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Single-walled Carbon Nanotube-triethylammonium Ionic Liquid as
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A new efficient catalytic method for aza/thia-Michael addition reactions of amines/thiols with higher product
yields has been developed. Combining single-walled carbon nanotubes (SWCNT) with triethylammonium
hydrogen phosphate (TEAP) ionic liquid (IL) can work as a catalyst. We utilized Raman spectroscopy to gain
insight into the interactions between IL and SWCNT. The interactions between SWCNT with TEAP were
confirmed by the increasing intensity ratios and spectral shift in wavelength of the Raman D and G bands of
SWCNT. Further, the morphology of the resulting composite materials of TEAP and SWCNT was determined
by using scanning electron microscopy (SEM). Higher product yield in reduced reaction time is the key
advantage of using bucky gel as a catalyst for Michael reaction.
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Introduction

Carbon nanotubes (CNTs) and ionic liquids (ILs) are one
such interesting class of materials having unique properties
and a wide range of applications.'® Organic cations weakly
coordinated with inorganic/organic anion possessing desir-
able properties, and existing as liquids at or close to room
temperature are commonly known as ionic liquids.>® ILs
have proven to be promising solvents for various appli-
cations such as organic synthesis, protein folding, materials
science, electrochemistry and separation technology.”!> On
the other hand, the carbon nanotube (CNTs) due to their
large surface area and exceptional electric properties are
being exploited for the development of nanostructured
materials with various applications.” But the presence of
strong van der Waals attraction among CNTs makes it diffi-
cult to disperse CNTs homogeneously in both organic and
aqueous solvents, which limits their application in many
fields. In order to provide a solution to this problem, ILs
were used to disperse CNTs.!®!7 Nowadays, scientist are
keen interested in exploring the properties and interactions
of ILs and CNTs.!?* Dispersing CNTs with ILs results in
soft materials, commonly known as bucky gels are in high
demand and are found to have wide variety of usage in
chemical, physical and biological applications.’

It was first reported by Fukushima er al.,'° that imida-
zolium based ILs, such as 1-butyl-3-methylimidazolium tetra-
fluoroborate by grinding with single walled carbon nano-
tubes (SWCNTs) can form gel called “bucky gels”. Later,
Wang et al.,” indicated the possibility of weak van der

Waals interaction between imidazolium-based ILs and
SWCNTs. Kocharova er al.,”® further reported that carbon
nanotubes can be effectively dispersed in aqueous solutions
by 1-dodecyl-3-methylimidazolium bromide and 1-(12-mer-
captododecyl)-3-methylimidazolium bromide. Further, Aida
and Lee confirmed the formation of bucky gels when
imidazolium ion-based ILs were grounded with SWCNTs.?’
Although Zhou et al.”® investigated that CNTs could be
dispersed stably in water with the aid of very small amounts
of the 1-aminoethyl-3-methylimidazolium bromide and 1-
(2-aminoethyl)-pyridinium bromide. The stability of 1-hexa-
decyl-3-vinyl-imidazolium, a water-soluble long-chain IL
possessing properties of surfactants so as to disperse SWCNTs
was interpreted by Crescenzo et al.* Additional, Fukuda er
al.,’® fabricated a Braille sheet with a CNT-based actuator
composed of SWCNT and ILs. Recently, Moham-madi and
Foroutan explored the structural characteristics along with
the dispersion of the aggregated non-bundled and bundled
CNTs in an IL (1-n-propyl-4-amino-1,2,4-tri-azolium bro-
mide).'® These results revealed that, ILs due to their unique
properties (e.g., low flammability, low or zero volatility,
high thermal stability and ionic conductivity) are a better
CNT dispersant than the conventional organic solvents. And,
the bucky gel so formed founds usage in variety of electro-
chemical applications such as biosensors, capacitors and
actuators.'®?* These composite materials can also be used as
immobilizing matrices electrochemical biosensors to entrap
proteins and enzymes that provide a favorable micro-
environment for redox proteins and enzymes. This retains
their bioactivity, and is also helpful in performing direct
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electrochemistry and electrocatalysis.** Since, the use of
CNT-IL in organic synthesis is very limited so, to exploit the
bucky gel for organic reactions, we examined the Michael
reactions under the influence of CNT-IL.

Michael reaction has been studied for more than one
century.’!™ It has been extensively used for the synthesis of
B-amino carbonyl structural motifs which are embedded in a
wide range of pharmaceutical intermediates, peptide analo-
gues, antibiotics, and other biologically active molecules and
drugs.’'* B-Amino carbonyl compounds represent versatile
building blocks for the synthesis of B-amino acid deriva-
tives, amino alcohols, diamines and many of which serve as
important antibiotics or other drugs.’’ Michael reaction
provides a promising method due to its simplicity and atom
economy. The aza-Michael reaction involves the reaction of
activated alkenes and amines. While, the thia-Michael addi-
tion to a,B-unsaturated carbonyl compounds provide a prac-
tical strategy for the selective protection of C=C bonds of
conjugated enones.

Unfortunately, the reaction suffers from many limitations,
such as the use of expensive reagents, harsh conditions,
relatively long reaction times, high catalyst loading, low
selectivity, presence of side reactions, and tedious work-up
procedures for their separation, recycling, or disposal pro-
blems and effluent pollution. All these limitations forced us
to explore a new, more efficient catalyst with limited draw-
backs.*** So, we have tried to develop a new catalytic system
that has characteristic properties such as good thermal and
mechanical stabilities of supported reagents, and is easy
treatable, low toxic, non-corrosive, easy separable from reac-
tion mixture through filtration, and also feasible for reuse.
Recently, we have developed a catalytic system using tri-
ethylammonium dihydrogen phosphate (TEAP) and MWCNT
and successfully used this to synthesis Michael reaction.** In
this work, we have reported the SWCNT-TEAP bucky gel
characterization and its application as catalyst for Michael
reaction.

Experimental Details

CNTs (single-walled carbon nanotube and multiwalled
carbon nanotube) were obtained from Sigma—Aldrich (USA).
All the reagents used were of AR grade. Melting points were
determined using a Thomas Hoover melting point apparatus
and are uncorrected. 'H (400 MHz) and '*C NMR (100
MHz) spectra were recorded on a Jeol 400 NMR spectro-
meter in CDCl; (with TMS for 'H and chloroform-d for *C
as internal references) unless otherwise stated. The Raman
spectra were measured at room temperature using a confocal
Raman microscope (WITec, Alpha 300 R) with a 514 nm
He-Ne laser. The reactions were monitored by Thin Layer
chromatography (TLC) using aluminum sheets with silica
gel 60 Fass (Merck). Gas chromatography-mass spectro-
metry from Agilent Technologies 7890 GC. CNTs can be
easily dispersed in the TEAP based room temperature IL by
mechanically milling, forming a thermally stable bucky gel
as follows.'¢>>%
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General Procedure for the Preparation of Entry 1-5 by
aza-Michael Reaction. A solution of amine (1 mmol) and
o,B-unsaturated nitriles or carbonyl compounds (1.2 mmol)
was added to SWCNT-TEAP (1 mg) and the mixture was
stirred at 25 °C for 1 min. The completion of the reactions
was monitored using TLC. The product formed in the one-
phase system, was extracted with diethyl ether. The resulting
organic phase extract was washed with a saturated aqueous
NaHCOj; solution, and then dried over anhydrous Na,SOs.
The solvent was removed and the residue was further puri-
fied by recrystallization or silica gel chromatography. The
reaction products were analyzed with 'H and *C NMR
spectroscopy. 'H and '*C NMR of entry 1-5 are given below:

3-[4-(4-Nitrophenyl)piperazin-1-yl]propionitrile (entry
1): Yellow solid, mp 92-94 °C; '"H NMR (CDCls) & 2.68 (m,
8H), 3.44 (d, /=4.5 Hz, 4H), 6.81 (d, /=9.12 Hz, 2H), 8.10
(d, J = 9.06 Hz, 2H). '*C NMR (75 MHz, CDCl;) § 16.0,
46.8,52.0,53.0, 112.7, 118.4, 125.8, 138.5, 154.6.

3-[4-(4-Aminophenyl)piperazin-1-yl]propionitrile (entry
2): Brown solid, mp 92-94 °C; '"H NMR (CDCl;) § 2.56 (t, J
= 6.7 Hz, 2H), 2.65 (t, J = 4.5 Hz, 4H), 2.76 (t, J = 6.7 Hz,
2H), 3.05 (t, J=4.6 Hz, 4H), 3.29 (s, 2H), 6.64 (s, 2H), 6.80
(d, J = 8.2 Hz, 2H). *C NMR (CDCls) § 15.7, 30.6, 50.7,
52.7,53.2,116.0, 118.6, 140.2, 144.1.

3-[4-[(Benzo[1,3]dioxol-5-yl)methyl]|piperazin-1-yl]pro-
pionitrile (entry 3): Mustard colour oil; '"H NMR (CDCls) &
2.49 (m, 10H), 2.68 (t, J = 6.98 Hz, 2H), 3.40 (s, 2H), 5.93
(s, 2H), 6.73 (s, 2H), 6.83 (s, 1H). *C NMR (CDCl;) § 15.6,
31.7, 52.5, 53.1, 62.4, 100.7, 107.7, 109.3, 122.0, 138.0,
148.5, 151.2.

3-[4-(4-Chlorophenyl)piperazin-1-yl]propionitrile (entry
4): Light yellow solid, mp 98-100 °C; 'H NMR (CDCl;) &
2.55(t, J=6.8 Hz, 2H), 2.66 (t, /= 4.6 Hz, 4H), 2.74 (t, J =
6.9 Hz, 2H), 3.17 (t, / = 4.6 Hz, 4H), 6.83 (d, /= 6.9 Hz,
2H), 7.20 (d, J = 6.9 Hz, 2H). *C NMR (75 MHz, CDCl;) §
15.9,49.0,52.5, 117.3, 118.5, 124.7, 128.9, 149.6.

3-(4-Phenylpiperazin-1-yl) cyclohexanone (entry 5):
Colorless oil: 'H NMR (CDCl3) § 1.71 (m, 2H), 2.1 (m, 2H),
2.4 (m, 3H), 2.8 (m, 6H), 3.20 (t, J=4.95 Hz, 4H), 7.92 (m,
3H), 7.29 (m, 2H). C NMR (CDCl;) § 22.4, 28.1, 41.2,
44.4,48.9,49.5,63.2,116.1, 119.8, 129.1, 151.2, 210.5.

General Procedure for the Preparation of Entry 6-8 by
thia-Michael Reaction. A solution of thiol (I mmol) and
o,B-unsaturated nitriles or carbonyl compounds (1.2 mmol)
was added to SWCNT-TEAP (1 mg) and the mixture was
stirred at 25 °C for 1 min. The completion of the reactions
was again monitored using TLC. The product formed in the
one-phase system, was further extracted with diethyl ether.
The resulting organic phase extract was washed with a
saturated aqueous NaHCO; solution, and then dried over
anhydrous Na;SOjs. The solvent was removed and the residue
was purified by recrystallization or silica gel chromato-
graphy. The reaction products were then analyzed with '"H
and *C NMR spectroscopy. 'H and '>C NMR of entry 6,7
are given below:

3-(2-Methoxyphenylsulfanyl)butyraldehyde (entry 6):
Colorless oil; '"H NMR (CDCl;) § 2.68 (m, 3H), 3.89 (s, 3H),
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6.89 (m, 3H), 7.32 (m, 1H). >*C NMR (CDCl;) § 21.0, 35.8,
50.2,55.7,110.9, 121.0, 121.3, 127.6, 129.4, 159.1, 200.9.

3-p-Tolylsulfanyl-butyraldehyde (entry 7): Colorless
oil; '"H NMR (CDCls) 6 1.36 (d, J = 6.90 Hz, 3H), 2.42 (s,
3H), 2.62 (m, 2H), 3.69 (m, 1H), 7.36 (m, 4H), 9.75 (s, 1H).
BC NMR (CDCl;) § 20.8, 21.0, 36.9, 50.2, 126.5, 126.7,
127.5, 130.5, 132.6, 133.3, 140.2, 200.4.

Synthesis of Triethylammonium Dihydrogen Phosphate
(TEAP). The synthesis of ionic liquids was carried out in a
250 mL round-bottomed flask, which was immersed in a
water-bath and fitted with a reflux condenser. Phosphoric
acid (1 mol) was dropped into the triethyl amine (1 mol) at
70 °C for 1 h. The reaction mixture was heated at 80 °C with
stirring for 2 h to ensure that the reaction had proceeded to
completion. The reaction mixture was then dried at 80 °C
until the weight of the residue remained constant. The
sample was analysed by Karl Fisher titration which revealed
very low levels of water (below 70 ppm). The yield of TEAP
was 198 gm, mp 92 °C; '"H NMR (DMSO-ds) & 1.18 (t, 9H),
3.06 (m, 6H), 6.37 (s, 1H).

Result and Discussion

In above mentioned approach, we have used a combina-
tion of IL (triethylammonium dihydrogen phosphate (TE-
AP)) and CNT (SWCNT) commonly known as bucky gel,
for a catalyst of Michael reaction products. In this work, we
further studied the interactions between SWCNT and TEAP
using confocal Raman spectroscopy and the morphology of
the resulting composite materials of TEAP and SWCNT
using scanning electron microscope (SEM). Further, we used
this bucky gel as a catalyst for aza/thia-Michael reaction.
SWCNT can be easily dispersed in the TEAP IL by mech-
anically milling, forming a thermally stable gel.'®**?” There
are many reports about the different kinds of bucky gel or
soft materials, with variation in ILs or CNTs having various
useful applications.'®?” But, the utility of bucky gel as a
catalyst for organic reactions is still not documented well.
In order to interpret the interactions between TEAP and
SWCNT, confocal Raman spectroscopy proves to be advant-
ageous in serving the vibrational energy of the target solutes
as a reporter, which further eliminates the need for invasive
monitoring aids such as molecular probes as is the case of
confocal scanning laser microscopy.* However, with the
increasing penetration of the bucky gel, the Raman signal
diminishes strongly owing to the Raman scattering as well
as attenuation of the excitation laser power. Thus, the laser
can be directed inside the bucky gel without damaging it,
maintaining a high selectivity and sensitivity. Hence, Raman
spectroscopy is a convincing tool for the structural charac-
terization of CNTs.

As was reported in Du et al,* upshift of 22 cm™' is
noticed as the tangential G-band in Raman spectra in case of
SWCNTs. These shifts pointed on the confirmation of the
charge transfer from IL to SWCNT due to the cation—m or
n—7 interactions. Our experimental results are depicted as in
the Raman spectra of SWCNT (magenta) and SWCNT-
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Figure 1. Raman spectra of (a) SWCNT (b) SWCNT (black) and
SWCNT-TEAP (red).

TEAP (cyan) (Fig. 1(c)) where the D band shifts from 1349
to 1343 cm™ and the G band shifts from 1583 to 1575 cm™'.

The Raman spectrum shows a typical D and G-peaks for
SWCNT-TEAP which correspond to the presence of sp®
defects and vibration of sp* carbon atoms in SWCNT side-
wall, respectively. In addition, a G-peak position of SWCNT-
TEAP gels gets down shifted by 8 cm™ compared to that of
SWCNT, suggesting a noncovalent functionali-zation of
TEAP on the graphitic structure of SWCNTs. Meanwhile,
the driving force may come from the electro-static attraction
between the SWCNT and TEAP. The possi-ble interactions
between CNTs and TEAP may include the cation—rt and/or
n—7 interactions that are evidenced by shift in wavelength of
Raman spectrum, which has also been supported by the
work of other research groups.

The morphology of the resulting SWCNT-TEAP was
characterized by scanning electron microscopy (SEM). The
pure SWCNT, pure MWCNT, TEAP, SWCNT-TEAP and
and MWCNT-TEAP composites have different morphologies
as was evidenced by their SEM images (Fig. 3). SEM images
further suggest that SWCNT-TEAP gel composite produces
more flat film morphology with a smoother surface. If we
compared the SEM image of MWCNT-TEAP and SWCNT-
TEAP, we observed that in both the cases the TEAP has
uniformally cover the CNTs.
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R, R'=H, N-alkyl, N-arylpiperazines, aliphatic, aromatic, heterocycles.

Scheme 1. The conjugate addition of amines and thiols to a,B-
unsaturated nitriles and carbonyl compounds using the bucky gel.

This supports the fact that TEAP uniformly covers the
outer surface of the SWCNT in SWCNT-TEAP, and the
CNT bundles are weakly interlocked with one another
allowing the formation of gels. These results are in good
agreement with the reported results.*** To show the utility
of bucky gel in organic reactions, we studied Michael reac-
tions. To study the effectiveness of the environmentally
friendly catalyst (bucky gel) for C—N and C—S bond forming
reaction, herein we report the conjugate addition of amines
and thiols to a,p-unsaturated nitriles and carbonyl compounds

Table 1. The Michael reaction for entry 1 in Table 2

- :
Figure 2. SEM image of (a) pure SWCNT, (b) pure MWCNT,"” (c)TEAP IL, (c) SWCNT-TEAP composite and (d) MWCNT-TEAP
composite.*’

using the bucky gel catalyst (Scheme 1).

This protocol was successfully applied to catalyze the
Michael addition of various substituted piperazines, aliphatic,
aromatic amines, imidazoles, and thiols with o,-unsaturated
nitriles or carbonyl compounds. The standardized results are
represented in Table 1, which reveal that the yield of the
desired product increases with the addition of SWCNT-
TEAP catalyst at solvent free condition. Thus, a probable
mechanism for the reaction using bucky gel as a catalyst for
both the thia-Michael and the aza-Michael reaction is sug-
gested. The enhanced reactivity in the bucky gel is attributed
due to the inherent Brensted and Lewis acidity of the
[EtNH]" cation, which is responsible for making the NH
and SH bond weaker and thus enhances the nucleophilicity
of sulfur for addition to electron-deficient alkenes.

In both aza and thia-Michael reactions, product yield
increased by SWCNT-TEAP, due to more surface area of
SWCNT-TEAP. Hence, we catalysed the rest of the Michael
addition of various substituted piperazines, aliphatic, aromatic
amines, imidazoles, and thiols with o,B-unsaturated nitriles
or carbonyl compounds in the presence of SWCNT-TEAP,
results of the reactions are summarized in Tables 2. As
documented in our previous work,*” we have developed a
catalyst for the synthesis of Michael reactions under solvent-
free conditions, commonly known as bucky gel by inter-

Entry Catalyst Temperature Time for complete conversion Yield (%) Reference
1 No catalyst 25°C 24 h 0
2 SWCNT 25°C 24h 0
3 MWCNT 25°C 24h 0 47
4 TEAP 25°C 1 min 80
5 SWCNT-TEAP 25°C 1 min 97
6 MWCNT-TEAP 25°C 1 min 96 47
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Table 2. Michael reaction catalysed by bucky gel
Michael Time Yield Yield

Ent Amine/Thiols .
Y acceptor (min.) (%) (%)’
1
O,N N NH N\-CN 1 97 9
2 HZN@N NH  N\—CN 1 95 94
_/

—N NH
3 8
¢}

4 CI‘@*N\_/NH N\-CN 1 97 96
7 o
5 @*N\_/NH 1 929 98
OMe
6 HS\© N—-CN 1 98 97
NCN 1 99 9

HS
" 1§
Me

“Yields determined by GC analysis and catalysed by the SWCNT-TEAP.
bYields determined by GC analysis and catalysed by the MWCNT-TEAP
[ref. 47]

acting MWCNT and TEAP together. Whereas, in this present
piece of work we have developed a bucky gel as a result of
interaction between SWCNT and TEAP, another catalyst for
Michael reactions under solvent free condition. In order to
confirm the efficiency between these two bucky gels as a
catalyst, we compared the yield of aza and thia-Michael
reactions catalyzed by SWCNT-TEAP and MWCNT-TEAP*
as shown in Table 1 and Table 2. These tables reflect that the
higher yield is obtained in the case of SWCNT-TEAP as
compared to MWCNT-TEAP. It is suggested that increased
yield in case of SWCNT-TEAP might be due to more
surface area of SWCNT as compared to MWCNT.*"* We
then propose both the CNTs (SWCNT and MWCNT)-TEAP
to be an excellent catalyst for the reaction medium, whereas
SWCNT-TEAP serves as a better catalyst for the reactions.

Conclusions

We here by conclude that SWCNT and TEAP interact
with each other to develop a new catalytic system, which is
justified to serve as a catalyst for the synthesis of Michael
reactions under solvent-free conditions. This catalyst offers
many advantages including; (a) cost effectiveness and an
environmentally benign reagent, (b) green pathway for
organic synthesis by eliminating the use of hazardous and
toxic organic solvents, (c) applicable to a wide range of sub-
stituted aldehydes, and (d) mild temperature reaction condi-
tion. And, SWCNT-TEAP proves to be as an accomplished
catalyst for the reaction medium. Hence, SWCNT-TEAP
catalyst serves as a convincing green, facile and superior
method for the synthesis, providing higher yields, simple
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reaction conditions, shorter reaction times, easy work up and
also offers recyclability. It also proves that SWCNT-TEAP
as catalyst synthesized the Michael reaction in more yield as
compared with MWCNT-TEAP.
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