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Abstract: We describe here the preparation of copper nanoparticles stabilized on a chitosan/poly
(vinyl alcohol) composite film. This material could catalyze the borylation of α,β-unsaturated
acceptors in aqueous media under mild conditions. The corresponding organoboron compounds
as well as their converted β-hydroxyl products were all obtained in good to excellent yields. It is
noteworthy that this catalyst of copper nanoparticles can be easily recycled eight times and remained
catalytically reactive. This newly developed methodology provides an efficient and sustainable
pathway for the synthesis of organoboron compounds and application of copper nanoparticles.
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1. Introduction

Organoboron compounds attract an intensive interest in chemistry and pharmacy because of their
versatile applications [1,2]. In recent years, these boron containing compounds were demonstrated
with unique biological activities [3–5]. For example, talabostat [6] and bortezomib [7,8] were approved
as proteasome inhibitors used for cancer treatment. Delanzomib [9] and ixazomib [10] were found to be
active in the design of new drugs (Figure 1). On the other hand, organoboron derivatives are important
intermediates for various chemical transformations [11–15], such as Suzuki–Miyaura coupling [16,17],
Petasis reaction [18], allylborations [19], oxidations [20] and so on. Thus, new methodologies for the
synthesis of organoboron compounds were continuously developed by chemists in both laboratories
and industry. In past decades, series of methods have been reported for the establishment of C-B bonds.
Among them, one of the most efficient pathway is the metal catalyzed borylation of α,β-unsaturated
acceptors by using bis(pinacolato)diboron (B2(pin)2, 1) [21,22]. The scope of metal catalysts was
subsequently extended to Rh [23], Ni [24], Pt [25], Pd [26], Zn [27] and Cu [28–35]. Apparently,
Cu-based catalytic system was most widely explored, owing to its low cost, less toxicity and solid
performance over wide variety of substrates. However, several reported examples involved the use of
strong base and specific designed ligands. Development of alternative highly active and sustainable
copper catalyst for the borylation of α,β-unsaturated acceptors is still in high demand.

Nanomaterials 2018, 8, 326; doi:10.3390/nano8050326 www.mdpi.com/journal/nanomaterials

http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0003-4399-1855
http://dx.doi.org/10.3390/nano8050326
http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com/2079-4991/8/5/326?type=check_update&version=1


Nanomaterials 2018, 8, 326 2 of 10
Nanomaterials 2018, 8, x FOR PEER REVIEW    2 of 10 

 

 
Figure 1. Organoboron compounds with biological activities. 

Metallic nanoparticles have been widely used as catalysts for many kinds of reactions [36–40]. 

To the best of our knowledge, only one example has shown that copper nanoparticles on carbon black 

were able to catalyze the borylation of α,β‐unsaturated ketones [41]. However, further extension of 

the substrate scope was required, for example, α,β‐unsaturated esters and amides. Besides, the use 

of organic solvent and deactivation of recycled catalyst  largely  limited the practical application of 

this method. In our previous work, we have found that chitosan supported copper could perform as 

a heterogeneous catalyst for the formation of C–B [42] and C–Si [43] bonds with 5 mol % catalyst 

loading. In both cases, either ligand or base must be added to avoid the copper leaching. Comparing 

with other supports, chitosan has inherent advantages due to its green property, abundance, stability 

and  ability  of  chelation  [44]. With  our  continuous  efforts  in  exploring  applications  of  chitosan 

supported metal catalysts, we were  interested  in developing a chitosan composite  film  stabilized 

copper nanoparticles and its application for the synthesis of useful organoboron compounds. Hence, 

we herein report copper nanoparticles anchored on a chitosan/poly (vinyl alcohol) (CP) composite 

film as highly reactive and recyclable catalysts for the boron conjugate additions of α,β‐unsaturated 

acceptors. 

2. Materials and Methods 

2.1. Materials 

Chitosan  (degree  of  acetylation  =  5%; Mv  80  kDa) was  purchased  from Aladdin  (Shanghai, 

China), poly  (vinyl alcohol)  (Mw 120 kDa) was purchased  from Sinopharm Chemical Reagent Co. 

Ltd.,  (Beijing,  China),  bis  (pinacolato)  diboron  (CAS:  73183‐34‐3)  was  purchased  from  Energy 

Chemical  (Shanghai, China) and Cu(II)  salts were purchased  from  J&K  (Beijing, China). All  α,β‐

unsaturated acceptors were obtained commercially  from Energy Chemical  (Shanghai, China) and 

used without  further purification. Chitosan/poly  (vinyl alcohol) composite  film supported copper 

nanoparticles (CP@Cu NPs) was prepared according to the procedures reported [45]. As shown in 

Supplementary Materials (Figures S1 and S2), the IR spectra and SEM image of the prepared CP@Cu 

NPs were similar with literature report [45]. 

2.2. Analytical Methods 

Nuclear magnetic  resonance  (NMR) spectra were  recorded on a Bruker Avance  III 400 MHz 

spectrometer  (Karlsruhe, Germany), operating at 400  for  1H and 100 MHz  for  13C NMR  in CDCl3 

unless otherwise noted. CDCl3 is served as the internal standard (δ = 7.26 ppm) for 1H NMR and (δ = 

77.0  ppm)  for  13C NMR. Data  for  1H‐NMR  is  reported  as  follows:  chemical  shift  (ppm,  scale), 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and/or multiplet resonances, 

br = broad),  coupling  constant  (Hz), and  integration. Data  for  13C NMR are  reported  in  terms of 

chemical shift (ppm, scale), multiplicity, and coupling constant (Hz). Mass spectra were recorded on 

 

Figure 1. Organoboron compounds with biological activities.

Metallic nanoparticles have been widely used as catalysts for many kinds of reactions [36–40].
To the best of our knowledge, only one example has shown that copper nanoparticles on carbon black
were able to catalyze the borylation of α,β-unsaturated ketones [41]. However, further extension of
the substrate scope was required, for example, α,β-unsaturated esters and amides. Besides, the use of
organic solvent and deactivation of recycled catalyst largely limited the practical application of this
method. In our previous work, we have found that chitosan supported copper could perform as a
heterogeneous catalyst for the formation of C–B [42] and C–Si [43] bonds with 5 mol % catalyst loading.
In both cases, either ligand or base must be added to avoid the copper leaching. Comparing with other
supports, chitosan has inherent advantages due to its green property, abundance, stability and ability
of chelation [44]. With our continuous efforts in exploring applications of chitosan supported metal
catalysts, we were interested in developing a chitosan composite film stabilized copper nanoparticles
and its application for the synthesis of useful organoboron compounds. Hence, we herein report copper
nanoparticles anchored on a chitosan/poly (vinyl alcohol) (CP) composite film as highly reactive and
recyclable catalysts for the boron conjugate additions of α,β-unsaturated acceptors.

2. Materials and Methods

2.1. Materials

Chitosan (degree of acetylation = 5%; Mv 80 kDa) was purchased from Aladdin (Shanghai, China),
poly (vinyl alcohol) (Mw 120 kDa) was purchased from Sinopharm Chemical Reagent Co. Ltd., (Beijing,
China), bis (pinacolato) diboron (CAS: 73183-34-3) was purchased from Energy Chemical (Shanghai,
China) and Cu(II) salts were purchased from J&K (Beijing, China). All α,β-unsaturated acceptors were
obtained commercially from Energy Chemical (Shanghai, China) and used without further purification.
Chitosan/poly (vinyl alcohol) composite film supported copper nanoparticles (CP@Cu NPs) was
prepared according to the procedures reported [45]. As shown in Supplementary Materials (Figures
S1 and S2), the IR spectra and SEM image of the prepared CP@Cu NPs were similar with literature
report [45].

2.2. Analytical Methods

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance III 400 MHz
spectrometer (Karlsruhe, Germany), operating at 400 for 1H and 100 MHz for 13C NMR in CDCl3
unless otherwise noted. CDCl3 is served as the internal standard (δ = 7.26 ppm) for 1H NMR and
(δ = 77.0 ppm) for 13C NMR. Data for 1H-NMR is reported as follows: chemical shift (ppm, scale),
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and/or multiplet resonances,
br = broad), coupling constant (Hz), and integration. Data for 13C NMR are reported in terms of
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chemical shift (ppm, scale), multiplicity, and coupling constant (Hz). Mass spectra were recorded on
an Agilent 5975C (Santa Clara, CA, USA) using electrospray ionization (ESI) techniques. Infrared
(IR) spectra were obtained using a Nicolet 380 spectrometer (Waltham, MA, USA). Scanning electron
microscope (SEM) image was recorded on a Hitachi X-650 scanning electron microscope (Tokyo,
Japan). Purification of products was accomplished using flash column chromatography on silica
gel (200–300 mesh) or preparative TLC. The weight percentage and metal leaching of copper were
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (PerkinElmer,
Waltham, MA, USA) analysis. The copper loading of CP@Cu NPs was found to be 0.37 mmol/g.

2.3. General Procedure for the Sample Preparation for ICP Analysis to Determine Catalyst Loading

Chitosan/poly (vinyl alcohol) composite film supported copper nanoparticles (CP@Cu NPs)
(~20 mg) was placed in a clean test tube and heated with H2SO4 (1 mL) at 200 ◦C. After 30 min, several
drops of concentrated HNO3 were added carefully and the tube was shaken occasionally. HNO3 was
continuously added until a clear solution was obtained and excess amount of HNO3 was allowed to
evaporate under heating. After the solution was cooled to room temperature, 1 mL of aqua regia was
added carefully. Effervescence of gas was observed and the solution become clearer. The solution was
then transferred to a volumetric flask and made up to 50 mL with water which was submitted for
ICP analysis.

2.4. General Procedure for the Sample Preparation for ICP Analysis to Determine Metal Leaching

After the reaction was finished, the reaction mixture was filtered. The filtrate obtained was
concentrated and diluted with 10 mL of THF. Then, 50% v/v of the crude THF solution (5 mL) was then
passed through a membrane filter (0.25 or 0.45 µm) into a clean test tube. After evaporation of solvent,
the solid obtained in the test tube was heated to 200 ◦C and 1.0 mL of concentrated H2SO4 was added.
Following a procedure similar to that described above, concentrated HNO3 were added at regular
intervals until the resulting solution was clear. After the solution was cooled to room temperature,
1 mL of aqua regia was added carefully. Effervescence of gas was observed and the solution become
clearer. The solution was then transferred to a volumetric flask and made up to 50 mL with water
which was submitted for ICP analysis.

2.5. General Procedure for CP@Cu NPs-Catalyzed Borylation of α,β-Unsaturated Acceptors in Aqueous Media

In a sample vial, acetone (1.6 mL) and H2O (0.4 mL) were successively added to a mixture of
CP@Cu NPs (5.4 mg, 1 mol %) and B2(pin)2 (1) (60.9 mg, 0.24 mmol) under air. The reaction mixture
was stirred for 1 h at room temperature, followed by successive addition of substrate (2) (0.2 mmol)
After stirring for 12 h at room temperature, the reaction mixture was filtered and the filtrate was
extracted with EtOAc (20 mL) three times. The combined organic phase was concentrated under
reduced pressure and the residue was dissolved in THF (3 mL) and H2O (2 mL). Excess amount of
NaBO3·4H2O (244 mg) was then added and the mixture was stirred at room temperature for 4 h.
The aqueous layer was extracted with EtOAc (20 mL) three times, and the combined organic layers
were dried over anhydrous Na2SO4. After concentrated under reduced pressure, the crude mixture
was purified by preparative TLC (petroleum ether/EtOAc = 4/1~10/1) to afford the desired product 3.

2.6. General Procedure for Gram-Scale Synthesis of 3a

In a 100 mL round bottom flask, acetone (48 mL) and H2O (12 mL) were successively added to a
mixture of CP@Cu NPs (162 mg, 1 mol %) and B2(pin)2 (1) (1.83 g, 7.2 mmol) under air. The reaction
mixture was stirred for 1 h at room temperature, followed by successive addition of chalcone (2a)
(1.25 g, 6 mmol) After stirring for 12 h at room temperature, the reaction mixture was filtered and the
filtrate was extracted with EtOAc (50 mL) three times. The combined organic phase was concentrated
under reduced pressure and the residue was dissolved in THF (30 mL) and H2O (20 mL). Excess amount
of NaBO3·4H2O (7.32 g) was then added and the mixture was stirred at room temperature for 6 h.
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The aqueous layer was extracted with EtOAc (50 mL) three times, and the combined organic layers
were dried over anhydrous Na2SO4. After concentrated under reduced pressure, the crude mixture
was purified by flash column chromotograph (petroleum ether/EtOAc = 4/1) to afford the desired
product 3a in 92% yield (1.25 g) as a white solid.

2.7. Recycling and Reuse of CP@Cu NPs

To demonstrate the recyclability of CP@Cu NPs, the boron conjugate addition was repeated eight
times with the same composite film. The initial amount of catalyst was 54 mg (1 mol % Cu loading).
Reactions were carried out for 12 h. After the reaction, catalyst was filtered off, washed by EtOAc and
water, and then dried for 4 h at 50 ◦C before next run. Each recovery rate of the catalyst at the time of
reusing is about 90%.

3. Results and Discussion

For initial investigation, we conducted the reaction of bis(pinacolato)diboron 1 with chalcone 2a
by using the prepared chitosan/poly (vinyl alcohol) composite film supported copper nanoparticles
(CP@Cu NPs) as catalyst. To enhance the applicability of our designed strategy, one-pot process of
borylation followed by oxidation was chosen as the model reaction (Table 1). First, various organic
solvents were screened, however, reaction in toluene, diethyl ether and tetrahydrofuran did not
proceed at all (Table 1, Entries 1–3). It was reported alcohol additive can accelerate the catalytic
cycle [28] because protonation process with alcohol was recognized as the rate determine step [46].
Thus, we used methanol as an additive and the desired product 3a was successfully observed (Table 1,
Entries 4–6). To our delight, reaction in acetone with one equivalent methanol as additive gave product
in 66% yield (Table 1 Entry 7). Besides, comparable result was obtained when only methanol was
used as the solvent (Table 1, Entry 8). Based on our previous explorations, organoboron [42] and
organosilicon [43,47] compounds could be formed in water under mild conditions. Unlike traditional
organic solvents, water is non-toxic, cheap, safe and non-flammable. Thus, we turned to involve water
as a co-solvent and ran the reaction in aqueous media. Apparent improvements were found when
aqueous media was used instead of pure organic solvents (Table 1, Entries 9–13) and acetone/H2O
mixture was the best one. After screening different ratios of acetone to water, the solvent was finally
determined as a 4:1 (v/v) mixture (Table 1, Entry 12). In absence of catalyst, the reaction did not proceed
at all (Table 1, Entry 14). By changing support to either chitosan or chitosan/poly (ethylene glycol)
composite film, the reactivities diminished significantly (Table 1, Entries 15 and 16). These results
indicated that the CP composite film is essential to stabilize and activate the copper nanoparticles.
To be mentioned, the copper nanoparticles were extremely active for borylation of chalcone comparing
with previous reports [41,42]. The copper loading for this reaction is as low as only 1 mol%. It is also
feasible to further reduce the catalyst loading to half while a similar result was achieved (Table 1,
Entry 17). In addition, argon atmosphere was not necessary in our procedures (Table 1, Entry 18).
Therefore, the optimized reaction conditions were determined to run the reaction at room temperature
under air in acetone/H2O (v/v = 4/1), using CP@Cu NPs as catalyst (Table 1, Entry 12).

The substrate scope of α,β-unsaturated acceptors was surveyed under the optimized conditions
and the results are summarized in Figure 2. Chalcone derivatives with different substituted groups
including halides at 4-position all proceeded smoothly to give the desired products in good yields
(3b–3g) (3b–3z, 3aa and 3ab are in Supplementary Materials). Both electro-donating (3f) and
electron-withdrawing (3g) functional groups were tolerated in this borylation process. Comparable
results were found using either 2-bromo or 4-bromo substituted chalcone as the substrate (3h). Next,
4′-substituted chalcones were explored and good to excellent yields were obtained in all cases (3i–3l).
Besides mono-substituted chalcones, it was found that di-substituted chalcones were also suitable
substrates (3m–3q). Notably, 4,4′-dimethoxy chalcone was converted to the corresponding β-hydroxyl
product 3p quantitatively via its β-boryl intermediate. The reaction can also be carried out when the
substrates containing naphthalene or thiophene structures (3r–3u). Borylation of α,β-unsaturated
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ketones bearing aliphatic-aromatic motifs resulted in good yields as well as chalcone derivatives
(3v–3x). Ester and amide proved to be difficult substrates which were not disclosed in previous
report [41]. Gratifyingly, good conversions of esters and amide were accomplished applying our
newly developed method (3y, 3z, and 3aa). When α,β,γ,δ-dienone was used as substrate, 1,4-addition
product was obtained exclusively and 1,6-addition byproduct was not detected. In addition, gram
scale synthesis of β-hydroxyl chalcone 3a (in Supplementary Materials) was realized, which explored
the perspective for industrial application of this CP@Cu NPs catalyst. Therefore, it was demonstrated
that quite a broad range of α,β-unsaturated acceptors could be borylated effectively, catalyzing by
CP@Cu NPs catalyst in aqueous media under mild conditions.

Table 1. Optimization of the reaction conditions a.
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In our experiment, the chitosan/poly (vinyl alcohol) composite film with stabilized copper
nanoparticles was easily removed from the reaction mixture and recovered by simple filtration.
The CP@Cu NPs may perform as a heterogeneous catalyst in the whole reaction system. To evaluate
this assumption, the recyclability of the copper nanoparticles was tested in the reaction of chalcone
2a with bis(pinacolato)diboron 1. Remarkably, the catalyst kept excellent activity even after being
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used eight cycles, as shown in Figure 3. In each cycle, fresh substrate and reagent was added to the
recovered copper nanoparticles and reacted under standard conditions. Until now, only one example
of the recycling of nanoparticle catalyst for similar borylation of chalcone analog has been reported [41].
However, an obvious decrease of reactivity was observed. Then, we quenched the reaction by removing
the catalyst when it reached about 60% conversion of starting material. The rest of reaction mixture
failed to generate additional product, even with extension of reaction time. In addition, no detectable
copper leaching was found in the residue as illustrated by ICP analysis. These results strongly indicated
that the CP@Cu NPs was a highly active heterogeneous catalyst for the borylation of α,β-unsaturated
acceptors. It displayed several advantages such as easy isolation, operational simplicity and prominent
ability of recycle.
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Figure 3. Recycling for the chitosan/poly (vinyl alcohol) composite film supported copper nanoparticles.

4. Conclusions

In conclusion, we have demonstrated copper nanoparticles supported on a chitosan/poly (vinyl
alcohol) composite film were effective to catalyze the boron conjugate additions of α,β-unsaturated
acceptors in aqueous media at room temperature. Various α,β-unsaturated ketones, esters and amides
were successfully applied as the substrates and desired products were all obtained in good to excellent
yields. A simple one-pot synthesis of β-hydroxyl ketones was proven by sequential borylation and
oxidation processes. In addition, 1,4-addition took place selectively when α,β,γ,δ-dienone was used
as a substrate. Remarkably, the copper nanoparticles could be easily recovered and reused eight
cycles without any significant decrease of activity. Using chitosan as the support and water as the
co-solvent makes our methodology green and sustainable. The advantages of this newly described
method include recyclability of catalyst, simple operation, mild conditions and good functional
group compatibility.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/5/326/s1,
characterization data, and spectra for the 1H and 13C NMR of compounds 3a–3z, 3aa and 3ab; SEM image and IR
spectra of the prepared CP@Cu NPs.

Author Contributions: L.Z. and L.W. conceived and designed the experiments; W.W., B.H., and F.Y. performed
the experiments; L.D. analyzed the structure data and prepared the draft manuscript; B.L. contributed
reagents/materials/analysis tools; and L.Z. and L.W. reviewed and modified the manuscript.

Funding: This research was funded by National Natural Science Foundation of China: 21774029; National Natural
Science Foundation of China: 21774107; National Science Foundation of Hubei Province of China: 2016CFB104;
High Level Master Degree Thesis Cultivation Project of Hubei Engineering University: 201705.

Acknowledgments: The authors acknowledge the financial support from the National Natural Science Foundation
of China (Nos. 21774029 and 21774107), and the Natural Science Foundation of Hubei Province of China
(No. 2016CFB104). We thank Bingqing Zhang and Ying Ou for the measurement of SEM. Lei Zhu thanks the
“Chutian Scholar” Program from Hubei Provincial Department of Education of China. Wu Wen and Feng Yan
thank the High Level Master Degree Thesis Cultivation Project of Hubei Engineering University.

http://www.mdpi.com/2079-4991/8/5/326/s1


Nanomaterials 2018, 8, 326 8 of 10

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

References

1. Miyaura, N.; Suzuki, A. Palladium-catalyzed cross-coupling reactions of organoboron compounds. Chem. Rev.
1995, 95, 2457–2483. [CrossRef]

2. Molander, G.A.; Ellis, N. Organotrifluoroborates: Protected boronic acids that expand the versatility of the
suzuki coupling reaction. Acc. Chem. Res. 2007, 40, 275–286. [CrossRef] [PubMed]

3. Matteson, D.S. α-Amidoboronic acids: A synthetic challenge and their properties as serine protease inhibitors.
Med. Res. Rev. 2008, 28, 233–246. [CrossRef] [PubMed]

4. Dembitsky, V.M.; Al Quntar, A.A.A.; Srebnik, M. Natural and synthetic small boron-containing molecules
as potential inhibitors of bacterial and fungal quorum sensing. Chem. Rev. 2011, 111, 209–237. [CrossRef]
[PubMed]

5. Smoum, R.; Rubinstein, A.; Dembitsky, V.M.; Srebnik, M. Boron containing compounds as protease inhibitors.
Chem. Rev. 2012, 112, 4156–4220. [CrossRef] [PubMed]

6. O'Farrell, A.M.; Vliet, A.V.; Farha, K.A.; Cherrington, J.M.; Campbell, D.A.; Li, X. Pharmacokinetic
and pharmacodynamic assessments of the dipeptidyl peptidase-4 Inhibitor PHX1149: Double-blind,
placebo-controlled, single-and multiple-dose studies in healthy subjects. Clin. Ther. 2007, 29, 1692–1705.
[CrossRef] [PubMed]

7. Paramore, A.; Frantz, S. Bortezomib. Nat. Rev. Drug Discov. 2003, 2, 611–612. [CrossRef] [PubMed]
8. Beenen, M.A.; An, C.; Ellman, J.A. Asymmetric copper-catalyzed synthesis of α-amino boronate esters from

N-tert-butanesulfinyl aldimines. J. Am. Chem. Soc. 2008, 130, 6910–6911. [CrossRef] [PubMed]
9. Dorsey, B.D.; Iqbal, M.; Chatterjee, S.; Menta, E.; Bernardini, R.; Bernareggi, A.; Cassarà, P.G.; D’Arasmo, G.;

Ferretti, E.; Munari, S.D.; et al. Discovery of a potent, selective, and orally active proteasome inhibitor for the
treatment of cancer. J. Med. Chem. 2008, 51, 1068–1072. [CrossRef] [PubMed]

10. Cvek, B. Ixazomib citrate. Drugs Future 2012, 37, 561–565. [CrossRef]
11. Deloux, L.; Srebnik, M. Asymmetric boron-catalyzed reactions. Chem. Rev. 1993, 93, 763–784. [CrossRef]
12. Mahrwald, R. Diastereoselection in lewis-acid-mediated aldol additions. Chem. Rev. 1999, 99, 1095–1120.

[CrossRef] [PubMed]
13. Burkhardt, E.R.; Matos, K. Boron reagents in process chemistry: Excellent tools for selective reductions.

Chem. Rev. 2006, 106, 2617–2650. [CrossRef] [PubMed]
14. Yamamoto, T.; Ishibashi, A.; Koyanagi, M.; Ihara, H.; Eichenauer, N.; Suginome, M. C–H Activation-based

transformation of naphthalenes to 3-Iodo-2-naphthylboronic acid derivatives for use in iterative coupling
synthesis of helical oligo(naphthalene-2,3-diyl)s. Bull. Chem. Soc. Jpn. 2017, 90, 604–606. [CrossRef]

15. Chen, B.; Cao, P.; Yin, X.; Liao, Y.; Jiang, L.; Ye, J.; Wang, M.; Liao, J. Modular synthesis of enantioenriched
1,1,2-triarylethanes by an enantioselective arylboration and cross-coupling sequence. ACS Catal. 2017, 7,
2425–2429. [CrossRef]

16. Halima, T.B.; Zhang, W.; Yalaoui, I.; Hong, X.; Yang, Y.-F.; Houk, K.N.; Newman, S.G. Palladium-catalyzed
suzuki–miyaura coupling of aryl esters. J. Am. Chem. Soc. 2017, 139, 1311–1318. [CrossRef] [PubMed]

17. Lennox, A.J.J.; Lloyd-Jones, G.C. Selection of boron reagents for suzuki–miyaura coupling. Chem. Soc. Rev.
2014, 43, 412–443. [CrossRef] [PubMed]

18. Muncipinto, G.; Moquist, P.N.; Schreiber, S.L.; Schaus, S.E. Catalytic diastereoselective petasis reactions.
Angew. Chem. Int. Ed. 2011, 50, 8172–8175. [CrossRef] [PubMed]

19. Miura, T.; Nishida, Y.; Morimoto, M.; Murakami, M. Enantioselective synthesis of anti homoallylic alcohols
from terminal alkynes and aldehydes based on concomitant use of a cationic iridium complex and a chiral
phosphoric acid. J. Am. Chem. Soc. 2013, 135, 11497–11500. [CrossRef] [PubMed]

20. Ripin, D.H.B.; Cai, W.; Brenek, S.J. A safe, scaleable method for the oxidation of carbon-boron bonds with
oxone. Tetrahedron Lett. 2000, 41, 5817–5819. [CrossRef]

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

22. Kou, T.; Jun, T.; Tatsuo, I.; Norio, M. Synthesis of 1-alkenylboronic esters via palladium-catalyzed
cross-coupling reaction of bis(pinacolato)diboron with 1-alkenyl halides and triflates. Chem. Lett. 2000, 29,
126–127. [CrossRef]

http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/ar050199q
http://www.ncbi.nlm.nih.gov/pubmed/17256882
http://dx.doi.org/10.1002/med.20105
http://www.ncbi.nlm.nih.gov/pubmed/17849483
http://dx.doi.org/10.1021/cr100093b
http://www.ncbi.nlm.nih.gov/pubmed/21171664
http://dx.doi.org/10.1021/cr608202m
http://www.ncbi.nlm.nih.gov/pubmed/22519511
http://dx.doi.org/10.1016/j.clinthera.2007.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17919550
http://dx.doi.org/10.1038/nrd1159
http://www.ncbi.nlm.nih.gov/pubmed/12908468
http://dx.doi.org/10.1021/ja800829y
http://www.ncbi.nlm.nih.gov/pubmed/18461938
http://dx.doi.org/10.1021/jm7010589
http://www.ncbi.nlm.nih.gov/pubmed/18247547
http://dx.doi.org/10.1358/dof.2012.037.08.1835040
http://dx.doi.org/10.1021/cr00018a007
http://dx.doi.org/10.1021/cr980415r
http://www.ncbi.nlm.nih.gov/pubmed/11749441
http://dx.doi.org/10.1021/cr0406918
http://www.ncbi.nlm.nih.gov/pubmed/16836295
http://dx.doi.org/10.1246/bcsj.20170026
http://dx.doi.org/10.1021/acscatal.7b00300
http://dx.doi.org/10.1021/jacs.6b12329
http://www.ncbi.nlm.nih.gov/pubmed/28001393
http://dx.doi.org/10.1039/C3CS60197H
http://www.ncbi.nlm.nih.gov/pubmed/24091429
http://dx.doi.org/10.1002/anie.201103271
http://www.ncbi.nlm.nih.gov/pubmed/21751322
http://dx.doi.org/10.1021/ja405790t
http://www.ncbi.nlm.nih.gov/pubmed/23886015
http://dx.doi.org/10.1016/S0040-4039(00)00978-3
http://dx.doi.org/10.1016/S0040-4039(00)01161-8
http://dx.doi.org/10.1246/cl.2000.126


Nanomaterials 2018, 8, 326 9 of 10

23. Takushi, S.; Takahiro, A.; Kenji, T.; Li, Z.; Hisao, N. Asymmetric β-boration of α,β-unsaturatedcarbonyl
compoundspromoted by chiral rhodium–bisoxazolinylphenyl catalysts. Chem. Commun. 2009, 40, 5987–5989.
[CrossRef]

24. Hirano, K.; Yorimitsu, H.; Oshima, K. Nickel-catalyzed β-boration of α,β-unsaturated esters and amides
with bis(pinacolato)diboron. Org. Lett. 2007, 9, 5031–5033. [CrossRef] [PubMed]

25. Bell, N.J.; Cox, A.J. Platinum catalysed 3,4- and 1,4-diboration of α,β-unsaturated carbonyl compounds
using bis-pinacolatodiboron. Chem. Commun. 2004, 16, 1854–1855. [CrossRef] [PubMed]

26. Bonet, A.; Guláys, H.; Koshevoy, I.O.; Estevan, F.; Sanaú, M.; Úbeda, M.A.; Fernández, E. Tandem
β-boration/arylation of α,β-unsaturated carbonyl compounds by using a single palladium complex to
catalyse both steps. Chem. Eur. J. 2010, 16, 6382–6390. [CrossRef] [PubMed]

27. Kajiwara, T.; Terabayashi, T.; Yamashita, M.; Nozaki, K. Syntheses, structures, and reactivities of borylcopper
and-zinc compounds: 1,4-silaboration of an α,β-unsaturated ketone to form a γ-siloxyallylborane.
Angew. Chem. Int. Ed. 2008, 47, 6606–6610. [CrossRef] [PubMed]

28. Mun, S.; Lee, J.-E.; Yun, J. Copper-catalyzed β-borylation of α,β-unsaturated carbonyl compounds: Rate
acceleration by alcohol additives. Org. Lett. 2006, 8, 4887–4889. [CrossRef] [PubMed]

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