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Abstract

:

Cu3(BTC)2 (BTC: 1,3,5-benzenetricarboxylate) as a heterogeneous catalyst in the presence of cesium carbonate as a base is reported for the borylation of α,β-conjugated enones by bis(pinacolato)diboron (B2pin2). According to the hot-filtration test, Cu3(BTC)2 is acting as a heterogeneous catalyst. Further, Cu3(BTC)2 exhibits a wide substrate scope and can be reused in consecutive runs, maintaining a crystal structure as evidenced by powder X-ray diffraction (XRD). A suitable mechanism is also proposed for this transformation using Cu3(BTC)2 as catalyst.
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1. Introduction


Organoboron compounds are important synthetic intermediates for a large variety of transition metal-catalyzed C–C and C–X (X: O, N, S) bond-forming reactions [1,2]. These types of reactions generally exhibit high yields and are compatible with a large variety of functional groups, allowing the selective formation of new C–C bonds in highly functionalized substrates. More specifically, cross coupling reactions are compatible with carbonyl groups that are generally unreactive under the conditions required for the coupling of boronate moieties. One of the easiest ways to obtain organoboronates is the use of diborane as a reagent in the presence of suitable catalysts [3,4]. Depending on the reaction conditions and catalysts, diboranes can provide electrophilic and nucleophilic boron species that are able to form C–B bonds [5].



The conjugate addition of B2pin2 reagent to α,β-unsaturated carbonyl compounds is a convenient strategy to prepare functionalized organoboron compounds through the incorporation of a Bpin unit at the β-position of the carbonyl group [6]. This organic transformation was reported with a series of homogeneous catalysts consisting of transition metals such as Pt [7,8], Rh [9], Cu [10,11,12,13], Ni [14], N-heterocyclic carbenes [15,16], and Brönsted bases [17]. In this regard, it has been recently reported that 2-cyclohexenone can react with B2pin2 in the presence of metallic Cu, Cu(I) or Cu(II) salts or complexes to obtain β-ketopinacolboronates [18,19,20,21,22,23]. Although homogeneous copper salts or complexes have been reported for this reaction [23], examples on the use of heterogeneous copper-based catalysts are still limited.



Cu3(BTC)2 (BTC: 1,3,5-benzenetricarboxylate) is a type of metal organic framework (MOF) whose metal nodes are constituted by dimeric Cu2+-ions with octahedral coordination positions around each Cu2+ ion that are satisfied by four carboxylate groups of different BTC linkers, a Cu-Cu bond and a solvent molecule, typically N,N’-dimethylformamide (DMF), employed during the synthesis. This solvent molecule can be easily removed by thermal treatment under vacuum without damaging the crystal structure, generating coordinatively unsaturated positions around Cu2+ that are able to activate substrates and reagents [24]. The structure of Cu3(BTC)2 is shown in Scheme 1 [25]. These metal nodes and linkers define large cavities in a highly open structure with a high surface area (~1300 m2/g) and porosity (1.6 nm). Among the various MOFs that have been tested in heterogeneous catalysis to promote organic transformations [26,27], Cu3(BTC)2 is one of the MOFs frequently used for a broad range of reactions due to the presence of coordinatively unsaturated metal sites around Cu2+ ions. These Cu2+ ions with a coordination free position behave as Lewis acid sites in a heterogeneous fashion, thus providing opportunities to replace homogeneous Lewis acid catalysts for organic reactions. Therefore, Cu3(BTC)2 has been widely used as a catalyst to promote a variety of Lewis acid-catalyzed organic reactions including condensation [28], the ring opening of epoxide [29], and cyclizations [30,31,32], among others [33,34,35]. Furthermore, Cu2+ ions in Cu3(BTC)2 MOF with unsaturated positions have also been reported in many organic transformations like the oxidation of styrene [36], aerobic epoxidation of olefin [37], CO oxidation [38], oxidative synthesis of quinazolinones [39], synthesis of tetrazoles [40], arene borylation [41], Friedel–Crafts alkylation of indoles with nitroalkenes [42], dehydrogenative coupling of dimethylphenylsilane with phenol [43], acetalization of benzaldehyde [44], aldol synthesis of pyrimidine-chalcone hybrids [45], and hydrogenation of acetophenone by silanes [46].



Considering the broad scope of Cu3(BTC)2 in heterogeneous catalysis [47,48,49], one general tendency in catalysis is to develop solid and recoverable catalysts for those processes that are carried out using soluble homogeneous catalysts. Herein, it is reported that Cu3(BTC)2, a commercially available MOF, is a suitable and stable solid catalyst to promote the formation of β-keto organoboranes. We wish to make use of the active Cu2+ ions in Cu3(BTC)2 as catalytically active sites for this transformation. The observed results in this work are highly promising due to the fact that the catalyst is readily available as well as the fact that it can be easily reused in consecutive cycles.




2. Materials and Methods


2.1. Materials


Cu3(BTC)2 was purchased from Sigma Aldrich with the commercial trade name Basolite C300. Similarly, other related MOFs like Al(OH)(BDC) (BDC: 1,4-benzenedicarboxylate) and ZIF-8 with the trade names Basolite A100 and Basolite Z1200, respectively were also purchased from Sigma Aldrich, Barcelona, Spain. MIL-101(Cr) was synthesized by adopting earlier procedure, and its structural integrity was confirmed by powder X-ray diffraction (XRD), which was in good agreement with an earlier report [41]. Furthermore, CuCl, Cu(NO3)2.3H2O, Cs2CO3, K2CO3, Na2CO3, B2pin2, 2-cyclohexenone and acetonitrile were procured from Sigma Aldrich, Barcelona, Spain.




2.2. Experimental Procedure


In a typical catalytic reaction, a dry two-neck flask was charged with 0.5 mmol of 2-cyclohexenone and 0.5 mmol of B2pin2 followed by the addition of a base (0.12 mmol). To this mixture, 40 mg of Cu3(BTC)2 (0.0066 mol%) was added, followed by dilution with 2 mL of acetonitrile. Later, this reaction mixture was immersed in a preheated hot plate maintained at the required temperature. The progress of the reaction was monitored by sampling the aliquots at different time intervals. These samples were analyzed by gas chromatography (GC) using the internal standard method. Furthermore, the reaction mixture was also analyzed by gas chromatography coupled with mass spectrometry (GC-MS) to confirm the formation of the products. Reusability experiments were performed by recovering the solid from the reaction mixture, washed with acetonitrile and dried at 100 °C for 3 h. This catalyst was used with the fresh reactants, following an identical procedure to the one described above. On the other hand, control experiments with homogeneous soluble catalysts and radical quenchers like 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), 2,6-di-t-butyl-4-methylphenol were also performed under identical conditions to the ones described above with appropriate loading, as mentioned in Table 1.




2.3. Product Analysis


The progress of the reaction was monitored by sampling aliquots (100 μL) at various reaction times. These aliquots were diluted by adding 2 mL of acetonitrile before filtering through a Nylon membrane (0.2 μm), and the resulting samples were injected in GC using a flame ionization detector with the following conditions: methyl-phenyl silicone column, TRB-5MS; 30 m 0.32 mm 0.25 μm; initial column temperature of 30 °C; initial holding time of 3 min, temperature ramp rate of 10 °C/min and final temperature of 280 °C. Quantification was done by calibration plots to obtain the relative response factors (RF) of the products as well as starting materials compared to the internal standard (nitrobenzene). The final reaction mixture was analyzed by Agilent 5973 GC-MS (Madrid, Spain) to confirm the product mass and fragmentation.



Metal leaching from Cu3(BTC)2 under the present experimental conditions was also checked by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis. Briefly, the solid catalyst was removed by filtration using a 0.2 μm Nylon filter after the final reaction time. Then, this organic phase was mixed with 30 mL of 3 M aqueous nitric acid and stirred for 20 h at 80 °C. Later, the aqueous phase was separated and analyzed by ICP-OES to determine Cu in the final reaction mixture.



Furthermore, the conversion of 2-cyclohexenone was determined using the following formula.



RF was obtained with the following equation:


RF = Area of nitrobenzene moles of 2-cyclohexenone/Area of 2-cyclohexenone moles of nitrobenzene











The moles of the remaining 2-cyclohexenone and the product were calculated using the following equation:


Moles of 2-cyclohexenone = RF × moles of nitrobenzene × Area of 2-cyclohexenone/Area of nitrobenzene










Conversion (%) = moles of 2-cyclohexenone reacted/initial moles of 2-cyclohexenone













3. Results and Discussion


As mentioned in the introduction, the main objectives of this work are to develop a benign and convenient heterogeneous catalyst based on cost-effective Cu metal as an active site to promote the addition of B2pin2 to enones. Hence, 2-cyclohexenone was selected as a model substrate reacting with B2pin2 as the borylating reagent to optimize the activity of Cu3(BTC)2 as a solid catalyst under different conditions. The observed results are summarized in Table 1. The β-boronation of 2-cyclohexenone did not occur either in the absence of Cu3(BTC)2 or in the absence of cesium carbonate as a base both at room temperature or at 60 °C (Entries 1–2, Table 1). In contrast, the combination of Cu3(BTC)2 and cesium carbonate afforded the desired product of 80% yield after 24 h at room temperature (Entry 3, Table 1). The reaction was faster and afforded a higher product yield at a 60 °C reaction temperature after 6 h (Entry 6, Table 1), while the relevant control experiments at 60 °C showed almost no reaction (Entries 4–5, Table 1). The product yield was almost unaffected when the reaction was carried out under inert atmosphere or using potassium carbonate as a base (Entries 7–8, Table 1). This means that ambient oxygen is not playing any role and that other carbonates can promote borylation equally. It was, however, observed that the use of sodium carbonate led to a significant decrease in the product yield (Entry 9, Table 1). A comparison of the catalytic activity under the present conditions with either Cu(I) or Cu(II) salts or with other MOFs such as MIL-101(Cr), MIL-53(Al), ZIF-8 showed either no products were formed or the yields were much lower than that achieved with Cu3(BTC)2 (Entries 10–14, Table 1). These results clearly indicate that this reaction is promoted efficiently with Cu2+ as active sites, while other MOFs with Cr3+ and Zn2+ are ineffective for this transformation under these reaction conditions. These results are also in agreement with a previous report where the C–H borylation reaction of arene with B2pin2 was promoted by Cu3(BTC)2 while other MOFs failed to provide the desired product [41]. Although enantioselective borylation of 2-cyclohexenone with B2pin2 was reported by CuCl using NaOt-Bu in MeOH/THF at a 92% yield with 98% ee [18], CuCl in the presence of cesium carbonate gives less than one half of the yield achieved with Cu3(BTC)2 in the present work. Deactivation seems to be the main reason for the lower yield of the homogeneous catalyst, since the reaction in the presence of the homogeneous catalyst stops after 1 h, giving a 41% yield, and after this time the reaction does not progress further for longer reaction times. In contrast, the temporal profile of product formation in the case of Cu3(BTC)2 as a catalyst shows a gradual increase in the product yield over time until a very high product yield is achieved (Figure 1).
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Table 1. Borylation of 2-cyclohexenone using B2pin2 under various reaction conditions a.
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Run

	
Catalyst

	
Base

	
T (°C)

	
Time (h)

	
Yield (%) b






	
1

	
-

	
Cs2CO3

	
RT

	
24

	
-




	
2

	
Cu3(BTC)2

	
-

	
RT

	
24

	
-




	
3

	
Cu3(BTC)2

	
Cs2CO3

	
RT

	
24

	
80




	
4

	
-

	
Cs2CO3

	
60

	
6

	
3




	
5

	
Cu3(BTC)2

	
-

	
60

	
6

	
-




	
6

	
Cu3(BTC)2

	
Cs2CO3

	
60

	
6

	
94




	
7

	
Cu3(BTC)2

	
Cs2CO3

	
60

	
6

	
92 c




	
8

	
Cu3(BTC)2

	
K2CO3

	
60

	
6

	
92




	
9

	
Cu3(BTC)2

	
Na2CO3

	
60

	
6

	
55




	
10

	
CuCl

	
Cs2CO3

	
60

	
1, 6

	
41, 41 d




	
11

	
Cu(NO3)2·3H2O

	
Cs2CO3

	
60

	
6

	
- e




	
12

	
MIL-101(Cr)

	
Cs2CO3

	
60

	
6

	
6




	
13

	
Al(OH)(BDC)

	
Cs2CO3

	
60

	
6

	
-




	
14

	
ZIF-8

	
Cs2CO3

	
60

	
6

	
5




	
15

	
Cu3(BTC)2

	
Cs2CO3

	
60

	
6

	
82 f




	
16

	
Cu3(BTC)2

	
Cs2CO3

	
60

	
6

	
88 g








a Reaction conditions: 2-cyclohexenone (0.5 mmol), B2pin2 (0.5 mmol), base (0.12 mmol), catalyst (40 mg), CH3CN (2 mL); b Determined by GC; c Reaction performed under inert atmosphere; d 20 mg of CuCl; e 48 mg of Cu(NO3)2·3H2O; f 50 mg of 2,6-di-t-butyl-4-methylphenol; g 50 mg of TEMPO.











One of the essential experiments to be performed in heterogeneous catalysis is the analysis of the metal leached from the solid to the liquid phase (leaching analysis) or a hot-filtration test to prove the stability of a heterogeneous catalyst under the optimized reaction conditions. Regarding this aspect, a hot-filtration test was conducted under optimal reaction conditions, as shown in Table 1. The solid catalyst was removed after a 1-h reaction time while the mixture was hot when the product yield was about 25%. The kinetic profile of this test indicates that the reaction completely stops upon removal of the solid catalyst from the reaction mixture, thus providing sound evidence in support of the operation of heterogeneous catalysis (Figure 1). On the other hand, the possibility of metal leaching to the reaction mixture is also ruled out since the ICP-OES analysis indicated <1 ppm of Cu in the final reaction mixture, thus supporting the operation of heterogeneous catalysis.



Another established procedure to ascertain catalyst stability is to monitor the activity of the recovered solid in consecutive cycles, often referred to as a reusability test. Hence, Cu3(BTC)2 was recovered at the end of the reaction, washed and dried at 100 °C to perform a consecutive borylation reaction. The experimental results showed that the temporal profiles (Figure 2) as well as the final yields were not altered up to two recycles. The product yields for the fresh, first and second reuses were 94, 92 and 91% under the conditions shown in Table 1 (entry 6). The powder XRD of the twice reused solid showed a decreased peak intensity around 21° with the appearance of a new peak at 15° compared to the XRD patterns for the fresh solid (Figure 3). These changes in the peak intensity are possibly due to the adsorption of organic products; however, the crystallinity of the reused solid is retained. On the other hand, the Cu content of the fresh and twice reused Cu3(BTC)2 was 28.27 and 28.25%, respectively, suggesting an almost similar Cu content in the reused material. Furthermore, FT-IR spectroscopy was used to characterize Cu3(BTC)2 before and after catalysis. FT-IR spectra of the fresh Cu3(BTC)2 showed a characteristic asymmetric stretching vibration at around 1680 cm−1 due to the carboxylate group in the BTC linker. Additionally, symmetric stretching vibrations were observed at around 1424 and 1360 cm−1. These characteristic spectral features were also observed in the twice reused Cu3(BTC)2 without observing any additional bands. These results clearly indicate the retainment of structural integrity and that Cu3(BTC)2 is highly stable under the present experimental conditions.



In an earlier precedent, Kobayashi and co-workers proposed a reaction mechanism involving the cleavage of the B-B bond by the base, forming pinacolyl borate and a nucleophilic boronate species that becomes coordinated to the Cu site [19]. Subsequently, the coordination of α,β-enone to the Cu atom and transfer of the Bpin moiety from the Cu2+ ion to the β-carbon would render the final product and would restore the catalytically active Cu species. It is likely that a similar reaction mechanism could be operating in the present case. In support of this proposal, FT-IR spectroscopy of Cu3(BTC)2 after the incorporation of B2pin2 shows spectroscopic changes compatible with the formation of Cu-Bpin and the weakening of the Cu-Cu bond [41]. These spectroscopic signatures are reversed upon the desorption of Bpin by thermal evacuation under vacuum [41]. Additionally, the fact that the product yield is not affected by the presence of 2,6-di-t-butyl-4-methylphenol (Entry 15, Table 1) and TEMPO (Entry 16, Table 1) that are typical C-centred radical quenchers, thus ruling out the reaction mechanism involving carbon radicals.



Considering the available catalytic data and the results obtained by quenching experiments, the following mechanism is proposed for this transformation. The crystal structure of Cu3(BTC)2 contains water molecules that are loosely bound to the coordinatively unsaturated sites around copper atoms [50]. Initially, these coordinatively unsaturated metal sites in Cu3(BTC)2 react with B2pin2 in the presence of a base to afford reactive copper-boryl intermediates, which behave as the catalytically active species. Later, these copper-boryl complexes promote the conjugate addition to the α,β-unsaturated carbonyl compound to provide an organocopper intermediate, which upon hydrolysis with water affords the desired product by generating a copper hydroxide. This reacts further with B2pin2 to regenerate the active copper-boryl complex species. This mechanistic proposal is depicted in Scheme 2.



As mentioned earlier in the introduction, wide ranges of catalytic systems have been developed for the borylation of organic compounds using mostly homogeneous and heterogeneous catalysts. Specifically, copper-based catalysts have been employed for borylation reactions with a broad spectrum of substrates. For instance, enantioselective boron conjugate addition to dienone was reported in water with Cu(OH)2 in a heterogeneous fashion or with Cu(OAc)2 as a homogeneous catalyst [51]. In another precedent, the dehydrogenative borylation of styrene with B2pin2 was reported by copper hydroxide supported over CeO2 or Al2O3. The product selectivity was determined by the appropriate choice of a suitable ketone and support [52]. Recently, the borylation of alkyl bromides and chlorides using B2pin2 was reported with Cu/Pd alloy nanoparticles supported over graphene under photocatalytic conditions [53]. On the other hand, a microporous MOF was synthesized with an imidazolium-containing ligand that can generate in situ NHC-CuCl units (NHC: N-heterocyclic carbenes), which can efficiently promote the addition of B2pin2 to 2-cyclohexenone [54]. A quantitative yield of the desired product was achieved at 25 °C for 24 h in the presence of MeOH and Cs2CO3 in THF as solvent. This solid retained its activity for five cycles with no decay in the yield. In contrast, the present work operates under different experimental conditions in terms of solvent, reaction temperature, substrate/catalyst loading, no use of methanol and Cu oxidation state. Hence, the present results complement the existing reactions and represent a more amenable catalytic system based on a commercial catalyst. Interestingly, these results clearly indicate that this organic transformation can be effectively promoted by Cu(I)- or Cu(II)-based MOFs instead of Pt-, Pd- and Ir-based catalysts.



The scope of the reaction was screened for different substrates. The results are presented in Figure 4 where the yields of the products have also been indicated. Thus, the formation of the boronates in high yields was observed for 2-cyclopentenone (86%) and benzylideneacetone (82%). On the other hand, 3-methyl-2-cyclohexenone and chalcone also gave the expected C-B coupling products in moderate yields of 64% and 66%, respectively. Lower yields for the C-B coupling product were obtained in the case of coumarin (44%) as a substrate due to the lower reactivity of this aromatic lactone. These products were confirmed by GC-MS.




4. Conclusions


The present manuscript has shown that Cu3(BTC)2 in the presence of cesium carbonate as a base is a suitable solid catalyst for promoting the formation of β-keto organoboranes in high to moderate yields. The solid acts as a heterogeneous catalyst and can be reused in consecutive runs without decrease in activity. Considering the importance of functionalized organoboranes, this work represents some significant merits by employing readily available Cu3(BTC)2 without containing non-noble metal as a convenient catalyst for the synthesis of β-keto organoboranes under mild reaction conditions. Further work is required to understand the mechanistic aspects of this transformation.







Author Contributions


Conceptualization, A.D. and H.G.; methodology, A.D.; formal analysis, A.D.; investigation, A.D.; resources, A.M.A.; data curation, M.A.; writing—original draft preparation, A.D.; writing—review and editing, H.G.; supervision, M.A.; project administration, H.G.; funding acquisition, M.A. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support by the Spanish Ministry of Economy and Competitiveness (Severo Ochoa and RTI2018-089231-CO2-R1) and Generalitat Va-lenciana (Prometeo 2017-083).




Acknowledgments


A.D. thanks the University Grants Commission, New Delhi, for the award of an Assistant Professorship under its Faculty Recharge Programme. Financial support by the Spanish Ministry of Economy and Competitiveness (Severo Ochoa and RTI2018-089231-CO2-R1) and Generalitat Valenciana (Prometeo 2017-083) is gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mkhalid, I.A.I.; Barnard, J.H.; Marder, T.B.; Murphy, J.M.; Hartwig, J.F. C−H Activation for the Construction of C−B Bonds. Chem. Rev. 2010, 110, 890–931. [Google Scholar] [CrossRef]

	



Hartwig, J.F. Borylation and Silylation of C–H Bonds: A Platform for Diverse C–H Bond Functionalizations. Acc. Chem. Res. 2012, 45, 864–873. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Ros, A.; Fernández, R.; Lassaletta, J.M. Functional group directed C–H borylation. Chem. Soc. Rev. 2014, 43, 3229–3243. [Google Scholar] [CrossRef] [PubMed]

	



Grirrane, A.; Corma, A.; Garcia, H. Stereoselective Single (Copper) or Double (Platinum) Boronation of Alkynes Catalyzed by Magnesia-Supported Copper Oxide or Platinum Nanoparticles. Chem. Eur. J. 2011, 17, 2467–2478. [Google Scholar] [CrossRef] [PubMed]

	



Ishiyama, T.; Miyaura, N. Transition metal-catalyzed borylation of alkanes and arenes via C-H activation. J. Organomet. Chem. 2003, 680, 3–11. [Google Scholar] [CrossRef]

	



Lawson, Y.G.; Lesley, M.J.G.; Marder, T.B.; Norman, N.C.; Rice, C.R. Platinum catalysed 1,4-diboration of α,β-unsaturated ketones. Chem. Commun. 1997, 21, 2051–2052. [Google Scholar] [CrossRef]

	



Bell, N.J.; Cox, A.J.; Cameron, N.R.; Evans, J.S.O.; Marder, T.B.; Duin, M.A.; Elsevier, C.J.; Baucherel, X.; Tulloch, A.A.D.; Tooze, R.P. Platinum catalysed 3,4- and 1,4-diboration of α,β-unsaturated carbonyl compounds using bis-pinacolatodiboron. Chem. Commun. 2004, 16, 1854–1855. [Google Scholar] [CrossRef]

	



Kabalka, G.W.; Das, B.C.; Das, S. Rhodium-catalyzed 1,4-addition reactions of diboron reagents to electron deficient olefins. Tetrahedron Lett. 2002, 43, 2323–2325. [Google Scholar] [CrossRef]

	



Mun, S.; Lee, J.-E.; Yun, J. Copper-Catalyzed β-Boration of α,β-Unsaturated Carbonyl Compounds:  Rate Acceleration by Alcohol Additives. Org. Lett. 2006, 8, 4887–4889. [Google Scholar] [CrossRef]

	



Lee, J.-E.; Kwon, J.; Yun, J. Copper-catalyzed addition of diboron reagents to α,β-acetylenic esters: Efficient synthesis of β-boryl-α,β-ethylenic esters. Chem. Commun. 2008, 6, 733–734. [Google Scholar] [CrossRef] [PubMed]

	



Chea, H.; Sim, H.-S.; Yun, J. Copper-Catalyzed Conjugate Addition of Diboron Reagents to α,β-Unsaturated Amides: Highly Reactive Copper-1,2- Bis(diphenylphosphino)benzene Catalyst System. Adv. Synth. Catal. 2009, 351, 855–858. [Google Scholar] [CrossRef]

	



Kitanosono, T.; Xu, P.; Kobayashi, S. Heterogeneous versus Homogeneous Copper(II) Catalysis in Enantioselective Conjugate-Addition Reactions of Boron in Water. Chem. Asian J. 2014, 9, 179–188. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Lee, K.-S.; Zhugralin, A.R.; Hoveyda, A.H. Efficient C-B bond formation promoted by N-heterocyclic carbenes: Synthesis of tertiary and quaternary B-substituted carbons through metal-free catalytic boron conjugate additions to cyclic and acyclic α,β-unsaturated carbonyls. J. Am. Chem. Soc. 2009, 131, 7253–7255. [Google Scholar] [CrossRef]

	



Wu, H.; Radomkit, S.; O’Brien, J.M.; Hoveyda, A.H. Metal-Free Catalytic Enantioselective C–B Bond Formation: (Pinacolato)boron Conjugate Additions to α,β-Unsaturated Ketones, Esters, Weinreb Amides, and Aldehydes Promoted by Chiral N-Heterocyclic Carbenes. J. Am. Chem. Soc. 2012, 134, 8277–8285. [Google Scholar] [CrossRef]

	



Pubill-Ulldemolins, C.; Bonet, A.; Bo, C.; Gulyas, H.; Fernandez, E. Activation of Diboron Reagents with Brønsted Bases and Alcohols: An Experimental and Theoretical Perspective of the Organocatalytic Boron Conjugate Addition Reaction. Chem. Eur. J. 2012, 18, 1121–1126. [Google Scholar] [CrossRef]

	



Feng, X.; Yun, J. Catalytic enantioselective boron conjugate addition to cyclic carbonyl compounds: A new approach to cyclic β-hydroxy carbonyls. Chem. Commun. 2009, 43, 6577–6579. [Google Scholar] [CrossRef]

	



Kobayashi, S.; Xu, P.; Endo, T.; Ueno, M.; Kitanosono, T. Chiral Copper(II)-Catalyzed Enantioselective Boron Conjugate Additions to α,β-Unsaturated Carbonyl Compounds in Water. Angew. Chem. 2012, 124, 12935–12938. [Google Scholar] [CrossRef]

	



Kitanosono, T.; Kobayashi, S. Asymmetric Boron Conjugate Additions to Enones in Water Catalyzed by Copper(0). Asian J. Org. Chem. 2013, 2, 961–966. [Google Scholar] [CrossRef]

	



Calow, A.D.J.; Sol, C.; Whiting, A.; Fernandez, E. Base-Free β-Boration of α,β-Unsaturated Imines Catalysed by Cu2O with Concurrent Enhancement of Asymmetric Induction. ChemCatChem 2013, 5, 2233–2239. [Google Scholar] [CrossRef]

	



Cano, R.; Ramon, D.J.; Yus, M. Impregnated Copper on Magnetite as Recyclable Catalyst for the Addition of Alkoxy Diboron Reagents to C−C Double Bonds. J. Org. Chem. 2010, 75, 3458–3460. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Alaerts, L.; Séguin, E.; Poelman, H.; Thibault-Starzyk, F.; Jacobs, P.A.; De Vos, D.E. Probing the Lewis Acidity and Catalytic Activity of the Metal-Organic Framework [Cu3(btc)2] (BTC = Benzene-1,3,5-tricarboxylate). Chem. Eur. J. 2006, 12, 7353–7363. [Google Scholar] [CrossRef] [PubMed]

	



Shamzhy, M.V.; Opanasenko, M.V.; Garcia, H.; Čejka, J. Annulation of phenols with methylbutenol over MOFs: The role of catalyst structure and acid strength in producing 2,2-dimethylbenzopyran derivatives. Microporous Mesoporous Mater. 2015, 202, 297–302. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; Asiri, A.M.; García, H. Formation of C–C and C–Heteroatom Bonds by C–H Activation by Metal Organic Frameworks as Catalysts or Supports. ACS Catal. 2019, 9, 1081–1102. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; Asiri, A.M.; Garcia, H. Catalysis in Confined Spaces of Metal Organic Frameworks. ChemCatChem 2020, 12, 4732–4753. [Google Scholar] [CrossRef]

	



Panchenko, V.N.; Matrosova, M.M.; Jeon, J.; Jun, J.W.; Timofeeva, M.N.; Jhung, S.H. Catalytic behavior of metal-organic frameworks in the Knoevenagel condensation reaction. J. Catal. 2014, 316, 251–259. [Google Scholar] [CrossRef]

	



Anbu, N.; Dhakshinamoorthy, A. Regioselective ring opening of styrene oxide by carbon nucleophiles catalyzed by metal-organic frameworks under solvent-free conditions. J. Ind. Eng. Chem. 2018, 58, 9–17. [Google Scholar] [CrossRef]

	



Nikseresht, A.; Ghasemi, S.; Parak, S. [Cu3(BTC)2]: A metal-organic framework as an environment-friendly and economically catalyst for the synthesis of tacrine analogues by Friedländer reaction under conventional and ultrasound irradiation. Polyhedron 2018, 151, 112–117. [Google Scholar] [CrossRef]

	



Kim, M.J.; Kim, B.R.; Lee, C.Y.; Kim, J. N-Sulfonyl amidine synthesis via three-component coupling reaction using heterogeneous copper catalyst derived from metal-organic frameworks. Tetrahedron Lett. 2016, 57, 4070–4073. [Google Scholar] [CrossRef]

	



Perez-Mayoral, E.; Cejka, J. [Cu3(BTC)2]: A Metal-Organic Framework Catalyst for the Friedländer Reaction. ChemCatChem 2011, 3, 157–159. [Google Scholar] [CrossRef]

	



Qi, B.; Zhang, T.; Li, M.; He, C.; Duan, C. Highly shape- and regio-selective peroxy-trifluoromethylation of styrene by metal-organic framework Cu3(BTC)2. Catal. Sci. Technol. 2017, 7, 5872–5881. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; Asiri, A.M.; Concepcion, P.; Garcia, H. Synthesis of borasiloxanes by oxidative hydrolysis of silanes and pinacolborane using Cu3(BTC)2 as a solid catalyst. Chem. Commun. 2017, 53, 9998–10001. [Google Scholar] [CrossRef]

	



Vandichel, M.; Vermoortele, F.; Cottenie, S.; De Vos, D.E.; Waroquier, M.; Van Speybroeck, V. Insight in the activity and diastereoselectivity of various Lewis acid catalysts for the citronellal cyclization. J. Catal. 2013, 305, 118–129. [Google Scholar] [CrossRef]

	



Guo, C.; Zhang, Y.; Zhang, L.; Guo, Y.; Akram, N.; Wang, J. 2-Methylimidazole-Assisted Synthesis of Nanosized Cu3(BTC)2 for Controlling the Selectivity of the Catalytic Oxidation of Styrene. ACS Appl. Nano Mater. 2018, 1, 5289–5296. [Google Scholar] [CrossRef]

	



Zhou, Z.; Li, X.; Wang, Y.; Luan, Y.; Li, X.; Du, X. Growth of Cu-BTC MOFs on dendrimer-like porous silica nanospheres for the catalytic aerobic epoxidation of olefins. New J. Chem. 2020, 44, 14350–14357. [Google Scholar] [CrossRef]

	



Ye, J.-Y.; Liu, C.-J. Cu3(BTC)2: CO oxidation over MOF based catalysts. Chem. Commun. 2011, 47, 2167–2169. [Google Scholar] [CrossRef]

	



Latha, G.; Devarajan, N.; Suresh, P. Framework Copper Catalyzed Oxidative Synthesis of Quinazolinones: A Benign Approach Using Cu3(BTC)2 MOF as an Efficient and Reusable Catalyst. ChemistrySelect 2020, 5, 10041–10047. [Google Scholar] [CrossRef]

	



Kal-Koshvandi, A.T.; Maleki, A.; Tarlani, A.; Soroush, M.R. Synthesis and Characterization of Ultrapure HKUST-1 MOFs as Reusable Heterogeneous Catalysts for the Green Synthesis of Tetrazole Derivatives. ChemistrySelect 2020, 5, 3164–3172. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; García, C.V.; Concepcion, P.; Garcia, H. Arene borylation through CH activation using Cu3(BTC)2 as heterogeneous catalyst. Catal. Today 2021, 366, 212–217. [Google Scholar] [CrossRef]

	



Anbu, N.; Dhakshinamoorthy, A. Cu3(BTC)2 as a viable heterogeneous solid catalyst for Friedel-Crafts alkylation of indoles with nitroalkenes. J. Colloid Interface Sci. 2017, 494, 282–289. [Google Scholar]

	



Anbu, N.; Dhakshinamoorthy, A. Cu3(BTC)2 catalyzed dehydrogenative coupling of dimethylphenylsilane with phenol and homocoupling of dimethylphenylsilane to disiloxane. J. Colloid Interface Sci. 2017, 490, 430–435. [Google Scholar] [CrossRef] [PubMed]

	



Piscopo, C.G.; Schwarzer, M.; Herrmann, M.; Affini, A.; Pelagatti, P.; Maestri, G.; Maggi, R.; Loebbecke, S. Batch versus Flow Acetalization of Benzaldehyde with HKUST-1: Diffusion Pathways and Performance Comparison. ChemCatChem 2016, 8, 1293–1297. [Google Scholar] [CrossRef]

	



Pathan, N.B.; Rahatgaonkar, A.M.; Chorghade, M.S. Metal-organic framework Cu3(BTC)2(H2O)3 catalyzed Aldol synthesis of pyrimidine-chalcone hybrids. Catal. Commun. 2011, 12, 1170–1176. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H. HKUST-1 catalyzed room temperature hydrogenation of acetophenone by silanes. Catal. Commun. 2017, 97, 74–78. [Google Scholar] [CrossRef]

	



Anbu, N.; Dhakshinamoorthy, A. Cu3(BTC)2 catalyzed oxidation of silane to silanol using TBHP or water as oxidants. Appl. Catal. A Gen. 2017, 544, 145–153. [Google Scholar] [CrossRef]

	



Anbu, N.; Dhakshinamoorthy, A. Cu3(BTC)2 metal-organic framework catalyzed N-arylation of benzimidazoles and imidazoles with phenylboronic acid. J. Ind. Eng. Chem. 2018, 65, 120–126. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; Asiri, A.M.; Garcia, H. Cu3(BTC)2 as heterogeneous catalyst for the room temperature oxidative hydroxylation of arylboronic acids. Tetrahedron Lett. 2016, 72, 2895–2899. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, A.; Asiri, A.M.; Garcia, H. Tuneable nature of metal organic frameworks as heterogeneous solid catalysts for alcohol oxidation. Chem. Commun. 2017, 53, 10851–10869. [Google Scholar] [CrossRef]

	



Kitanosono, T.; Xu, P.; Kobayashi, S. Heterogeneous and Homogeneous Chiral Cu(II) Catalysis in Water: Enantioselective Boron Conjugate Additions to Dienones and Dienoesters. Chem. Commun. 2013, 49, 8184–8186. [Google Scholar] [CrossRef] [PubMed]

	



Yoshii, D.; Jin, X.; Mizuno, N.; Yamaguchi, K. Selective Dehydrogenative Mono- or Diborylation of Styrenes by Supported Copper Catalysts. ACS Catal. 2019, 9, 3011–3016. [Google Scholar] [CrossRef]

	



Jiao, Z.-F.; Tian, Y.-M.; Guo, X.-N.; Radius, U.; Braunschweig, H.; Marder, T.B.; Guo, X.-Y. Visible-light-driven graphene supported Cu/Pd alloy nanoparticle-catalyzed borylation of alkyl bromides and chlorides in air. J. Catal. 2021, 395, 258–265. [Google Scholar] [CrossRef]

	



Yao, Q.; Lu, X.; Liu, K.; Ma, C.; Su, J.; Lin, C.; Li, D.; Dou, J.; Sun, J.; Duan, W. An NHC-CuCl functionalized metal–organic framework for catalyzing β-boration of α,β-unsaturated carbonyl compounds. Dalton Trans. 2019, 48, 5144–5148. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 11 01396 sch001 550] 





Scheme 1. Structure of Cu3(BTC)2. Reproduced with permission from [25]. Copyright 2015 Elsevier. 
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Figure 1. (a) Time yield plot for the formation of the desired product, (b) hot-filtration test at 1 h reaction and (c) the corresponding blank control experiment in the absence of the catalyst under identical reaction conditions. 
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Figure 2. Temporal profile for the fresh (■), 1st reuse (●) and 2nd reuse (▲) of Cu3(BTC)2 during the reusability test. 
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Figure 3. Powder XRD patterns of (a) fresh and (b) twice reused Cu3(BTC)2 solids. 
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Scheme 2. Proposed mechanism for the conjugate addition of B2pin2 to α,β-unsaturated carbonyl compound in the presence of Cu3(BTC)2. L represents BTC linkers; S indicates solvent or water. 
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Figure 4. Scope of Cu3(BTC)2 for the β-boronation of various α,β-unsaturated substrates. The percentage yields of these products correspond to the GC yield. Reaction Conditions: enone (0.5 mmol), B2pin2 (0.5 mmol), Cs2CO3 (0.12 mmol), Cu3(BTC)2 (40 mg), CH3CN (2 mL), 60 °C, 6 h. 
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