 or 4.5 mmol) and amine
(2 mmol) was irradiated under ultrasonic for appropriate
time in the presence of the SBA-15/SO;H mesoporous
(5 mol%) at 100 °C. The progress of reaction was moni-
tored by TLC. When the reaction was complete as judged
by TLC, ethanol (8 mL) was added and the reaction mix-
ture was filtered and the remaining solid was washed with
warm ethanol (3 x 5 mL) in order to separate the SBA/
SO3H solid catalyst. The products were recrystallized from
ethanol.
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Scheme 1 Schematic representation of the bifunctional method for
MCRs
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2.3 General procedure for the synthesis of DHPMs
and DHPs under ultrasonic/nonoreactor method

A mixture of an aldehyde (2 mmol), fS-dicarbonyl com-
pound (2 or 4 mmol) and urea or NH,OAc (2.5 mmol) and
catalytic amount of SBA-15/SOzH (5 mol%) was sonicated
(or was stirred for HSS method) at room temperature. After
complete disappearance of starting material as indicated by
TLC, the resulting mixture was diluted with hot ethyl
acetate (10 mL) and filtered. The catalyst was completely
recovered from the residue.

3 Selected spectroscopic data

1,2,4,5-tetraphenyl-1H-imidazole (1la) IR (KBr v,/
cm™Y): 1443, 1479, 1496, 1601. '"H NMR: § = 7.05 (2 H,
d,J7.8 Hz),7.15 (2 H,d, J 6.9 Hz), 7.18-7.27 (12 CH, m),
7.44 2 H, t, J 7.5 Hz), 7.62 (2 H, t, J 7.5 Hz). >°C NMR:
5 = 126.60, 127.41, 127.95, 128.09, 128.16, 128.24,
128.34, 128.43, 128.96, 129.06, 130.52, 130.65, 130.85,
131.12, 134.43, 137.11, 138.27, 146.93.

2-(4-nitrophenyl)-1,4,5-triphenyl-1H-imidazole (1c) IR
(KBr vpa/cm™'): 1460, 1492, 1520, 1608. 'H NMR:
0 = 7.07-7.15 (4 CH, m), 7.26-7.35 (8 CH m), 7.60 (3 H,
t, J 7.2 Hz), 809 (2 H, d, J 81Hz). C NMR:
0 = 12343, 127.03, 127.30, 128.25, 128.29, 128.38,
128.48, 129.05, 129.55, 129.91, 131.00, 132.46, 133.84,
136.50, 136.61, 144.30, 147.03.

1-Benzil-2-(4-chlorophenyl)-4,5-diphenyl-1H-imidazole
(1f) IR (KBr vya/cm™'): 1416, 1448, 1499, 1600. 'H
NMR: 6 = 6.81 (2 H, d, J 3.6 Hz), 7.14-7.27 (9 CH, m),
7.36 (4 H, t, J 8.1 Hz), 7.59-7.62 (4CH, m). '*C NMR:
0 = 48.29, 125.87, 126.54, 126.80, 127.02, 128.16, 128.73,
128.79, 128.84, 128.89, 129.07, 130.24, 130.45, 130.75,
130.02, 134.28, 134.99, 137.31, 138.28, 146.86.

2-(4-chlorophenyl)-1,4,5-triphenyl-1H-imidazole (1h) IR
(KBr vpma/ecm™'): 1446, 1479, 1496, 1597. 'H NMR:
§ = 7.04-7.15(4 CH, m), 7.21-7.30 (11 CH, m), 7.38 (2 H,
d, J 7.8 Hz), 741 (2 H, d, J 7.5Hz). C NMR:
5 = 12673, 127.36, 128.09, 128.21, 128.38, 128.51,
129.00, 129.25, 130.09, 130.42, 131.09, 131.17, 134.25,
134.32, 136.90, 138.44, 145.75.

2-(4-chlorophenyl)-1-cyclohexyl-4,5-diphenyl- 1H-imida-

zol (1) IR (KBr vy /ecm™'): 1408, 12484, 1508, 1599,
2933. "H NMR: § = 1.03-1.66 (10 H, m), 3.91 (1 H, m),
7.12-7.15 (4CH, m), 7.40-7.47 (8 CH, m), 7.56(2 H, t,
J 7.2 Hz). *C NMR: § = 24.99, 26.17, 33.63, 58.44,
126.116, 126.64, 127.94, 128.62, 128.70, 128.89, 129.40,
130.98, 131.31, 132.12, 132.32, 134.48, 134.98, 146.44.
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2,4,5-triphenyl-1H-imidazole (2a) IR (KBr vmaxlcmfl):
1441, 1461, 1488, 1587, 1601, 3037 'H NMR:
0 = 7.19-7.46 (9 CH, m), 7.55(4 H, t, J 6.6 Hz), 7.90 (2 H,
d, J 8.1Hz). C NMR: ¢ = 125.31, 127.50, 127.83,
128.60, 128.90, 129.02, 129.91.

Dimethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-
dicarboxylate (3a) 'H NMR: 2.28 (s, 6 H), 3.54 (s, 6 H),

4.89 (s, 1 H), 7.09-7.45 (m, 5 H), 8.87 (s, 1 H). '*C NMR:
18.47, 37.27, 51.10, 101.23, 127.27, 127.31, 128.37,
129.69, 146.13, 148.29, 168.64.

Diethyl 2,6-dimethyl-4-Phenyl-1,4-dihydropyridine-3,5-di-
carboxylate (3b) IR (KBr): 3342, 1700, 1657, 1473,
1198, 1129. '"H NMR: 1.23 (t, *Jyn = 7.0 Hz, 6 H), 2.34
(s, 6 H), 4.12 (q, *Jyg = 7.0 Hz, 4 H), 4.91 (s, 1 H), 5.68

Fig. 1 Schematic TEOS
representation of prepared SBA-
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Fig. 2 FT-IR spectra of SBA-15/SH and SBA-15/SO;H
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(s, 1 H), 7.07-7.43 (m, 5 H). '3C NMR: 14.91, 19.56,
39.43, 59.82, 103.14, 127.25, 127.32, 128.34, 129.61,
146.19, 148.25, 167.34.

Intensity [a. u.]

20 /7]

Fig. 3 XRD patterns of SBA-15/SO;H: a newly prepared; b used 6
times

Fig. 4 SEM (a) and TEM
(b) images of SBA-15/SO;H
nanoreactor

$4800 5.0kV 7.9mm x20.0

Dimethyl 4-(4-chlorophenyl)-2,6-dimethyl-1,4-dihydropy-
ridine-3,5-dicarboxylate (3¢) IR (KBr): 3329, 1697,
1650, 1470, 1219, 1127. "H NMR: 2.35 (s, 6 H), 3.67 (s, 6
H), 4.99 (s, 1 H), 5.73 (s, 1 H), 7.19-7.28 (m, 4 H). '°C
NMR: 19.56, 39.01, 50.99, 103.73, 128.14, 129.07, 131.84,
144.22, 145.98, 167.81.

Diethyl 4-(3-Chlorophenyl)-2,6-dimethyl-1,4-dihydropy-
ridine-3,5-dicarboxylate (3d) IR (KBr): 3320, 1690,
1642, 1475, 1200, 1136. 'H NMR: 1.25 (t, *Jyy = 7.1 Hz,
6 H), 2.37 (s, 6 H), 4.13 (q, *Jyy = 7.1 Hz, 4 H), 4.99 (s, 1
H), 5.62 (s, 1 H), 7.11-7.29 (m, 4 H). '*C NMR: 15.18,
19.61, 39.74, 59.81, 103.82, 126.25, 126.31, 128.29,
129.04, 1433.60, 144.02, 149.73, 167.30.

Methyl 6-methyl-2-ox0-4-phenyl-1,2,3,4-tetrahydropyrim-
idine-5-carboxylate (4a) IR (KBr): 3320, 3315, 1700,
1661, 1585, 1420. "H NMR: 2.36 (s, CH3), 3.63 (s, OCH3),
541 (1d, *Jgu = 2.1 Hz, CHNH), 5.53 (broad, NH),
7.25-7.34 (m, C¢Hs), 7.56 (1broad, NH). '*C NMR: 14.08,

Table 1 Different conditions in the four-component synthesis of 1,2,4,5-tetraphenylimidazole

)
fe) Ph
oHCHO )S(P’” o+ NLOA SBA-15/SO3H IN
Ph 2 4~ Conditions  Ph N»\Ph
© Ph
Entry Mol% cat. Solvent Temp (°C) %Yield (Time-min)?
UsS HSS

1 2 DMF 90 - 65 (480)
2 2 DMF 120 86 (20) 74 (480)
3 2 DMF 140 - 82 (480)
4 5 DMF 100 90 (30) 74 (240)
5 5 Solvent-free® 100 94 (15) 80 (240)
6 10 DMF 100 93 (8) -
7 10 Solvent-free” 100 94 (8) 80 (240)

Reaction conditions: Benzil (2 mmol), benzaldehyde (2 mmol), aniline (2 mmol), and NH4OAc (2.2 mL) in solvent (4 mL)

The best and optimized conditions for the higher efficiency of catalyst towards products are highlighted in bold

# Tsolated yields
® Solvent-free condition
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Table 2 Synthesis of high-
functionalized imidazoles by Ph
combined ultrasonic/

N
Ar‘</ I
method H Ph

nonoreactor bifunctional

X=0
2 Y=2

SBA-15/SO3H
(5 mol%)
) U.S.

Ph (5 mol%) Ph N
) 1) U.S. \
-~ + ACHO + ———— = | Ar
solvent-free 100 °C solvent-free 100 °C
o Ph Y NH4OAc Ph N
R

SBA-15/SOzH
o X RNH,

X=1

Y=1 1

Ph_n Ph

I\>—Ph

P N Ph
Ph

(1a, 82%)

cl
Phe__n
I
Phi N\\
Ph

Ty
\_

Ph
(1b, 90%)

RigValls Oy

Ph_n
e
LN
Ph

(1c, 80%)

OH
Phe_N
-0
Ph N\\
Ph
(1d, 82%)

Ph
-
P N
Ph

pr” N
o Ph (1h, 92%)
(1e, 92%) (1F, 90%) (19, 82%)
NO, Ph._ Pha_N Ph N
o TO O O
IN P~ N " N pre” N
A & &
Ph &
(1i, 80%) (i, 83%) (1k, 86%) (11, 89%)
Ph Phe__Nn Ph o
N\ | cl | N
| >—pn N \ [
Ph™H PH
Ph H H g P N
(2b, 92%) (2c, 90%) (2d, 82%)
(2a, 92%)

In all reactions, the time of reaction completion was 8 min

55.78, 60.36, 101.43, 126.49, 128.03, 128.81, 143.55,
146.21, 152.79, 166.04.

Methyl 6-methyl-4-(4-nitrophenyl)-2-oxo0-1,2,3,4-tetrahy-
dropyrimidine-5-carboxylate (4d) IR (KBr): 3345, 3090,
1706, 1631, 1507, 1425. "H NMR: 2.45 (s, CHz), 3.73 (s,
OCHj3), 5.60 (s, CHNH), 5.75 (broad, NH), 7.58 (d,
3Jun = 7.6 Hz, 2 CH of C¢Hy), 7.26 (d, *Jyyg = 7.6 Hz, 2
CH of C¢Hy), 8.37 (broad, NHCH).

Ethyl 4-(4-chlorophenyl)-6-methyl-2-oxo0-1,2,3,4-tetrahy-
dropyrimidine-5-carboxylate (4f) IR (KBr): 3290, 3185,
1692, 1641, 1533, 1433. "H NMR: 1.17 (d, *Jyy = 7.1 Hz,
OCH,CH3), 233 (s, CH;), 4.08 (d, *Jyy = 7.1 Hz,
OCH,CHj3), 5.37 (d, *Jy = 2.0 Hz, CHNH), 6.08 (broad,
NH), 7.24 (d, *Jun = 8.1 Hz, 2 CH of Cg¢H,), 7.28 (d,
3Jun = 8.1 Hz, 2 CH of C¢Hy,), 8.26 (broad, NHCH). 1*C
NMR: 14.17, 18.64, 55.12, 60.14, 101.17, 128.03, 128.88,
132.16, 142.24, 146.47, 153.39, 165.44.

4 Results and discussions
4.1 Synthesis and characterization of SBA-15/SO;H

The synthesis of SBA-15/SO3;H has been achieved using
three main steps: first step for preparation of the SBA-15
which known procedure described by Zhao et al. [18].
Second, which is thiol functionalization of the SBA-15 and
third is oxidation of the SBA-15-Pr-SH to SBA-15-Pr-
SO;H by hydrogen peroxide (Fig. 1). Finally, pH analysis
for loading of SO;H showed 1.7 mmol g~'. CHNS anal-
ysis of SBA-15/SOzH indicated the successful presence of
thiol grafting and the amount of sulfur atom in SBA-15/
SOsH was 5.3 wt% according to this analysis.

In the FT-IR spectrum, the band from 806 to 1100 cm™!
is belonged to the vibrations of (Si—~O-Si) bond, and the
band at about 960 cm ™' is assigned of (Si—OH) bond and
the SiO-H groups are appeared by the very broad IR

@ Springer
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Table 3 Synthesis of DHPMs 0 o)
and DHPs by ultrasonic/ Ar SBA-SOz;H )J\/u\ SBA-SO;H
nonoreactor bifunctional (10 mol%) n O/R (10 mol%)
method EtOH-r.t. P EtOH-r.t.
- A0 * k NH,0Ac
) u s
1)) U.S. m
Urea K=
K=1 =1
nm—= 0 E=Ester m= 1
MeO,C CO,Me EtO,C CO,Et EtO,C CO,Et
| MeO,C CO,Me
N
H
(3a, 82%) (3b, 86%) (3d, 83%
3c 80%)
MeO,C. ; CO,Et MeO.C
2 /]\Q Et02 NH Et02
0 N/&O
(3e, 86%) .
(4a, 88/° (4b, 90% (4c, 96%
Et0,C MeO,C
MeO,C 2 EtO,C. NH
2 NH /ﬁ 2 NH /&
/g N 0 /g N (0]
0 0 .
(de, 98% (40, 55%)
(4d, 97% (4f, 95%

Reaction is performed at room temperature in EtOH during 25 min

absorption band in the 3100-3700 cem™! region (Fig. 2).

and pharmaceuticals [19]. Herein, we report one-step

Also this broad band is more intense than that of SBA-15/
SH which reveals the generation of new —O-H groups on
the surface after oxidation of —SH group. Moreover, some
peaks between 2900 and 3000 cm™' can be assigned to
aliphatic chain of the grafted thiol and sulfonic acid groups
on the surface.

Diffraction peaks at the below 2° corresponding to the (1
00), (110), and (2 0 0) are readily recognized from the
XRD pattern of SBA-15 (Fig. 3). The observed diffraction
peaks agree with the 2D-hexagonal SBA-15 [18].

The SEM and TEM images as morphological and
channels study of SBA-15 mesoporous material are pre-
sented in the Fig. 4.

Highly substituted imidazole derivatives are of impor-
tant class of compounds in the field of organic chemistry

@ Springer

synthesis of imidazoles via a multicomponent condensation
of Benzil, aldehyde, NH;OAc and amines based on our
discovered bifunctional sonochemistry/SBA-SOz;H. For
our study, Benzil, benzaldehyde NH,OAc and aniline were
chosen as the benchmark substrates in the model reaction
(Table 1).

In model reaction, to obtain the desired product (1,2,4,5-
tetraphenyl imidazole), we tested the reaction using dif-
ferent conditions, both high speed stirrer (HSS) and ultra-
sonic (US), in presence of organic—inorganic hybrid —-SO;H
functionalized SBA-15 family nanoreactor. As shown in
Table 1, the use of SBA-15/SO5H catalysts in high speed
stirrer (HSS) method under solvent-free condition led to
desired product after 4 h in 90 % yield (entry 5). Per-
forming the reaction in the presence of sulfonic acid porous
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nanoreactor SBA-15 resulted at same condition, the yield
of product was 94 % in sonicated condition after 8§ min in
compared of alternative HSS method (entry 5). For next
steps, sonicated SBA-15/SO;H nanoreactor in reaction
condition as an efficient and ultra-fast combined bifunc-
tional method of ultrasonic/nonoreactor was selected.

To demonstrate the diversity of this combined ultrasonic
and SBA-15/SO3;H catalytic system and to expand the
scope of the process, the optimized conditions were applied
to a series of 1,2,4,5-tetrasubstituted imidazoles via a four-
component condensation. Also, this new method was fur-
ther explored for the synthesis of 2,4,5-trisubstituted imi-
dazoles by the condensation of aldehyde, benzil with two
equivalent of ammonium acetate under similar conditions.
The obtained results are summarized in Table 2. As indi-
cated in Table 2, when using benzyl amine instead of
aniline, a raise on the yields can be observed.

With these results in hand we decided to explore the
scope of this method (ultrasonic/nanoreactor combined
system). In the other hand, dihydropyrimidinones
(DHPMs) and dihydropyridines (DHPs) have attracted
considerable interest in recent years because of their
medicinally important. However, the developments in this
area demand further searches for new methods and
diversity in reagents that could be superior to the existing
ones with regard to generality, simplicity, high yields and
handling [20]. The catalytic activity of combined ultra-
sonic/nanoreactor system in the synthesis of DHPMs and
DHPs by the condensation of aldehyde, f-dicarbonyl
compound and ammonium acetate or urea was studied.
The use of sonochemistry/nonoporous bifunctional
received considerable attention as a heterogeneous and
recyclable catalyst to afford the corresponding excellent
yields of products in our study based on multicomponent
synthesis of dihydropyrimidinones and dihydropyridines
(Table 3). As can be seen, the presence of electron
withdrawing group on benzaldehyde has positive effect on
the product yields of dihydropyrimidinones. Nevertheless,
there was no significant change on the product yields of
dihydropyridines by inserting an electron-withdrawing
group on benzaldehyde.

Although we don’t have a proven mechanism for
ultrasonic/SBA-SO;H in an experimental manner, a pos-
sible schematic of the catalytic pathway is proposed in
Fig. 5. Ultrasonication can have assisting effect on the
reactions and a positive effect on the mass transfer through
the pores. Beyond this, —SO3H can protonate the carbonyls
and activate them in the reactions.

The possibility of recycling the SBA-SO3;H was also
studied under sonicated conditions. Therefore, We devised
a set of experiments to recover and reuse the SBA-SO;H
catalyst in the synthesis of methyl 6-methyl-2-oxo0-4-phe-
nyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate as a model

®NH,OAc @ RCHO
® RNH, ® Dicarbonyl

Fig. 5 Plausible mechanism for ultrasonic/SBA-SOs;H

100 1
50 A
40
30 A
20
10 1
1 2 3 4 S 6

Run

8388

%Yield

Fig. 6 Recyclability study on the synthesis of DHPM 4a

reaction for synthesis of DHPMs class. It can be seen that
the catalyst was highly reusable under the investigated
reaction conditions while catalytic activity after six runs
has been kept almost unaltered (Fig. 6).

5 Conclusion

In summary, covalently functionalized sulfonic acid on
mesoporous SBA-15 in the presence of ultrasound medium
acts synergistically in viewpoint of catalyst activity. As a
result, an inexpensive heterogeneous, green and reusable
catalyst for synthesis of the some heterocyclic compounds
including imidazoles, DHPMs and DHPs based on multi-
component coupling method was developed. This new
method, ultrasonication induction to SBA-SO;H raises the
mass transfer with no need to anchor, confine or embed an
additional hydrophobic group or ionic liquid and hence,
increases the catalytic efficiency.
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