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Abstract. In this study, a simple and green method has been developed for the synthesis of bisphenolic
antioxidants by the reaction of 2-fert-butyl-4-methylphenol and aldehydes in the presence of sulphonated multi-
walled carbon nanotubes (MWCNTs—SO3H) as heterogeneous, robust and reusable catalysts under solvent-
free conditions. MWCNTs—-SO3H was prepared and characterized by some microscopic and spectroscopic
techniques including scanning electron microscopy, transmission electron microscopy, FT-IR spectroscopy and
Raman spectroscopy. Acidity of the catalyst was measured by acid-base titration. The catalyst was reused
several times without efficient loss of its activity for the preparation of bisphenolic antioxidants. In addition,
high yields of the products, relatively short reaction times, being solvent-free and non-toxicity of the catalyst

are other worthwhile advantages of the present method.
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1. Introduction

Diarylmethanes (DAMs) and triarylmethanes (TAMs)
are very important materials in organic chemistry. Some
DAMs and TAMs have been used as dyes,"? protect-
ing groups for nucleosides, carbohydrates,** anticancer
drugs,’ epoxy resins,® and antioxidants.”® Bisphenolic
antioxidants are an important class of DAMs and
TAMs. Bisphenolic antioxidants are substances that
play important roles in dealing with oxidative damages
caused by reactive oxygen species.” Bisphenolic
antioxidants neutralize these types of oxygen by inter-
cepting and interacting with reactive radicals. This fact
is still important in many research areas and consider-
able efforts are directed toward the synthesis of TAMs
and DAMs.

DAMs and TAMs are usually manufactured by
an acid catalysed condensation reaction of car-
bonyl and aromatic compounds. Several synthetic
methods by using H,SO,,'° HCL'' trifluroacetic
acid,'? heteropoly acids,'? zeolites,'* silica sulphuric
acid,” [Ir (COD)Cl],-SnCl,,'%* AuCl; or AuCls/

*For correspondence

Sulphonated carbon nanotubes; acidic catalyst; bisphenolic antioxidant; solvent-free;

AgOTT,'%* Cu(OTf),,'%¢ FeCls,'*? Yb(OTT);'% and
AcBr/ZnBr,/Si0,'®" have been developed for the
preparation of DAMs and TAMs. Using homogeneous
acid catalysts has several disadvantages such as being
corrosive, difficulty in recovery, high toxicity, safety
and handling."®> However, in spite of their potential
applications, many of the published papers report long
reaction times '>!*!¢ and excess amount of catalyst'*
for a successful reaction. In addition, the use of toxic
organic solvent'®'%!® and non-reusable catalyst!®'¢
confine the usefulness of some reported studies. There-
fore, considerable attempts have been made for the
development of suitable solid acid catalysts in a wide
range of organic transformations. !’

The superior properties of carbon nanotubes
(CNTs)'® and their wide ranges of potential appli-
cations in medicine,!® electronic instruments, optic
devices?® and catalytic applications,?! have made
them an important material in science and techno-
logy. Due to the high specific surface area of CNTs;
they are effective supports for the synthesis of solid
acid catalysts. Sulphonated multi-walled carbon nano-
tubes (MWCNTs-SO;H) are useful as solid acid
catalyst in organic transformations. In recent years,

1185



1186 Reza Fareghi-Alamdari et al.
OH OH
(H3C)sC O O C(CHy);
O
OH
(HC)sC e o
+ SO;H@CNT e
or _— or x
110-140°C Solvent-free A
CHa CHO |
XX / OH 7 oH
(H3C)sC O C(CHa)s
CHs CHs
Scheme 1. Synthesis of bisphenolic antioxidants catalysed by MWCNTs—SOzH.

MWCNTs-SO;H has been produced by some reported
methods. >

In continuation of our interest towards develop-
ment of acidic nanocatalysts,?® in this study, we wish
to report a facile and environmental-friendly method
for the synthesis of bisphenolic antioxidants using
MWCNTs-SO;H as reusable solid acid catalyst under
solvent-free conditions (scheme 1).

2. Experimental
2.1 Materials and apparatus

MWCNTs-SO;H was prepared by modification of the
method reported by Peng et al.>* as shown in scheme 2.
The chemicals used in this study were purchased
from Fluka and Merck chemical companies. MWCNTSs
(purity >96%) were purchased from Research Insti-
tute of Petroleum Industry (RIPI-Iran). The specifica-
tions of CNTs, used in this study, are listed in table 1.
Melting points were determined using melting point [A
8103 apparatus. FT-IR spectra were obtained with KBr
pellets in the range of 4004000 cm™' with a Nicolet-
860 spectrometer. '"H NMR spectra were recorded in
DMSO-(ds) solvent on a Brucker-Avance 500 MHz

1) Sonic. 30 min
2) HCI: HNO5 80°C 4 h
3 -

3) Several times wash with
deionized water

4)120°C20 h

=z 0
—HZ0

(Step I)

—COOH

spectrometer using TMS as an internal standard. Raman
spectra were recorded with an Almega Thermo Nicolet
Dispersive Raman spectrometer excited at 532 nm.
Scanning electron micrographs of CNTs were taken on
a Philips XL30 SEM instrument. Transmission electron
micrographs were recorded with a JEOL-JEM 2010
microscope.

2.2 General procedure for synthesis of bisphenolic
antioxidants in the presence of MWCNTs—SOzH under
solvent-free conditions

In a 25 ml flask equipped with a condenser and
magnetic stirring bar, a mixture of 2-fert-butyl-4-
methylphenol (9 mmol), aldehyde (3 mmol) and
MWCNTs-SO;H (35 mg) was heated at 140°C under
solvent-free conditions for appropriate time according
to table 2. Progress of the reaction was monitored by
TLC (n-hexane/ethyl acetate 10:3). After completion
of the reaction, the mixture was cooled to room tem-
perature and 15 ml acetone (3 x 5 ml) was added.
The catalyst was filtered by simple filtration. The liquid
was recovered by evaporation on a rotary evaporator.
Then, the solid materials were washed with n-hexane
(5 ml) and deionized water, successively, to afford pure

?OaH
—SO3H
1) Sonic. 30 min HOsS— C —SOZH
2) H,SO4 (98%) 300°C 20 h
N _SO3H
3) Several times wash with T
deionized water — SO3H
HOaS— —SOH
4)120°C 24 h I 3
SO:H

(Step II)

Scheme 2. Preparation of MWCNTs-SO;H.



Synthesis of bisphenolic antioxidants catalysed by MWCNTs—-SOsH

Table 1. Specification of MWCNTS used in this study.

MWCNTs
Diameter (nm) Length (um) Specific surface area (m?/g)

10-15 30 >500

products. The pure products were kept in an oven at
80°C for 24 h. All the products were identified by
FT-IR, "H NMR and melting points.

2.3 Acidity of MWCNTs-SO;H

Density of SO;H groups in the MWCNTs was
determined by acid—base titration. Acid-base titration
showed that the amount of SO;H attached to MWCNTSs
is 1.80 mmol. g~!.
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2.4 Reusability of the catalyst

Recovery and reusability of the MWCNTs-SO;H is
very important factor in practice and also from an
economical viewpoint. Reusability of the MWCNTs—
SO;H was investigated in the reaction of 2-tert-butyl-
4-methylphenol and 4-chloro-3-nitrobenzaldehyde. At
the end of each reaction, the catalyst was isolated by
filtration, washed exhaustively with chloroform and
ethanol, and dried at 120°C for 24 h before being
used with fresh 2-fert-butyl-4-methylphenol and alde-
hyde. The catalyst can be reused 10 times without any
reduction in its catalytic activity.

2.5 Spectroscopic and physical data
2.5a 6,6'-((4-Nitrophenyl)methylene )bis(2-(tert-butyl)4-

methylphenol) (table 3, Compound 3a): Mp 217-
219°C; IR (KBr) v (cm™!) 3608, 3507, 2955, 1600,

Table 2. Optimization of reaction conditions for MWCNTs—SOsH catalysed reaction of TBMP with 4-nitrobenzaldehyde
(2a).
NO,
OH CHO
(HsC)3C O
MWCNTs-SO;H OH OH
+
—>
2 (HaC)sC C(CHa)s
CHs NO, O O
TBMP 2a CHs CHs
3a
Entry MWCNTs-SOs;H (mg) TBMP (mmol) Aldehyde (mmol) Solvent T(°C) Time (min) Yield (%)*
1 35 6 3 n-hexane Reflux 120 10
2 35 6 3 CH;CN Reflux 120 45
3 35 6 3 H,O Reflux 120 40
4 35 6 3 CH3CN/H,O Reflux 120 35
5 35 6 3 CH3;NO, Reflux 120 50
6 35 6 3 Solvent-free 60 120 55
7 35 6 3 Solvent-free 80 90 55
8 35 6 3 Solvent-free 100 75 60
9 35 6 3 Solvent-free 120 45 65
10 35 6 3 Solvent-free 140 25 65
11 35 7.5 3 Solvent-free 140 25 85
12 35 9 3 Solvent-free 140 25 95
13 35 10.5 3 Solvent-free 140 25 95
14 0 9 3 Solvent-free 140 180 5
15 20 9 3 Solvent-free 140 90 50
16 30 9 3 Solvent-free 140 60 80
17 35 9 3 Solvent-free 140 25 95
18 40 9 3 Solvent-free 140 25 95

4 isolated yield
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Table 3. Synthesis of bisphenolic antioxidants in the presence of MWCNTs—SO;H.
OH
OH R OH
H3C)3C
(FsCls (H3C)sC C(CHs)s
2 + RCHO MWCNTS—SO3H>
110-140 °C, Solvent-free
2 a-m 3 a-m
CHs CH CH
3 3
Entry Aldehyde Product Yield (%)° Time (min)
1 4-Nitrobenzaldehyde (2a) 3a 95 25
2 3-Nitrobenzaldehyde (2b) 3b 95 30
3 4-Chloro-3-nitrobenzaldehyde (2¢) 3c 100 (100)¢ 15 (12)°
4 4-Chlorobenzaldehyde (2d) 3d 95 25
5 2-Chlorobenzaldehyde (2e) 3e 95 20
6 4-Bromobenzaldehyde (2f) 3f 92 25
7 Benzaldehyde (2g) 3g 90 35
8 4-Methylbenzaldehyde (2h) 3h 87 40
9 3-Methylbenzaldehyde (2i) 3i 88 30
10 3-Hydroxybenzaldehyde (2j) 3j 88 25
11¢ 4-Hydroxybenzaldehyde (2k) 3k Trace 100
12¢ 2-Hydroxy-4-methoxybenzaldehyde (21) 31 Trace 100
134 CH,0 (2m) 3m 100 20
#Reaction conditions: 2-tert-butyl-4-methylphenol (9 mmol), aldehyde (3 mmol), solvent-free, T = 140°C,
catalyst (35 mg)
bIsolated yield
Starting material was recovered from reaction mixture
dReaction conditions: 2-tert-butyl-4-methylphenol (6 mmol), formaline (3 mmol), solvent-free, T = 110°C,

catalyst (30 mg)
®This result was obtained by SWCNTs—SO3H.

1515, 1447, 1347, 1230, 1118, 884. 'H-NMR
(500 MHz, DMSO-ds)§(ppm): 1.39 (18H, s, tert-
butyl), 2.08 (6H, s, CH3), 6.24 (1H, s, Ar;CH), 6.30
(2H, s, OH), 6.93 (2H, s, 3-H TBMP), 7.16 (2H, d,
J = 8 Hz, 2,6-H aldehyde), 7.64 (2H, s, 5-H TBMP),
8.12 (2H, d, J = 8 Hz, 3, 5-H aldehyde). Anal. Calcd
for C,oH3sNOy: C, 75.46; H, 7.64; N, 3.03%. Found:
C,75.62; H,7.39; N, 2.95%.

2.5b  6,6'-((3-Nitrophenyl)methylene)bis(2-(tert-butyl)4-
methylphenol) (table 3, Compound 3b): Mp 174-
176°C; IR (KBr) v (cm™!) 3542, 3477, 3004, 2956,
2015, 1530, 1441, 1344, 1175, 696. 'H-NMR
(500 MHz, DMSO-d¢)é(ppm): 1.39 (18H, s, tert-
butyl), 2.14 (6H, s, CH3), 6.25 (1H, s, Ar;CH), 6.30
(2H, s, OH), 6.94 (2H, s, 3-H TBMP), 7.35 (1H, d,
J = 7.3 Hz, 5-H aldehyde), 7.55 (1H, t, J/ = 7.3 Hz,
6-H aldehyde), 7.65 (2H, s, 5-H TBMP), 7.72 (1H, s,
2-H aldehyde), 8.06 (1H, d, J = 7.3 Hz, 4-H alde-
hyde). Anal. Caled for CooH3sNO,: C, 75.46; H, 7.64;
N, 3.03%. Found: C, 75.55; H, 7.69; N. 3.00%.

2.5¢ 6,6'-((4-Chloro-3-nitrophenyl)methylene)bis(2-
(tert-butyl)4-methylphenol) (table 3, Compound 3c):
Mp 201-203°C; IR (KBr) v (cm™!) 3564, 3522, 3000,
2951, 2914, 1530, 1470, 1364, 1185, 1155, 1051, 842,
766, 664, 482. '"H-NMR (500 MHz, DMSO-d;)8(ppm):
1.34 (18H, s, tert-butyl), 2.09 (6H, s, CH3), 6.20
(1H, s, Ar;CH), 6.30 (2H, s, OH), 6.94 (2H, s, 3-H
TBMP), 7.17 (1H, d, J = 7.9 Hz, 6-H aldehyde), 7.52
(1H, s, 5-H aldehyde), 7.63 (1H, d, J = 1.3 Hz, 2-H
aldehyde), 7.64 (2H, s, 5-H TBMP). Anal. Calcd for
C29H34C1NO42 C, 7022, H, 691, N, 2.82%. Found: C,
70.55; H, 7.09; N. 2.85%.

2.5d 6,6'-((4-Chlorophenyl)methylene)bis(2-(tert-
butyl)4-methylphenol) (table 3, Compound 3d): Mp
203-205°C; IR (KBr): v (cm™!') 3564, 3517, 2993,
2913, 2861, 1441, 1410, 1174, 1090,1015, 873, 762.
'"H-NMR (500 MHz, DMSO-ds)8(ppm): 1.38 (18H,
s, tert-butyl), 2.08 (6H, s, CH3), 6.06 (1H, s, Ar;CH),
6.30 (2H, s, OH), 6.90 (2H, s, 3-H TBMP), 6.92 (2H, d,
J =7.4 Hz, 2,6-H aldehyde), 7.29 (2H, d, J = 7.4 Hz,
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3,5-H aldehyde), 7.54 (2H, s, 5-H TBMP), Anal. Calcd
for C,oH35Cl10O,: C, 77.22; H, 7.82%. Found: C, 77.55;
H, 7.59%.

2.5¢ 6,6'-((2-Chlorophenyl)methylene)bis(2-(tert-
butyl)4-methylphenol) (table 3, Compound 3e): Mp
193-195°C; IR (KBr): v (cm™!) 3577, 3515, 3000,
2962, 2914, 2866, 1440, 1360, 1182, 1045, 869, 757,
663. 'H-NMR (500 MHz, DMSO-dy)8(ppm): 1.32
(18H, s, fert-butyl), 2.16 (6H, s, CH3), 6.23 (1H, s,
Ar;CH), 6.20 (2H, s, OH), 6.61 (1H, t, / = 6.9 Hz, 4-H
aldehyde), 6.92 (2H, s, 3-H TBMP), 7.20 (2H, m, 5,6-
H aldehyde), 7.39 (1H, d, J = 7.08 Hz, 3-H aldehyde),
7.46 (ZH, S, 5-H TBMP) Anal. Calcd for C29H35C1021
C,77.22; H, 7.82%. Found: C, 77.15; H, 7.80%.

2.5t 6,6'-((4-Bromophenyl)methylene)bis(2-(tert-
butyl)4-methylphenol) (table 3, Compound 3f): Mp
210-212°C; IR (KBr): v (cm™!') 3560, 3517, 3026,
2944, 2862, 1441, 1251, 1216, 1175, 1010, 873,
825,424. '"H-NMR (500 MHz, DMSO-d)8(ppm): 1.33
(18H, s, tert-butyl), 2.08 (6H, s, CH3), 6.04 (1H, s,
Ar;CH), 6.30 (2H, s, OH), 6.85 (2H, d, J = 8.34 Hz,
2,6-H aldehyde), 6.90 (2H, s, 3-H TBMP), 7.42 (2H,
d, J = 8.32 Hz, 3,5-H aldehyde), 7.55 (2H, s, 5-H
TBMP) Anal. Calcd for C29H35Br02: C, 7030, H,
7.12%. Found: C, 70.15; H, 7.30%.

2.5g 6,6'-(Phenylmethylene)bis(2-(tert-butyl)4-methyl-
phenol) (table 3, Compound 3g): Mp 176-178°C;
IR (KBr): v (cm™') 3562, 3495, 3001, 2930, 1870,
1443, 1215, 873, 645. 'H-NMR (500 MHz, DMSO-
ds)$(ppm): 1.33 (18H, s, tert-butyl), 2.07 (6H, s, CH3),
6.06 (1H, s, Ar;CH), 6.33 (2H, s, OH), 6.89 (2H, s,
3-H TBMP), 6.92 (2H, d, J = 6.2 Hz, 3,5-H aldehyde),
7.17 (1H, t, J = 7.00 Hz, 4-H aldehyde), 7.24 (2H, d,
3,5-H aldehyde), 7.53 (2H, s, 5-H TBMP). Anal. Calcd
for C,oH3605: C, 83.61; H, 8.71%. Found: C, 83.44; H,
8.66%.

2.5h 6,6'-( p-Tolylmethylene)bis(2-(tert-butyl)4-methyl-
phenol) (table 3, Compound 3h): Mp 195-197°C;
IR (KBr): v (cm™") 3542, 3514, 2948, 2916, 1470,
1141, 1320, 1178, 847, 760, 666. "H-NMR (500 MHz,
DMSO-dgs) §(ppm): 1.33 (18H, s, tert-butyl), 2.07
(6H, s, CHj3), 2.25 (3H, s, CHs;-aldehyde), 5.99
(1H, s, Ar;CH), 6.33 (2H, s, OH), 6.80 (2H, d,
J = 7.82 Hz, 3,5-H aldehyde), 6.88 (2H, s, 3-H
TBMP), 7.04 (2H, d, J = 7.82 Hz, 2,6-H aldehyde),
7.48 (2H, s, 5-H TBMP). Anal. Calcd for C;yH330,: C,
83.67; H, 8.89%. Found: C, 83.64; H, 8.96%.

1189

2.51 6,6'-(m-Tolylmethylene)bis(2-(tert-butyl)4-methyl-
phenol) (table 3, Compound 3i): Mp 166-168°C;
IR (KBr): v (cm™!) 3552, 3524, 2948, 2906, 1466,
1141, 1318, 1168, 847, 760, 656. 'H-NMR (500 MHz,
DMSO-d¢) S§(ppm): 1.33 (18H, s, tert-butyl), 2.07
(6H, s, CHj3), 2.16 (3H, s, CHj-aldehyde), 6.01
(1H, s, Ar;CH), 6.34 (2H, s, OH), 6.65 (1H, d,
J =7.95 Hz, 6-H aldehyde), 6.90 (2H, s, 3-H TBMP),
6.98 (1H, t, J = 7.60 Hz, 5-H aldehyde), 7.48 (2H, s,
5-H TBMP). Anal. Calcd for C50H330,: C, 83.67; H,
8.89%. Found: C, 83.74; H, 8.86%.

2.5] 6,6'-((3-Hydroxyphenyl)methylene)bis(2-(tert-
butyl)4-methylphenol) (table 3, Compound 3j): Mp
196-198°C; IR (KBr): v (cm™') 3544, 3497, 3001,
2957, 2914, 1599, 1444, 1254, 1176, 868, 766,466.
'H-NMR (500 MHz, DMSO-ds)8(ppm): 1.28 (18H,
s, tert-butyl), 2.09 (6H, s, CH3), 5.91 (1H, s, Ar;CH),
6.35 (2H, s, OH), 6.35 (2H, d, J = 7.65 Hz, 2,6-H
aldehyde), 6.56 (1H, d, J = 7.25 Hz, 6-H aldehyde),
6.89 (2H, s, 3-H TBMP), 7.03 (1H, t, J = 7.76 Hz,
5-H aldehyde), 7.49 (2H, s, 5-H TBMP), 9.16 (1H, s,
OH aldehyde). Anal. Calcd for CyoH3605: C, 80.52; H,
8.39%. Found: C, 80.74; H, 8.26%.

2.5k 6,6'-Methylenebis(2-(tert-butyl)4-methylphenol)
(table 3, Compound 3m): Mp 129-131°C; IR (KBr):
v (cm™") 3533, 3490, 3004, 2957, 2904, 1599, 1444,
1214, 1176, 868, 766,466. 'H-NMR (500 MHz,
DMSO-dg)§(ppm): 1.30 (18H, s, tert-butyl), 2.11 (6H,
s, CH3), 5.84 (2H, s, Ar,CH,), 6.33 (2H, s, OH), 6.89
(2H, s, 3-H TBMP), 7.49 (2H, s, 5-H TBMP), Anal.
Calcd for C,3H;3,0,: C, 81.13; H, 9.47%. Found: C,
81.64; H, 9.54%.

3. Result and discussion
3.1 Preparation of the catalyst

Scheme 2 shows the synthetic route for the preparation
of MWCNTs-SO;H catalysts. In order to increase the
reactivity and purity of MWCNTs and to remove the
catalyst particles such as Fe, Co and Ni, the mixture
of HC1 (37%) and HNO; (63%) were added to the set-
up. This step also introduced oxygen containing groups,
mainly carboxyl groups, on the CNTs.?"?® Then,
sulphuric acid (98%) was reacted with MWCNTs—
COOH to afford MWCNTs-SOs;H. The schematic of
MWCNTs-SOsH is shown in figure 1.
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Figure 1.

3.2 Characterization of MWCNTs—SO;H

The prepared catalyst was characterized by scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), FT-IR spectroscopy, Raman spec-
troscopy, dispersibility test in various organic solvents
and acid-base titration.

3.2a Microscopic characterizations: The SEM and
TEM images of MWCNTs before and after H,SO,
treatment are shown in figure 2. SEM images
(figure 2a, b) clearly indicate that functional groups
such as sulphonic acid are attached to MWCNTs. Com-
pared with the pristine MWCNTs, MWCNTs-SO;H is

SOH |
TOa"'T%H ’ :

|
SO:H

Schematic representation of MWCNTs—SO3;H.

covered by a layer of foreign matter, resulting in thick-
ened MWCNT bundles and a denser network of nano-
tubes. TEM images (figure 2c, d) also show that SO;H
group is supported on the CNTs. Foreign matter con-
sists of groups of sulphonic acids and is marked by
white arrows.

3.2b  Spectroscopic characterizations: Spectroscopic
data confirmed that functionalization of CNTs with sul-
phonic acids has occurred. Figure 3, shows the FT-IR
spectra of pristine MWCNTs, MWCNTs—COOH and
MWCNTs-SO;H. FT-IR is mainly used to identify the
presence or absence of functional groups in organic

Figure 2. SEM images: (a) MWCNTs and (b) MWCNTs-SO3;H; TEM images; (¢) MWCNTs and (d) MWCNTs-SO3H.
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Figure 3. FT-IR spectra. (a) MWCNTSs, (b) MWCNTs—
COOH and (¢) MWCNTs-SOsH.

chemistry. The high symmetry presented on pristine
MWCNTs generates very weak infrared signals, due to
weak difference in charge states and very small induced
electric dipole. The peak related to C=C double bond
at approximately 1500 cm™! is not seen in the spectrum
of pristine MWCNTs (figure 3a). Functionalization
breaks the symmetry of CNTs, which enhances gene-
ration of induced electric dipoles and signs as detected.
FT-IR spectrum of MWCNTs—COOH is shown in
(figure 3b). This spectrum shows lines at about 1650—
1700 cm™', which could be assigned to C=0 stretching
mode of the COOH group. The broad band centred at
about 3300 cm™! is the contribution of the OH stretch-
ing mode of COOH groups.?” The HNO;: HCI oxida-
tion process introduces not only carboxylic acid, but
also alcohol or ketone species.? A weak line at approxi-
mately 1150 cm™' from the C-O stretching mode in
alcohol species can be observed.?’ Sulphuric acid treat-
ment also results in the appearance of peaks at about
1300 and 1120 cm™!, which corresponds to SO, asym-
metric and symmetric stretching modes, respectively. In
addition, in the low frequency part of spectrum the line
at 550 cm™! was assigned to C-S stretching mode, sug-
gesting the existence of covalent sulphonic acid groups
(figure 3c).

Raman spectroscopy is a technique frequently used
to characterize CNTs.*® In the region spectrum of
1300-1600 cm™!; two bands are observed showing
the characteristic of CNTs. These bands point out the
graphite band (G-band) and disorder and defects of the
structure, named D-band. The ratio between the inten-
sity of the D-band and the G-band, noted Iy, value,
corresponds to a higher proportion of sp* carbon.?!' In
the low frequency part of the spectrum, there is a sec-
ond region characteristic of CNTs; this region is named
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radial breathing mode (RBM). The RBM Raman fea-
tures (appearing between 150 and 250 cm™! for SWC-
NTs within 1 < d; < 3 nm) corresponds to atomic
vibration of carbon atoms in radial directions, as if
the tube was breathing.’*! These features are very
useful for characterizing nanotube diameter. Schematic
pictures showing atomic vibrations for RBM and G-
band modes of CNTs are shown in figure 4. Figure 5
shows the Raman spectra of MWCNTs, MWCNTs—
COOH and MWCNTs-SO;H. As shown in figure 5(a)
the spectrum exhibits three peaks at about 1320, 1571
and 2660 cm™!. The feature in 1571 cm™! is identi-
fied with the tangential mode (G-band). The origin of
the line at 1320 cm™! is the D-band and its appearance
has been tentatively assigned to a symmetry lowering
effect, such as the presence of nanoparticles (synthesis
of CNTs) and functional groups such as sulphonic acid
on the side walls of MWCNTs. The line at 2660 cm™!
has been attributed to the overtone of the D-band (G'-
band). We can calculate that I,/ I values of MWCNTs,
MWCNTs—COOH and MWCNTs—SO;H are 0.24, 0.37
and 0.84, respectively. This increasing value implies
that a strong damage to the side walls of CNTs is due to
functionalization. Existence of RBM in figure 5(c) indi-
cated that MWCNTs are still in their tubular structure
after treatment with sulphuric acid and functionaliza-
tion, although some MWCNTSs were probably damaged
by strong oxidation. Results obtained by Raman spec-
troscopy showed good agreement with results of FT-IR
spectroscopy.

3.2c Dispersibility of MWCNTs—-SO;H: Dispersibil-
ity of MWCNTs was significantly enhanced by
functionalization. Figure 6 shows dispersed states of
MWCNTs, MWCNTs—COOH and MWCNTs-SO;H

G-band

i“tﬂc“

(a) RBM (b)
TeCole®

Fc‘r‘ ‘}‘é
?f X

Figure 4. Two modes of stretching in CNTs.
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Figure 5. Raman spectra. (a) MWCNTs, (b) MWCNTs—COOH and (¢) MWCNTs-SO3H.

samples in various organic solvents used in this study.
The MWCNTs-SO;H (50 mg) dispersed well and
formed uniform dispersion in 20 ml organic solvents.
These dispersions were stable in nitromethane, acetoni-
trile and water, respectively after 100 days. Compari-
son of dispersion analysis images indicates that the sus-
pension stability of the pristine MWCNTSs was poor as
they easily sediment. Sedimentation could be due to
the agglomeration of nanotubes and lack of hydrogen
bonding. Thus, the sulphonation process can be used as
an effective method to obtain dispersive MWCNTs for
variety of applications, for e.g., composites and cata-
lysts. In addition, the highly sulphonated surfaces of
MWCNTs act as proton carrier; therefore they can be
used as solid acid catalysts in organic synthesis.

3.3 Catalytic test

The MWCNTs-SOs;H was used for the synthesis of
bisphenolic antioxidants. First, the reaction parame-
ters such as solvent, temperature, molar ratio of the
reactants and catalyst amount were optimized in the
reaction of 4-nitrobenzaldehyde with 2-terr-butyl-4-
methylphenol in the presence of MWCNTs—SO;H as
a model reaction (table 2). In order to choose the
reaction solvent, the reaction was performed in differ-
ent solvents such as n-hexane, CH;CN, H,O, CH;NO,
and also under solvent-free conditions (table 2, entries
1-6). Entry 6 gave the best result. Solvent-free condi-
tion was chosen as the reaction medium, because of
the higher catalytic activity of MWCNTs-SO;H and

Figure 6. Dispersibility of CNTs in (solvent). (a) MWCNTs (CH3NO,),

(b) MWCNTs-COOH (CH;NO,),
(d) MWCNTs-SO;H (H,0),
MWCNTs-SO;H (CH;NO,).

(¢) MWCNTs-SOsH (n-hexane),

() MWCNTs-SO;H (CH;CN) and (f)
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minimum time of the reaction. In solvent-free condi-
tions, the reactants accomplish as solvent and increased
number of collisions between reactants. Therefore,
higher catalytic activity and minimum time of the reac-
tion occurred. The reaction was studied at various tem-
peratures ranging from 60° to 140°C (table 2, entries
6-10). At 60°C, the yield of reaction was 55% and
it increased to 65% at 140°C. An increase in reaction
temperature of more than 120°C, results in decreased
reaction times and byproducts (O-alkylation). There-
fore, 140°C was chosen as reaction temperature. To
determine appropriate molar ratio of 2-fert-butyl-4-
methylphenol to 4-nitrobenzaldehyde, the reaction was
studied with different molar ratios of reactants and the
best result was obtained with 3:1 molar ratio of 2-fert-
butyl-4-methylphenol to 4-nitrobenzaldehyde (table 2,
entry 12). Generally, 4-nitrobenzaldehyde conversion
increased with an increase in amount of 2-fert-butyl-
4-methylphenol. Using lower amount of 2-tert-butyl-
4-methylphenol resulted in lower yields, while higher
amount of 2-tert-butyl-4-methylphenol did not improve
yield and reaction time. In order to optimize amount of
catalyst, the model reaction was carried out in the pres-
ence of different amounts of catalyst (table 2, entries
14-18). Maximum yield was obtained by 35 mg of cata-
lyst (table 2, entry 17). Further increase in amount of

OH R OH

(H30)3CC(CH3)3 R™ 'H H‘o* (HQC)gc\:
|
>/—5R)\H
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MWCNTs-SOsH, did not affect product yield, but a
lo@@er amount of MWCNTs—SO;H led to lower yield
and higher time of reaction. Indeed in the absence of
MWCNTs-SOsH, the desired product was obtained in
only 5% after 180 min.

3.4 Generality and versatility of initial studies

In this section, we investigated the generality and ver-
satility of this method. A wide range of aromatic alde-
hydes were investigated for their reaction with 2-fert-
butyl-4-methylphenol in the presence of MWCNTs—
SO;H under optimized reaction condition and results
are shown in table 3. Electron-withdrawing substituents
afforded the desired product in high yields within short
reaction times (table 3, entries 1-6), while benzalde-
hyde with electron-donating groups failed to produce
the desired products (table 3, entries 11-12).

The proposed reaction mechanism for MWCNTSs—
SO;H catalysed synthesis of bisphenolic antioxidants
using 2-fert-butyl-4-methylphenol and aldehyde is
shown in scheme 3. The reaction proceeds via a series
of protonic shifts from MWCNTs-SO;H to the sub-
strates. The aldehyde is first activated by protonation
with MWCNTs-SOsH to give 1. Nucleophilic attack

CNTs| g0 -

CH
CHj CH CNTSs | soq 1 3
*OH R
(H3C)sC OH
CNTs __Sos-
CNTs SOa CHz 1T
OH*
(H3C)3C C(CHa)3
CNTSL—soH oW R
(H3C)sC OH
(HsC)C OH / 111 CHs
2
(H3C)3
CNTs -
—SO.
\© CHg 8
v

Scheme 3. Proposed reaction pathway.
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of 2-tert-butyl-4-methylphenol on I affords II and III
which in turn is activated by MWCNTs-SOsH to afford
IV. Nucleophilic attack of second molecule of 2-fert-
butyl-4-methylphenol to IV, gives V which is subse-
quently converted to the desired product and releases
MWCNTs-SO;H for the next catalytic cycle.

3.5 Reusability and stability of catalyst

Reusability of MWCNTs-SO;H is of great impor-
tance from synthetic and economical points of view.
Homogeneous acidic catalysts cannot recovered even
once; in contrast, the MWCNTs-—SO;H catalyst can
be filtered and reused several times without signi-
ficant loss of its activity. Reusability of MWCNTs—
SO;H was investigated in the multiple sequential reac-
tions of 2-fert-butyl-4-methylphenol with 4-chloro-
3-nitrobenzaldehyde. At the end of each reaction,
MWCNTs-SO;H was separated by simple filtration,
washed with ethanol and chloroform and dried at 120°C
for 24 h before using it in the next run. The MWCNTs—
SO;H was consecutively reused 10 times without sig-
nificant loss of its activity (table 4). Initial experimen-
tal studies of SO;H leaching were conducted by acid—
base titration. In all these experiments, no density loss
of SO3H groups was observed. Nature of the reused
catalyst was followed by FT-IR. Results showed no
strong change in FT-IR spectra of MWCNTs-SOsH
after reusing several times.

3.6 Comparison study with SWCNTs—-SOzH as
catalyst

Catalytic properties of multi-walled and single-walled
CNTs were compared for the synthesis of bisphenolic

Table 4. Reusability of MWCNTs—-SOsH.

Run Yield (%)° Time (min)
1 100 15
2 100 15
3 98 15
4 95 15
5 95 15
6 92 15
7 94 15
8 92 15
9 90 15
10 90 15

#Reaction conditions: 2-fert-butyl-4-methylphenol (9 mmol),
4-chloro-3-nitrobenzaldehyde (3 mmol), solvent-free, T =
140°C, catalyst (35 mg)

"Isolated yield

Reza Fareghi-Alamdari et al.

antioxidants. Results showed that there is no significant
difference between these two types of catalyst. Single-
walled CNTs were used for the reaction of acid 2-tert-
butyl-4-methylphenol with 4-chloro-3 nitrobenzalde-
hyde. Observations showed no improvement in reaction
efficiency. However, the reaction time was somewhat
less.

4. Conclusion

In this study, a heterogeneous and stable MWCNTs—
SO;H was prepared and characterized by SEM, TEM,
FT-IR spectroscopy and Raman spectroscopy. The total
surface acidity of SOs;H groups on the MWCNTs was
1.80 mmol.g~!. For the first time, we introduced a
robust, eco-friendly, reusable and stable catalyst as an
efficient catalyst for the synthesis of bisphenolic antioxi-
dants under solvent-free conditions. In addition, rela-
tively short reaction time, high yield of the products,
solvent-free and non-toxicity of the catalyst are other
worthwhile advantages of this study.
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