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is of surfactant-free polycrystalline
CuO nanoparticles supported on carbon nanofibers
for regioselective hydroboration of alkynes†

Balaji Mohan,abc Kyung Hee Oh,de Ji Chan Park, *d Mohammad Yusuf,c

Kang Hyun Park *c and Buhyun Youn*a

Copper oxide nanoparticles (CuO NPs) with a clean surface supported on carbon nanofibers (CNFs) in one-

pot were prepared by simple solid-state grinding and aging followed by thermal treatment, yielding CuO

nanoparticles with high (23.8 wt%) and uniform CuO loading in the absence of surfactants and solvent.

The CuO NPs on CNFs (CuO/CNF) showed excellent catalytic activity in transforming a wide variety of

alkynes into alkenyl boronates using B2Pin2 as a boron source in the absence of ligand and additives with

high regioselectivity under mild conditions. Moreover, the present CuO/CNF catalyst was recyclable and

possesses excellent chemoselectivity. The developed green synthetic approach is expected to offer

exciting opportunities for designing monometallic or bimetallic nanoparticle catalysts on different

supports applied in heterogeneous catalysis.
1. Introduction

Supported metal/metal oxide nanoparticles as solid heteroge-
neous catalysts have been widely used in many elds.1 In
particular, supported non-noble metals (e.g., Co, Ni, Cu, etc.)
have attracted great attention owing to their low costs and the
ability to substitute noble-metal based catalysts in industrially
important catalytic applications.2 However, the catalytic effi-
ciency of non-noble metal based catalysts is still inferior to that
of noble-metal counterparts owing to low activity and poor
generality.3 To compensate the barrier, a high loading of non-
noble metals with high dispersity needs to be supported. With
a high level of nanoparticle loading, metal dispersion is very
challenging due to the agglomeration of metal nanoparticles.4

Therefore, high loading with high dispersity is a critical factor
for non-noble metal catalysts.

In general, supported metal nanoparticle catalysts have been
prepared via classical techniques such as impregnation and
drying,5 deposition–precipitation,6 and ion-adsorption.7 Other
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alternative processes like chemical vapor deposition, atomic
layer deposition, surface functionalization, or combined
procedures have also been used. However, impregnation and
drying with metal nitrate salts as a precursor is the most
common preparation and routine technique because of its
convenience, easy solubility, and inexpensive starting materials
that can readily decompose. However, the catalysts obtained are
with inhomogeneous nanoparticle dispersion and distribution,
because of weak support–precursor interactions.8 Hence, high
loading in the form of small nanoparticles still continues to be
a challenge.

Herein, we present a simple solid-state grinding method as
a strategy to anchor CuO nanoparticles with a high load
(nominally 23.8 wt%, Cu base: 20 wt%). The technique, in which
copper hydrate salts that melt before they decompose can be
adsorbed to the surface of carbon nanobers with no use of
solvent.9 The method is very simple and reproducible for the
synthesis of the CuO/CNF.

Organoboron compounds are versatile building blocks in
organic synthesis. In particular, E-alkenyl boronate esters are
essential units to fabricate important drugs such as naine
hydrochloride, bucinnazine hydrochloride, unarizine hydro-
chloride, and cinnarizine (Fig. 1). During the last ten years,
there were signicant reports on hydroboration of alkynes
through homogeneous transition metal catalysts that usually
require phosphine and nitrogen based ligands with high cata-
lyst loading to produce good yield and high selectivity, which
limits its commercial application in the industry.10

In the case of heterogeneous catalysts, Cu-nanocellulose
sponge, Cu–CuFe2O4, copper nanospheres, Cu nanocubes,
polyhedral Cu2O, Cu powder, CuFe2O4, nano-Cu@Si, Fe3O4
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Important drugs represent E-structure.
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have been widely used to effect hydroboration of alkynes.11

However, there are some drawbacks associated with the prep-
aration of those catalysts are need for stoichiometric equiva-
lents of reducing agents, high boiling solvents, additives,
surfactants, and ligands. In addition, some catalysts are highly
active only in the presence of phosphine ligands or excess base
or elevated temperature, or intolerant to internal alkynes.
Hence, developing a new methodology to prepare highly active
and long-lived supported CuO nanocatalysts without any
promoter has important signicance for the activation and
conversion of alkynes.

In the present work, a high-performance and long-lived CuO/
CNF nanocatalyst in one pot has been prepared by a simple solid-
state grinding followed by thermal treatment under nitrogen ow
without the use of solvent, surfactants, and harmful reducing
reagents. Hydroboration of alkyne was chosen as a probe reaction
to evaluate the CuO/CNF nanocatalyst.

2. Experimental section
2.1 Chemicals

Copper(II) nitrate trihydrate (Cu(NO3)2$3H2O, Daejung, 99%)
and carbon nanobers (>98%, D � L 100 nm � 20–200 mm,
Aldrich) were used as received without further purication.
Phenylacetylene (99%) and other starting materials were
procured from Aldrich and TCI Korea. All chemicals were used
without further purication. The crude products were analyzed
using a gas chromatography-mass spectrometry (GC-MS)
system (QP2010SE, Shimadzu Corp.). All puried products
aer column chromatography were characterized by 1H NMR
(Agilent NMR, 400 MHz).

2.2 Synthesis of the CuO/CNF nanocatalyst

For the synthesis of the CuO/CNF catalyst, 1.2 mmol of
Cu(NO3)2$3H2O (0.285 g) and 25 mmol of carbon nanobers
(0.30 g) were homogeneously mixed with SamplePrep methac-
rylate grinding balls (diameter: 3/4 inch) using a high-energy
© 2022 The Author(s). Published by the Royal Society of Chemistry
ball mill (SPEX 8000M Mixer/Mill®) with 1725 rpm. Aer mix-
ing for 5 min, the mixed powder sample was transferred to
a stainless steel reactor (18 mm outer diameter, 1.0 mm wall
thickness, 115 mm height). The mixture was then heated to
90 �C at a ramping rate of 9 �C min�1 under a closed reaction
system, followed by aging at the same temperature for 1 h. Next,
the mixed powder was cooled to room temperature. Aer that,
the reactor was reheated to 220 �C at the ramping rate of
5.5 �C min�1 up to 220 �C under a ow of N2 (100 mL min�1);
then it was thermally treated at the same temperature for 2 h.
Finally, the resulting black powder was cooled to room
temperature and then recovered.
2.3 Characterization

Scanning electron microscopy (SEM) was performed on
a NovaNano SEM 450/FEI. For SEM analysis, a few drops of the
colloidal solutions were placed on the small pieces (5 mm � 5
mm) of a silicon wafer, followed by drying in air. Transmission
electron microscopy (TEM) images were obtained using a F200/
JEOL operated at 200 kV. The TEM samples were prepared by
placing a few drops of the colloidal solutions on nickel grids
coated with formvar carbon lm (Ted Pella, Inc.). The X-ray
diffraction (XRD) patterns of the nanocatalyst were used to
identify peak shape and crystallinity on a high-power (9 kW)
powder X-ray diffractometer. A Rigaku D/MAX-2500 X-ray
diffractometer with Cu Ka radiation was used for phase anal-
ysis. All diffraction patterns were collected at 2q values between
20� and 80� using a step size of 3� min�1. The crystallite sizes
were estimated from the XRD using Scherrer equation: L ¼ Kl/
b cos q, where L is the average particle (crystallite) size, K is the
Scherrer constant related to the shape and index (hkl) of the
crystals, l is the wavelength (0.15406 nm) of the X-rays, b is the
value of full width at half maximum (FWHM) of the peak in
radians, and q is the Bragg angle. The N2 sorption isotherms
were measured at �196 �C with a TriStar II 3020 surface area
analyzer. Before measurement, the samples were degassed in
a vacuum at 150 �C for 4 h.
RSC Adv., 2022, 12, 24998–25005 | 24999
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Scheme 1 A brief synthesis scheme of CuO/CNF nanocatalyst.
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2.4 Experimental procedure for hydroboration reaction of
phenylacetylene

In a typical synthesis procedure, to a 5 mL screw-capped vial,
4 mg of CuO/CNF catalyst (23.8 wt% CuO), phenylacetylene
Fig. 2 (a) SEM image, (b) low-resolution TEM image, (c) elemental (Cu a
CNF nanocatalyst.

25000 | RSC Adv., 2022, 12, 24998–25005
(100 mg, 0.9803 mmol), B2Pin2 (299 mg, 1.176 mmol), KOtBu
(11 mg, 0.09803 mmol) and methanol (2 mL) were charged. The
mixture was then purged with argon about 15 min and closed
with cap. Then, the vial was kept in a 40 �C preheated oil bath
nd C) mapping images, (d) HRTEM image, and (e) XRD pattern of CuO/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 N2 adsorption/desorption isotherms of (a) pristine CNF and (b)
CuO/CNF nanocatalyst.

Table 1 Optimization of CuO/CNF for the synthesis of alkenyl boronate

Entry Catalyst (mg) Base

1 CuO/CNF (2) —
2 CuO/CNF (2) —
3 CuO/CNF (2) K2CO
4 CuO/CNF (2) KOtB
5 CuO/CNF (2) KOtB
6 CuO/CNF (2) KOtB
7 Recovered from #5 KOtB
8 Recovered from #7 KOtB
9 Recovered from #8 KOtB
10 Recovered from #9 KOtB

a Experimental conditions: phenylacetylene (0.49 mmol), B2Pin2 (0.588 m
40 �C, 12 h. b Conversion determined by GC-MS. c Isolated yield. d 0.98 m

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for 12 h under magnetic stirring. Aer the maintenance, the vial
was cooled to RT, passed through a celite bed followed by
extraction with diethyl ether and washed with water and the
solvent was evaporated through a rotary evaporator. The crude
product was subjected to analyze by GC-MS. The residue was
puried by column chromatography using ethyl acetate and
hexane.
3. Results and discussion
3.1 Synthesis of the CuO/CNF catalyst

The CuO nanoparticles supported on the surfaces of CNF were
obtained using a simple grinding and aging method of the
hydrated copper salt, followed by its thermal treatment under
N2 (Scheme 1). To prepare a 23.8 wt% CuO-loaded catalyst, the
gCu salt/gCNF ratio of 0.95 was used. First, Cu(NO3)2$3H2O crys-
tals, which have a melting point of 114 �C could be adsorbed on
the carbon surfaces of CNFs by grinding them at room
temperature and subsequently aging at 90 �C for 1 h in
a tumbling oven. Aer the aging step to widely contact the Cu
salt on the carbon supports, the polycrystalline CuO nano-
particles were generated by thermal treatment at 220 �C under
a ow of N2. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images show incor-
porated CuO nanoparticles with ca. 90 nm (Fig. 2a and b). The
single CuO particle anchored on the carbon support can clearly
be observed (inset of Fig. 2b). The SEM elemental mapping of
copper (violet) and carbon (green) demonstrated uniform
particle dispersion (Fig. 2c). The high-resolution TEM (HRTEM)
image exhibits a polycrystalline structure in which single-
crystalline domains are observed to be ca. 30 nm (Fig. 2d).
The high-resolution TEM(HRTEM) image and the correspond-
ing Fourier-transform (FT) patterns indicated the formation of
s using phenylacetylene and bis(pinacolato)diborona

Temp. (�C) Conv.b (%) 3aa

25 59
40 74

3 40 82
u 25 87
u 40 98 (93)c

u 40 69d

u 40 96
u 40 94
u 40 91
u 40 89

mol), CuO/CNF (2 mg), base (10 mol%), methanol (1 mL) under argon,
mol of phenylacetylene were used.

RSC Adv., 2022, 12, 24998–25005 | 25001
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Table 2 Substrate tolerance of various alkynes over CuO/CNF nanocatalysta

Entry Alkyne Product Conv.b (%)

1 96 (93)c

2 93 (89)c

3 85 (79)c

4 88 (82)c

5 91 (85)c

6 86 (81)c

7 85 (83)c

8 91 (87)c

25002 | RSC Adv., 2022, 12, 24998–25005 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Alkyne Product Conv.b (%)

9 89 (84)c

10 74

11 97

12 86 (81)c

a Experimental conditions: alkyne (1 mmol), B2Pin2 (1.2 mmol), CuO/CNF (2 mg), base (10 mol%), methanol (1 mL) under argon, 40 �C, 12 h.
b Conversion determined by GC-MS. c Isolated yield.
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copper(II) oxide crystals with a distance of 0.25 nm between
neighboring fringes, matching well with the (002) planes of
monoclinic CuO (Fig. 2d). In the X-ray diffraction (XRD) pattern
of pristine CNF, graphite peaks were mainly observed at 2q ¼
26.2� and 44.4�; corresponding to the reections of the (002)
and (101) planes of graphitic carbon (JCPDS No. 75-1621) (Fig.
2e). The XRD pattern of the CuO/CNF nanocatalyst shows that
CuO nanoparticles are well-matched with the monoclinic CuO
phases (JCPDS No. 45-0937; space group, C2/c). The single-
crystalline domains of CuO particle estimated from the
FWHM of the (002) diffraction peak at 2q ¼ 35.5� was 28 nm.

The N2 sorption experiments for pristine CNF and CuO/CNF
nanocatalyst exhibited type II adsorption–desorption hysteresis
(Fig. 3a and b). The nitrogen isotherms indicate their macro-
porous or nonporous characteristic. The BET surface areas of
the pristine CNF and CuO/CNF were very low, calculated to be
21.9 m2 g�1 and 17.8 m2 g�1. The very small pore volumes both
in the pristine CNF were observed as 0.044 cm3 g�1, and 0.069
cm3 g�1 in the CuO/CNF nanocatalyst (Fig. 3).

We began our investigation with highly dispersed CuO/CNF
NPs as a catalyst for the hydroboration of phenylacetylene for
© 2022 The Author(s). Published by the Royal Society of Chemistry
screening optimal reaction conditions, and Table 1 summarizes
the results. Initially, we chosemethanol as the solvent and 25 �C
as the reaction temperature under argon atmosphere (to avoid
glaser homocoupling of alkynes) for optimizing the catalyst. At
25 �C without base afforded only 59% conversion for 12 h stir-
ring whereas increasing temperature to 40 �C led to 74% (entry 1
and 2, Table 1). Upon including 10 mol% K2CO3 as a base at
40 �C, the conversion of 3aa was improved to 82% (entry 3,
Table 1). But when base changed to KOtBu, conversion was good
to excellent at 25� and 40 �C along with outstanding E-regiose-
lectivity (Entries 4 and 5, Table 1). The conversion was reduced
to 69% when phenylacetylene moles were increased to
0.98 mmol which seems 2 mg of catalyst is minimum require-
ment for optimum conversion (entry 6, Table 1). The catalyst
recovered from entry 5 upon centrifugation and drying followed
by stored under argon aer each run have been reused four
times successfully with good conversions (entries 7 to 10, Table
1).

The protocol with a CuO/CNF catalyst was applicable to
various alkynes bearing both electron donating and electron
withdrawing functionalities (Table 2). Terminal alkynes with
RSC Adv., 2022, 12, 24998–25005 | 25003
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Scheme 2 Proposed mechanism for hydroboration of alkynes on the surface of CuO/CNF.
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methyl, methoxy, chloro, t-butyl, triuoromethyl and phenyl at
para positions were well tolerated to afford corresponding E-
alkenyl boronates in excellent yields (Entries 1–6, Table 2).
Sterically hindered 2-ethynylmesitylene was also compatible
with our CuO/CNF catalyst (entry 7, Table 2). Heterocyclic
derivatives such as 2-ethynyl thiophene and 2-ethynyl pyridine
were also borylated efficiently (Entries 8 & 9, Table 2). A
synthetic hormone 17a-ethynylestradiol was also produced
corresponding E-alkenyl boronate in moderate yield (entry 10,
Table 2).12 More importantly, CuO/CNF was highly chemo-
selective to alkyne as no reaction on the olen was noticed when
1-ethynylcyclohexene was subjected to hydroboration reaction
(entry 11, Table 2). Particularly, this protocol also works for the
internal alkyne such as 1-phenyl-1-propyne was also afforded
corresponding alkenyl boronate in high yield (entry 12, Table 2).
From the above results, CuO/CNF was highly tolerant to a broad
range of functional groups, whatever the substitution pattern,
and the hydroborylated products were isolated in good to
excellent yields and showed outstanding E-regioselectivity. The
crude products (entry 10 and 11, Table 2) without column
chromatography isolation were subjected to 1H NMR analysis
(see ESI†) and showed doublets at 5.67 ppm with the J value of
18.4 Hz (entry 10) and 5.42 ppmwith the J value of 18.2 Hz (entry
11) that corresponds to exclusive formation of E-regioisomer.

3.2 Catalytic cycle

A plausible mechanism for hydroboration of alkynes has been
proposed in Scheme 2.11f Initially, the reaction of KOtBu with
B2Pin2 led I and II. Adsorption of phenyacetylene and II on the
surface of CuO/CNF provides intermediate III, followed by
replacement of potassium of III by protonation with the assis-
tance of solvent CH3OH regenerates nal product IV and the
CuO/CNF catalyst.

4. Conclusions

In this paper we have reported that copper(II) oxide nano-
particles supported on carbon nanober were prepared in one-
25004 | RSC Adv., 2022, 12, 24998–25005
pot utilizing a simple solid-state grinding followed by thermal
treatment under nitrogen ow in the absence of surfactant,
reducing agent and solvent. The catalyst was used for the
preparation of vinylboronates under heterogeneous conditions.
This technique eliminates the use of any ligand or additive, and
is applied to a wide range of terminal, and internal alkynes
including steroid derivative affording good to excellent yields
with high regioselectivites under mild conditions. The catalyst
also possesses good recyclability and excellent chemoselectivity.
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and K. Kirchner, ACS Catal., 2018, 8, 7973–7982; (g)
R. J. Procter, M. Uzelac, J. Cid, P. J. Rushworth and
M. J. Ingleson, ACS Catal., 2019, 9, 5760–5771; (h)
R. Mamidala, V. K. Pandey and A. Rit, Chem. Commun.,
2019, 55, 989–992; (i) M. Zhong, Y. Gagné, T. O. Hope,
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