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Abstract: The use of simple, inexpensive, and efficient methods to construct carbon-boron and
carbon-oxygen bonds has been a hot research topic in organic synthesis. We demonstrated that
the desired B-boronic acid products can be obtained under mild conditions using copper foam
as an efficient heterogeneous catalyst. The structure of copper foam before and after the reaction
was investigated by polarized light microscopy (PM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), and the results have shown that the structure of the catalyst
copper foam remained unchanged before and after the reaction. The XPS test results showed that
the Cu(0) content increased after the reaction, indicating that copper may be involved in the boron
addition reaction. The specific optimization conditions were as follows: CH3COCHj3 and H,O were
used as mixed solvents, 4-methoxychalcone was used as the raw material, 8 mg of catalyst was
used and the reaction was carried out at room temperature and under air for 10 h. The yield of the
product obtained was up to 92%, and the catalytic efficiency of the catalytic material remained largely
unchanged after five cycles of use.

Keywords: porous materials; copper foam; catalytic; aqueous phase reaction; Bypinyy;
a, B-unsaturated ketone

1. Introduction

The addition reaction of diborons with olefin is an effective method to obtain organoboron
compounds [1-3]. Organoboronic acid compounds are important intermediates in drug
molecules and organic synthesis, where C-B bonds could be converted into C-C, C-H, and
C-O bonds by simple reactions [4-6]. Therefore, the efficient construction of carbon-boron
bonds, especially the synthesis of chiral organoboronic acid compounds, has been a hot
topic of interest for researchers.

Current methods for the synthesis of C-B bonds include C-X bond boronization [7],
C-H bond boronization [8], C-O bond boronization [9], and addition boronization of
olefins [10-13]. Of them, addition boronization of olefins has received a lot of attention
from organic chemists, due to the easy source of olefin reaction substrates and the variety
of reaction types. Earlier studies used simple olefins as substrates and catecholborane as a
monofunctional borohydride reagent to construct C-B bonds. The first rhodium-catalyzed
olefin addition reaction was reported by Mannig et al. [14] in 1985. Burgess et al. [15-17]
subsequently investigated rhodium-based catalytic systems for the asymmetric borohydra-
tion of olefins and obtained olefin boron addition products by the addition of chiral ligands
with an enantioselectivity of up to 76%. Compared to simple olefins, 4, f-unsaturated
compounds are more reactive and could be used as substrates to selectively form C-B bonds
at the B-position, so methods [18-23] to achieve conjugated boron addition reactions via
a, B-unsaturated compounds have been developed successively. Transition metals such
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as rhodium [24,25], palladium [26,27], platinum [28,29], nickel [30,31] and copper [32,33]
are mostly used as catalysts. The use of copper salts or copper complexes as catalysts
will greatly reduce the cost of the reaction and therefore have an important place in the
conjugation borylation of «, B-unsaturated compounds.

In 2000, Ito et al. [34] has achieved the first conjugated boronization of «, f-unsaturated
ketones in DMF using copper sulphonate as a catalyst and bis(pinacolato)diborane polar
solvents (B, (pin);) as a boron source. In 2008, Lee [35] achieved the asymmetric synthesis of
«, B-unsaturated esters and nitriles in a methanol/tetrahydrofuran mixture using cuprous
chloride as the catalyst and adding sodium tert-butoxide as the base. In 2016, Ding [36]
reported the highly chemoselective catalytic reduction of C=C in a, B-unsaturated ketones
with the CuBr/B,pin; system. The boron addition reaction in water is more in line with
the green requirements [12]. Copper(Il) salt has become a new hot spot for the study of
boron addition reactions as the copper(ll) salt is more stable in water than the copper(l) salt.
The groups of Santos [22], Kobayash [37], and Casar et al. [38] have successively studied
the boron addition reactions of &, f-unsaturated compounds using various copper(Il) salts
in water. Among them, the Kobayashi group prepared three ligands that were stable and
active in the aqueous phase. In recent years, some Cu(0) nanoparticles have also been used
as catalysts [23,39] for boron addition reactions of «, f-unsaturated compounds.

Foam metals are a new type of functional material with a large number of pores
within their structure. Foam metals have excellent physical properties, such as porosity,
high specific surface area, high mechanical strength, and heat resistance, making them a
promising candidate for applications such as carriers for catalytic materials [39-42].

In previous work, we immobilized copper salts or copper nanoparticles on Zeolite [43],
chitosan microspheres [44], chitosan films [45], and cellulose [46] and they all had high
catalytic activity in the boron addition reaction. As a continuation of the above work, we
believe that copper foam can also be used directly as catalysts for boronization processes.
Therefore, we report here the performance of copper foam as a highly active and recyclable
catalyst for boron addition to «, f-unsaturated acceptors in aqueous media. We demonstrate
that the desired B-boronic acid product can be obtained under mild conditions using copper
foam as an efficient heterogeneous catalyst.

2. Results and Discussion
2.1. Optimization of Reaction Conditions

Many variables are involved in the yield of the boron addition reaction product. In
this experiment, the reaction conditions were optimized in the hope of increasing the
yield of the boron addition product. Considering the results of our previous work, we
chose the specific reaction conditions set as follows: 4-methoxychalcone (1a, 0.2 mmol),
copper foam (10 mg), solvent (2 mL), and the reaction was carried out for 12 h in air and at
room temperature.

It has been reported that proton-type solvents [37,46], such as methanol, can better
promote the boron addition reaction of &, B-unsaturated receptors. Therefore, we first chose
the proton solvent as the solvent for the reaction. The different polar solvents are screened
in Table 1, Entry 1-5, and the yields of the polar solvents methanol, ethanol i-PrOH, DMF,
and water were 67%, 53%, 25%, <5%, and 8%, respectively. When non-protonic solvents
ether, toluene, dichloromethane, and tetrahydrofuran were used as solvents for the reaction,
none of the reaction yields exceeded 20% (Table 1, Entry 6-9). This also proves that in
this reaction, the proton source can accelerate the reaction. When we chose acetone as the
reaction solvent, the yield of the product was high (Table 1, Entry 10). Then, we investigated
the effect of methanol, acetone, and water solvent mixture on the reaction. The experimental
results showed (Entry 11 and Entry 12) that the addition of water can significantly increase
the yield. Considering the solvent benefit of water, we then screened the ratio of acetone to
water (Entry 13-15), and it can be seen that the yield of the product was 92% at the optimal
ratio of acetone to water of 2:1 (v/v). The catalyst dosage has a certain effect on the yield of
the reaction. We chose acetone and water (2:1, v/v) as the reaction solvent; the reaction did
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not proceed without copper foam, and the yield could reach 93% when the catalyst dosage
was 8 mg (Entry 16-18). When the reaction time was 10 h, the yield could reach 92%, but
a longer reaction time that this yielded basically no change. In summary, the optimum
reaction conditions were template substrate 4-methoxychalcone (0.2 mmol), 8 mg catalyst,
1.35 mL CH3COCH; and 0.65 mL H,O at room temperature for 10 h.

Table 1. Optimization of reaction conditions.

o O Bpin
O Z O * Ba(pin)2 Copper foams .
solvent, time e
o~ rt, air o
1a 2a
Copper Foam . . o
Entry (mg) Solvent (2 mL) Time (h) Yield (%)
1 10 MeOH 12 67
2 10 EtOH 12 53
3 10 i-PrOH 12 24
4 10 DMF 12 <5%
5 10 H,0 12 8%
6 10 Et,O 12 10%
7 10 Toluene 12 8%
8 10 DCM 12 17%
9 10 THF 12 15%
10 10 acetone 12 63%
11 10 MeOH: H,O (1:1) 12 87%
12 10 acetone:H,O (1:1) 12 89%
13 10 acetone:H,0O (2:1) 12 92%
14 10 acetone:H,0 (1:2) 12 86%
15 10 acetone:H,0 (3:1) 12 91%
16 - acetone:H,O (2:1) 12 -
17 6 acetone:H,O (2:1) 12 85%
18 8 acetone:H,0O (2:1) 12 92%
19 8 acetone:H,0O (2:1) 6 81%
20 8 acetone:H;O (2:1) 8 91%
21 8 acetone:H,0O (2:1) 10 92%
22 8 acetone:H,O (2:1) 14 91%

2.2. Substrate Expansion under Optimal Reaction Conditions

Numerous reports [43—46] have shown that the oxidation reaction of organoboron
compounds is an equivalent transformation. To verify the utility of the copper foam
catalytic system, we employed a “one-pot” strategy to extend the substrate by direct
conversion of &, B-unsaturated acceptors to f-hydroxy compounds under optimal reaction
conditions. The substrate expansion is shown in Table 2 below.

First, we investigated the catalytic activity of copper foam for monosubstituted chal-
cone derivatives (1a-1g and 1i-1k). We found that monosubstituted chalcone derivatives
possessing electron-donating groups such as methoxy, methyl, and benzyloxy groups
gave high yields of B-hydroxy products (80-94%). Monosubstituted substrates possessing
electron-absorbing groups on the benzene ring, such as trifluoromethyl, and fluorine have
slightly lower reactivity (80-89%). The substitution group in the interposition has no
effect on the activity of the catalyst. We then investigated the catalytic activity of copper
foam for the disubstituted chalcone derivatives (11-1p), and excellent yields (82-98%) were
obtained for both boron addition reactions. From the above experiments, it can be seen
that different positions and types of groups on the benzene ring have little effect on the
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yields. High yields (46-92%) were obtained for naphthalene ring substrates (1q), aliphatic
substrates (1r-1v), and heterocyclic thiophene substrates (1x, 1y). The slightly lower yields
for aliphatic and heterocyclic thiophene substrates could be attributed to the reduced
activity of the substrates due to the reduced conjugation of the substrates. When «, 3, 1,
é-unsaturated ketones substrates (1w) were catalyzed with copper foam, we found that
1-4 addition products were generated, which indicates that the copper foam material has
good stereoselectivity. In conclusion, the results of the substrate adaptation study showed
that the boron addition reactions of the chalcone series of derivatives (1a-1y) all yielded
the target products in excellent yields under optimal reaction conditions. The "H NMR
and '3C NMR spectra of products 2a, 3aa, and 3a-x are shown in Figures S1-S27 in the
Supplementary Materials.

Table 2. Substrate expansion of the borylation of &, f-unsaturated compounds reaction.

0 \}_P O OH

o._0
Copper foams ‘B’ NaBO4 ,
R‘J]\/\R? + By(pin), o 8 THF:H,0=4:3 R’URZ
1 Acetone/H,0=2:1, 10h R‘URZ 3

2 quant

O OH O OH O OH O OH

o0, oo o0, OO0,
32 92% 3b 91% 3¢ 86% 3d 89%

O OH

O OH
O OH O OH
m Br O ‘
J T, OO0 0 J T U
cl
3e 88% 31 93% 39 95% \© SHRES

3i 96% 3j 90% 3k 81% 3198%
o Q, T 0,
"o Br O F
3m 90% 3n91% 30 86% 3p 82%
O OH O OH O OH
o0 L. Ay Mg 7o
Y Ma, T
3q 92% 3r 82% 3s77% 3t73% 3u 83%
(o] OH (o] OH
O OH 0O OH Hae s
S 3
NC Z |
® U )
3v 46% 3w 88% 3x 82% 3y 80%

2.3. Gram-Scale Synthesis Reaction of 1a

We investigated the conversion of 4-methoxychalcone (1a) as a substrate to f-hydroxy
compound (3a) by a one-pot method in a scale-up reaction (Scheme 1). It was shown that
when the reactant (1a) was 5 mmol, the corresponding product (3a) was still obtained in a
high yield of 90%.
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O

T

1a, 5.0 mmol

Copper foam NaBOj .
’ Ld
Acetone/H,0=2:1,10n  THF:H20=4:3 O O
7 0
| |
3a, 90%, 1.12 g

Scheme 1. Gram-scale synthesis reaction of 1a.

2.4. Catalyst Reuse

To demonstrate the stability of copper foam, cycling reuse tests were performed under
optimal conditions in this study. After each cycling test, the copper foam was collected,
washed three times alternately with water and acetone, and dried under vacuum conditions
of 60 °C for 12 h. As can be seen in Figure 1, the yield of copper foam remained essentially
unchanged after five cycles.

91% 90% 91% 90%
2 3 i 5

Number of recycle

100

92%

80

60

Yield (%)

40 b

Figure 1. Recovery and reuse of copper foam.

2.5. Characterization of Catalytic Materials and Mechanistic Studies

We investigated the state changes in copper foam before and after the reaction by
means of polarizing microscope (PM), X-ray diffraction (XRD), scanning electron mi-
croscope (SEM), transmission electron microscope (TEM) and X-ray photoelectron spec-
troscopy (XPS) analytical tests.

2.5.1. Polarizing Microscope Analysis

The copper foam was glued on the slide, and the brightness of the light was gradually
adjusted from weak to strong to identify the color and glossy nature of the copper foam
specimen, and the measurement condition was 100 or 200 times magnification. The results
showed that the copper foam had many macroporous structures, the surface color of copper
became darker and the luster decreased after the reaction. This indicates that the copper
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foam was involved in the boron addition reaction. The observation results of polarizing
microscopy are shown in Figure 2.

Copper foam (after one reaction) x200 Copper foam (after five reaction) x200

Figure 2. Morphology of copper foam under polarizing microscope.

2.5.2. SEM-EDS Analysis

Figure 3 shows the SEM images of copper foam before and after the reaction at
different magnifications. It can be seen from the figure that the pore size of copper foam
was approximately 1 mm. Compared with the raw material, the surface of the copper
foam skeleton after five reactions was still smooth and the pore structure did not change
significantly, indicating that the copper foam has a strong physical stability. The relative
contents of copper and oxygen in the copper foam were detected by EDS analysis. Table S1
shows the atomic percentages measured by EDS. Compared with unreacted copper foam,
the oxygen content of the reacted copper foam has decreased. The experimental results
showed that the ratio of copper to oxygen increased slightly after the reaction, indicating
that a small amount of copper oxide may have been turned into copper.
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x500 0 1 2 3 4 5 keV
Figure 3. The SEM images of (a) copper foam (no reaction), (b) copper foam (after one reaction), and
(c) copper foam (after five reactions).

2.5.3. XRD Analysis

To study the changes in the catalyst before and after the reaction, we characterized the
unreacted copper foam, the copper foam after the first reaction, the copper foam after the
second reaction, and the copper foam after the fifth reaction by XRD diffraction tests. As
can be seen in Figure 4, all copper foams show characteristic diffraction peaks at 43.35°,
50.46°, and 74.17° of 26, which correspond to the (111), (200), and (220) crystal planes of
the copper standard card, respectively (PDF: 04-0836). Additionally, the (200)/(111) ratios
of these copper foams were in the range of 0.43-0.52, which is close to the (200)/(111)
ratio of the copper standard card (0.46), indicating that the copper foam surfaces were not
oxidized. No shedding of copper was observed in the solution throughout the reaction.
Although a deepening of the color of the solution was observed during the reaction, the
characteristic peaks of Cu?* could not be observed from XRD because of the small amount
of Cu®* formed and dissolved in the solution.
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(a)copper foam (not reaction)

— (b)copper foam (after one reaction)

(c)copper foam (after three reaction)
— (d)copper foam (after five reaction)

(111)

(200)
(220)

e e L A_Jll* I

30 40 30 60 70 80
28/

Figure 4. The XRD analysis of (a) copper foam (no reaction), (b) copper foam (after one reaction),
(c) copper foam (after three reaction), and (d) copper foam (after five reactions).

2.5.4. XPS Analysis

To investigate the valence change and distribution of copper elements, we character-
ized the unreacted copper foam, the copper foam after the first reaction, and the copper
foam after the fifth reaction by XPS tests. As shown in Figure 5a, two main peaks appear
in the spectrum at binding energies of 932.6 eV and 952.54 eV, attributed to the Cu 2p3/2
and Cu 2p1/2 peaks of Cu’, respectively [47], and the binding energy peaks of 934.2 eV
and 955.1 eV point to the Cu 2p3/2 and Cu 2p1/2 peaks of Cu?*, respectively. As shown
in Figure 5b,c, the Cu 2p3/2 and Cu 2p1/2 peaks attributed to Cu® are still evident, while
the Cu 2p3/2 and Cu 2p1/2 peaks of divalent Cu gradually decrease. This may be the
involvement of the copper foam in the boron addition reaction and the oxide on the copper
surface entering the solution.



Int. J. Mol. Sci. 2022, 23, 8403 9of 15

(a) (b) Cu 2p?

Cu2p*? 932.6eV
932.6eV

Cu2p'?
952 4eV

Cu 2p'?
955.1eV

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T
965 960 955 950 945 940 935 930 965 960 955 950 945 940 935 930
Binding Energy (eV) Binding Energy (eV)

(0)

Cu 2p3 -
932.6eV

Cu 2p3 .
934.2eV

Intensity (a.u.)

960 950 940 930
Binding Energy (eV)

Figure 5. The Xps analysis of (a) copper foam (no reaction), (b) copper foam (after one reaction), and
(c) copper foam (after five reactions).

2.5.5. TEM Analysis

The surface structures of copper foam and copper foam after primary reaction were
analyzed by transmission electron microscopy. From Figure 6a,b, it can be seen that the
crystal structure of the unreacted copper foam is relatively clear with a lattice spacing
of 0.22 nm, which should correspond to the (1, 1, 1) crystal plane of face-centered cubic
structure copper. As can be seen from Figure 6¢,d, the crystal structure of the reacted copper
foam is still relatively clear with a lattice spacing of 0.22 nm, which is not significantly
different from that of the unreacted copper foam. Combined with the XPS test results, this
indicates that the state of the reacted copper is unchanged.
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0.22 nm
oy

Figure 6. TEM analysis of copper foam. (a) TEM image of copper foam (no reaction, 80,000x),
(b) TEM analysis of lattice spacing of copper foam (no reaction, 800,000 %), (c) TEM image of copper
foam (after one reaction, 80,000 %), and (d) TEM analysis of lattice spacing of copper foam (after one
reaction, 800,000 ).

2.5.6. Isotopic Effects of Reactions

To investigate the reaction mechanism of copper foam in catalyzing the boron-addition
reaction of «, f-unsaturated acceptors, we performed deuteration experiments using 4-
methoxychalcone as raw material using the one-pot method, as shown in Table 3. The
results are in general agreement with the previous experiments in Zhou's report [46]. Both
MeOH and H,O were used as solvent and proton sources during the catalytic cycle reaction.
The yield of the boron addition product decreased with the addition of deuterium reagent,
while at the B-position methylene of the carbonyl group, an H atom was replaced by a D
atom. This result suggests that both H and D atoms can participate in the catalytic cycle as
proton sources, and the protonation step of the reactants may be the rate-determining step
in the overall catalytic process, with the protonation rate of H atoms being greater than that
of D atoms.
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Table 3. Deuterated experiments of 4-methoxychalcone.

O OH
3a
o/

(o)
= Copperfoam _ NaBO3+4H,0
O O ~ THF/H,0 O OH
o Solvent, 10h 2
N SN
D O/
Solvent Product Yield
CD3OD/H20 3a 870/0
CD3OH/D20 3a 81%
CD3OD/D20 3aa 63%

2.6. Mechanistic Studies

Based on the previous and current experimental results of our group, we propose a
possible reaction mechanism as shown in Figure 7. In the first step, Bopin, breaks the B-B
bond catalyzed by copper foam (A) to form the active copper-boron metal complex (B)
and the by-product Bpin-OH. In the second step, the active copper-boron metal complex
(B) undergoes an addition reaction guided by the carbonyl group in the &, f-unsaturated
acceptor to give the intermediate C. Then, the intermediate C undergoes a transition state
rearrangement to produce intermediate D. Finally, intermediate D exchanges protons in
the solvent to produce the target product E while regenerating the catalytic material.

Bo(Rin)2
H,0

MeOD

Figure 7. Possible reaction mechanisms.

2.7. Comparison of the Catalytic Performance of Different Copper Catalytic Materials

So far, several copper catalysts with high catalytic performance have been developed
and applied to different coupling reactions of diborons with &, B-unsaturated compounds
(Table 4). Zhu et al. [48,49] have studied the reaction performance of the catalysts in
the presence of chiral ligands L2 or L3 using chitosan@Cu(OH), or CuO catalysts and
found that Cu(OH), and CuO catalyzed the generation of S-addition products almost
quantitatively. Zhou et al. [50] have found that the reaction required only 2 h to obtain
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95% of the product using carbon black supported Cu” material as a catalyst. Other studies
from our group [43-46] also showed that both lower-order and higher-order copper are
excellent materials for the boron addition reaction. Compared with the above catalysts, the
copper foam has a good catalytic effect (92% yield), does not require additional support
and ligands, and is more easily separated, making it a more suitable catalyst for a large
number of reactions.

Table 4. Comparison of catalytic performance of copper foam catalysts with other copper materials.

O OH

o
% . Copper catalyst NaBO,
O O * Blpin, ) THF:H,0=4:3
1h 3h
Entry Catalyst Support Ligand Yield (%)
1 [48] Cu(OH), - L1 93%
2 [48] Cu(OH), Chitosan L1 90%
3 [48] Cu(OH), Chitosan L2 100%
4 [48] Cu(OH), Chitosan - 90%
5 [49] CuO - L3 96%
6 [49] Cu(OAc), Chitosan - 91%
7 [46] Cul Cellulosic - 96%
8 [50] Cu,O - - NR
9 [50] Cu Carbon black - 95%
10 [44] Cu Chitosan - 93%
11 [45] Cu Chitosan/PVA - 87%
12 copper foam - - 92%

= 7/ N\ T
| o \
/A = Sy N =N N
Q-0 YOl Ha
N N OH HO
&} 2 L3

3. Materials and Methods
3.1. Materials

Copper foam and all of the above reagents were purchased from Energy Chemical.
NMR (Bruker Avance III 400 Hz, Berlin, Germany) was used to verify the structure of the
products. Scanning Electron Microscopy (JEOL, JSM-6510, Tokyo, Japan) were used to
measure the morphology and sizes of the modified chitosan microspheres. The FTIR spectra
of the microspheres were obtained using a Nicolet iS5 Spectrophotometer (Thermo, Austin,
TX, USA) to investigate possible interactions between the microspheres and the nano-
copper. Microscopy (TEM, JEOL-2100F, Tokyo, Japan), X-ray Photoelectron Spectroscopy
(XPS, ESCALAB 250xi, Thermo, USA) and X-ray Diffractometry (XRD, S2, RIGAKU, Tokyo,
Japan) were used to obtain the elemental valence of the catalyst copper. Purification of the
product was carried out using column chromatography (silica gel, 200-300 mesh).

3.2. Arylboronic Acid Self-Coupling Reaction

Copper foam (010 mg), 4-methoxychalcone (1a, 0.2 mmol) and bis (Pinacolato) diboron
(0.3 mmol) were added to the reaction flask and a solvent mixture of acetone and water
(v:v = 1:1) was added to react for 12 h, at room temperature. It was filtered, washed
with ethyl acetate and the solvent was evaporated to give a mixture containing S-boronic
acid compound 2a. Then, the mixture was added to a mixed solution of THF and H,O
containing 0.2 mmol of NaBO3.4H,O and stirred for 4 h, at room temperature. After
stopping the reaction, extraction and fractionation, vacuum-drying was performed. The
target product 3a was isolated using a mixture of ethyl acetate and petroleum ether as
eluent (v:v = 1:4-1:10). The reaction route is shown in Figure 8. The structure of the product
was verified by NMR.
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o O Bpin

NaBO; G0 OH
= + By(pin), —opeerfoams THF:H,0=4:3
O O 2 2 solvent, time O O _ ok '
- (o] o~

(o]
1a 2a 3a

Figure 8. The boron addition reaction general route.

4. Conclusions

In this paper, copper foam was used directly as a catalyst for the borylation addition
reaction of «, B-unsaturated compounds under mild conditions. The experimental results
show that copper foam is an easy separation, easy recovery and high efficiency catalyst,
and the yield of the product is still up to 90% after five cycles. This catalyst is an important
reference for the green synthesis and industrial application of C-O compounds.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23158403 /s1.

Author Contributions: Experiment design, WW. and FZ.; experiments and writing—draft manuscript,
K.Z; review and editing, Z.M.; data curation, M.L.; writing—review and editing, Z.X., and C.Q. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Hubei Provincial Natural Science Foundation of China (Grant
Number 2019CFB363).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Supporting data can be obtained from the corresponding authors.

Acknowledgments: The authors are grateful for the Science and Technology Department of Hubei
Province of China (Grant Number 2019CFB363).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Suzuki, N.; Suzuki, T.; Ota, Y.,; Nakano, T.; Kurihara, M.; Okuda, H.; Yamori, T.; Tsumoto, H.; Nakagawa, H.; Miyata, N.
Design, synthesis, and biological activity of boronic acid-based histone deacetylase inhibitors. J. Med. Chem. 2009, 52, 2909-2922.
[CrossRef] [PubMed]

Adamczyk-Wozniak, A.; Komarovska-Porokhnyavets, O.; Misterkiewicz, B.; Novikov, V.P; Sporzyniski, A. Biological activity of
selected boronic acids and their derivatives. Appl. Organomet. Chem. 2012, 26, 390-393. [CrossRef]

Halbus, A.F,; Horozov, T.S.; Paunov, V.N. Strongly enhanced antibacterial action of copper oxide nanoparticles with boronic acid
surface functionality. ACS Appl. Mater. Interfaces 2019, 11, 12232-12243. [CrossRef] [PubMed]

Miyaura, N. Organoboron compounds. Cross-Coupling React. 2002, 29, 11-59.

Ishiyama, T.; Miyaura, N. Metal-catalyzed reactions of diborons for synthesis of organoboron compounds. Chem. Rec. 2004, 3,
271-280. [CrossRef] [PubMed]

Tevyashova, A.N.; Chudinov, M.V. Progress in the medical chemistry of organoboron compounds. Russ. Chem. Rev. 2021, 90, 451.
[CrossRef]

Manna, S.; Das, K.K,; Nandy, S.; Aich, D.; Paul, S.; Panda, S. A new avenue for the preparation of organoboron compounds via
nickel catalysis. Coord. Chem. Rev. 2021, 448, 214165. [CrossRef]

Mkhalid, I.A.; Barnard, J.H.; Marder, T.B.; Murphy, ] M.; Hartwig, ].FE. C—H activation for the construction of C—B bonds. Chem.
Rev. 2010, 110, 890-931. [CrossRef]

Jin, S.; Dang, H.T.; Haug, G.C.; He, R.; Nguyen, V.D.; Nguyen, V.T.; Arman, H.D.; Schanze, K.S.; Larionov, O.V. Visible
light-induced borylation of C-O, C-N, and C-X bonds. J. Am. Chem. Soc. 2020, 142, 1603-1613. [CrossRef]

Lee, K.-S.; Zhugralin, A.; Hoveyda, A. NHC-Catalyzed Boron Conjugate Additions to «,8-Unsaturated Carbonyl Compounds.
Synfacts 2009, 2009, 0898.

Gao, M.; Thorpe, S.; Kleeberg, C.; Slebodnick, C.; Marder, T.; Santos, W. Catalytic Regioselective Boration of «, B-Unsaturated
Compounds. Synfacts 2011, 2011, 0995.

Shilpa, T.; Neetha, M.; Anilkumar, G. Recent Trends and Prospects in the Copper-Catalysed “on Water” Reactions. Adv. Synth.
Catal. 2021, 363, 1559-1582. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23158403/s1
https://www.mdpi.com/article/10.3390/ijms23158403/s1
http://doi.org/10.1021/jm900125m
http://www.ncbi.nlm.nih.gov/pubmed/19419205
http://doi.org/10.1002/aoc.2880
http://doi.org/10.1021/acsami.8b21862
http://www.ncbi.nlm.nih.gov/pubmed/30892875
http://doi.org/10.1002/tcr.10068
http://www.ncbi.nlm.nih.gov/pubmed/14762827
http://doi.org/10.1070/RCR4977
http://doi.org/10.1016/j.ccr.2021.214165
http://doi.org/10.1021/cr900206p
http://doi.org/10.1021/jacs.9b12519
http://doi.org/10.1002/adsc.202001407

Int. J. Mol. Sci. 2022, 23, 8403 14 0of 15

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tsuda, T.; Choi, S.-M.; Shintani, R. Palladium-catalyzed synthesis of dibenzosilepin derivatives via 1, n-Palladium migration
coupled with anti-Carbopalladation of alkyne. J. Am. Chem. Soc. 2021, 143, 1641-1650. [CrossRef] [PubMed]

Minnig, D.; Noth, H. Catalytic hydroboration with rhodium complexes. Angew. Chem. Int. Ed. Engl. 1985, 24, 878-879. [CrossRef]
Burgess, K.; Ohlmeyer, M.J. Enantioselective hydroboration mediated by homochiral rhodium catalysts. . Org. Chem. 1988, 53,
5178-5179. [CrossRef]

Burgess, K.; Van der Donk, W.A.; Jarstfer, M.B.; Ohlmeyer, M.]. Further evidence for the role of d. pi.-p. pi. bonding in
rhodium-mediated hydroborations. J. Am. Chem. Soc. 1991, 113, 6139-6144. [CrossRef]

Burgess, K.; van der Donk, W.A.; Ohlmeyer, M.]. Enantioselective hydroborations catalyzed by rhodium (+1) complexes.
Tetrahedron Asymmetry 1991, 2, 613—-621. [CrossRef]

Suginome, M.; Yamamoto, A.; Murakami, M. Palladium-Catalyzed Addition of Cyanoboranes to Alkynes: Regio-and Stereoselec-
tive Synthesis of «,8-Unsaturated B-Boryl Nitriles. Angew. Chem. Int. Ed. 2005, 44, 2380-2382. [CrossRef]

Dang, L.; Lin, Z.; Marder, T.B. DFT studies on the borylation of «,5-unsaturated carbonyl compounds catalyzed by phosphine
copper (I) boryl complexes and observations on the interconversions between O-and C-bound enolates of Cu, B, and Si.
Organometallics 2008, 27, 4443-4454. [CrossRef]

Fleming, W.]J.; Miiller-Bunz, H.; Lillo, V.; Fernandez, E.; Guiry, PJ. Axially chiral PN ligands for the copper catalyzed 3-borylation
of w,B-unsaturated esters. Org. Biomol. Chem. 2009, 7, 2520-2524. [CrossRef]

Thorpe, S.B.; Guo, X.; Santos, W.L. Regio-and stereoselective copper-catalyzed B-borylation of allenoates by a preactivated
diboron. Chem. Commun. 2011, 47, 424-426. [CrossRef] [PubMed]

Thorpe, S.B.; Calderone, J.A.; Santos, W.L. Unexpected copper (II) catalysis: Catalytic amine base promoted 3-borylation of
a,B-unsaturated carbonyl compounds in water. Org. Lett. 2012, 14, 1918-1921. [CrossRef] [PubMed]

Shegavi, M.L.; Saini, S.; Bhawar, R.; Vishwantha, M.D.; Bose, S.K. Recyclable Copper Nanoparticles-Catalyzed Hydroboration of
Alkenes and «,B-Borylation of «,8-Unsaturated Carbonyl Compounds with Bis (Pinacolato) Diboron. Adv. Synth. Catal. 2021, 363,
2408-2416. [CrossRef]

Neely, ].M.; Rovis, T. Rh (III)-Catalyzed regioselective synthesis of pyridines from alkenes and «,8-unsaturated oxime esters. J.
Am. Chem. Soc. 2013, 135, 66-69. [CrossRef] [PubMed]

Heravi, M.M.; Dehghani, M.; Zadsirjan, V. Rh-catalyzed asymmetric 1,4-addition reactions to a,f-unsaturated carbonyl and
related compounds: An update. Tetrahedron Asymmetry 2016, 27, 513-588. [CrossRef]

Romano, C. Transition Metal-Catalyzed Olefin Isomerization for Remote Functionalization Strategies. Ph.D. Thesis, University of
Geneva, Geneva, Switzerland, 2018.

Dembitsky, V.M.; Ali, H.A.; Srebnik, M. Recent chemistry of the diboron compounds. Adv. Organomet. Chem. 2004, 51, 193-250.
Lawson, Y.; Norman, N.; Rice, C.; Marder, T. Platinum catalysed 1, 4-diboration of a,f-unsaturated ketones. Chem. Commun. 1997,
21,2051-2052. [CrossRef]

Cox, A.]. Metal Catalysed Diboration of «,5-Unsaturated Carbonyl Compounds. Master’s Thesis, Durham University, Durham,
UK, 2002.

Kurahashi, T. Ni-Catalyzed C-C Bond Formation with &,8-Unsaturated Carbonyl Compounds and Alkynes. Bull. Chem. Soc. Jpn.
2014, 87, 1058-1070. [CrossRef]

Zaramello, L.; Albuquerque, B.L.; Domingos, ].B.; Philippot, K. Kinetic investigation into the chemoselective hydrogenation of
a,B-unsaturated carbonyl compounds catalyzed by Ni (0) nanoparticles. Dalton Trans. 2017, 46, 5082-5090. [CrossRef]

Miwa, Y.; Kamimura, T.; Sato, K.; Shishido, D.; Yoshida, K. Chiral Bicyclic NHC/Cu Complexes for Catalytic Asymmetric
Borylation of a,8-Unsaturated Esters. J. Org. Chem. 2019, 84, 14291-14296. [CrossRef]

Che, F; Wang, M.; Yu, C.; Sun, X,; Xie, D.; Wang, Z.; Zhang, Y. Cu,O-catalyzed selective 1,2-addition of acetonitrile to «,B-
unsaturated aldehydes. Org. Chem. Front. 2020, 7, 868-872. [CrossRef]

Ito, H.; Yamanaka, H.; Tateiwa, ].-I.; Hosomi, A. Boration of an «,5-enone using a diboron promoted by a copper (I)-phosphine
mixture catalyst. Tetrahedron Lett. 2000, 41, 6821-6825. [CrossRef]

Lee, J.E.; Yun, J. Catalytic Asymmetric Boration of Acyclic «,8-Unsaturated Esters and Nitriles. Angew. Chem. 2008, 120, 151-153.
[CrossRef]

Ding, W.; Song, Q. Chemoselective catalytic reduction of conjugated «,p-unsaturated ketones to saturated ketones via a hydrobo-
ration/protodeboronation strategy. Org. Chem. Front. 2016, 3, 14-18. [CrossRef]

Kobayashi, S.; Xu, P.; Endo, T.; Ueno, M.; Kitanosono, T. Chiral Copper (II)-Catalyzed Enantioselective Boron Conjugate Additions
to «,B-Unsaturated Carbonyl Compounds in Water. Angew. Chem. Int. Ed. 2012, 51, 12763-12766. [CrossRef]

Stavber, G.; Casar, Z. Basic CuCOj3/ligand as a new catalyst for ‘on water’ borylation of Michael acceptors, alkenes and alkynes:
Application to the efficient asymmetric synthesis of p-alcohol type sitagliptin side chain. Appl. Organomet. Chem. 2013, 27,
159-165. [CrossRef]

Deng, F; Li, S.; Zhou, M,; Zhu, Y,; Qiu, S; Li, K.; Ma, E; Jiang, J. A biochar modified nickel-foam cathode with iron-foam catalyst
in electro-Fenton for sulfamerazine degradation. Appl. Catal. B Environ. 2019, 256, 117796. [CrossRef]

Liu, Y,; Zhou, W.; Lin, Y.; Chen, L.; Chu, X.; Zheng, T.; Wan, S.; Lin, J. Novel copper foam with ordered hole arrays as catalyst
support for methanol steam reforming microreactor. Appl. Energy 2019, 246, 24-37. [CrossRef]

Hu, L.; Zhang, G.; Liu, M.; Wang, Q.; Dong, S.; Wang, P. Application of nickel foam-supported Co3O4-Bi, O3 as a heterogeneous
catalyst for BPA removal by peroxymonosulfate activation. Sci. Total Environ. 2019, 647, 352-361. [CrossRef]


http://doi.org/10.1021/jacs.0c12453
http://www.ncbi.nlm.nih.gov/pubmed/33427458
http://doi.org/10.1002/anie.198508781
http://doi.org/10.1021/jo00256a059
http://doi.org/10.1021/ja00016a033
http://doi.org/10.1016/S0957-4166(00)86113-3
http://doi.org/10.1002/anie.200462961
http://doi.org/10.1021/om8006294
http://doi.org/10.1039/b900741e
http://doi.org/10.1039/C0CC02270E
http://www.ncbi.nlm.nih.gov/pubmed/20852792
http://doi.org/10.1021/ol300575d
http://www.ncbi.nlm.nih.gov/pubmed/22428578
http://doi.org/10.1002/adsc.202001616
http://doi.org/10.1021/ja3104389
http://www.ncbi.nlm.nih.gov/pubmed/23244023
http://doi.org/10.1016/j.tetasy.2016.05.004
http://doi.org/10.1039/a705743a
http://doi.org/10.1246/bcsj.20140158
http://doi.org/10.1039/C7DT00649G
http://doi.org/10.1021/acs.joc.9b02096
http://doi.org/10.1039/D0QO00024H
http://doi.org/10.1016/S0040-4039(00)01161-8
http://doi.org/10.1002/ange.200703699
http://doi.org/10.1039/C5QO00289C
http://doi.org/10.1002/anie.201207343
http://doi.org/10.1002/aoc.2957
http://doi.org/10.1016/j.apcatb.2019.117796
http://doi.org/10.1016/j.apenergy.2019.03.199
http://doi.org/10.1016/j.scitotenv.2018.08.003

Int. J. Mol. Sci. 2022, 23, 8403 150f 15

42.

43.

44.

45.

46.

47.

48.

49.

50.

Wang, Y.; Hong, Z.; Mei, D. A thermally autonomous methanol steam reforming microreactor with porous copper foam as
catalyst support for hydrogen production. Int. . Hydrogen Energy 2021, 46, 6734-6744. [CrossRef]

Yan, E; Zhou, L.; Han, B.; Zhang, Y.; Li, B.; Wang, L.; Zhu, L. Zeolite Inmobilized Copper Catalyzed Conjugate Borylation of
alpha, beta-Unsaturated Compounds in Aqueous Media. Chin. |. Org. Chem. 2021, 41, 2074-2081. [CrossRef]

Wang, W.; Xiao, Z.; Huang, C.; Zheng, K.; Luo, Y,; Dong, Y.; Shen, Z.; Li, W.; Qin, C. Preparation of Modified Chitosan
Microsphere-Supported Copper Catalysts for the Borylation of «,f-Unsaturated Compounds. Polymers 2019, 11, 1417. [CrossRef]
[PubMed]

Wen, W,; Han, B.; Yan, F; Ding, L.; Li, B.; Wang, L.; Zhu, L. Borylation of «,B-Unsaturated Acceptors by Chitosan Composite Film
Supported Copper Nanoparticles. Nanomaterials 2018, 8, 326. [CrossRef] [PubMed]

Zhou, L.; Han, B.; Zhang, Y.; Li, B.; Wang, L.; Wang, J.; Wang, X.; Zhu, L. Cellulosic Cul Nanoparticles as a Heterogeneous,
Recyclable Catalyst for the Borylation of a,3-Unsaturated Acceptors in Aqueous Media. Catal. Lett. 2021, 151, 3220-3229.
[CrossRef]

Yang, Z.; Tuo, Y.; Lu, Q.; Chen, C.; Liu, M,; Liu, B.; Duan, X.; Zhou, Y.; Zhang, J. Hierarchical CuzP-based nanoarrays on nickel
foam as efficient electrocatalysts for overall water splitting. Green Energy Environ. 2020, 7, 236-245. [CrossRef]

Xu, P; Li, B.; Wang, L.; Qin, C.; Zhu, L. A green and recyclable chitosan supported catalyst for the borylation of «,8-unsaturated
acceptors in water. Catal. Commun. 2016, 86, 23-26. [CrossRef]

Zhu, L.; Kitanosono, T.; Xu, P.; Kobayashi, S. A Cu (II)-based strategy for catalytic enantioselective B-borylation of «,f-unsaturated
acceptors. Chem. Commun. 2015, 51, 11685-11688. [CrossRef]

Zhou, X.F; Sun, Y.Y.; Wu, Y.D,; Dai, ].J.; Xu, J.; Huang, Y.; Xu, H.J. Borylation and selective reduction of a,-unsaturated ketones
under mild conditions catalyzed by Cu nanoparticles. Tetrahedron 2016, 72, 5691-5698. [CrossRef]


http://doi.org/10.1016/j.ijhydene.2020.11.111
http://doi.org/10.6023/cjoc202011017
http://doi.org/10.3390/polym11091417
http://www.ncbi.nlm.nih.gov/pubmed/31466406
http://doi.org/10.3390/nano8050326
http://www.ncbi.nlm.nih.gov/pubmed/29757981
http://doi.org/10.1007/s10562-021-03571-2
http://doi.org/10.1016/j.gee.2020.09.002
http://doi.org/10.1016/j.catcom.2016.08.002
http://doi.org/10.1039/C5CC04295J
http://doi.org/10.1016/j.tet.2016.07.079

	Introduction 
	Results and Discussion 
	Optimization of Reaction Conditions 
	Substrate Expansion under Optimal Reaction Conditions 
	Gram-Scale Synthesis Reaction of 1a 
	Catalyst Reuse 
	Characterization of Catalytic Materials and Mechanistic Studies 
	Polarizing Microscope Analysis 
	SEM-EDS Analysis 
	XRD Analysis 
	XPS Analysis 
	TEM Analysis 
	Isotopic Effects of Reactions 

	Mechanistic Studies 
	Comparison of the Catalytic Performance of Different Copper Catalytic Materials 

	Materials and Methods 
	Materials 
	Arylboronic Acid Self-Coupling Reaction 

	Conclusions 
	References

