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ABSTRACT: Carbon nanostructures offer a perfect link between
nanoscale materials and organic molecules, making them an ideal Amide Coupling
platform for molecular catalysts. Herein, an efficient, straightfor- Reaction
ward, and high-yield synthetic approach is described to synthesize 7S |O
aryl boronic acid containing the pyrene moiety that is non- 0 Catalysis R1)\N’R2
covalently immobilized by #—x interaction to carbon nano-onions’ -1 R
surface. The nanostructured carbon material catalyzes the direct Nanostructured Carbon Microwave 3

: : . . . : Catalyst Heating
amide coupling reaction under microwaved heating in the absence

of a solvent. The multilayered structures of carbon nano-onions

ensure high thermal stability, and simultaneously, they are excellent microwaved absorbers, which reduce energy consumption. The
absorption of microwaved radiation by the nanostructured carbon catalyst effectively influences yield of the catalytic reaction, which
is up to 94%. Additionally, the recovery of catalytic material is straightforward, and the mass losses are negligible. Microwave heating
in a solvent-free condition simplifies the reaction and reduces the amount of waste, which, in turn, depletes the environmental
impact.

KEYWORDS: nanostructured carbon catalyst, microwave-assisted synthesis, carbon nano-onion, heterogeneous catalysis,

amide coupling reaction, microwave heating

1. INTRODUCTION phosgene derivatives, etc." A method of SO,F,-mediated direct
clickable coupling of carboxylic acids with amines was reported
as a highly efficient way to synthesize amides.>® N-Aryl amides
directly from nitroarenes and carboxylic acids as coupling
substrates’ and catalytic direct amidation reaction using tert-
butyl acetate as the reaction solvent were also performed.”
Usage of these reagents can simultaneously generate additional
post-reaction waste. This fact becomes particularly trouble-
some when a large-scale synthesis of pharmaceuticals is carried
out. Low efficiencies and applicability of the thermal process,
as well as high costs and unfavorable atomic economy of other
methods, make the issue of amide coupling an attractive
direction of scientific research.

Overcoming the high energy barrier of the direct amidation
reaction can be effectively supported by microwave heating
(MW). This experimental condition allows proceeding the
reaction faster, more cleanly, and with higher yields than
similar reactions under conventional heating.”'’ The mecha-
nism of MW heating differs according to the interaction

The formation of an amide bond is an essential issue in
synthetic chemistry as it is a structural part of commonly used
chemical compounds.' For example, it has been estimated that
up to 25% of all synthetic pharmaceuticals contain at least one
amide bond.” Amide synthesis is often accomplished by
condensation between amines and carboxylic acids. This
reaction does not occur spontaneously, and it requires heating
to high temperatures, in which a water molecule is released
(>160 °C). It is postulated that the high energy barrier of the
condensation reaction is related to the formation of an organic
salt after mixing the reactants, which is formed as a result of an
exothermic neutralization reaction. Therefore, the appearance
of the amide bond requires a more complex molecular
rearrangement, with the simultaneous separation of the water
molecule. Direct thermal reaction of amide condensation is not
a feasible strategy for many substrates because sensitive
functional groups do not survive under such harsh conditions.”
Additionally, the reactants should have specific properties, such

as melting points below 200 °C, low volatility, and high ——
thermal stability.”* Received: August 5, 2022
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Many commercially available reagents allow the direct amide
coupling reaction to be carried out under milder conditions
than those resulting from the thermal method. The most
important types of coupling reagents include carbodiimides, =
compounds generating carbonic anhydrides, triazine-based,
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between the MW and substrate. It is mainly based on the
interfacial and dipolar polarization of the components and the
movement of charged particles that generate heat from
collisions.'" Several direct amidation reaction methods have
been developed involving MW heating and the catalyst
additives, such as p-toluenesulfonic acid, zeolite-HY, KEF-
alumina, silica gel, K-10 montmorillonite, and others.'” One of
the more desirable strategies is catalytic methods, e.g., boron
compounds (boric acid," aryl boronic acids,"*"* alkyl boronic
acid,® boric acid esters,® etc.) and transition-metal salts (Zn,17
Cr,'"® Pd,"” etc.) as well as enzyrnes.20 Although high reaction
yields can be obtained with catalysts, they also have some
limitations. The disadvantages of catalytic methods include the
problem of catalyst renewal, time of reaction, high solvent
consumption, and the presence of metallic impurities in the
product.”!

Renewable aryl boronic acidic catalysts made direct
amidation condensation more environmentally friendly and
efficient.”>*> Most of the proposed solutions presented in the
literature include the covalent immobilization of aryl boronic
acid on a polystyrene resin*>** and silica gel.”” The catalysts
were also recovered from the post-reaction mixture using basic
isolation techniques.”® The advantage of a solid-carrier catalyst
is the possibility of its simple recovery from the reaction
mixture.

Carbon nanomaterials are frequently used, given their wide
availability, environmental acceptability, and unique surface
properties. Currently, they are attractive candidates for
catalytic materials and their carriers.”® The strategy of
noncovalent functionalization of carbon nanomaterials with
pyrene compounds was successfully used for immobilization of
enzymes,”” 2,2,6,6-tetramethyl-1-piperidinyl-N-oxyl (TEMPO)
derivatives,” the Sy2 reaction catalyst,”” metallic complexes of
Mn,*° Cu,*! Fe,** Pd,** and Rh.**

Carbon nano-onions (CNOs) are zero-dimensional carbon
nanoparticles with a multilayer spherical graphite structure
with a diameter of 1.4—50 nm due to the different preparation
methods.”> The most popular method of obtaining CNO is
currently thermal annealing of nanodiamonds, which leads to
obtaining nanoparticles of small size (diameter in the range of
5—6 nm) and high reactivity.”> The large graphite surface of
CNO (with sp*hybridized C atoms) enables the formation of
supramolecular systems through electrostatic, van der Waals,
and 7—7 interactions.”® Other advantages of using the CNO as
catalyst support are the high thermal stability and generally low
reactivity toward the components of the possible catalyzed
reaction. Additionally, CNO is an excellent MW absorber due
to its multilayer graphite structure.”” Therefore, CNO can be a
beneficial additive when the remaining components of the
reaction mixture poorly absorb MW radiation, like in our case.
The unique combination of high electrical conductivity
(comparable to carbon black), large external surface area,
and nanoscopic size, plus the possibility for large-scale
synthesis and chemical modification,’® have made this material
very attractive for our applications, ranging from electro-
chemical energy storage” "' and electrocatalysis"**’ to
biomedicine.*”

As part of our ongoing research on the CNO nanostructures,
we report the first heterogeneous nanostructured carbon
catalysts for the direct amide coupling reaction. However,
several articles have been published to indicate the feasibility of
usin§ these carbon nanostructures in heterogeneous cataly-
sis.***” To the best of our knowledge, the CNO nanostruc-

tures have not been used as catalyst support for this type of
reaction. Our main goal was to obtain a renewable nano-
structured carbon catalyst and to develop a microwave
amidation procedure that would require heating for a short
period of time. Additionally, MW heating in a solvent-free
condition simplifies the reaction and reduces the amount of
waste and energy consumption which, in turn, depletes the
environmental impact.

2. EXPERIMENTAL SECTION

2.1. Materials. All inorganic reagents were purchased from
ChemPure (Poland) and used without pre-purification. All used
solvents were purchased from POCH (Poland). Tetrahydrofuran
(THF) was dried by distillation from sodium-benzophenone ketyl
under Ar. Dimethylformamide (DMF) was dried by vacuum fractional
distillation over phosphorus pentoxide and stored in the presence of 3
A molecular sieves. Toluene, benzene, hexane, heptane, ethyl acetate,
dichloromethane (DCM), and chloroform were purified by fractional
distillation before use. All air-sensitive reactions were carried out
under Ar and in flame-dried reaction vessels. The synthesis of CNO
(6—8 shells) was performed by annealing nanodiamonds of S nm
average particle size under a positive pressure of helium at 1650 °C.**

2.2. Synthetic Procedures. 2.2.1. Procedures for Synthesis of
Amidation Catalyst. 2.2.1.1. Preparation of 1-Bromopyrene (1). To
pyrene (36.01 g, 178.0 mmol), N-bromosuccinimide (34.86 g, 195.8
mmol, 1.1 equiv), and anhydrous DMF (400 mL) were added.*
Lauroyl peroxide (Luperox) (0.71 g, 1.78 mmol, 1 mol %) was then
added, and stirring was continued at the set temperature for 48—60 h.
Next, 500 mL of 10% Na,S,0; solution was added to the reaction
mixture, and the resulting milky suspension was stirred vigorously for
S min. After cooling the suspension to room temperature (RT), the
precipitate was filtered off. Next, the residue was dissolved in hot
toluene (ca. S00 mL), and the resulting solution was dried with
anhydrous MgSO,. The dried solution was filtered through a filter
paper and concentrated on a rotary evaporator until the volume
allowed for crystallization (approx. 180—200 mL). The solution was
left for several hours for spontaneous crystallization. Then, 43.77 g of
1-bromopyrene (1) was obtained as a cream solid (87%). R; (toluene/
hexane: 2:S, v/v; 1-bromopyrene) = 0.81; R; (toluene/hexane: 2:S, v/
v; pyrene) = 0.69. mp: 103.1-104.1 °C (toluene). 'H NMR (500
MHz, DMSO-dy), 5 [ppm]: 8.35 (br s, 1H), 8.33 (br s, 1H), 8.32—
8.28 (m, 3H), 8.21 (d, ] = 8.9 Hz, 1H), 8.18 (d, J = 8.2 Hz, 1H), 8.15
(brs, 1H), 8.11 (t, ] = 7.6 Hz, 1H). >*C NMR (126 MHz, DMSO-d,),
8 [ppm]: 130.6, 130.3, 130.1, 129.4, 128.7, 127.8, 127.0, 127.0, 126.1,
125.8, 125.0, 125.0, 123.0, 118.9. Fourier transform infrared (FTIR)
(KBr), v [em™]: 3033, 2170, 1876, 1374, 1875, 1734, 1723, 1656,
1582, 1529, 1471, 1427, 1237, 1197, 1173, 1075, 1010, 959, 832, 745,
703.

2.2.1.2. Preparation of 1-(5-Bromopentyl)pyrene (2). To
compound 1 (6.00 g, 21.36 mmol) anhydrous THF (250 mL) was
added. After mixing the components, the solution was cooled with an
isopropanol/dry ice bath to —78 °C, and then n-BuLi (9.39 mL of a
2.5 M hexane solution, 23.49 mmol, 1.1 equiv) was added dropwise.*’
The formation of an intensely yellow suspension was observed during
the addition of n-BuLi. The flask contents were vigorously stirred for
1.5 h at =78 °C, followed by the addition of 0 °C-cooled 1,5-
dibromopentane (24.54 g (14.54 mL), 106.8 mmol, 5.0 equiv). An
oily crude product was obtained, which also contained unreacted 1,5-
dibromopentane. 1,5-Dibromopentane was removed from the product
by co-azeotroping distillation with water (65 °C, 80 mBa). The crude
product changed from a dark yellow oil to a cream solid. Then
toluene (100—150 mL) was added, and the resulting solution was
dried with anhydrous Na,SO,, filtered, and concentrated to a
crystallization volume (ca. 30 mL). The concentrated solution was
left for crystallization at approximately —S °C. The 1-(S-
bromopentyl)pyrene (2) was obtained as a white solid (7.51 g,
84%). R; (toluene/hexane: 2:5, v/v) = 0.59. mp: 119.2—120.2 °C
(toluene). 'H NMR (400 MHz, CDCL;), § [ppm]: 8.26 (d, ] = 9.3
Hz, 1H), 8.20—8.18 (m, 4H), 8.04—7.99 (m, 3H), 7.84 (d, ] = 7.8 Hz,
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1H), 3.43 (t, ] = 7.6 Hz, 2H), 3.34 (m, 2H), 1.96—1.88 (m, 4H),
1.64—1.60 (m, 2H). *C NMR (101 MHz, CDCl;), § [ppm]: 136.7,
131.5, 131.0, 129.9, 128.7, 127.6, 127.3 (d), 126.7, 125.9, 125.2 (d),
125.0, 124.9, 124.8, 123.4, 33.9, 33.4, 32.8, 31.3, 28.4. DEPT 90 (101
MHz, CDCL), & [ppm]: 127.6, 127.3 (d), 1267, 125.9, 125.0, 124.9,
124.8, 123.4. DEPT 135 (101 MHz, CDCly), § [ppm]: 127.6, 127.3,
126.7, 125.9, 125.0, 124.9, 124.8, 123.4, 33.9, 33.4, 31.1, 28.4. FTIR
(KBr), [em™]: 3050, 2911, 2841, 2043, 1915, 1781, 1585, 1481,
1236, 1169, 1035, 831, 170, 632, S03. High-resolution mass
spectrometry (HRMS) (electrospray ionization (ESI)): caled m/z:
350.0664, found m/z: 350.0665.

2.2.1.3. Preparation of 1-(5-(4-Bromophenoxy)pentyl)pyrene (3).
To 4-bromophenol (4.92 g, 28.47 mmol, 2.0 equiv), NaOH (1.71 g,
42.70 mmol, 3.0 equiv), and anhydrous DMF (100 mL) were added.
The flask contents were stirred magnetically until the mixture was
clear, and then 1-(S-bromopentyl)pyrene (5.00 g, 14.23 mmol) was
added. The flask was closed with a septum, and an Ar balloon was
adapted to it and stirred magnetically at 120 °C overnight. Next, the
reaction mixture was poured into a separating funnel, and AcOEt
(300 mL) and 1 M NaOH solution (200 mL) were added. 5-(4-
Bromophenol)pentylpyrene was obtained as a white solid (5.76,
91%). Ry (toluene/hexane: 2:5, v/v) = 0.47. mp: 101.0~103.0 °C. 'H
NMR (400 MHz, CDCL), § [ppm]: 8.28 (d, J = 9.2 Hz, 1H), 8.20—
8.17 (m, 2H), 8.14—78.10 (m, 2H), 8.05—8.00 (m, 3H), 7.87 (d, ] =
7.8 Hz, 1H), 6.75 (d, ] = 8.9 Hz, 2H), 3.87 (t, ] = 7.6 Hz, 2H), 3.37
(t, J = 7.7 Hz, 2H), 1.95-1.91 (m, 1H), 1.86—1.82 (m, 2H), 1.65—
1.59 (m, 2H). ®C NMR (101 MHz, CDCL), § [ppm]: 158.3, 136.9,
132.3, 131.6, 131.0, 129.9, 128.7, 127.6, 127.3, 127.3, 127.2, 126.7,
125.9, 1259, 125.2, 1252, 125.0, 124.9, 124.8, 124.7, 123.5, 116.4,
112.7,77.2, 68.1, 33.6, 31.7, 29.2, 26.2. DEPT 90 (101 MHz, CDCL,),
8 [ppm]: 132.6, 127.9, 127.6, 127.6, 126.9, 126.2, 1252, 125.2, 125.0,
123.8, 116.4. DEPT 135 (101 MHz, CDCL), 6 [ppm]: 132.2, 127.6,
1273, 127.2, 1266, 1259, 125.8, 124.9, 124.8, 124.7, 1163, 68.1,
33.5,31.6, 29.2, 26.2. FTIR (KBr), v [cm™']: 3072, 2879, 1904, 1864,
1588, 1464, 1246, 1183, 997, 831, 743, 702, 625, 580, 490. HRMS
(ESI): caled [m/z]: 443.1005, found [m/z]: 442.1015.

2.2.1.4. Preparation of (4-((5-(Pyren-1-yl)pentyl)oxy)phenyl)-
boronic Acid (4). 5-(4-Bromophenol)pentylpyrene (3.00 g, 6.77
mmol) and anhydrous THF (50 mL) were added to a dry 100 mL
round-bottom flask. After complete dissolution, the flask was cooled
in an isopropanol/dry ice bath to —78 °C before n-BuLi (2.97 mL of a
2.5 M solution in hexane, 7.44 mmol, 1.1 equiv) was added dropwise.
The intense yellow color of the reaction mixture was observed during
the addition of n-BuLi. The vessel’s contents were vigorously stirred
for 1 h at —78 °C, and then B(OMe) (7.54 mL, 67.66 mmol, 10.0
equiv) was added. The stirring of the solution was continued for
another 2 h at —78 °C. The reaction was stopped by adding saturated
NH,Cl solution (5 mL). (4-((5-(Pyrene-1-yl)pentyl)oxy)phenyl)
boronic acid was synthesized as a white solid (2.04 g, 74%). mp:
129.0—130.0 °C; R; (AcOEt/hexane: 1:1, v/v) = 0.52; '"H NMR (400
MHz, CDCL), § [ppm]: 8.30 (d, J = 9.2 Hz, 1H), 821-7.81 (m,
9H), 6.99 (d, ] = 8.2 Hz, 2H), 4.08 (t, ] = 6.3 Hz, 2H), 3.41 (t, ] = 7.6
Hz, 2H), 2.09—1.85 (m, 4H), 1.79—1.64 (m, 2H). 3C NMR (101
MHz, CDCL,), § [ppm]: 163.1, 137.7, 137.0, 135.4, 131.8, 131.3,
130.1, 129.2, 129.0, 128.4, 127.7, 127.4, 126.8, 126.0, 125.5, 125.4,
125.0, 125.0, 124.9, 123.6, 114.4, 77.2, 68.1, 33.6, 31.7, 29.4, 26.4.
DEPT 90 (101 MHz, CDCL,), & [ppm]: 137.7, 127.8, 127.4, 126.8,
1260, 125.1, 125.0, 1249, 123.6, 114.4. DEPT 135 (101 MHz,
CDClLy), 6 [ppm]: 137.7, 137.7, 127.7, 127.4, 126.8, 126.0, 125.0,
124.9, 114.4, 114.4, 68.1, 33.64, 31.7, 29.5, 26.4. FTIR (KBr), v
[em™1]: 3423, 3243, 3033, 2928, 2858, 1594, 1504, 1466, 1414, 1350,
1245, 1169, 1038, 1000, 969, 923, 835, 748, 691, 587, 517. HRMS
(ESI): caled [m/z]: 407.1928, found [m/z]: 407.1946.

2.2.2. Procedure for the Synthesis of the Amidation Catalyst.
CNO (0.200 g), (4-((5-(pyrene)pentyl-1-yl)oxy)phenyl)boronic acid
(0.476 g, 1.17 mmol), and toluene/CHCly: 4:1, v/v (30 mL) were
added to a PP vial (S0 mL). The resulting suspension was sonicated
in an ultrasonic bath at 50 °C for 1 h and then stirred intensively for
12 h at RT. The carbon material was centrifuged using a rotary
centrifuge (7800 rpm, 10 min), and the supernatant solution was

decanted. Toluene (50 mL) was added to the solid residue, and the
resulting suspension was sonicated for 1 min at RT. The carbon
material was centrifuged again, and the decanted liquid was discarded.
Washing was performed identically three times (3 X 50 mL). Then,
the washed carbon material was dried in a vacuum desiccator (20
mBa, RT, 12 h). Finally, the carbon catalyst (5) was obtained as a
black powdery solid (0.403 g). FTIR (KBr), v [em™']: 3406, 2969,
2911, 2168, 1635, 1390, 1242, 1163, 1003, 1058, 886, 883, S08.

2.2.3. General Procedure A (P1) for the Synthesis of Amides via
Aryl Boronic Acid 5-Catalyzed Amide Bond Formation. Carboxylic
acid (2.0 mmol), amine (2.0 mmol), DMAPO hydrate (0.014 g, 0.101
mmol, S mol %), and carbon catalyst S (30 mg) were mixed in an
agate mortar. Then, the solid was transferred to a 10 mL MW tube
(1.2 cm ID), purged with Ar, and sealed with a cap. The tube was
heated in the microwave (150 °C, 1 h, 200 W) and then cooled to 55
°C. The mixture was transferred, with hot toluene, into a vial adapted
for an automatic centrifuge and made up to a total volume of 50 mL
with solvent. The resulting suspension was sonicated at RT for S min,
and then the catalyst was centrifuged, and the supernatant solution
was decanted. The washing procedure was carried out two times with
the mixture AcOEt/toluene: 2:8, v/v (2 X 20 mL). Catalyst 5 was left
in the regeneration tube. The collected organic layers were washed in
a separating funnel with 10% citric acid solution (2 X 20 mL), then
with 20% K,COj solution (2 X 20 mL) and saturated NaCl solution
(1 X 20 mL). The extracts were then dried with anhydrous Na,SO,
and filtered through a cotton tube, and the solvents were evaporated
on a rotary evaporator under reduced pressure. The dry residue was
purified by FCC chromatography on silica gel to yield the desired
product.

The amide coupling reaction cannot take place in an environment
in which copper(II) salts and oxygen are present due to the possibility
of a competitive coupling reaction of aryl boronic acids (the structural
part of the catalyst 4) with aromatic amines toward the formation of
diarylamines. For this reason, the anaerobic conditions of the reaction
were necessary.

2.2.4. General Procedure B (P2) for the Synthesis of Amides via
Aryl Boronic Acid 4-Catalyzed Amide Bond Formation. Carboxylic
acid (2.0 mmol), amine (2.0 mmol), DMAPO hydrate (0.014 g, 0.101
mmol, S mol %), and (4-((5-(pyrene-1-yl)pentyl)oxy)phenyl)boronic
acid (4) (0.041 g, 0.1 mmol, S mol %) were mixed using an agate
mortar. The mixture was then transferred to a 10 mL MW tube (1.2
cm ID), purged with Ar, and sealed with a cap. The tube was heated
under MW (150 °C, 1 h, 200 W) and then cooled to 55 °C. The
reaction mixture was transferred with DCM (100 mL) to a separatory
funnel. The organic layer was washed with a 10% citric acid solution
(2 x 20 mL), a 20% K,CO, solution (2 X 20 mL), and a saturated
NaCl solution (I X 20 mL). The extracts were then dried with
anhydrous Na,SO, and filtered through a cotton tube, and the solvent
was removed by rotary evaporation under reduced pressure. The dry
residue was purified by FCC chromatography on silica gel to yield the
desired product.

2.2.5. General Procedure C (P3) for the Regeneration of the
Carbon Catalyst 5. The contaminated carbon catalyst (5), separated
from the reaction mixture, remained in the 50 mL tube and was
washed with 10% AcOH solution (1 X 10 mL) and then with
acetone/H,0: 1:1, v/v (2 X 30 mL). After each addition of the
washing solution, the tube with the carbon material was sonicated at
RT for 30 s, then the carbon material was centrifuged on a rotary
centrifuge (7850 rpm, 10 min), and the supernatant solution was
decanted. The purified catalyst was dried under reduced pressure in a
vacuum desiccator (S0 mBa, RT). Finally, the recovered catalyst can
be used multiple times.

3. RESULTS AND DISCUSSION

3.1. Preparation of Nanostructured Carbon Catalyst
and Its Characterization. The most common and
economical method used to produce spherical CNO is the
method proposed by Kuznetsov, which was further modified
and applied by other authors.”>"** The nanostructures were

https://doi.org/10.1021/acsanm.2c03437
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obtained in the thermal annealing process at high temperatures
(1650 °C) from diamond nanoparticles in an inert gas
atmosphere (Figure 1A,B). Commercially available NDs with

Figure 1. HRTEM images with the different magnifications of (A, B)
nanodiamonds and (C, D) CNOs.

a crystal size between 4 and 6 nm were used to prepare CNOs.
Under these conditions, the nanodiamond core is transformed
into spherical multilayered structures. The formed carbon
nanostructures have a cage-within-cage system, with smaller
fullerenes nested inside larger ones (Figure 1C,D). The
multiple layers of nested concentric graphitic shells are
composed of 4—11 layered nanoparticles with a size of about
4—8 nm (Figure 1D). An intershell spacing estimated from the

high-resolution transmission electron microscopy (HRTEM)
diffraction patterns is around 0.34 nm. The nanodiamond-
derived CNO has greater surface curvature and strain energy,
which leads to higher chemical reactivity than other larger
carbon nanostructures. Therefore, a CNO was used as a
carbon scaffold to immobilize the aryl boronic acid (4). As a
result, we prepared a nanostructured carbon catalyst S.

A heterogeneous nanostructured carbon catalyst (S)
containing CNOs and aryl boronic acid (4) was synthesized
(Figure 2). Aryl boronic acid (4) was initially synthesized in a
four-step process starting from pyrene. In the first step, pyrene
was brominated with N-bromosuccinimide (NBS) catalyzed
with lauryl peroxide to give a l-bromopyrene (1) yield of
87%.°>>* The bromine atom of compound 1 was lithiated with
n-BuLi, and thus the generated nucleophilic intermediate was
subjected to Sy2 substitution with 1,5-dibromopentane to give
1-(S-bromopentyl)pyrene (2) in 84% yield. High selectivity of
the substitution reaction was achieved due to the excess of 1,5-
dibromopentane used at the low temperature. The bromine
atom of compound 2 was subjected to an Sy2 substitution
reaction with sodium 4-bromophenate.

The use of DMF as a reaction medium and MW heating
allows the synthesis of 1-(5-(4-bromophenoxy)pentyl)pyrene
(3) with a yield of 91%. Next, the bromine atom of compound
3 was subjected to a lithium substitution reaction, and the
synthesized nucleophilic intermediate was sequentially reacted
with an excess of trimethyl ortoborate, yielding (4-((S-
(pyrene-1-yl)pentyl) oxy)phenyl)boronic acid (4) with the
efficiency of 74%. Finally, an amide coupling catalyst (5) was
prepared by 7—x interaction of aryl boronic acid (4) and the
CNO surface (Figure 3). A high degree of adsorption was
achieved by sonication of the CNO dispersion and compound
4 in a mixture of toluene/CHC; (4:1, v/v).

Fourier transform infrared spectroscopy (FTIR) was utilized
to confirm the noncovalent immobilization of catalyst 4 on the
CNO surface to form catalyst S (Figure 3). The pyrene
moieties have several characteristics of absorption bands. The
signal at 3040 cm™" corresponds to C—H stretching vibrations

BEGEG =@

C i
84% ,ée
HO’B\OH

Figure 2. Preparation of the nanostructured carbon-catalyst (5). Reaction conditions: (a) NBS, lauroyl peroxide, DMF, RT; (b) n-BuLi, —78 °C;
(c) 1,5-dibromopentane, THF, —78 and 0 °C, NH,C]; (d) 4-bromophenol, NaOH, DMF, MW; (e) n-BuLi, THF, —78 °C; (f) B(OMe),, —78 °C,

NH,CJ; and (g) CNOs, toluene/CHC, (4:1, v/v), RT.
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Figure 3. FTIR spectra of catalysts (A) 4 and (B) S.

of sp>-hybridized carbon atoms (Figure 3A).°>*® The peaks at
2930 and 2830 cm™' can be assigned to asymmetric and
symmetric stretching vibrations corresponding to the sp’-
hybridized carbon atoms. Next, the peak in the range of 1630—
1600 cm ™" is correlated with the conjugated carbons (—C=
C—, stretching vibrations) in the pyrene moieties (Figure
3A,B). In the lower wavenumber values, at 745 and 690 cm™!,
the CH, wagging vibrations were detected (Figure 3A).°*’
The remaining signals related to the absorption of IR radiation
confirm the presence of boric acid in the structure of catalysts
4 and 5 (Figure 3). The broad signals in the higher frequency
range (3500—3600 cm™') correspond to —O—H stretching
vibrations (Figure 3).

The four strong signals located between 1400 and 1150
cm™!, with the maximum at 1390, 1350, 1240, and 1170 cm™},
are caused by asymmetric B—O stretching and in-plane B—O—
H bending.”® Additionally, absorption at 840 cm™ can be
assigned to symmetric B—O stretching or out of plane B—O—
H bending.”® These peaks with lower intensities are also
present in the spectra for catalyst § (Figure 3B).

Scanning electron microscopy (SEM) with the energy
dispersive X-ray (EDX) analysis was performed to study the
morphology and elemental composition of the synthesized
nanostructured materials (Figure S71). The SEM images of a
gold foil covered with CNO are shown in Figure S71A,B. The
CNO formed large aggregates of the nanoparticles, even more,
significant than 100 pm, with a heterogeneous distribution.
The morphology of the nanostructured catalyst S exhibits
porous structures with many channels and outcroppings
(Figure S71C). It is due to the formation of agglomerates
with sizes smaller than 20 ym. The EDX analysis of catalyst §
reveals that the material contains C, B, and O with 86, 2, and
0%, respectively (Figures S71D—H). The distribution of
elements in the nanostructured material is homogeneous.

The high thermal stability of catalysts is one of the most
important parameters required for effective organic catalysis.
The thermal stability and decomposition of the catalysts were
performed using thermogravimetric (TG) analysis. The TG
and derivative thermogravimetric (DTG) curves of the studied
materials are presented in Figure 4. The decomposition range
and percentage of weight loss are summarized in Table 1.
Decomposition of the catalysts in an Ar or an O, atmosphere
suggests different mechanisms of these processes. The studies
in an Ar atmosphere show the decomposition of the organic
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Figure 4. (A, C) Thermo-gravimetric analysis (TGA) and (B, D)
DTG results of catalyst 4 (red line), nonmodified CNO (black line),
and catalytic nanostructured carbon-material (5) (blue line) under an

O, (left) and Ar atmosphere (right).

part while maintaining the CNO, which did not decompose up
to 900 °C.

The multilayered structure ensures high thermal stability.
Combustion in an O, atmosphere leads to the oxidation of not
only catalyst 4 but also the nanostructured carbon catalyst. The
catalyst 4 adsorbed on the CNO surface is more thermally
stable than the pure catalyst 4. The inorganic residue of boron
oxide after the combustion process is 18 or 13%, respectively,
for catalysts 4 and S. The analysis under these conditions also
shows the amount of aryl boronic acid (catalyst 4) adsorbed
on the surface of the nanostructural carbon (CNO), which is
about 35% by weight of catalyst S, respectively (Figure 4 and
Table S1).

CNOs as a component of the catalyst § are oxidized at the
lower temperature and in a narrower temperature range (532—
562 °C) compared to nonmodified carbon nanostructures
(561—682 °C), which is the result of an influence of the
pyrene moieties on the thermal stability of CNO (Figure 4).
However, the use of CNO as a carbon matrix for the
immobilization of pyrene moieties causes a significant increase
in the thermal stability of catalyst S compared to catalyst 4.

3.2. Optimization of the Catalytic Reaction Con-
dition. We selected a model direct amidation reaction of
benzoic acid and aniline catalyzed by aryl boronic acid (4) or
the nanostructured carbon catalyst (5) to screen the different
reaction parameters (Table 1). All reactions were performed
under a MW heating condition. No reaction occurred in the
control experiment without catalysts (4 or S) and with the
addition of solvent, even if molecular sieves were used as a
dehydrating reagent (entries 1—3). It was determined that the
maximum reaction efficiency without a catalyst under solvent-
free conditions was 12% (entry 4). As a control reaction, we
also performed the amide coupling reaction with CNO (entries
S and 6). The reaction was carried out with a low efficiency of
about 24% using a relatively long time of 240 min.

Adding catalyst 4 to the reaction medium did not improve
the reaction yield (14%, entry 7, Table 1), which results from
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Table 1. Optimization of the Reaction Conditions”

(0]

H,N
Q)kOH (2 mmol) + ? \© (2 mmol)

entry catalyst amount of catalyst additive
1 MS3 A
2 MS3A
3 MgSO,
4
N CNO 15 mg mmol ™
6 CNO 15 mg mmol™
7 4 5 mol % MS 3 A
8 4 S mol % MgSO,
9 4 S mol %
10 4 10 mol %
11 S 15 mg mmol™
12 S 15 mg mmol ™
13 S 1S mg mmol ™ imidazole
14 S 15 mg mmol ™ Et;N
15 S 1S mg mmol ™ NHS
16 S 15 mg mmol ™ DMAP
17 S 15 mg mmol ™" DMAPO-H,0
18 S 15 mg mmol ™’ DMAPO-H,0
19 N 15 mg mmol™ DMAPO-H,0
20 S 15 mg mmol™' DMAPO-H,0
21 S 15 mg mmol ™" DMAPO-H,0
22 S 15 mg mmol ™" DMAPO-H,0
23 S 15 mg mmol™ DMAPO-H,0
24 5 15 mg mmol™ DMAPO-H,0
25 4 S mol % DMAPO-H,0O
26 4 S mol % DMAPO-H,0
27 DMAPO-H,0
28 DMAPO-H,0
29 DMAPO-H,0
30 DMAPO-H,0

0 @
_—
MW (150 °C, 200 W) ©)L§
6
amount of additive solvent time (min) yield (%)“
025 g mmol ! toluene 30
0.25 g mmol™ toluene 120
025¢g mmol ! toluene 30
30 12
30 17
240 24
0.25 g mmol™' toluene 120 14
0.25 g mmol ™' 30 10
30 23
60 38
toluene 30 11
30 42
S mol % 30 S1
S mol % 30 43
S mol % 30 47
S mol % 30 48
S mol % 45 79
S mol % 60 88
S mol % 90 87
10 mol % 60 88
15 mol % 60 89
20 mol % 60 88
30 mol % 60 85
100 mol % 60 73
S mol % 60 52
10 mol % 60 SS
S mol % 60 15
S mol % 240 21
10 mol % 60 20
15 mol % 60 19

“Isolated yield of pure product. Molecular sieves 3 A (MS 3 A); triethylamine (Et;N); N-hydroxysuccinimide (NHS); 4-(dimethylaminino)-
pyridine (DMAP); and 4-(N,N-dimethylamino)pyridine N-oxide hydrate (DMAPO-H,0).

the thermal effect if the reaction was carried out in solution in
the interval. Moreover, conducting the reaction under solvent-
free conditions and in the presence of MgSO, as a dehydrating
reagent did not increase the yield (entry 8). It prevented
liquefaction of the mixture of the reagents (entry 8). When
amine and acid (1:1 molar ratio) were ground in a mortar and
heated under MW at 150 °C, the reaction proceeded with a
23% yield (entry 9). Doubling the concentration of catalyst 4
and the reaction time slightly increases the reaction efficiency
to 38% (entry 10).

The direct amide coupling reaction with the nanostructured
carbon catalyst (5) was carried out similarly under the MW-
assisted solvent-free conditions (entry 12, Table 1) or with
solvent addition (entry 11). The presence of an additional
catalyst structural component, i.e,, CNO, caused the reaction
under conditions without adding a solution to increase the
yield of the reaction fourfold, from 11 to 42% (entries 11 and
12). Moreover, we found that adding organic bases (Et;N,
DMAP, or imidazole) to the reaction improved the yield from
42 to 43, 48, and 51%, respectively (entries 14, 16, and 13).
We also improved reaction yield by up to 47% with the
addition of N-hydroxysuccinimide (NHS) (entry 15). As it
turned out, 4-(N,N-dimethylamino)pyridine N-oxide

(DMAPO) was the most effective promoter of our model
reaction for all used additives.

We investigated the effect of DMAPO additive due to
previous literature reports of its ability to promote amide
coupling reactions catalyzed by aryl boronic acid under
solvent-free conditions and the influence of MW heating,*”~*’
Time screening showed that 60 min was sufficient for the
reaction. Therefore, we determined the optimal conditions
described in entry 18, which allowed us to obtain the amide at
the yield level of 88%. Further increase in the reaction time
does not affect the efficiency of the catalytic reaction (entry
19). We also examined the effect of DMAPO concentration
ranging from 5 to 100 mol % on the performance of the direct
amide coupling reaction (entries 18 and 20—24). The reaction
efficiency does not change in the studied concentration range.
However, it should be noted that the reaction yield decreased
for the highest DMAPO concentration (100 mol %, entry 24).
We also performed the amide coupling reaction with DMAPO
with catalyst 4 (entries 25 and 26). The reaction ran with a
lower efficiency of about 55%. The reaction without the
addition of catalysts 4 or 5 also proceeds with a meager yield in
the presence of DMAPO. Within 240 min, the reaction
product is obtained with a yield of about 21% (entry 28).
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Table 2. Scope of the Amidation Reaction Catalyzed by 4 or §

Oy OH

; (2mmol) + HItI‘(meol)

4 (5 mol%) or 5 (30 mg); DMAPO (5 mol%)

MW (150 °C, 1 h)

0

'
9

N

. . . Isolated
Entry Carboxylic Acid Amine Product Catalyst Yield (%)?
1 9 Q/ 4 79
0
O O Oy 5 0
7
3 0 /@/0\ 4 82
0]
4 ©_/<OH HZNQO\ ©)L§ 5 93
8
5 N2 . 4 39
0
N ol
6 ®_<OH ©\Cl (j):ﬂ 5 47
! el
0 4 46
. @—/(OH HZN@Br ©)Lg
10 5 53
9 i 4 89
0 H,N
10 ©_<OH ’ @ @Aﬁ/\© 5 94
11
11 OH O OH O /@ 4 78
H,N
OH N
12 @A @ i 5 80
12
13 i 4 60
0 H,N
14 {0, "0 @A YO o
0,N 13
15 ) i 4 92
\ H,N N
0
s 04 O oo
0 14 5 93
17 i i 74
0 N 0 x
- OH H,N - N
18 N ]@/\A S RN H@
0 0 15 5 76
19 ~o
_0 OH
\Om HzN/\© /Om 4 88
~o N
20 _0 16 H/\© 5 9
21 _0 OH o o 4 80
H,;N -
2 LLTE e IsSNe
0 B \© ~0 g 5 89
17
23 a 0
0 oH H,N 0 /@ 4 8
N
24 - g N
0 0 18 5 91
/O ‘ _0
25 0 i N i 4 90
- OH H,N - N
2 e e
\OW o]@/\j 5 95
0 ‘ _0
27 0 u 0
N ~
@_(OH ( 3 "L 5 27
20
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Table 2. continued

Entry Carboxylic Acid Amine Product Catalyst Yliitl)(lla(tf/:l)a
28 . O 4 83
0
s oL O o
OH N 5 47
30 . 9
©_/< HZN/\/\ N/\/\ 5 52
oH H
22
31 . o
ani @ @A @ 5 67
OH .
32 . 0
\
N
©_/<OH HN NH ©)L (}I . 5 77
24
33 o 0 4 -
0 uN N {)j)LN
34 MOH N e O‘I . 5 .
3 i - 0 © 4 82
%OH *J\N
H
26
36 5 88
37 0 0 4 %
0
38 %OH /\© 21.17 s o6
39 0
0 H,N gt 4 87
40 ~o Q i 5 92
28
41 0 0 /@ 4 85
H,N
42 NOH @ Wg
12 ’ 5 90
43 0 0 4 90
S T G e s 0
44 12 %0
0 H g 0
\ .
45 OO%OH EN):O (amide) \0/©):I\\]ij> 5 No reaction
0 NO,
46 wOH HzN@NOz ©A\)Lg/©/ 5 No reaction
32
0 0
A H,N tB )LNH
47 Py OH ’ \© - N 5 No reaction

3

“Isolated yield of the pure product.

The nanostructured carbon catalyst (5) is more effective
than the aryl boronic acid (4) because the graphite structure
ensures effective heating of the reactants under the MW-
assisted solvent-free conditions, and the reaction proceeded
homogeneously. It did not proceed efliciently when the
reagents were not grounded with the nanostructured carbon
catalyst before the reaction. Additionally, it is of note that
nanostructured carbon catalyst S is renewable. To conclude,
the yield of the reaction is higher in a liquefied state when it is
homogeneously powdered with the carbon catalyst.

The mechanism of direct amidation reactions catalyzed by
organic boron acids is well known and widely studied.*>** Aryl
boronic acids can polycondensate into aggregates and react
with the carboxylic acids, resulting in a specifically mixed

anhydride. The nucleophilic attack of the amine on the
carbonyl center of this species may involve the formation of
the desired amide bond. Anhydride and aryl boronic acid are
readily hydrolyzed in an aqueous medium. An equilibrium of
the reaction is shifted toward forming an amide product when
the system includes a factor reducing the amount of water.”
Additionally, it is postulated that the cocatalytic effect of
DMAPO depends on interaction with the synthesized
anhydricle.é4 As a result, an active ester of DMAPO is formed,
which reacts much more effectively with the aromatic amines
than the mixed anhydride itself. Based on the conducted
reactions (Table 1), we proposed the amide coupling reaction
mechanism fulfilled in our experimental conditions (Figure
S72, please see the Supporting Information). The aryl boronic

16383 https://doi.org/10.1021/acsanm.2c03437
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acid forms a mixed anhydride with the carboxylic acid (1st
activation). An amide bond can be formed by the nucleophilic
substitution of an amine for the electrophilic center of the
anhydride. The presence of a nucleophilic cocatalyst for the
reaction in the DMAPO mixture can, in the same substitution,
lead to the formation of a salt of the DMAPO ester and aryl
boronic acid (2nd activation). The present ester is also active
in the nucleophilic substitution of the amine. The substituted
tetrahedral intermediate state decomposes into an amide,
reconstituting the salt of DMAPO and aryl boronic acid.

Next, we investigated the limitations of reactions involving
various acids and bases catalyzed by 5 (Table 2). The
conditions from entry 18 (Table 1) were used in all cases. For
several amides (compounds 7—12, 14, and 16, Table 2), we
performed additional experiments consisting in converting the
catalyst 5—4 to check whether there were discrepancies in the
obtained yield. For both catalysts, the obtained results were
similar, although slightly higher for those using nanostructured
carbon catalyst S. It is of note that the synthesis and use of
compound 4 have no practical value due to its lack of
renewability than catalyst S. Therefore, further experiments
were performed only with the target catalyst. The amidation
reaction is generally more efficient with benzylamines than
with the aniline derivatives. Additionally, the obtained yields
are higher for the aniline derivatives with electro-donating
substituents in the benzene ring (compounds 7 and 8) than for
electro-accepting ones (compounds 9 and 10). The differences
are probably due to the different basicity of these amines,
which significantly change with the type of substitution on the
benzene ring. The higher yields for the more basic benzyl-
amine also support this theory. There is no relationship
between the basicity of nonaromatic amine and the obtained
yield of the synthesized amide (compounds 18—21). The low
yield of the synthesized compound 17 may be due to the high
volatility of N,N-diethylamine, which hinders a homogenous
course of the reaction in a MW vial. The amidation reaction
was carried out for aliphatic acids (Table 2, entries 35—44).
The reaction with aliphatic acids is generally more efficient
than with aromatic acids. The reason may be the higher acidity
(lower pK,) of aliphatic acids than of aromatic acids and also
often lower steric hindrance of the aliphatic substituent.

Although the nanostructured carbon catalyst (5) does not
catalyze some of the reactions (compounds 31—33, entries
45—47, Table 2), we have intentionally included the results,
noting which compounds do not react in these experimental
conditions. We checked that the reaction between the amide
(2-pyrrolidone) and p-methoxy benzoic acid did not lead to
the formation of an aniracetam drug (compound 31). The
reaction mixture did not liquefy during the reaction between p-
nitroaniline and cinnamic acid, and therefore the amide 32 was
not synthesized. Compound 33 was not synthesized due to the
decomposition of the corresponding carboxylic acid under the
reaction conditions.

3.3. Catalytic Activity of Nanostructured Carbon-
Catalyst and Comparison with Other Catalysts. To assess
the stability and the reusability of catalyst S, the model amide
coupling reaction was performed in five successive runs (Figure
S). In the case of the nanostructured heterogeneous catalysts,
the problems that are often emphasized at this scale of
materials are their homogeneous dis7persion in solution, mass-
transfer limitations, and reusability."” The first two parameters
in the reaction under MW heating are largely eliminated. In
addition, using the solid-state conditions and CNO as an MW
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Figure 5. Reusability of catalyst 5. (A) Mass recovery of catalyst S in
the first five cycles. (B) Yield of the amide coupling reaction between
benzoic acid and aniline catalyzed by materials S in the first five

cycles.

absorber removes the problem of homogeneous dispersion of
carbon nanostructures in the solution and mass-transfer
limitations. The absorption of MW radiation by the CNO
effectively influences the yield of the catalytic reaction.
Additionally, the recovery of catalytic material is straightfor-
ward, and the mass losses are negligible. After five cycles, the
reusability of catalyst § is at the level of 91% by mass (Figure
SA).

A comparison with other organic and inorganic catalytic
systems in the direct amide coupling reaction demonstrated
that our nanostructural carbon catalyst exhibited a high
conversion and yield in a short reaction time (Table 3). By
analyzing the data in the table, we can draw several
conclusions. First, the amidation reaction for the aniline
derivatives is more challenging (entries 1—S5).

In the literature, we find only a few reports with this
substrate, for which a much lower reaction yield is achieved
than for our nanostructured carbon catalyst (88%, aniline
derivatives, entry 6) (Table 3). Additionally, the reactions
usually require organic solvents that are not environmentally
friendly (entries 1 and 3—S5). All of the reactions presented
require the presence of a catalyst which requires additional
removal from the reaction mixture due to the inorganic nature,
which is considered to be an impurity of the product. The
amidation reaction is generally more efficient with benzylamine
(entries 7—18) than with the aniline derivatives. Reaching high
yields of the amidation reaction is possible, even 98%, when
using a long reaction time (between 3 and 24 h) and organic
solvents. Shortening the time requires high-energy radiation,
such as MW and RF (entries 13, 14, and 16). For the
amidation reaction with benzylamine and catalyst S, we
achieved 94% yield quickly (1 h, entry 18).

This short comparison with other literature examples clearly
shows that using a modified nanostructured carbon-catalyst for
the direct amide coupling reaction supported by MW radiation
is a very effective method. It allows the elimination of organic
solvents from the reaction environment and minimizes energy
consumption, which consequently makes this catalytic method
more environmentally friendly.
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Table 3. Comparative Study of Catalysts

time yield
entry catalyst conditions (h) (%) refs
1 boric acid/PS toluene” 40 S0 22
supported

2 CAN MW (160 °C) 2 69-71 18

3 Kieselgel 60 toluene® 24 36 65

4 Kieselgel 60 p-cymene” 24 69 65

S Nb,O; toluene” 30 80 66

6  catalyst § MW/DMAPO“? 1 88 this

work

7 boric acid/MCF o-xylene” S 83 23

8 B-Py salt o-xylene-[emin] 98 24

[orf]”

9 B(Ph); toluene” 3 9 67

10 B(OH), TAME® 24 20 68

11 B(OCH,CF,), 80

12 B(OMe), 45

13 TiO, MW 02 9 69

14  Fe,H,NiO, RF heating 0.15 94 70

15 ZtCl, THF 24 84 71

16 CAN MW (160 °C) 2 71-77 18

17 Zr-AzoBDC THF 24 66 72

18  catalyst § MW/DMAPO“* 1 94 this

work

“Azeotropic removal of water. “Reflux. “At 150 °C (200 W). #Aniline
derivatives. “Benzylamine derivatives. PS: polystyrene; CAN: ceric
ammonium nitrate; B-Py salt: alkyl-4-boronopyridinium salts; B(Ph)s:
triphenyl borate; TAME: tert-amyl methyl ether; RF: radiofrequency
heating; and Zr-AzoBDC: azobenzene-containing metal—organic
framework.

4. CONCLUSIONS

In conclusion, we have synthesized a very efficient heteroge-
neous nanostructured carbon catalyst for the direct amide
coupling reaction using MW-heating in the absence of a
solvent. Using a nanostructured carbon with adsorbed aryl
boronic acid increases the thermal stability of the catalyst and
its reusability. Additionally, using an MW-assisted synthesis in
a solid-state condition eliminates the problem associated with
the dispersion of the nanostructured carbon materials in
solution and mass-transfer limitations. The absorption of MW
radiation by the nanostructural catalyst effectively influences
yield of the catalytic reaction, which is up to 94%. Additionally,
the recovery of catalytic material is straightforward, and the
mass losses are negligible. After five cycles, the reusability of
catalyst $ is at the level of 91% by mass. Usage of an effective
nanostructural carbon MW absorber significantly affects the
efficiency of the catalytic reaction and decreases the power
consumption. Additionally, eliminating solvents from the
catalytic reaction reduces the process costs and makes the
reaction condition more environmentally friendly.
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