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Copper nitride nanocube catalyst for the highly efficient 
hydroboration of alkynes
Hang Xu,a Sho Yamaguchi,a Takato Mitsudomea,b and Tomoo Mizugaki*a,c

Hydroboration of alkynes with bis(pinacolato)diboron is a useful method for the synthesis of vinyl boronate esters, which 
are essential intermediates in organic syntheses. Copper catalysts have been used extensively in these reactions. However, 
previously reported Cu-catalyst systems inevitably require additives and elevated temperatures. Herein, we report, for the 
first time, the simple and efficient hydroboration of alkynes under additive-free and mild reaction conditions (i.e., at a 
temperature of 30 °C) using a copper nitride nanocube (Cu3N NC) catalyst. A wide range of alkynes can be transformed into 
their corresponding boronate esters. Cu3N NCs are also applicable in the hydroboration of alkynes with tetrahydroxydiboron 
to synthesize vinyl boronic acids. Moreover, Cu3N NCs were easily separated by simple filtration and could be reused several 
times without any loss to their original activity. Hence, these highly active and reusable Cu3N NC catalysts offer an 
environment-friendly route for the efficient production of vinyl boronates.

Introduction
Vinyl boronate esters are important and versatile building 
blocks in pharmaceutical chemistry1 and synthetic organic 
chemistry2. They serve as key nucleophilic reagents in cross-
coupling reactions for C–N, C–O, and C–C bond formation.3 The 
hydroboration of alkynes with pinacolborane (HBPin) is a useful 
method for the synthesis of vinyl boronate esters.4 However, 
HBPin is difficult to handle due to its moisture and oxygen 
sensitivity.5 As a result, the catalytic hydroboration of alkynes 
with water-resistant and oxygen-insensitive 
bis(pinacolato)diboron (B2Pin2) has attracted significant 
attention.6 To date, there have been many reports of 
homogeneous Cu catalytic systems, but the catalysts in these 
systems are difficult to separate and recycle (Scheme 1A).7 To 
overcome these drawbacks, some efforts have been devoted to 
developing heterogeneous Cu catalysts, such as CuO/MgO, Cu 
metal–organic frameworks (Cu-MOF), and Cu 
nanospheres/graphene nanosheets (Cu-NPs/rGO) (Scheme 
1B).8 However, these catalytic systems require the use of 
additives to activate the B2Pin2. Recently, remarkable research 
has been reported by Li’s group using single-atom Cu catalysts 
for the hydroboration of alkynes under additive-free 
conditions.9 Despite their high catalytic performance, thermal

conditions are still needed. Consequently, an efficient and 
environmentally benign catalytic system for the selective 
hydroboration of alkynes under mild and additive-free 
conditions remains in great demand.

Nano-sized particles of metal non-oxide compounds, such as 
metal nitrides, phosphides, and sulfides, are a new class of 
catalytic materials in organic syntheses.10 Recently, we reported 
on the high catalytic activity of copper nitride (Cu3N) in liquid-
phase reactions.11 Cu3N possesses a regularly arranged N–CuI–
N structure on the surface, and the interaction between 
adjacent Cu and N atoms creates the unique catalysis of Cu3N. 
In this work, we report that the Cu3N nanocubes (Cu3N NCs) act 
as a highly active heterogeneous catalyst for the hydroboration 
of various alkynes with diborons in ethanol (EtOH) to the 
corresponding vinyl boronate esters (Scheme 1C). This is the 
first example of heterogeneous Cu catalysts for the 
hydroboration of alkynes under additive-free and mild reaction 
conditions.

Scheme 1 Copper-catalyzed hydroboration of terminal alkynes with B2Pin2.
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Experimental
General information

All organic reagents were purchased from FUJIFILM Wako Pure 
Chemical Corporation, Sigma–Aldrich, or Tokyo Chemical 
Industry. Gas chromatography-mass spectrometry (GC-MS) was 
performed using a GCMS-QP2010 SE instrument equipped with 
an InertCap WAX-HT capillary column (GL Science, 30 m × 0.25 
mm i.d., film thickness 0.25 µm). 1H and 13C nuclear magnetic 
resonance (NMR) spectra were acquired at 400 and 100 MHz, 
respectively, using a JEOL JNM-ESC400 spectrometer. All known 
compounds described in this paper were characterized by 
comparing their 1H and 13C NMR spectra with previously 
reported data. Scanning electron microscopy (SEM) images 
were obtained using a JSM-7600F microscope operated at 15.0 
kV at the Analytical Instrument Facility, Graduate School of 
Science, Osaka University. Transmission electron microscopy 
(TEM) images were obtained using a Hitachi HF-2000 
microscope operated at 200 kV at the Research Center for Ultra-
High-Voltage Electron Microscopy, Osaka University. Cu K-edge 
X-ray absorption spectra (extended X-ray absorption near edge 
structure (XANES)) obtained using a Si(111) monochromator 
were recorded at 25 °C at the BL01B1 and BL14B2 stations at 
SPring-8, Japan Synchrotron Radiation Research Institute 
(JASRI), Harima, Japan, and the data analysis was performed 
using Demeter (ver. 0.9.26) software. Powder X-ray diffraction 
(PXRD) patterns were acquired using a Philips XPert-MPD 
instrument with Cu-Kα radiation. X-ray photoelectron 
spectroscopy (XPS) spectra of the samples were obtained using 
a KRATOS AXIS ULTRA HAS spectrometer, and the binding 
energy was referenced to the C 1s peak (284.4 eV). Fourier-
transform infrared (FT-IR) spectra were recorded on a JASCO FT-
IR 4100 spectrometer equipped with a mercury cadmium 
telluride detector. FT-IR attenuated total reflectance (ATR) 
spectra were recorded on a SHIMADZU IRSprit-T spectrometer. 
Temperature-programmed desorption (TPD) data were 
obtained using a BELCAT-A instrument (BEL Japan Inc.) 
equipped with a mass spectrometer (BELMass-S, BEL Japan, 
Inc.).

Preparation of Cu3N NCs

Cu3N NCs were synthesized based on our previous work.11b 
Briefly, Cu(NO3)2·3H2O, octadecylamine, and oleylamine were 
added to a Schlenk flask. The mixture was then heated to 260 
°C under an Ar atmosphere to yield a brown colloidal solution. 
After cooling to room temperature, the solid was isolated via 
precipitation in 2-propanol. The obtained solid was washed 
several times with EtOH/toluene (v/v = 1/1) to afford Cu3N NC 
as a brown powder.

Procedure for catalytic hydroboration of alkynes

The general procedure for the hydroboration of alkynes using 
Cu3N NCs is as follows. The Cu3N NC catalyst (5 mg) was placed 
in a 50-mL stainless-steel autoclave with a Teflon inner cylinder, 
with alkynes (0.5 mmol), diboron reagents (0.6 mmol), and 
EtOH (2 mL). The mixture was stirred at 30 °C under an Ar 
atmosphere. After the reaction, the solution was analyzed by 
GC-MS or 1H NMR spectroscopy to determine the 

regioselectivity. The mixture was concentrated to yield the 
crude product, which was further purified using silica gel flash 
chromatography (hexane/ethyl acetate) to give the desired 
products.

Gram-scale experiment

Cu3N NCs (2 mg, 0.01 mmol of Cu) were placed in a 50-mL 
stainless-steel autoclave with a Teflon inner cylinder, with 
phenylacetylene (1a) (1.02 g, 10.0 mmol), B2Pin2 (3.03 g, 12.0 
mmol), and EtOH (10 mL). The reaction mixture was stirred at 
30 °C under an Ar atmosphere for 12 h. After the reaction, the 
reaction mixture was concentrated to yield the crude product, 
which was further purified using silica gel flash chromatography 
(hexane/ethyl acetate, v/v = 30/1) to give (E)-4,4,5,5-
tetramethyl-2-styryl-1,3,2-dioxaborolane (2a) (2.09 g).

Results and discussion
Characterization of Cu3N NCs

The formation of the pristine Cu3N NCs was confirmed by PXRD 
analysis (Fig. 1a). The five diffraction peaks at 2θ = 23.1°, 33.2°, 
40.9°, 47.6°, and 53.7° correspond to the standard diffraction 
data for copper nitride (JCPDS No. 47-1088).12 Cu K-edge XAFS 
analysis was performed to investigate the oxidation state of the 
Cu species in the Cu3N NCs. Figure 1b shows the XANES 
spectrum of the Cu3N NCs along with the spectra of Cu foil, CuO, 
and Cu2O as references. The absorption edge energy of the 
Cu3N NCs was similar to that of Cu2O, indicating that the Cu 
species in the Cu3N NCs is in the +1 oxidation state. 
Furthermore, the representative SEM and TEM images revealed 
the cubic structure of the Cu3N NCs with an average edge length 
of 67 nm (Figs. 1c, 1d, and S1).

Fig. 1 (a) PXRD patterns of Cu3N NCs. (b) Cu K-edge XANES spectra of Cu3N NCs and the 

reference Cu compounds. (c) TEM and (d) SEM images of Cu3N NCs.

Catalytic performance evaluation

The catalytic activity of the Cu3N NCs was examined for the 
hydroboration of 1a with B2Pin2 in EtOH. Notably, the Cu3N NC 
catalyst showed high activity for the hydroboration of 1a, 
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Table 1 Hydroboration of 1a using various Cu catalysts.a

1a

Catalyst, Ar

EtOH, 30 oC, 1 h
B2Pin2+

BPin

2a

Entry Catalyst Yield of 2a (%)b

1 Cu3N NCs 99
2 Cu2O <1
3 CuO <1
4 Cu2O NCs <1

a Reaction conditions: 1a (0.5 mmol), catalyst (5 mol% of Cu), and EtOH (2 mL) 
under Ar. b Yield was determined by 1H NMR analysis using 1,4-dinitrobenzene 
(0.1 mmol) as an internal standard. 

1a, 1.02 g, 10 mmol

Cu3N NCs (0.1 mol%)

EtOH, 30 oC, 12 h, Ar
B2Pin2+

BPin

2a, 2.09 g, 91% isolated yield

TON = 912
Scheme 2 A gram-scale experiment of the hydroboration of 1a to 2a using Cu3N NCs.

providing 2a in quantitative yield without base additives (Table 
1, Entry 1, for details, see Table S1). This is the first example of 
a heterogeneous Cu catalyst that promotes the hydroboration 
of 1a with B2Pin2 under additive-free conditions at 30 °C (Table 
S2). In contrast to the excellent catalytic performance of Cu3N 
NCs, the mono- and divalent Cu reference catalysts, Cu2O and 
CuO respectively, were almost inactive under the same reaction 
conditions (Table 1, Entries 2 and 3). Furthermore, Cu2O NCs 
with the same morphology and size as the Cu3N NCs were 
prepared (For details, see Fig. S2)13 and used in the 
hydroboration of 1a, but no product (2a) was obtained (Table 1, 
Entry 4). The Cu3N NC catalyst system was also applicable in 
gram-scale synthesis, affording 2a in 91% isolated yield with a 
turnover number (TON) of 912, based on the total number of Cu 
atoms used in the reaction (Scheme 2). These results clearly 
demonstrate the high catalytic activity of Cu3N NCs in the 
hydroboration of 1a.

The Cu3N NC catalyst was easily recovered by centrifugation 
and was reused in multiple experiments. The recovered Cu3N 
NC catalyst exhibited no obvious loss in activity after the third 
recycling experiment (Fig. 2a). To investigate the 
heterogeneous nature of the Cu3N NCs during the reaction, a 
hot filtration experiment was performed (Fig. 2b). No additional 
product was formed in the filtrate after the Cu3N NC catalyst 
was removed by filtration, indicating that hydroboration of 1a 
proceeded on the Cu3N NC surface. The reused Cu3N NCs were 
analyzed by PXRD, TEM, and XAFS. The PXRD patterns of the 
recovered Cu3N NCs displayed the same five peaks as those of 
the fresh Cu3N NCs (Fig. S3). The TEM image confirmed that 
there were no significant changes in the shape and size of the 
recovered Cu3N NCs (Fig. S4). In addition, the XANES analysis 
showed that the absorption edge energy of the reused Cu3N 
NCs was similar to that of the fresh catalyst (Fig. S5). These 
results confirm the high durability of the Cu3N NC catalyst under 
the utilized hydroboration conditions.

Fig. 2 (a) Reuse experiments of Cu3N NCs in the hydroboration of 1a to 2a for 1 h. (b) Hot 
filtration experiment of Cu3N NCs in the hydroboration of 1a to 2a: without catalyst 
removal (blue line) and with catalyst removal (red dot line). Reaction conditions: Cu3N 
NCs (5 mg), 1a (0.5 mmol), B2Pin2 (0.6 mmol), EtOH (2 mL), 30 °C, Ar. Yields were 
calculated by 1H NMR analysis using 1,4-nitrobenzene as an internal standard.

The substrate scope was then explored (Scheme 3). Various 
1-ethynylbenzenes bearing electron-donating groups (–OMe, –
Me, and –NH2) and electron-withdrawing groups (–Br, –Cl, –F, 
and –NO2) at the para-position were successfully converted to 
the corresponding borylated products in 62–96% isolated yields 
with excellent regio- and stereoselectivity (2b–2h). Ortho- and 
meta-substituted 1-ethynylbenzenes were also borylated,

21

R1 Cu3N NCs, Ar
R1

EtOH, 30 oC
B2Pin2+

BPin

R2

BPin BPin

MeO

BPin

BPin

Br

BPin

Cl

BPin

F

BPin

H2N

BPin

O2N

BPinBPin

N BPin

S

BPin
BPin

BPin

BPin

BPinBPin
Cl

Cl

2b 96% (99%) 2c 92% (99%)

2e 85% (92%) 2f 91% (99%) 2g 93% (97%)

2j 86% (89%)2i 95% (97%) 2l 89% (94%)2k 97% (97%)

2d 90% (99%)2a 93% (99%)

2h 62% (99%)a

2m 88% (99%)a

2s 53%a

2n 99% (99%)

2t 54% (86%)a

2p 76% (95%)a

HO BPin

2o 81% (99%)a

N

O

O

BPin

2u 61% (93%)a

OH

BPinH

HO
H

2v 63% (95%)a

BPin

O BPin

2q 71%b

Dihydroboration

R2

BPin
BPin

2r 54%c

Scheme 3 Hydroboration of various alkynes with B2Pin2. Reaction conditions: 1 (0.5 
mmol), B2Pin2 (0.6 mmol), Cu3N NCs (5 mg, 5 mol% of Cu), EtOH (2 mL), Ar, 30 °C, 1 h. 
Isolated yields. Regioselectivity in parentheses was determined by GC-MS or 1H NMR 
analysis. a 12 h. b 1q (0.2 mmol), B2Pin2 (0.5 mmol), Cu3N NCs (2 mg, 5 mol% of Cu), EtOH 
(1 mL), 80 °C, 1 h. c 1r (0.25 mmol), B2Pin2 (1.0 mmol), Cu3N NCs (5 mg, 10 mol% of Cu), 
EtOH (1 mL), 80 °C, 12 h, yield was determined by 1H NMR analysis using 1,4-
dinitrobenzene (0.1 mmol) as an internal standard.
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affording the desired vinyl boronic esters in 86–97% yields (2i– 
2l). Heteroaromatic alkynes, 2-ethynylpyridine and 3- 
ethylthiophene, underwent hydroboration to give the 
corresponding products in 88% and 99% yields, respectively (2m 
and 2n). In addition, aliphatic terminal alkynes were efficiently 
converted to the desired boronate esters in 81% and 76% yields, 
respectively (2o and 2p). Moreover, the Cu3N NC catalytic 
system was applied to the dihydroboration of alkynes for 
synthesizing diborylalkanes, which are essential intermediates 
for organic transformations.14 A conjugated ynone, but-3-yne-
2-one (1q), with 2.5 eq. of B2Pin2 afforded the geminal diboryl 
product (2q) in 71% yield.8f While in the reaction of 1-octyne 
with 4 eq. of B2Pin2, 1,2-diborylated octane (2r) was the major 
product obtained in 54% yield.15 Phenylacetylene resulted in 
the poor regioselectivity; the mixture of geminal and 1,2-
addition products were obtained, which may be caused by the 
protodeborylation of the intermediates (see Scheme S1 for the 
details of limitation of substrate).15b,16 This is the first example 
of a heterogeneous metal catalyst for the dihydroboration of 
alkynes with B2Pin2 under additive-free conditions.8f,17 The 
hydroboration of internal alkynes afforded the corresponding 
products in moderate yields (2r and 2s). Bioactive phthalimide 
and steroid derivatives were also tolerated, and afforded 2t and 
2u in 61% and 63% isolated yields, respectively. These results 
demonstrate the high functional group tolerance and utility of 
Cu3N NCs for fine chemical syntheses.

Hydroboration of alkynes with other diboronate reagents 
was subsequently investigated (Scheme 4). Bis 
(neopentylglycolato)diboron (B2nep2) reacted efficiently with 
various aromatic alkynes to generate the corresponding vinyl 
boronate esters in 82–94% yields (3a–3d). Aliphatic alkyne, 2- 
methylbut-3-yn-2-ol, and internal alkyne, 1,2-diphenylethyne, 
were favorable for this reaction, and the desired products were 
obtained in 62% and 57% yields, respectively (3e and 3f).

3

1

R1 Cu3N NCs, Ar

R1

EtOH, 30 oC

B2nep2

+

Bnep

R2

Bnep Bnep

MeO

Bnep Bnep

Cl

HO Bnep
Bnep

3b 85% (99%) 3c 94% (99%) 3d 82% (99%)3a 92% (99%)

3f 57%a3e 62% (99%)a

or

B2(OH)4
4

Ar
B(OH)2

B(OH)2 B(OH)2

MeO

4b 56% (88%)b4a 60% (91%)b

R2

Scheme 4 Hydroboration of various alkynes with B2nep2 or B2(OH)4. Reaction conditions: 
1 (0.5 mmol), B2nep2 or B2(OH)4 (0.6 mmol), Cu3N NCs (5 mg, 5 mol% of Cu), EtOH (2 mL), 
Ar, 30 °C, 1 h. Isolated yields. Regioselectivity in parentheses was determined by 1H NMR 
analysis. a 12 h. b 3 h.

Subsequently, we investigated the hydroboration of alkynes 
with B2(OH)4 to synthesize vinyl boronic acids, which are useful 
in pharmaceutical and organic chemistry.18 A previously 
reported system required multiple steps,19 while the present 
Cu3N NC catalyst efficiently promoted the direct hydroboration 
of several terminal aryl alkynes to the corresponding vinyl 
boronic acids in good yields (4a and 4b).

Reaction mechanism

To gain insight into the origin of the high catalytic activity of 
Cu3N NCs, various spectroscopic analyses of Cu3N NCs and Cu2O 
NCs were performed. The FT-IR spectrum of the Cu3N NCs after 
pyridine absorption displayed three peaks at 1594, 1576, and 
1442 cm−1, attributed to the coordination of pyridine to Lewis 
acid sites (Fig. 3a, blue line).20 Furthermore, CO2-TPD 
measurements clearly revealed the presence of base sites on 
the Cu3N NC surface (Fig. 3b, blue line). In sharp contrast to the

Fig. 3 (a) FT-IR spectra of pyridine absorbed on Cu3N NCs (blue line) and Cu2O NCs (green line). (b) CO2-TPD signals of Cu3N NCs (blue line) and Cu2O NCs (green line) monitored at 
m/z = 44. (c) Cu 2p XPS spectra of Cu3N NCs and Cu2O NCs. (d) N 1s XPS spectrum of Cu3N NCs.
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Cu3N NCs, there are no absorption peaks in the FT-IR and CO2-
TPD spectra of the Cu2O NCs (Figs. 3a and 3b, green line) (for 
details, see Fig. S6 and Table S3). We further performed XPS 
analysis of the Cu3N NCs. The Cu 2p3/2 peak in the Cu3N NC 
spectrum was observed at 932.3 eV which is slightly higher than 
that for the Cu2O NCs (Fig. 3c).21 This observation is due to the 
electron transfer from Cu to N atoms in Cu3N NCs and the 
resulting Cu Lewis acid sites on Cu3N NCs.22 Furthermore, the N 
1s peak of Cu3N NC displayed two contributions: from the Cu‒N 
(396.2 eV) species and the residual surface amines (398.3 eV) 
(Fig. 3d).23,24 Therefore, the excellent catalytic performance of 
Cu3N NCs may be attributed to the co-existence of Lewis acid-
base sites.25

Based on the co-existence of Lewis acid and base sites on 
Cu3N NCs, a reaction mechanism is proposed in Scheme 5.7,8 

First, EtOH is adsorbed and activated on the surface of sites of 
Cu3N NCs (step 1). Then, the activated EtOH reacts with B2Pin2 
to form a Cu–BPin species, along with the production of EtO–
BPin (step 2). Subsequently, nucleophilic attack of the Cu–BPin 

species on 1a, activated by the Lewis acid site of Cu, forms a 
linear intermediate (steps 3 and 4).9b,26 Finally, a hydrogen 
transfer process occurs to provide the desired product 2a (step 
5).

The above reaction pathway was supported by the following 
experimental results. 1) EtO–BPin was detected by GC-MS (Fig. 
S7). 2) When borylation of 1a was performed in 
monodeuterized ethanol (EtOD), monodeuterized 2a (2a-d) was 
obtained as the main product (see Scheme S2a and Figs. S8 and 
S9). To consider the rate-determining step in this reaction, we 
also estimated the kinetic isotope effect (KIE) in the reaction of 
1a in EtOH or EtOD solvent (Scheme S2b): the KIE value was 3.2, 
which is similar with the KIE value listed in reported works,25,27 
suggesting that the abstraction of O–H bond of alcohol would 
be the rate determining step. Thus, the distinct catalytic activity 
of Cu3N NCs can be attributed to the cooperative catalysis of 
Lewis acid-base sites for the sequential activation of EtOH, 
B2Pin2, and the alkyne.25,28

Scheme 5 Proposed mechanism of the hydroboration of 1a catalyzed by Cu3N NCs.

Conclusions
Herein we have reported the highly efficient hydroboration of 
alkynes over a Cu3N NC catalyst under additive-free and mild 
reaction conditions. The utility of the Cu3N NC catalyst was 
demonstrated for the reaction of a wide variety of alkynes with 
diboron compounds, including B2(OH)4, affording the 
corresponding vinyl boronate esters and vinyl boronic acids in 
good-to-excellent yields. The Cu3N NCs exhibited high catalytic 
performance even at 30 °C and were applicable to gram-scale 
production with an excellent TON (912). The heterogeneous 
Cu3N NC catalyst was easily separated and reused at least three 
times with excellent yields. The co-existence of Lewis acid-base 
sites on the Cu3N NC surface plays a key role in accelerating the 

hydroboration of alkynes. We believe that copper nitride has 
great potential as a replacement for conventional Cu catalysts 
and makes a significant contribution to the development of 
green and sustainable reaction processes.
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