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Abstract 

Aluminum is cheaper, non-toxic, and abundant on the earth's crust than transition or lanthanide 

elements. The application of the main group, molecular compounds in catalysis, have been an 

emerging area of recent research interest. Despite numerous reports on synthesis and reactivity 

studies of molecular aluminum hydride complexes, surprisingly, only a few reports on aluminum 

hydride-catalyzed hydrofunctionalization of unsaturated organic transformations are found. Here, 

in the present work, the synthesis of N, N’-chelated conjugated bis-guanidinate (CBG) stabilized 

mononuclear aluminum dihydride and its catalytic activity towards organic transformations of 

carbonyls and other unsaturated functionalities with pinacolborane (HBpin) was demonstrated. 

Additionally, cross-dehydrocoupling reactions of polar functional groups catalyzed by 

aluminium hydride have been described. In addition, the aluminum dihydride complex has been 

used for chemoselective and regioselective B-H addition in heteroallenes such as CDIs, isocyanates, 

isothiocyanates, and selenocyanates. A wide range of N-boryl amides, aminals, and N-methylamines 

have been isolated. Apart from this, CBG stabilized aluminum alkyls, and the corresponding alkyl 

cations were isolated. The cationic complex effectively catalyzed the hydrosilylation of 

carbonyls, alkenes, and alkynes under a low catalyst load. The catalytic outcomes of molecular 
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CBG aluminum complexes have opened opportunities for understanding the reaction 

mechanisms and could be extended to other challenging organic transformations. 

The thesis has been organized into six chapters. 

Chapter 1. Introduction 

Chapter 1 summarizes literature reports on the work carried out throughout the thesis. 

This chapter briefly narrates newly synthesized symmetrical and unsymmetrical conjugated bis-

guanidine (CBG) ligands, synthesis, coordination, and metalation chemistry with aluminum. A 

brief introduction of reported N-donor ligand stabilized soluble aluminum hydrides have been 

discussed. In addition, the synthesis and reactivity of CBG-ligated aluminum dihydride 

complexes were described. Finally, the current investigation's purpose, scope, and goals were 

developed based on literature reports. 

Chapter 2. Aluminum-Catalyzed Selective Hydroboration of Carbonyls and 

Dehydrocoupling of Alcohols/Phenols, Amines, Thiol, Selenol, and Silanols with HBpin. 

2.1 Synthesis of (DiethylCBG) Aluminum-Dihydride Complex and its Characterization 

Treatment of a CBG ligand, i.e., LH [L= {(ArNH)(ArN)–C=N–C=(NAr)(NHAr)}; Ar 

=2,6-Et2-C6H3] with equimolar alane (H3Al·NMe2Et) solution to yield a mononuclear 

aluminum–hydride 1 complex (DiethylLAlH2). Compound 1 is well-characterized by NMR, Mass, 

IR, and X-ray diffraction studies (Scheme 1). 

 
Scheme 1. Synthesis of compound 1; the molecular structure of DiethylLAlH2(1). 
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2.2 Catalytic activity: Hydroboration of Carbonyls and CDC (Cross-Dehydrocoupling) Reactions 

with Pinacolborane. 

The catalytic activity of compound 1 towards B-H addition in aldehydes and ketones was 

studied. The reduction of carbonyls to boronate esters product in 1-2 mol% of 1 at rt without 

solvent occurred in excellent yield (Scheme 2). Additionally, the investigation for the catalytic 

activity of complex 1 towards cross-dehydrocoupling of polar functional groups such as 

alcohols/phenols (-OH), amines (-NH2), thiol (-SH), selenol (-SeH), and silanols (-OSiH) with 

pinacolborane in excellent yield with low catalyst load (Scheme 2).  

 
Scheme 2. Hydroboration of carbonyls and CDC reactions catalyzed by 1. 

Chapter 3. This chapter has been divided into two parts. 

Part A: Aluminum-Catalyzed Selective Deoxygenative Hydroboration of Carboxylic Acids 

and C-O Bond Cleavage of Carbonates, Formates, Amide, and Anhydride with 

Pinacolborane. 

The effective catalytic performance of aluminum-dihydride 1 for reducing aldehydes and ketones 

inspires us to explore the further application of compound 1. In one such example, a full 

investigation of complex 1 catalyzed deoxygenative reduction of a broad range of carboxylic 

acids with pinacolborane under mild conditions with good tolerance of halides, nitro, nitrile, 

amide, alkenes, alkyne, and heteroaryl functionalities (Scheme 3).  
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Scheme 3. Deoxygenative hydroboration of carboxylic acids. 

Furthermore, C-O bond cleavage of cyclic and acyclic carbonates have been discovered by using 

compound 1 (Scheme 4). All reactions were performed at the elevated condition with isolation of 

corresponding alcohols in satisfactory yield.  

 
Scheme 4. C-O bond cleavage of carbonates. 

In addition, the catalytic performance of CBG aluminum hydride 1 has been explored to reduce 

formates with pinacolborane (Scheme 5). The reaction resulted in excellent isolation of aryl and 

alkyl boronate esters at low catalyst load, demonstrating a more comprehensive catalytic 

application of compound 1.  

 
Scheme 5. Reduction of formates via hydroboration. 

CBG aluminum-dihydride (1) was further employed for the deoxygenative reduction of amide 

and anhydride under mild conditions (Scheme 6). In both reactions, the quantitative formation of 

hydroborated products has been observed along with BpinOBpin as a side product. 
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Scheme 6. Hydrodeoxygenation of amide and anhydride. 

Part B: Aluminum-Catalyzed Selective Hydroboration of Esters and Epoxides to Alcohols: 

C=O bond reduction and C-O Bond Activation. 

In the additional catalytic experiment of compound 1, the C-O bond reduction of esters with 

HBpin as a reducer was discovered (Scheme 7). In catalytic outcome, it was found that a wide 

range of aryl and alkyl esters were hydroborated in a 99% yield.  

 

Scheme 7. C=O bond reduction of esters. 

More remarkably, compound 1 was employed for the Markovnikov ring-opening of epoxides 

into branched boronated ester in the presence of HBpin (Scheme 8).  

 
Scheme 8. C-O bond cleavage of epoxides. 

The reaction is highly regioselective and more effective than reported transition metal catalysts 

in these research areas.  

Chapter 4. Aluminum Catalyzed Selective Reduction of Heteroallenes via Hydroboration: 

Amide Bond Construction and C=X (X= O, S, Se) Bond Activation. 
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The synthesized aluminum hydride catalyst 1 was effectively used to reduce symmetrical and 

unsymmetrical carbodiimides into borylated N-formamidines under one equivalent of HBpin 

(Scheme 9).  

 
Scheme 9. Monohydroboration of carbodiimides. 

In further experiments, compound 1 was employed for partial hydroboration and 

hydrodeoxygenation of isocyanates into borylated N-formamides and N-methyl amines under 

low catalyst load 1 (Scheme 10).  

 
Scheme 10. Synthesis of N-boryl formamides and borylated N-methylamines. 

Like isocyanate, catalyst 1 enables the chemoselective monohydroboration and 

hydrodesulfurization of isothiocyanates to produce borylated N-methyl amines or N-boryl 

thioamides in excellent yield (Scheme 11). 

 
Scheme 11. Partial hydroboration and hydrodesulfurization of isothiocyanates. 
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In selenocyanate, compound 1 catalyzed the synthesis of borylated selenoformamides and 

methylamines with pinacolborane as a reducer (Scheme 12). The result is highly adequate, and 

isolated products in high yields were found. 

 
Scheme 12. Partial hydroboration and hydrodeselenization of isoselenocyanates. 

Furthermore, complex 1 catalyzed chemoselective di-hydroboration of heteroallenes, i.e., CDI, 

isocyanate, isothiocyanate, and selenocyanate, have been studied with excellent yield (Scheme 

13). 

 

Scheme 13. Synthesis of borylated N-aminals. 

The catalytic pathway was confirmed by treating the compound (DippLAlH2) with the above 

heteroallenes, resulting in the isolation of Al-H inserted intermediates confirmed by NMR, 

HRMS, and Single crystal x-ray diffraction studies (Scheme 14).  
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Scheme 14. Control reactions of CDI and NCS hydroboration. 

Chapter 5. This chapter has been divided into two parts. 

Part A: Aluminum-Catalyzed Double Bond Activation of Alkenes and Isonitriles. 

The regioselective anti-Markovnikov B-H addition of alkenes, including terminal, internal and 

1,1-disubstituted moieties, was achieved using compound 1 under elevated conditions into linear 

boronate ester with good yield (Scheme 15).  

Additionally, the synthetic route for dihydroboration of isonitriles (aryl and alkyl) to diboryl 

amine esters under two equivalents of HBpin at 80 oC was established (Scheme 15).  

 
Scheme 15. Hydroboration of alkenes and isonitriles. 

Part B: Aluminum-Catalyzed Selective Reduction of Nitriles and Alkynes: A 

Multifunctional Catalyst. 

In this context, a thorough study has been done on the double hydroboration method for isolating 

bis(boryl) amines from corresponding organic nitriles with a low catalyst 1 load (Scheme 16). 

Compound 1 was further employed for the syn addition of HBpin across triple bond of both aryl 
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and alkyl alkynes to afford regioselectively (E) and (Z) vinyl boronate esters in good yield 

(Scheme 16).  

 
Scheme 16. Synthesis of bis(boryl)amines and vinyl boronates esters. 

Chapter 6. Organoaluminum Cation Catalyzed Selective Hydrosilylation of Carbonyls, 

Alkenes, and Alkyne. 

6.1 Synthesis of (DiethylCBG) Aluminum-Methyls and Methyl Cation Complexes. 

The synthesis of CBG stabilized organoaluminum complexes has been achieved by 

deprotonating the free ligand with AlMe3 solution in toluene (Scheme 17). Single-crystal X-ray 

structural analysis has established synthetic aluminum methyl compounds 2 and 3 (Figure 1). In 

addition, treatment of compound 2 with B(C6F5)3 in a 1:1 ratio resulted in forming three-

coordinate organoaluminum cation 4 in good yield. Multinuclear NMR and HRMS studies 

confirm the formation of compound 4.  

 
Scheme 17. Synthesis of CBG stabilized aluminum-alkyl and alkyl cations (2-4). 
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Figure 1. Solid-state structures of compounds 2 and 3. 

6.2 Catalytic Activity: Hydrosilylation of Carbonyls and other Unsaturated Functionalities with 

Triethylsilane. 

Compound 4 was a robust catalyst for reducing aldehydes and ketones via hydrosilylation into 

corresponding silyl ethers with a tolerance of halides, nitriles, and heteroaryl (Scheme 18).  

 
Scheme 18. Reduction of aldehydes and ketones via hydrosilylation. 

In additional experiments, it was found that complex 4 can be used to reduce alkenes and alkyne 

to alkyl silane or (E) vinyl silane with excellent regioselectivity as per the literature report 

(Scheme 19).  

 
Scheme 19. Anti-Markovnikov hydrosilylation of alkenes. 

Summary of the Work: 
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 In summary, conjugated bis-guanidinate (CBG) stabilized aluminum-dihydride was 

synthesized, and studied its catalytic hydroboration of a wide range of unsaturated 

functionalities (both regioselective and chemoselective). 

 CBG-supported aluminum methyl and cationic methyl complexes have been isolated, 

followed by the catalytic activity of aluminum alkyl cation compound for chemoselective 

hydrosilylation of carbonyls, alkenes, and alkyne have been analyzed. 
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Chapter1: Introduction 

This thesis unit gives the background and a brief overview of the area in different sections of the 

present work. 

1.1 Introduction of Conjugated Bis-Guanidine (CBG) Ligands  

1.1.1 Summary of Unsubstituted and Substituted Guanidines and Biguanides 

Guanidines are the foremost organic compounds with the molecular formula HNC(NH2)2.1 

Adolph Strecker first discovered this in 1861 in the degradation of guanine.2 Later, in 1970 Lappert 

synthesized the first transition metal guanidinate complex3 followed by main-group metal 

guanidinates (especially aluminum),1a, 1c, 4, 3 which opened many research areas of coordination 

chemistry and material science application.4-5 In a similar link, organic biguanides have various 

applications, especially in medicinal chemistry, like oral antihyperglycemic drugs for diabetes 

(Figure 1.1.).6 In 1879, Rathke and coworkers prepared the first unsubstituted biguanides,7 which 

were actively used in organometallic chemistry to isolate low-valent metal complexes.3-5 The 

Maksic8 research group in 2013 developed hexasubstituted biguanides (Figure 1.1.).  

 
Figure 1.1. Unsubstituted and substituted guanidines and biguanides. 

However, biguanide-stabilized aluminum is rare. Nandi9 introduced the first successful Al(III) 

biguanide complex in 1864, confirmed by infrared and CHN methods only. Over the past few years, 

Kretschmer10 isolated aluminum alkyl complexes supported by tetrasubstituted biguanides. 

Thereafter our research group synthesized both symmetrical,11a, 11b and unsymmetrical11c tetra-aryl 
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substituted conjugated bisguanidines (CBG)11 and their aluminum complexes.11c, 12 The newly 

synthesized CBG ligands are analogs of N-donor -diketiminate ligands.13 

1.1.2 Synthesis, and Coordination Modes of CBG Ligand 

There are three synthetic routes to prepare bulky symmetrical aryl-substituted CBG ligands 

(Scheme 1.1.).11a In the first method, N, N’-diarylcarbodiimides were treated with acetamidoxime in 

a 1:2 ratio at rt, resulting in the isolation of required products (I-IV) with 18-40% yield. In the 

second procedure,11a the above CDIs mixed with four equivalents of aq. NH3 under mild conditions 

ended with 50-64% forming desired CBGs. Besides, in the third method,11a, 11b high yield (65-75%) 

of all CBGs, including both symmetrical and unsymmetrical (Scheme 1.1. and 1.2.), have been found 

by treating corresponding CDIs with NH4Cl/Et3N in ethanol.  

 
Scheme 1.1. Synthetic routes of symmetrical conjugated bis-guanidine ligand (I-IV). 
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Scheme 1.2. Synthesis of unsymmetrical bulky conjugated bis-guanidine ligand (V). 

Additionally, five coordination modes11a of CBGs have been displayed in Figure 1.2. The present 

ligand can act as both monodentate (A-D) and bidentate (E) towards metal chelation, resulting in 



 Chapter 1 

 Page 38 | 255 
 

mononuclear and binuclear metal complexes. This type of coordination is far superior to previously 

reported N-donor guanidine and analog -diketiminate ligands.14 

 
Figure 1.2. Coordination modes of CBGs. 

1.2 Complexes of CBGs with Aluminum  

1.2.1 Reported N, N’-Chelated Soluble Aluminum Hydrides 

In recent years, molecular aluminum hydrides have been employed for the catalytic 

transformation of challenging organic molecules.15 Previously, several reports on the reactivity of 

aluminum hydrides, such as deprotonation, hydroalumination, dehydrocoupling, molecular 

activation, etc., have been well-known.15c, 15g But the catalytic applications of molecular complexes 

are hardly known.15 In 1942, Stecher and coworkers16 synthesized AlH3, which boosted the research 

area of aluminum chemistry.15 Later, LiAlH4, a suitable hydride used to reduce various organic 

functional groups.17 However, due to high pyrophoricity and uncontrolled reactions,18 was later 

overshadowed by transition metal catalysts.19 In recent times, main-group metal-hydrides15i, 19c-e, 20 

displayed remarkable catalytic activity compared to the transition metal series.19 Therefore, 

developing stable metal hydrides is necessary to overcome such challenges.15i, 20a Many research 

groups explored several bulky ligands to synthesize monomeric and dimeric aluminum hydrides.15a, 

15b, 15i, 20a In Figure 1.3., some selected molecular aluminum hydrides were displayed.21  Recently, 

Rivard and coworkers15i reviewed one article on possible synthetic routes for preparing main-group 

metal hydrides. Among all possible synthetic methods, the simplest method is to treat a precursor 
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with an alane reagent (AlH3.N(Me3)2) to synthesize stable aluminum hydride. Such examples are 

shown21 in Figure 1.3, where five and six-membered aluminum hydrides are synthesized.  

 

Figure 1.3. Selected report of N, N’-chelated soluble aluminum hydrides. 

1.2.2 Synthesis and Reactivity of CBG Supported Aluminum Dihydrides 

In recent reports, the preparation of aryl conjugated bis-guanidinate chelated LAlH2 complex 

(1.1)12 by treatment of free ligand (LH) [L= {(ArNH)(ArN)–C=N–C=(NAr)(NHAr)}; Ar =2,6-iPr2-

C6H3] with one equivalent of (0.5 M) Alane solution of toluene was introduced (Scheme 1.3.).  

 

Scheme 1.3. Synthesis and reactivity of (ArCBG)AlH2. 

The six-membered mononuclear aluminum dihydride 1.1 is well-characterized by NMR, HRMS, 

infrared spectroscopy, and X-ray diffraction methods. It was found that compound 1.1 is highly 

reactive toward polar functionalities. In one such example, the dehydrocoupling of 1.1 with benzyl 
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alcohol in a 1:2 ratio resulted in aluminum alkoxide 1.2 with a 60% yield. Later, CBG-stabilized 

aluminum-iodide 1.4 was synthesized by reacting compound 1.1 with two equivalent methyl iodide. 

The reaction ended with a 70% isolation of 1.4 with the evolution of methane gas. Similarly, less 

bulky xylCBG supported aluminum-diiodide (1.5)12b was prepared by mixing two-fold iodine with 

one equivalent precursor (XylLAlMe2, 1.3). All four compounds (1.1-1.2, 1.4-1.5) exhibited distorted 

tetrahedral around the central aluminum atom and well agreed with previously reported analog 

NacNac aluminum complexes.13, 22 

1.3 Catalytic Application of Reagent/Molecular-based Aluminum Complexes 

In the earth's crust, aluminum is found as the third most abundant element (~ 8%). Compared 

to transition and lanthanide metals, it is economical, environmental-friendly, and non-radioactive.23 

Due to these features, aluminum reagents and complexes are most vulnerable and able to mimic other 

metal catalytic properties. Therefore, over the past few years, aluminum compounds have been 

extensively used for critical catalytic processes like transfer hydrogenation,24 hydroelementation,19c, 

21c, 21d, 25 hydroacetylenation,26 hydroamination,27 hydrodefluorination,11c, 28 etc. This broad 

application-initiated aluminum complexes' development as an effective catalyst for challenging the 

organic transformation of unsaturated motifs.15, 19c, 20, 21c, 21d, 24-28 

1.3.1 Hydroboration of Carbonyls and Dehydrocoupling Reactions 

Boron species are an essential precursor for synthesizing various important organic 

compounds such as alcohols, alkyl halides, alkenes, etc.29 The synthetic route involves 

hydroboration, directly adding active B-H across the unsaturated functionalities (C-X, where X = C, 

N, and O) to afford the significant borate derivatives.30 In 1956, Brown and coworkers reported the 

first B-H addition in alkenes using NaBH4/AlCl3 reagents.31a After these discoveries, significant 

development has been found in hydroboration techniques,19-20 thus opening the gateway to new 

challenging organic transformations. Transition metal compounds have been used for many years as 

active catalysts for such reductions.19 Recently, main-group metals proved efficient catalysts 
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compared to transition and lanthanide elements due to similar bonding properties and reactivity.20 In 

this context, aluminum complexes are suitable contestants for various exciting catalytic applications 

and thus draw the attention of many research groups to develop molecular aluminum complexes.32 

Several transition metals have been reported regarding carbonyl hydroboration in the past few 

years.19c A vast array of aluminum-based reductions of aldehydes and ketones have been published in 

this perspective (Scheme 1.4.).12b, 21b-d, 33  

 
Scheme 1.4. Hydroboration of carbonyls by using aluminum complexes. 
 

 
Figure 1.4. Reported molecular aluminum catalysts for hydroboration of carbonyls. 

In 2015 Roesky and coworkers21d first reported that aluminum-monhydride 

DippNacNacAlH(OTf); (DippNacNac = HC(CMeNAr)2, Dipp = 2,6-iPr2-C6H3) used for carbonyl 

hydroboration in benzene-d6 (Figure 1.4.). Subsequently, many main-group research groups 

synthesized low-valent molecular aluminum complexes, especially metal hydrides and alkyls, which 

were effectively applied in reducing carbonyl derivatives through hydroboration techniques using 

HBpin, HBcat, and 9-BBN reagents. 15, 19c, 20, 21c, 21d, 24-28 In this area of research, Leung34 and 
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Hreczycho35 described the metal-free B-H addition in aldehydes and ketone under neat conditions. 

Both these methods34-35 require high temperature (>140 oC) and excessive reducer quantity to afford 

the boronate ester products.  

Boron reagents can also be synthesized by using cross-dehydrocoupling reactions.36 These reagents 

are thermally stable and can be stored for a long time under a nitrogen atmosphere, mainly used for 

various coupling reactions.36 In this regard, very few main-group metal-based catalysts37 are known 

in the literature (Scheme 1.5.). The first transition-metal catalyzed38 coupling reaction was estabilized 

by the Nolan research group.38a A newly developed ruthenium complex tested the coupling between 

thiol and boron reagents such as pinacolborane and catecholborane in dry toluene. The next transition 

metal introduced in this category was osmium.38b  

 
Scheme 1.5. Cross-dehydrocoupling of pinacolborane with alcohol/phenol, amine, thiol, silanol, and selenol. 

In 2015 Yus described38b osmium hydride catalyzed the coupling of alcohols with HBpin. In the same 

year, Hill37e initiates the dehydrocoupling reaction with main-group metals. This NacNac-bound 

magnesium alkyl complex was used to catalyze the cross-dehydrocoupling of aniline and amine with 

lewis acid 9-BBN and HBpin at 60 oC heating. Following this, Panda37d proved that alkali metal bis-

amides could also be used for the dehydrocoupling of amines with boranes. In 2016, Roesky37b 

expanded the catalytic utilization of the DippNacNac-aluminum dihydride complex. Apart from this, 

other main-group scientists, i.e., the Power,37c and Fontaine37a groups, expand the dehydrocoupling 

reactions of polar functionalities (R-EH) with pinacolborane. In 2016, Bertrand and coworkers39 

reported metal-free cross dehydrocoupling of thiol, alcohol, and amine with HBpin without solvents. 

The substrates were coupled together using 1 mol% triethylamine at rt temperature. But a longer 
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duration of time was required for complete conversion, even in some cases required 96 h with 120 oC 

heating. So, it was concluded that metal-catalyzed dehydrocoupling is still beneficial over non-metal 

coupling reactions.  

1.3.2 Reductive Hydroboration and C-O Bond Cleavage of Carbonyls  

1.3.2.1. Part A: Hydroboration of Carboxylic Acids, Carbonates, and Amides. 

The reduction of carboxylic acids to alcohol is an essential industrial procedure.17 

Traditionally, metal hydrides LiAlH4, NaBH4, Zn(BH4)2 etc., were utilized17 in stoichiometric ratios 

with reducing agents like 9-BBN and BMS solution, etc. afford alcohols from organic acids. But the 

synthetic routes involve many disadvantages like poor waste management, low substrate scope, 

violent reactions, inadequate selectivity, and pyrophoric reagents that cause fire hazards. Therefore, 

metal-catalyzed hydrogenation40 is used to unsaturated carbonyls into corresponding alcohols. But 

again, these techniques need high pressure and temperature for complete reactions. The method 

failed severely for aryl carboxylic acids, where less conversion was found. In this circumstance, only 

hydroelementation techniques for carbonyl reduction, such as hydrosilylation and hydroboration, 

play a vital role. 15, 19c, 20, 21c, 21d, 24-28 It was found that transition-metal41 premised carboxylic acid 

hydrosilylation is known in literature. However, the synthetic route involves poor substrate scope and 

lower yield%. Therefore, the hydroboration method is the only option (Scheme 1.6.).42 

 
Scheme 1.6. Deoxygenative hydroboration of carboxylic acids. 

In recent times, molecular manganese,42c, 42e and ruthenium42b, 42d catalysts were developed to 

catalyze B-H addition across carboxylic acids in low catalytic amounts (Figure 1.5.). Till today only 

one report42a has been found for aluminum-hydride (DiethylNacNacAlH2); {where DiethylNacNac = 

HC(CMeNAr)2, Diethyl = 2,6-Et2-C6H3) carboxylic acid hydroboration in main-group chemistry. 
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There are three reports43 of metal and solvent-free deoxygenative hydroboration of carboxylic acids. 

All three reports43 resulted in good chemoselectivity and productivity but were limited by enormous 

boron reagents. So, it can be concluded that molecular metal complexes42 are still superior to the 

metal-free43 reduction of carboxylic acids. 

 

Figure 1.5. Reported main-group metal-based reduction of carboxylic acid, carbonates, amides, esters, and epoxides 

via hydroboration. 

Carbonate hydroboration is being studied alongside carboxylic acids.42a, 44 Leitner and coworkers42e 

reported the first pincer-supported manganese complex for carbonate reduction using pincer-

supported manganese complex for carbonate HBpin as a reducer in 2018. (Scheme 1.7.). Following 

this, the research groups of Fontaine,44c Ma,44b and Rueping44a introduced magnesium-based C-O 

cleavage of carbonates into desired boronate esters (Figure 1.5.). The methods described above 

outperform traditional reduction and transfer hydrogenation procedures for C-O bond breaking in 

organic carbonates.45 Our group44d recently discovered that monomeric CBG germanium-hydride 

catalyzed quantitative C-O bond cleavage of diphenyl carbonate to produce corresponding boronate 

ester and MeOBpin as a byproduct. 
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Scheme 1.7. C-O bond cleavage of cyclic and acyclic carbonates. 

A literature survey summarized that deoxygenative hydroboration of amide is also a complicated 

procedure (Scheme 1.8.).46 Only one report has been found for aluminum,46d catalyzed reduction of 

amides to corresponding amines via hydroboration (Figure1.5.). 

 

Scheme 1.8. Reduction of amides to amines. 

1.3.2.2. Part B: Hydroboration of Esters and Epoxides. 

Alcohols can also be synthesized from esters reduction.17 Previously, esters were reduced by 

a classical reductant (LiAlH4, NaBH4, etc.)17 but again overshadowed due to severe disadvantage. 

Hydroboration44b, 46e, 47 and hydrosilylation48 methods were used to overcome these difficulties for the 

C-O bond reduction of esters (Scheme 1.9.). The above synthetic methods produced non-pyrophoric 

boronate and silyl esters with high yield, good selectivity, no waste, and high productivity. As a 

result, these hydroelementation methods 44b, 46e, 47, 48 are more effective for reducing esters than the 

metal-based hydrogenation procedure.49 

 

Scheme 1.9. Chemoselective reduction of esters. 
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Among the hydroboration category of main-group metals, Sadow's group47g first reported a reduction 

of esters with HBpin under magnesium complex ToMMgMe [where ToM = tris(4,4-dimethyl-2-

oxazolinyl)phenylborate]. Following this, other reagents or molecular based main-group metals 47a-47f 

were used for C=O bond reduction of esters under mild conditions (Figure 1.5.). In this context, only 

one aluminum catalyst42a  has been reported to reduce esters via hydroboration. 

In the current discussion, epoxide reduction is very crucial.50  Only a handful of main-group metal-

based C-O bond cleavage of epoxides50a-50b, 50f is reported by Rueping50a and Ma50b research groups 

(Scheme 1.10.). The isolated boronate esters follow Markovnikov ring cleavage compared to 

transition metal50c-50e deployed anti-Markovnikov C-O bond activation of epoxides (Figure 1.5.). The 

preceding discussion concludes that epoxide hydroboration is superior to traditional reducant and 

hydrogenation techniques.49 

 

Scheme 1.10. C-O bond activation for epoxides. 

1.3.3 Synthesis of Borylated Amides/ Aminals/ N-Methyl Amines from Heteroallenes 

Heteroallenes are the essential building blocks of organic synthesis.51 Reduction of 

carbodiimide, isocyanate, isothiocyanate, etc., functionalities play a vital role in synthesizing amide 

compounds,52 like formamidines, formamides, and thioformamids. These amides function as a 

synthon in preparing essential organic functionalities for pharmaceutical drugs and agricultural 

applications.51 Therefore, developing a correct synthetic procedure to deduce this amide is 

significant. Many routes have been published for formamidine preparation1-2 in the past few years but 

ended with several drawbacks. Recently our group reported52c NaBH4 to catalyze CDI reduction into 

air-stable isolation of formamidines with excellent yield (Scheme 1.11.).  
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Scheme 1.11. Synthesis of formamidines from carbodiimides. 

The synthetic procedure takes less time with no toxicity. With literature analysis, it is evident that 

many research groups developed various methods for the partial reduction of isocyanate and 

isothiocyanates into corresponding formamides and thioformamids.52b However, the outcome of 

reactions is inferior due to uncontrolled reduction in methylamines products (Scheme 1.12.).52b In 

2016, Pace and coworkers developed the Schwartz reagent (Cp2ZrClH) for the selective reduction of 

isocyanate into targeted formamides (Scheme 1.12).52b The insitu synthesized above reagent shows 

the remarkable chemoselective synthesis of stable formamides compared to reported reagents such as 

Grignard reagents and lithium carbenoids.52b In 2019, the same author again utilized Schwartz's 

reagent to prepare thioformamide from its corresponding precursor (isothiocyanates) in a controlled 

pathway (Scheme 1.12.).52b The reaction is more effective than previously reported classical reducing 

agents like SmI2 and tributyltin hydride ((C₄H₉)₃SnH). 52b 

 

Scheme 1.12. Reduction of isocyanates and isothiocyanates. 

As evident in the modern catalysis field, hydroboration and hydrosilylation techniques have evolved 

to reduce unsaturated organic functionalities.21a, 46e, 47e, 53 In one such method, Hill and coworkers53g 

utilized NacNac stabilized organomagnesium complex for reduction of CDI with HBpin into N-boryl 

formamidines (Figure 1.6.). 



 Chapter 1 

 Page 48 | 255 
 

 

Figure 1.6. Previous report on main-group metal-catalyzed reduction of carbodiimides via hydroboration. 

Later, both main-group and lanthanide compounds were employed for the monohydroboration of 

carbodiimides (Scheme 1.13).53  

 

Scheme 1.13. Monohydroboration of carbodiimides. 

A detailed literature survey on isocyanate reduction via the hydroboration method was done in this 

research area. Only a handful of examples are known for B-H addition in organic isocyanates (Figure 

1.7.).11b, 47d, 54 Previously, Okuda46e and Hill54c introduced magnesium-based hydroboration of 

isocyanates. Following this, zinc,11b lithium,47d silver,54a and cobalt54a  

 

Scheme 1.14. B-H addition in isocyanates. 
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based reagents, i.e., LiHBEt3 and AgSbF6, catalyzed hydroboration of isocyanate with pinacolborane 

(Scheme 1.14.). 

 

Figure 1.7. Report on metal-catalyzed reduction of isocyanates via hydroboration. 

1.3.4 Metal-based Double and Triple Bond Activation 

1.3.4.1. Part A: B-H Addition Across Double Bonds, i.e., Alkenes and Isonitriles 

Organoboron species are the foremost reagents in organic chemistry for deducing crucial 

transformations in the C-C bond formation of Suzuki–Miyaura coupling reactions.29-30 This reaction 

alternatively helps to isolate industrial and pharmaceutical-based organic species.30 In the 

organometallic research area, these organoboron are mainly synthesized by either Grignard reagents 

or catalytic borylation of alkenes, alkynes, alkyl halides, etc.29-30 Among these, the safe procedure is 

the hydroboration of unsaturated bonds. Therefore, many research groups are engaged in developing 

suitable molecular metal compounds to derive the B-H addition in alkenes (Scheme 1.15.).33o, 55 The 

reason for choosing alkene hydroboration is that it is safe to isolate air-stable and non-toxic alkyl 

boronate compounds in high yields with less impact on the environment. In the literature, it was 

found that there are several reports on transition and lanthanide-based reduction19b, 56 of olefins 

compared to main-group elements. It is evident that only a handful of examples of molecular s and p-

block metals are reported in this category (Figure 1.8.).33o, 55 
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Scheme 1.15. Metal catalyzed double bond activation of alkenes and isonitriles. 

Among the double bond activations, the next challenging functional group is the isonitrile. In the 

hydroboration category, no transition metal reports were found (Scheme 1.15.).55j However, only one 

main-group Report on magnesium-based55j isocyanide reduction has been described (Figure 1.8.). 

Hill and coworkers55j demonstrated the first report in 2015 by using NacNac magnesium butyl 

catalyst [CH{C(Me)NAr}2MgnBu] (where Ar = 2,6-iPr2-C6H3) based double hydroboration of 

isonitriles (RNC) to borylated amine {RN(Bpin)CH2(Bpin)}. Before this report, Figueroa and 

coworkers55k attempted a double reduction of m-terphenyl isocyanide with 9-BBN but terminated 

with the single hydroborated product at a high-temperature reaction (100 oC).  

 

Figure 1.8. Reported main-group metal-catalyzed double bond activation of alkenes and isonitriles. 
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1.3.4.2. Part B: B-H Addition Across Triple Bonds, i.e., Alkynes and Nitriles 

The alkyne hydroboration also afforded stable organoboron compounds apart from alkene 

reduction. In recent years, many main-group elements57 have emerged as effective catalysts for 

alkyne reduction via hydroboration using HBpin, HBcat, and 9-BBN reagents compared to transition 

metals (Scheme 1.16.).  

 
Scheme 1.16. Metal catalyzed triple bond activation of alkynes and nitriles. 

In 2016 Roesky and coworkers57 described the catalytic activity of six-membered aluminum 

dihydride for anti-Markovnikov insertion of B-H into terminal C≡C bond of alkynes to yield a vinyl 

boronate ester with (E) selectivity (Figure 1.9.). Next, Blakewell, Inoue, Mulvey, Panda, Ma, and 

Yang’s research groups57 estabilized molecular aluminum-based syn-reduction of pinacolborane 

across triple bonds of alkynes under elevated conditions. Apart from this, other main-group metals 

such as lithium, boron, and phosphorus-based catalysts57 were used for the selective reduction of 

alkynes have been found. 

 

Figure 1.9. Reported molecular aluminum catalyzed triple bond activation of nitriles and alkynes. 
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Similarly, there are reports of main-group metal-catalyzed double reduction of nitriles using the 

hydroboration technique (Scheme 1.16.).19d, 58 In this context, it was found that Hill19d first introduced 

dihydroboration of organic nitriles into 1,1-bis(boryl)amines with a low catalyst load (Figure1.9.). 

The synthetic procedure is limited by lower substrate scope. Other s-block elements, i.e., magnesium 

and lithium-based19d hydroboration of nitriles, have been described in the literature. However, the 

first report on molecular aluminum catalysts for chemoselective B-H addition in nitriles was 

presumed by Roesky in 2019.19d Following this, only three reports came forward by Panda, Yang, 

and Blakewell for aluminum alkyl and hydride-catalyzed nitrile reduction through HBpin addition.19d 

1.3.5 Chemoselective Hydrosilylation of Carbonyls, Alkenes, and Alkynes 

The catalytic hydrosilylation of carbonyl compounds with silanes is undoubtedly a sensible 

approach for synthesizing silyl ethers, which are widely used to synthesize alcohols (Scheme 1.17.). 

19c, 21c, 21d, 25 

 
Scheme 1.17. Organoaluminum cation catalyzed reduction of carbonyls via hydrosilylation. 

Developing cheaper and more sustainable metal compounds, particularly aluminum-based catalysts, 

is beneficial.23 In this background, inexpensive and earth-abundant aluminum metal fits perfectly. 

Very few molecular Al cations are reported for hydrosilylation of unsaturated bonds (Scheme 

1.18.).25, 59 Particularly for reducing alkene and alkynes, a mixture of silyated products is often found 

even by employing Lewis acid catalysts.59 

 

Scheme 1.18. Reduction of alkenes and alkynes by aluminum cationic complexes. 
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Therefore, developing efficient cationic complexes is required to deduce these challenges. Jordan's 

group first reported a six-membered mononuclear aluminum alkyl complex (Figure 1.10.).60 

Following this, a few examples of molecular Al cationic compounds were published.59 About 

hydrosilylation reduction, the Bergmans group59d reported first time the carbonyl reduction with 

Et3SiH by using [Tp*AlMe][MeB(C6F5)3] (Tp* = Tridentate scorpionate ligand) catalyst. After this, 

Wehmschulte and coworkers59a-59c prepared a series of organoaluminum monocations to deduce a 

deoxygenated reduction of CO2 to methane gas under a low catalyst load. 

In 2016, Nikonov25c developed aluminum hydride cation [DippNacNacAlH]+ to reduce alkenes and 

alkynes into vinyl silanes via hydrosilylation. The author proposed a reaction mechanism via lewis 

acid activation. Recently, Venugopal25a explored the ketone hydrosilylation by use of newly 

synthesized aluminum monocationic complex[(Me2NC6H4)2Al(THF)2]+ under mild conditions 

(Figure 1.10.). In 2022, Dagorne25b developed NHC ligated Al+3 cationic methyl complex to reduce 

benzaldehyde and alkynes with a simple silane reagent, i.e., triethylsilane.  

 
Figure 1.10. Reported molecular aluminum cationic compounds to reduce unsaturated organic substrates via 

hydrosilylation.  
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1.4 Aim, Scope, and Objective of the Present Work 

The chemistry of aluminum is well estabilized in literature. Various aluminum complexes and cluster 

molecules are reported. However, very few examples of catalysis reactions with aluminum 

complexes were known. Schlesinger discovered the first effective Lewis acid catalyst, i.e., LiAlH4, 

which introduced a powerful reductant for various organic transformations. But due to severe 

drawbacks, later transition and lanthanide metals overshadowed the utility of aluminum complexes in 

catalysis. In the past few years, the application of main-group metal complexes in catalysis has 

emerged in preference of transition elements as aluminum is the cheapest earth-abundant element in 

the periodic table, which draws attention to its application in catalysis. Roesky's group reported the 

first effective molecular aluminum-based catalysis reaction for carbonyl reduction with HBpin. The 

catalytic outcome initiates the utilization of aluminum complexes for challenging organic 

transformation such as hydroboration, hydrosilylation, hydroamination, transfer hydrogenation, 

hydrodefluorination, etc. Among these, hydroboration of various functional groups like alkyne, 

nitrile, imine, and CDI has been well reported. This report shows a comprehensive application of 

aluminum complexes in the catalysis research area. 

In the past few years, hydrosilylation of various organic molecules have been reported. In 2012, 

Berman and coworkers developed aluminum cation-based hydrosilylation of carbonyls with 

triethylsilane under mild conditions. Following this, the hydrosilylation method synthesized a few 

other cationic aluminum complexes to reduce carbon dioxide, alkynes, and alkynes. The reactions are 

effective with a high yield of product formation. However, only some selected aluminum cations 

were used for hydrosilylation reactions. This Report makes it understandable that molecular 

aluminum cations as a catalyst are not well studied. 

Based on these facts, the objective of the present work is as follows- 

1. To isolate CBG stabilized neutral and cationic aluminum complexes. 
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2. To investigate the catalytic utilization of aluminum compounds to reduce challenging organic 

functionalities via hydroboration. 

3. To synthesize CBG-supported organoaluminum cations and practical application in 

hydrosilylation reactions.  
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Chapter 2 

Aluminum-Catalyzed Selective Hydroboration of Carbonyls and Dehydrocoupling of 

Alcohols, Phenols, Amines, Thiol, Selenol, and Silanols with HBpin 

Published: 

Sarkar, N.; Sahoo, R. K.; Patro, A G.; Nembenna, S. Polyhedron 2022, 222, 115902 (Invited, 

Part of Special Issue: Catalytic Applications of Main group Compounds; Edited by Gerard 

Parkin). 

Abstract 

A popular N, N’-chelated NacNac analog, i.e., conjugated bis-guanidinate (CBG)stabilized 

aluminum dihydride LAlH2(1) [L = {(ArHN)(ArN)– C=N–C=(NAr)(NHAr)}; Ar = 2,6-Et2-

C6H3], demonstrates excellent catalytic hydroboration of a wide array of carbonyls with 

pinacolborane (HBpin) under neat conditions with good tolerance of reducible functional groups 

such as alkyl, alkene, halide, nitrile, nitro, ester, amide, and heteroaryl. In addition, complex 1 

catalyzed cross-dehydrocoupling (CDC) of alcohols, phenols, amines, thiol, selenol, and silanols 

with HBpin under mild reaction conditions was investigated. Furthermore, several control 

experiments have been performed to understand the mechanisms of hydroboration and CDC 

reactions. All corresponding catalytic intermediates have been identified and characterized by 1H 

and 13C{1H} NMR spectroscopic methods. In contrast to several reports on metal-catalyzed 

hydroboration of carbonyls, to the best of our knowledge, this is the second report for the 

molecular aluminum catalyzed CDC of organic substrates with HBpin. 

2.1. Introduction 
 
Among the p-block elements, aluminum is the highest earth-abundant, cheap and eco-friendly 

element compared to precious transition metals.1 Over the past few years, aluminum-based 
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reagents and molecular compounds were widely used in mimicking the catalytic properties of 

both transition and lanthanide metals which includes various hydroelementation reactions such 

as hydrosilylation,2 hydroboration,3 hydrostannation2b hydroamination4 along with 

dehydrogenation,5 transfer hydrogenation,6 and hydrodefluorination7 type reactions. Therefore, 

the use of aluminum-based catalysts, particularly molecular aluminum catalysts, which help in 

understanding the reaction mechanisms in homogenous catalysis is significant to the extent of 

sustainable catalytic pathway.1 Recently, numerous transition and main-group metal catalysts 

have been reported for carbonyl hydroboration;8 however, only a few examples of aluminum 

catalyzed aldehyde and ketone hydroboration have been reported.3 In 2015, Roesky and 

coworkers3m reported that six-membered DippNacNac aluminum hydride, LAlH(OTf); (L = 

HC(CMeNAr)2, Ar = 2,6-iPr2-C6H3)catalyzed carbonyl hydroboration for the first time. Various 

molecular aluminum catalysts have been synthesized, which were utilized for several unsaturated 

organic transformations via hydroboration.3, 8, 9 There are only two reports that have been found 

of solvent and metal-free carbonyl hydroboration,10 but the catalytic procedures require an 

excessive quantity of reducing reagent and very high temperature upto 140 oC. 

Besides hydroboration reactions, it has been discovered that the cross-dehydrocoupling(CDC) 

reactions can be an alternate route for synthesizing various stable boron reagents, which were 

used for multiple coupling processes.11 The first molecular metal-based dehydrocoupling 

reaction was introduced by Nolan and coworkers.12 Later, Yus13 and Hill’s14 research groups 

developed osmium and group 2 metals catalyzed CDC reactions. Furthermore, Panda,15 Power,16 

Yang17 and Fontaine18 groups extend the CDC reactions in alcohols, amines, selenols, and thiols 

with HBpin. In 2016 Bertrand and coworkers19 reported solvent and metal-free cross-

dehydrocoupling reactions. However, many substrates require a long duration of time (upto 96 h) 
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and high heating for complete dehydrocoupling. So, in this context, it can be concluded that 

metal-based dehydrocoupling reactions are still beneficial over metal-free catalytic reactions. 

An earlier report of our group described the catalytic application of well-defined four-

coordinated thermally stable aluminum monohydride, LAlH·NMe2Et; {L = 

(MesNCMe2C(H)MeNMes; Mes = 2,4,6-Me3-C6H2)}3l for carbonyls reduction via hydroboration 

with good excellent chemoselectivity. In line with this study, it was delighted that our previously 

reported NacNac analog, conjugated bis-guanidinate (CBG) stabilized six-membered aluminum 

dihydride (1)9b, demonstrates good catalytic activity at mild reaction conditions. The complex 

LAlH2(1) [L = {(ArHN)(ArN)– C=N–C=(NAr)(NHAr)}; Ar = 2,6-Et2-C6H3] catalyzed the 

complete conversion of various functionalized carbonyl substrates to their corresponding 

boronate esters with a low catalyst loading. Moreover, catalyst 1 has been tested in neat 

conditions for CDC reactions of various functional groups such as alcohols, phenols, amines, 

thiol, selenol, and silanols. All selected substrates underwent successful coupling with 

pinacolborane. To the best of our knowledge, this is the second report17 on the aluminum-

catalyzed wide range of dehydrocoupling reactions with HBpin under mild conditions. 

2.2. Result and Discussion 

A recent report demonstrated the synthesis of a well-defined six-membered aluminum dihydride 

(1)9b bearing an N, N’-chelated conjugated bis-guanidinate ligand. Compound 1 can be easily 

accessed by the deprotonation of LH with alane, AlH3·NMe2Et. Interesting facts of the reported 

compound 1 are a robust catalyst as it is being used for hydroboration of challenging functional 

groups such as nitrile, alkyne, alkene, carbodiimide, and isocyanide. The earlier results prompted 

us to investigate further the catalytic property of compound 1 in the hydroboration of carbonyls 

and dehydrocoupling reactions. 
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2.2.1. Hydroboration of Aldehyde 

Our initial examination was started by adding 5 mol% of compound 1 to an equimolar solution 

of pinacolborane and benzaldehyde at room temperature (Table S1, ESI). It was observed that 

the complete conversion of benzaldehyde into corresponding boronate ester 3a PhCH2OBpin 

after 12 h in C6D6. Further decrease in reaction time and catalyst loadings 3 mol% and 1 mol% 

afforded the complete formation of 3a with 99% yield. A similar observation was found under 

neat conditions (entry 5 of Table S1 of ESI). Further decrease in catalyst load results in low 

yield%. Interestingly, entry 8 shows high TON (100) and TOF (90 h-1) for benzaldehyde 

hydroboration. In contrast, the catalyst-free reduction of benzaldehyde displayed only 40% of 3a. 

With the final optimization studies in hand, a wide range of aldehydes was explored with good 

tolerance of reducible functional groups such as alkyl, halide, nitro, alkene, nitrile, amide, ester, 

and heterocycles by using compound 1 (Table 2.1.). 

Under the neat condition, aryl aldehydes with electron-donating groups (2b-2d), and electron-

withdrawing groups (2e-2j), underwent complete hydroboration into corresponding boronate 

esters (3b-3j) in 6h. Recently, Yao et al.20 have reported KOtBu/BEt3 catalyzed deoxygenative 

reduction of nitroarenes and nitroalkanes with excess HBpin under extreme conditions. 

Interestingly in our current methodology, a complete reduction of only carbonyl moiety (C=O) 

was detected in 3-nitrobenzaldehyde (2h) and 4-nitrobenzaldehyde (2i), with unaffected nitro 

functional groups for products (3h and 3i). In addition, the hydroboration of terephthaldehdye 

(2k) bearing two reducible carbonyl moieties afforded the diboronate ester (3k) in good yield 

under two equivalents of pinacolborane. Biphenyl-4-carboxaldehyde (2l) was efficiently reduced 

into biphenylborate ester (3l) with a 99% yield. 

 

 



 Chapter 2 

 Page 71 | 255 
 

Table 2.1. Substrate scope for aldehyde hydroboration catalyzed by aluminum-dihydride (1).a 

 

aReaction conditions: aldehyde (1.0 equiv., 0.3 mmol), pinacolborane (1.0 equiv., 0.3 mmol), catalyst 1 (1 mol%), 

neat, 6 h at room temperature under inert N2. The yield was examined by 1H NMR spectroscopy based on 

consumption of starting material and identified newly formed characteristic proton (RCH2OBpin) signal confirmed 

the product. bFor compound 3a, TOF was 90.9 h-1 resulting in a shorter reaction time (1.1 h). TON was calculated 

by dividing the number of moles of the product by the number of moles of catalyst used. TOF was determined to 

divide TON by the time of reaction. 

It was shown that effective chemoselective hydroboration in the additional substrate scope of 

functionalized aldehydes such as 4-cyanobenzaldehyde, 4-acetamidobenzaldehyde, and methyl 

4-formylbenzoate (2m-2o), only aldehyde moiety undergoes complete reduction (3m-3o). At the 

same time, nitrile, amide, and ester functional groups were unaffected. Moreover, under the 
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optimized conditions, hydroboration of the heterocyclic aldehyde, i.e., 2-thiophene 

carboxaldehyde (2p), transformed into corresponding heterocyclic boronate ester product (3p). 

Eventually, the current methodology also affords chemoselective hydroboration of aldehydes in 

the presence of internal and terminal alkenes (2q-2r). Alkene groups remain unaltered in both 

products (3q and 3r). 

In the end, the catalytic performance of compound 1 with selected other aluminum-based 

hydroboration of benzaldehyde was displayed (Scheme 2.1.).  

 
Scheme 2.1. Comparison of catalytic efficiencies of selected aluminum catalysts for hydroboration of 

benzaldehyde.a  
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aTON was calculated by dividing the number of moles of the product by the number of moles of catalyst used. TOF 

was determined to divide TON by the time of reaction. 

The reaction was performed at rt with low catalyst load and lesser time interval to afford high 

TON (100) and TOF (90) for reduction of PhCHO into corresponding boronate ester 3a in 

comparison of reported Al catalysts (TON = 20-100 and TOF = 0.9-606 h-1).3b, 3d-3f, 3j-3k, 3l-3m 

2.2.2. Hydroboration of Ketone 

Additionally, compound 1 was used to investigate the B-H addition in ketones. Initial 

examination for reduction of acetophenone by compound 1 under various conditions was 

performed (Table S2 of ESI). It was discovered that the most effective way to catalyze the 

hydroboration of acetophenone is using 2 mol% of compound 1 at room temperature (entry 5 of 

Table S2, ESI). Lower catalyst amount results in a lesser reduction of acetophenone. Entry 9 

displayed a high TON (50) and TOF (12.5 h-1) for acetophenone hydroboration. In catalyst-free 

conditions, only 30% formation of 5a was found. With the final optimization of acetophenone 

reduction, the substrate scope of compound 1 catalyzed ketone hydroboration was thoroughly 

investigated and summarized in Table 2.2. Analysis of all catalytic reductions revealed a 

complete formation of hydroborated products (5a-5j), including with good tolerance of methoxy, 

halide, ester, pyridine, heteroaryl groups. 

In initial substrate screening, aryl ketones with electron-donating and electron-withdrawing 

groups were fully hydroborated into corresponding aryl boronate esters (5b-5d) unaffected 

methoxy and halide groups under solvent-free conditions similar to a previously reported 

analog3m of compound 1. 

More importantly, methyl 4-acetylbenzoate (4e) affords 99% of corresponding boronate ester 

(5e), demonstrating an effective intramolecular chemoselective hydroboration of ketone moiety 

over reducible ester functional group. A similar observation was observed in 2-acetylpyridine 
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(4f), where the carbonyl group at ortho position was fully hydroborated (5f) with untouched 

pyridine moiety. Treatment of 2-napthylmethylketone (4g) with equimolar HBpin yielded 

corresponding naphthyl boronate ester (5g) in 99% yield. 

Table 2.2. Substrate scope for ketone hydroboration catalyzed by aluminum-dihydride (1).a 

 

aReaction conditions: ketones (1.0 equiv., 0.3 mmol), HBpin (1.0 equiv., 0.3 mmol), and catalyst 1 (2 mol%) were 

stirred in neat for 12 h at rt under N2. The yield was examined by 1H NMR spectroscopy based on consumption of 

starting material and identified newly formed characteristic proton (RCHR’OBpin) signal confirmed the product. 

bFor compound 5a, TOF was 12.5 h-1, resulting from a shorter reaction time (4 h). TON was calculated by dividing 

the number of moles of the product by the number of moles of catalyst used. TOF was determined to divide TON by 

the time of reaction. 

Next, the investigation was conducted for the selective reduction of benzoylcyclohexane and 

heteroaryl ketones (4h-4j). It is worth mentioning that all selected ketones 4h-4j were 

quantitatively converted into desired boronates esters (5h-5j) with no change in standard 

conditions. 
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At last, the catalytic activity of selected aluminum compounds for acetophenone hydroboration 

was compared with present CBG supported aluminum hydride complex 1 (Scheme 2.2.). The 

catalytic experiments were done at mild conditions, which resulted in a high turnover number 

(TON, 50) and TOF (12.5 h-1) of reduction of PhCOCH3 to desired aryl boronate ester 5a as 

compared to published aluminum catalysts (TON = 10-1000 and TOF = 0.5-333 h-1).3b-3c, 3e-3f, 3k-

3m 

 

Scheme 2.2. Comparison of catalytic efficiencies of selected aluminum catalysts for hydroboration of 

acetophenone.a  

aTON was calculated by dividing the number of moles of the product by the number of moles of catalyst used. TOF 

was determined to divide TON by the time of reaction. 
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2.2.3. Dehydrocoupling of Alcohols and Phenols  

As mentioned before, as far as aluminum-catalyzed CDC coupling of alcohols and phenols is 

concerned, only the sole example is known in the literature.17 Thus, it was decided to investigate 

the CDC reactions with HBpin. 

Our best effort revealed that upto one mol% catalyst (1) loading and benzyl alcohol was 

quantitatively coupled with pinacolborane at rt under neat conditions (entry 7 of Table S3, ESI). 

The formation of PhCH2OBpin, 7a was analyzed by 1H NMR spectroscopy. In addition to 

experiments, it was noticed that 60% conversion was found under catalyst and solvent-free 

environments (Table S3, entry 8).  

The successful dehydrocoupling of benzyl alcohol by compound 1 encouraged the screening of 

additional substrates (Table 2.3.). 

Table 2.3. Substrate scope for boron-alcohols/phenols dehydrocoupling catalyzed by aluminum-dihydride (1).a 

 

aReaction conditions: alcohols/ phenols (1.0 equiv., 0.3 mmol), HBpin (1.0 equiv., 0.3 mmol), catalyst 1 (1 mol%) 

was stirred in neat for 2 h at rt under N2. The yield was examined by 1H NMR spectroscopy based on consumption 

of starting material and identified newly formed characteristic proton signal confirmed the product. 

Alcohols with electron-donating (-Me, -MeO) and reducible functionalities such as amine, 

pyridine, alkyne, and alkenes were successfully coupled with pinacolborane to afford the 
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corresponding products (7b-7h) in excellent yields (>99%). In boronate esters 7d-7h, compound 

1 affords intramolecular chemoselective B-H/H-O CDC of alcohols with unaffected amine, 

pyridine, alkyne, and alkenes reducible functional groups. The above chemoselective catalytic 

results are better than reported analogs of Roesky’s (NacNac)AlH2 with even the same aryl 

substituent on the nitrogen donors17 aluminum-catalyzed CDC of alcohols. Similarly, a complete 

cross-coupling of 1-naphthol (6i) and 2-naphthol (6j) with one equiv. HBpin yielded 

corresponding boronate esters 7i and 7j in quantitative yields. 

2.2.4. Dehydrocoupling of Amines 

The B-H/H-N CDC using amines as substrates was studied to broaden various cross-

dehydrocoupling processes. The NMR-scale experiments revealed a quantitative coupling of 

aniline with HBpin into corresponding borylated aniline 9a in 4 h under one mol% catalyst load 

(entry 5 of Table S4, ESI). This is the best result for CDC of aniline with catalyst 1. However, 

only 40% of product 9a was discovered in solvent and catalyst-free conditions. 

With the above-optimized result, the detailed summary of substrate scope for coupling various 

amines is in Table 2.4. The formation of all aminoboranes (9a-9o) was analyzed by 1H NMR 

spectroscopy with nitromethane as an internal standard. In the initial screening with heterocyclic 

amines such as 2-aminopyridine and 3-aminopyridine (8b-8c), as a coupling participant, there 

was a moderate conversion observed with yields of 77-90% (9b-9c). In the case of aliphatic 1o 

amines, i.e., 8d-8f, in each case, complete conversion was noticed with vigorous evolution of 

dihydrogen gas to afford amino boranes 9d-9f. The coupling of diphenylamine 8g with HBpin in 

a 1:1 molar ratio yielded a quantitative diphenyl-amino(pinacol)borane9g at room temperature. 

In addition, 2o alkyl amines (acyclic and cyclic) were also employed as a coupling participant. 

Next, the complete formation of corresponding secondary amino boranes for 2o amine substrates 
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was detected for diethylamine, piperidine, and pyrrolidine (9h, 9j, and 9k) except 

diisopropylamine and morpholine, where only 50-70% of amino(pinacol)boranes (9i and 9l) was 

found. 

Table 2.4. Scope of the amine–borane dehydrocoupling reaction catalyzed by aluminum-dihydride (1).a 

 

aReaction conditions: Conditions: amines (1.0 equiv., 0.3 mmol), HBpin (1.0 equiv., 0.3 mmol), catal. 1 (1 mol%) 

was stirred in neat for 4 h at rt under N2. The yield for aminoboranes was analyzed by using nitromethane as an 

internal standard.  

Finally, both mono- and di-coupled products (9m-9n) were isolated with ammonia at rt. Both 

amino-borane products were fully characterized by 1H and 13C{1H} NMR spectroscopy, similar 

to the reported CDC of ammonia by Power and coworkers.16 

A similar strategy was applied for p-toluidine, where two equivalent of pinacolborane affords 

1,1-diborylamine ester product (9o) with 99% yield. The single-crystal X-ray diffraction method 



 Chapter 2 

 Page 79 | 255 
 

confirmed compound 9o (Figure 2.1.) (complete crystal and structure refinement data is provided 

in supporting information, Table S5). 

 
Figure 2.1. Molecular structure of (9o). The thermal ellipsoids are shown at 50% probability. Selected bond 

distances (Å) and angles (deg): N1–B1 1.437(2), N1–B2 1.438(2), B1–O1 1.379(2), B1–O2 1.372(2), B2–O3 

1.376(2), B2–O4 1.368(2), N1–C1 1.453(2), C1–C2 1.389(2). N1–B1–O1 121.67(16), N1–B1–O2 124.93(16), 

N1–B2–O3 121.08(16), N1–B2–O4 125.19(16), N1–C1–C2 119.79(16), C1–N1–B1 116.39(14), C1–N1–B2 

116.99(14), B1–N1–B2 125.79(15). 

2.2.5. Dehydrocoupling of Benzyl Thiol, Selenol, and Silanols 

In the past few years, only a handful of examples of metal-catalyzed dehydrocoupling of organic 

thiols, selenol, and silanols have been reported12, 17-18, 21  under mild conditions. 

To our delight, complex 1 efficiently catalyzed the CDC of above mentioned functional groups 

at neat conditions with low catalyst loadings (Scheme 2.3.).  
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Scheme 2.3. Dehydrocoupling of benzyl thiol, selenol, and silanol with pinacolborane catalyzed by aluminum-

dihydride (1).a 

aReaction conditions: benzyl thiol/selenol/silanols (1.0 equiv., 0.3 mmol), HBpin (1.0 equiv., 0.3 mmol), catalyst 1 

(1-2 mol%) was stirred in neat condition for 12-24 h at rt under N2. The yield for thiol/selenol/silanol-borane 

dehydrocoupling was examined by 1H NMR spectroscopy based on consumption of starting material and the newly 

formed characteristic proton signal confirmed the product. 

The coupling of benzyl mercaptan 10a with pinacolborane in 12 h afforded corresponding 

thioborane (11a) with a good yield. Similarly, phenylselenol (12a) was quantitatively converted 

into hydroborated product 13a at rt. In addition, the dehydrocoupling of trimethylsilanol and 

triphenylsilanol (14a-14b) with pinacolborane yielded the desired borasiloxanes (15a-15b) in 

99% yields. In solvent and catalyst-free conditions, benzyl mercaptan and phenylselenol (10a 

and 12a) were not coupled with HBpin except triphenylsilanol (14b), where only 5% of 



 Chapter 2 

 Page 81 | 255 
 

corresponding borasiloxane (15b) was found. All cross-dehydrocoupling reactions were analyzed 

by 1H NMR spectroscopy. 

2.2.6. Mechanism for Carbonyl Hydroboration and Dehydrocoupling Reactions 

2.2.6.1. Control Reaction of Compound 1’s Al-H Insertion in Acetophenone 

To establish the CBG aluminum-dihydride 1 catalyzed carbonyl hydroboration mechanism, I 

performed a 1:1 stoichiometric reaction between catalyst 1 and acetophenone in C6D6 at rt 

(Scheme 2.4.). NMR studies monitored the reaction. The 1H NMR spectrum exhibits a 

characteristic signal of methylene proton for AlHOC(H) moiety (IntA) at 6.39 ppm, while the 

13C{1H} NMR spectrum displays the carbon signal at 80.2 ppm. 

 

Scheme 2.4. Control reaction for the synthesis of Int A. 

2.2.6.2. Catalytic Cycle of Aluminum (1) Catalyzed Carbonyl Hydroboration 

Based on the previously established mechanism of aluminum catalyzed hydroboration of 

carbonyls3a, 3h, 3j, 3l, 3m and the above control experiment, suggest an insertion / σ-bond metathesis 

model reaction mechanism displayed in Scheme 2.5. The C=O group is inserted into the Al-H 

function that initiates the catalytic cycle to afford the aluminum alkoxide complex (Int A). The 

IntA reacts with pinacolborane to yield boronate ester product and rebirth of catalyst 1. The 

second step proceeds via TS, where σ-bond (Al-O/B-H) metathesis happens. The control reaction 

of Int A and HBpin has been carried out to confirm the Al-O/B-H bond metathesis; 

unfortunately, it was resulting a mixture of products.22 
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Scheme 2.5. A probable mechanism for LAlH2 (1) catalyzed hydroboration of carbonyls. 

2.2.6.3. Control Reactions for Cross-Dehydrocoupling Reactions 

Five independent control experiments have been performed to gain insights into the mechanism 

for Al hydride (1) catalyzed dehydrocoupling reactions (Scheme 2.6.). All intermediates IntB1-

IntB5 were analyzed by 1H and 13C{1H} NMR spectroscopy, and corresponding spectral data 

were provided in supporting information. Further, a stoichiometric reaction of Int B2 and HBpin 

in a 1:2 molar ratio has been performed in C6D6 at 80 oC for 12 h in a J Young valve NMR tube. 

NMR studies noticed a clean formation of compounds 1 and 9i (Scheme 2.7.). The Intermediate 

B2 was further characterized by Heteronuclear Multiple Bond Correlation (HMBC) NMR 

spectroscopy in which proton interaction with carbon separated by two and three bonds was 

analyzed in the alkyl and aryl region. 

2.2.6.4. Catalytic Cycle of Aluminum (1) Catalyzed Dehydrocoupling Reactions  

As examined from the above-control reactions and reported β-diketiminate metal-based CDC, 14, 

17 mechanisms for Al hydride 1 catalyzed dehydrocoupling reactions were proposed (shown in 

Scheme 2.8.).  
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Scheme 2.6. Control reactions for CDC reactions. 

At the beginning of the catalytic cycle, the active Al-H (1) reacted with polar E-H (E= O, N, S, 

Se) functional moiety to generate aluminum intermediates (B1-B5), LAl-(ER)2 with the 

elimination of dihydrogen gas. The Int (B1-B5) afforded dehydrocoupled product and rebirth of 

compound 1 to close the catalytic cycle. The final step involves TS, where hydrogen atoms 

transfer from HBpin to the electron-deficient aluminum metal center.   
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Scheme 2.7. Control reaction of Int B2 with HBpin. 

 

Scheme 2.8. Proposed mechanism for LAlH2 (1) catalyzed dehydrocoupling reactions. 

2.3. Conclusion  

In conclusion, it summarized the excellent hydroboration of various aldehydes and ketones using 

CBG aluminum-dihydride (1) as a catalyst under solvent-free conditions with pinacolborane. All 

selected carbonyl compounds underwent complete conversion with low catalyst loading and 

good tolerance of various reducible functional groups, including halide, nitro, nitrile, amide, 

ester, and heterocycles. Moreover, catalyst 1 was also employed for the dehydrocoupling of 

alcohols, phenols, amines, thiol, selenol, and silanols with HBpin at room temperature. All 

hydroborated and dehydrocoupled products were isolated in good yields and well-characterized 

by NMR spectroscopy. As far as aluminum catalyzed CDC reaction is concerned, this is the 
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second report after DippNacnac aluminum-dihydride for dehydrocoupling reactions. Further 

studies on compound 1 catalyzed challenging organic transformation are still in progress. 

2.4. Appendix: All general experimental information along with analytical data and spectral files 

of hydroborated products and control reactions were available in published paper: Polyhedron 

2022, 222, 115902. Crystallographic data and structure refinement summary of 9o were also 

provided in ESI. 
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Chapter 3A 

Aluminum-Catalyzed Selective Deoxygenative Hydroboration of Carboxylic Acids and C-O 

Bond Cleavage of Carbonates, Formates with Pinacolborane 

Abstract 

Herein, an unprecedented N-donor CBG stabilized aluminum-dihydride, [LAlH2; (L = 

{(ArNH)(ArN)–C=N–C=(NAr)(NHAr)}; Ar = 2,6- Et2-C6H3)] (1) catalyzed reduction of 

carboxylic acids, carbonates, and formates via hydroboration under neat condition is reported. A 

broad range of substrates were screened with effective tolerance of reducible functionalities like 

halides (F, Cl, and Br), nitro (NO2), nitrile (C≡N), 2o amide (CONHR), alkene (C=C), alkyne 

(C≡C), and heteroaryl groups. The boronates esters residues were further hydrolyzed into 

corresponding pure alcohols with good yield. The isolated intermediates are well-characterized 

by NMR and mass spectroscopy, which helps to establish the probable catalytic cycles. 

Furthermore, compound 1 was also used for deoxygenative hydroboration of amide and 

anhydride under solvent-free conditions. More importantly, the developed aluminum-catalyzed 

hydroboration method demonstrates effective intra- and intermolecular chemoselective C-O 

bond cleavage of carbonates compared to other reducible functional groups.   

3.A.1. Introduction 

Chemoselective reduction of carbonyl compounds to alcohols is one of the essential organic 

transformations.1 Various classical metal hydrides,2 such as LiAlH4, NaBH4, NH3BH3, 

NaNH2(BH3)2, B2H6, etc., were used to reduce carbonyl compounds to corresponding alcohols. 

Still, they indirectly offered severe disadvantages such as uncontrolled reduction, limited 

substrate scope, huge chemical wastes, and, more importantly, highly pyrophoric. Thus, both 

homogenous and heterogeneous metal-based hydrogenation3 procedures for carbonyls have been 

developed to sustain these drawbacks. To some extent, these techniques were successful; 
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however, it requires high pressurized hydrogen gas and high temperature, usually more than 120 

oC, to complete the reaction. Therefore, new methodologies were developed to overcome these 

harsh reaction methods. Recently, the metal-catalyzed hydroboration4 technique has been 

explored to reduce challenging organic functionalities in their corresponding boronate ester. 

These stable boron reagents are non-toxic and stored under inert nitrogen gas for further 

application in organic chemistry, like the Suzuki-Miyaura coupling reaction.5 Therefore, it is 

worth mentioning that in the last few years, extraordinary progress has been made for molecular 

aluminum-based catalysts in carbonyl reduction via hydroboration6 and hydrosilylation7 

procedures due to substantial properties such as high earth-abundant, economical, and non-

radioactive in comparison to lanthanide and transition metal series.4 

Subsequently, various molecular aluminum complexes have been developed, demonstrating an 

excellent catalytic transformation of various unsaturated organic functional groups and carbonyl 

compounds via hydroboration.4j, 8, 9 In this context, it is of particular interest that only one report 

registered from the main-group element for the reduction of carboxylic acid reduction via the 

hydroboration technique.10a Although metal-free deoxygenative reduction of carboxylic acids 

with pinacolborane was well established under neat conditions.11 The reactions were eventually 

associated with high substrate scope and selectivity, but it requires an excessive amount of 

HBpin to complete the process at rt-60 oC. Recently manganese10c, 10e and ruthenium10b, 10d and 

aluminum10a based molecular compounds have been reported for carboxylic reduction with low 

catalyst load. Therefore, it confirms that carboxylic acids' molecular metal-based10 

deoxygenative hydroboration reactions are more effective catalytic routes than metal-free 

catalytic reductions.11 
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Recently molecular/reagent-based magnesium,12a,12b boron,12c aluminum,10a germanium,12e and 

manganese,10e, 13 catalysts have been employed for carbonate reduction using pinacolborane as 

the hydrogen source. Previously carbonates were reduced by the hydrogenation14 and transfer 

hydrogenation15 method at high temperature (80-140 oC) and pressure (50 bar). Thus, the 

hydroboration method is an alternate route for reducing carbonate motifs.10, 12, 13  

To the best of our knowledge, no hydroboration of formates has been reported. Although 

Milstein,14h Hong,15a and Werner's15b research groups established the reduction of formates by 

hydrogenation method, which involves high temperatures upto 140 oC. In 2019 Rueping12a 

mentioned the possibility of formate reduction via hydroboration. So, it can be concluded that 

reducing formate (ROCHO) via the hydroboration method is a safer and more effective 

procedure rather than conventional reduction techniques.14h, 15 

Lately, our research group published CBG aluminum-based reduction of challenging organic 

compounds.6e, 7a, 9b To expand the catalytic hydroboration application, the reduction of the above 

reducible carbonyl functionalities was tested using CBG aluminum-dihydride compound 1. The 

reduction of carboxylic acids, carbonates, and formates with pinacolborane was successfully 

accomplished using complex (1) under mild reaction conditions and with a modest catalyst load. 

To the best of our literature analysis, this is the second report of molecular aluminum-based 

reduction for deoxygenative reduction of carboxylic acid10a and C-O bond cleavage of organic 

carbonates under neat conditions. In addition, compound 1 was also used to reduce formates,14h, 

15a, 15b amide,16 and anhydride via hydroboration.  

3.A.2. Results and Discussion 

Recent studies established the synthetic routes for high-yield CBG-stabilized aluminum alkyls 

and hydride complexes.6e, 7a, 9b In this context, aluminum-dihydride (1) is a multifunctional 
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catalyst employed for double bond and triple bond activation via hydroboration under mild 

conditions.9b These results motivate us to explore further catalytic utilization of compound 1 for 

hydroboration of reducible carbonyl functionalities, i.e., carboxylic acids, carbonates, and 

formates, under neat conditions. 

3.A.2.1. Catalytic Hydroboration of Carboxylic Acids 

To optimize the carboxylic acid reduction, I chose benzoic acid (2a) as an ideal substrate. Initial 

reaction was performed under solvent and catalyst-free conditions at rt for 12 h with three equiv. 

pinacolborane. Only a 40% reduction of benzoic acid was observed in hydroborated product 3a 

(Table 3.A.1., entry 1).  

Table 3.A.1. Optimization table of aluminum catalyzed (1) hydroboration of benzoic acid.a 

 

 

 

 

 

 

 

 

 

 

 

Entry Cat. 
(mol%) 

Solvent Time  Yield (%)b 

1 - neat 12 h 40 

2 0.5 neat 12 h 60 

3 1.0 neat 12 h 75 

4 1.5 neat 12 h 88 

5 2.0 neat 12 h >99 

6 2.0 toluene 12 h >99 

7c 2.0 neat 8 h >99 

8 2.0 neat 6 h 80 
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aReaction conditions: benzoic acid (1.0 equiv., 1.0 mmol), pinacolborane (3.0 equiv., 3.0 mmol), aluminium-hydride 

1 (2.0 mol%), under N2 (solvent-free, 12 h, rt). BpinOBpin is found as a side product. bYield for hydroboration of 

benzoic acid was analyzed by 1H NMR spectra based on the full vanishing of a carboxyl group (-COOH) followed 

by the formation of a new characteristic proton resonance for –CH2OBpin, a fragment of 2a at () 4.93 ppm. cEntry 

7, exhibits TON = 50 and the corresponding TOF = 6.25 h-1 for reducing benzoic acid to hydroborated product 3a. 

The turnover number was examined by the number of moles of desired boronate ester (3a) formed divided by the 

number of moles of aluminum-hydride (1) consumed. Turnover frequency was analyzed by the Turnover number 

divided by the time (h) of the catalytic reaction. 

The result was matched with the previously reported catalyst-free hydroboration of carboxylic 

acids.11 Next, when the same reaction was performed in 0.5 mol% of catalyst 1, it afforded 60% 

of boronate ester 3a (PhCH2OBpin) along with (Bpin)2O as a side-product. The reaction progress 

was solely analyzed by 1H NMR spectroscopy. With the increase of catalyst loading upto 2.0 

mol%, the complete formation of product 3a was observed (Table 3.A.1., entry 5). Solvent 

(toluene) did not affect the catalytic performance of compound 1 for B-H addition in benzoic 

acid (Table 1, entry 6). Notably, entry 7 (Table 3.A.1.) shows a turnover no, TON (50), and 

corresponding turnover frequency, TOF (6.25 h-1), for the reduction of a carboxylic acid into 

boronate ester product 3a. Further decrease in catalyst load affords a lower yield for product 3a. 

Next, the optimization reaction protocol was used to explore the substrate scope for 

deoxygenative hydroboration of commercially available carboxylic acids. As indicated in Table 

3.A.2., all accessible organic acids (2a-2r) were quantitatively reduced into corresponding 

alkoxyboronate esters (3a-3r) under neat conditions with good tolerance of reducible functional 

groups, i.e., halide, alkene, nitrile, amide, and heteroaryl. Further, these boronate esters were 

hydrolyzed into corresponding pure 1o alcohols (4a-4o) with an isolated yield of 72-95%. In 

initial substrate screening, it has been found that derivatives of aryl carboxylic acids with  
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Table 3.A.2. Substrate scope for catalytic deoxygenative hydroboration of carboxylic acids using Al complex 
(1).a 

aReaction conditions: carboxylic acids (1.0 equiv., 1.0 mmol), pinacolborane (3.0 equiv., 3.0 mmol), aluminium-

hydride 1 (2.0 mol%), under N2 (solvent-free, 12 h, rt). BpinOBpin is found as a side product. The major 

hydroborated pdts were only marked. bYield for reduction of carboxylic acids was analyzed by 1H NMR spectra 

based on the full vanishing of a carboxyl group (-COOH) followed by the formation of a new characteristic proton 

signal for –CH2OBpin, a fragment of boronate ester products (3a-3r). The yield of isolated alcohols (4a-4m) was 

given in parenthesis after being purified by column chromatography. cFor compound 3a, TOF was 6.25 h-1 resulting 

from a shorter reaction time (8 h). The turnover number was examined by the number of moles of desired boronate 

ester (3a) formed divided by the number of moles of aluminum-hydride (1) consumed. Turnover frequency was 

analyzed by the Turnover number divided by the time (h) of the catalytic reaction. dFor 3i, pinacolborane (6.0 

equiv., 6.0 mmol) was used. 

electron-rich (methyl, methoxy) and electron-deficient (chloro, bromo) groups(2b-2f) underwent 

smooth deoxygenative reduction with HBpin into corresponding hydroborated products (3b-3d 

and 3e-3f) at rt. As analyzed by NMR studies, it was found that apart from BpinOBpin, there are 

no other side products, unlike in some transition metal-catalyzed hydrosilylation of organic 
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acid.17 From a steric and electronic point of view, reducing carboxylic acid-containing both 

electron-rich and electron-poor functionalities was difficult.[18] Next, substrates such as 3-fluoro-

2-methyl benzoic acid (2g) were selected to sustain this challenge and reacted with three equiv. 

of HBpin under standard conditions. Both methyl and fluorine functional groups remain 

untouched, and a total reduction of only the carboxyl group was observed (3g). Further, the 

deoxygenative reduction of heteroaryl or diaryl organic acids like 2-thiophene carboxylic acid, 

2,6-pyridine dicarboxylic acid, and biphenyl-4-carboxylic acid (2h-2j) was well agreed with the 

optimized protocol and fully hydroborated into corresponding aryloxy-boronate esters (3h-3j). 

For the complete reduction of 2,6-pyridine carboxylic acid (2i), an excess amount of HBpin (six 

equiv.) was used. Further, some functionalized carboxylic acids with nitrile, amide, and alkenes 

groups have been explored to widen the substrate scope.10d It was delighted to inform that 

catalyst 1 displayed good chemoselective behavior towards 4-cyanobenzoic acid and 4-

acetamidobenzoic acid (2k-2l). As evident from Table 3.A.2., in both acids, the reducible 

functional group, i.e., nitrile (C≡N) and 2o amide (CONHR) remained untouched, followed by 

chemoselective reduction of a carboxyl group (CO2H) was only noticed (3k-3l). Similar 

intramolecular chemoselective deoxygenative hydroboration was displayed for substrates having 

alkene substituents (2m-2o; internal and external alkenes). Next, linear (2p-2q) and cyclic (2r) 

carboxylic acids' hydroboration was analyzed under the standard condition. All three acids were 

well tolerated and reduced into the required alkyl boronate esters (3p-3r) with a yield of 99%. 

3.A.2.2. Catalytic Hydroboration of Carbonates 

Recently few main-group metals have been reported for carbonate hydroboration. [10a, 12] The 

reduction of carbonates was quite challenging due to the high bond energy of C=O groups 

compared to aldehydes and ketones. Therefore, next, aimed at B-H addition in carbonates. With 
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our best effort, it was discovered that using 4 mol% of catalyst 1; ethylene carbonate was 

quantitatively converted into corresponding boronate ester (6a, pinBOCH2CH2OBpin) along 

with MeOBpin as a side product under three equiv. of HBpin at neat conditions (Table 3.A.3., 

entry 4). The above outcome is the best result for catalytic hydroboration of 5a with compound 

1. Toluene does not affect the catalytic activity of aluminum-hydride (1) for the C-O bond 

activation of ethylene carbonate (Table 3.A.3., entry 5). It was significant to note that entry 6 of 

Table 2 suggests the high TON (= 25) and TOF (= 3.1 h-1) for reducing ethylene carbonate to 

boryl ester 6a with low catalyst load and lower time of reaction. Under a catalyst-free 

environment, hydroboration of ethylene carbonate was not observed (Table 3.A.3., Entry 8). 

Among the main-group metal catalysis, this is the second report of molecular aluminum-

dihydride[10a] catalyzed C-O bond cleavage of carbonate via hydroboration.10a, 12 It was 

noteworthy that our reaction methodology is better than previously reported transition metal 

catalysts13 for the reduction of carbonates where high temperature (>100 oC) and strong 

activating reagents (highly pyrophoric) such as sodium tert-butoxide (NatOBu) were required to 

complete the reaction. 

Next, with no hurdle, a wide range of cyclic and linear carbonates (5a-5m) were explored with 

three-fold of HBpin by using 4 mol % of catalyst 1 under standard conditions (Table 3.A.4.). All 

reactions were analyzed by 1H NMR spectroscopy. The major 

Table 3.A.3. Optimization table of aluminum-hydride (1) catalyzed reduction of ethylene carbonate.a 

 

Entry Cat. (mol%) Solvent Time Yield (%)b 

1 1.0 neat 12 h 60 
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aReaction conditions: ethylene carbonate (1.0 equiv., 1.0 mmol), pinacolborane (3.0 equiv., 3.0 mmol), aluminum-

hydride (1) (4.0 mol%), under N2 in solvent-free condition at 70 oC for 12 h. bYield for reduction of ethylene 

carbonate was analyzed by 1H NMR spectra based on the full vanishing of the carbonyl group (C=O) followed by 

the formation of new characteristic proton resonance for -OCH2CH2O-, a fragment of 6a at () 3.84 ppm. MeOBpin 

is found as a side product. cEntry 6 exhibits TON = 25 and the respective turn over frequency of 3.1 h-1 for reducing 

ethylene carbonate to hydroborated product 6a. The turnover number was examined by no. of moles of desired 

pinacol boronate ester (6a) formed divided with no. of moles of CBG aluminium-hydride (1) consumed. Turnover 

frequency was analyzed by dividing the Turnover number by the time (h) of the catalytic reaction. 

boronate ester products were hydrolyzed by SiO2/methanol and purified by column 

chromatography to isolate the desired alcohols (7a-7f) in a 75-92% isolated yield. It has been 

found that five-membered cyclic carbonate with ethyl group, i.e., 1,2-butylene carbonate (5b), 

undergo smooth C-O bond cleavage into diboryl ester (6b) along with MeOBpin (by-product) as 

indicated by 1H NMR spectrum of = 3.52 ppm for methyl protons (-CH3). The catalytic result 

is found to be similar to the reported literature.12b However, a substrate with hydroxyl groups (5c) 

was not tolerated under standard conditions. Therefore under 4.0 equiv. of HBpin, both C-O 

bond cleavage and dehydrocoupling reactions of substrate 5c occur, which resulted in the alkyl 

boronate ester (6c) in 99% yield, like published magnesium catalyzed reduction of carbonates.12b 

 

 

 
 

2 2.0 neat 12 h 80 

3 3.0 neat 12 h 92 

4 4.0 neat 12 h >99 

5 4.0 toluene 12 h >99 

6c 4.0 neat 8 h >99 

7 4.0 neat 6 h 75 

8 - neat 12 h - 
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Table 3.A.4. Substrate scope for catalytic hydroboration of carbonates using Al complex (1).a 

 
aReaction conditions: carbonates (1.0 equiv., 1.0 mmol), pinacolborane (3.0 equiv., 3.0 mmol), aluminium-hydride 

(1) (4.0 mol%), under N2 in a 10 mL air-tight vial at 70 oC for 12 h (solvent-free). bYield for reduction of carbonates 

was analyzed by 1H NMR spectra based on the full vanishing of the carbonyl group (C=O) followed by the 

formation of a new characteristic proton signal for boronate ester products (6a-6l). The yield of isolated alcohols 

(7a-7f) was given in parenthesis after being purified by column chromatography. cFor compound 5a, the turnover 

frequency was found 3.1 h-1 in 8h. The turnover number was examined by the number of moles of desired boronate 

ester (6a) formed divided by the number of moles of aluminum-hydride (1) consumed. Turnover frequency was 

analyzed by the Turnover number divided by the time (h) of the catalytic reaction. dMeOBpin is side product. The 

major hydroborated pdts were only marked. eFor 5c, pinacolborane (4.0 equiv., 4.0 mmol) was used.  

In addition, aliphatic carbonates such as dihexyl carbonate (HexO(CO)OHex), dibutyl carbonate 

(BuO(CO)OBu), dipropyl carbonate(PrO(CO)OPr), diethyl carbonate (EtO(CO)OEt), ethyl 

methyl carbonate (EtO(CO)OMe), and dimethyl carbonate (MeO(CO)OMe), 5d-5i were reacted 

quantitatively with three equiv. of HBpin under a similar reaction condition. As manifested in 

Table 3.A.4., all six linear alkyl carbonates were selectively converted into desired alkoxy-

boronate esters (6d-6h) at 70 oC. Following this outcome, it is worth noting that our catalytic 
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system's hydroboration of linear carbonates is more efficient than the reported manganese10e 

catalyzed reaction protocol, where a yield of less than 50 % was found, especially for alkyl 

carbonate reduction. Subsequently, one intramolecular chemoselective reduction in alkyl 

carbonate, such as dipropargyl carbonate (HC≡C)CH2O(CO)OCH2(C≡CH) 5j, has been found. 

In substrate 5j, hydroboration occurred smoothly, affording borate ester 6i, where C≡C 

functional group was well-tolerated and remained unreacted. 

Among other aryl carbonates, such as dibenzyl carbonate ((PhCH2O)2CO) and diphenyl 

carbonate ((PhO)2CO) 5k-5l, demanded no change in reaction conditions. Both carbonates (5k 

and 5l) were quantitatively reduced into corresponding aryl boronate esters PhCH2OBpin (6j) 

and PhOBpin (6k), similar to reported magnesium-catalyzed carbonate reduction.[12b] However, 

in bis(4-nitrophenyl) carbonate(5m), only 60 % reduced boryl ester (4-NO2-PhCH2OBpin)  6l 

was noticed due to the possible reduction (intramolecular chemoselectivity) of nitro (NO2)19 vs. 

carboxyl group (-CO2H). 

Finally, the catalytic activity of reported main-group metals12a, 12b, 10a for C-O bond cleavage of 

ethylene carbonate with three folds of pinacolborane was compared with CBG aluminum hydride 

(1) complex (Scheme 3.A.1.). 
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Scheme 3.A.1. Catalytic activity comparison of main-group metal catalysts to reduce ethylene carbonate with 

pinacolborane.a 

aThe turnover number was examined by the number of moles of desired boronate ester (6a) formed divided by the 

number of moles of aluminum-hydride (1) consumed. Turnover frequency was analyzed by the Turnover number 

divided by the time (h) of the catalytic reaction. 

The catalytic reduction was performed at 70 oC with a lesser time interval (8h) and low catalyst 

quantity (4.0 mol%), which afforded a TON (25) and TOF (3.1 h-1) for the reduction of ethylene 

carbonate to corresponding boronate ester 6a in preference to the previously reported main-group 

metal catalysts (TON = 20-100 and TOF = 2.0-16.6 h-1).12a-12b, 10a 

3.A.2.3. Catalytic Hydroboration of Formates 

Formates (ROCHO) are usually derived from alcohol and carboxylic acid reaction.20 The 

structural core is analogous to an aldehyde (RCHO) in the carbonyl family. A complete literature 

investigation reveals no reports of metal-catalyzed hydroboration of organic formates besides 

hydrogenation14h,15a techniques.  

A series of NMR studies indicate that upto 3.0 mol% catalyst load 1, ethyl formate was 

quantitatively cleavaged into EtOBpin (9b) with side product MeOBpin under two equiv. of 

HBpin at 70 oC (Table 3.A.5., entry 3). 

Table 3.A.5. Optimization table of aluminum-hydride (1) catalyzed reduction of ethylformate.a 

 

Entry Cat. 
(mol%) 

Solvent Time Yield (%)b 

1 1.0 neat 12 h 68 

2 2.0 neat 12 h 89 

3 3.0 neat 12 h >99 
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aReaction conditions: ethyl formate (1.0 equiv., 1.0 mmol), pinacolborane (2.0 equiv., 2.0 mmol), aluminium-

hydride (1) (3.0 mol%), under N2 in solvent-free condition at 70 oC for 12 h. MeOBpin is found as a by-product. 
bYield for hydroboration of ethyl formate was analyzed by 1H NMR spectra based on the full vanishing of the 

carbonyl group (CHO) followed by the formation of new characteristic proton resonance for –CH2OBpin, (9b) 

fragment at () 3.91 ppm (quartet signal). c Entry 5 exhibits TON = 33 and the respective turn over frequency of 3.3 

h-1 for the reduction of ethyl formate to hydroborated product 9b. The turnover number was examined by the 

number of moles of desired boronate ester (9b) formed divided by the number of moles of aluminum-hydride (1) 

consumed. Turnover frequency was analyzed by the Turnover number divided by the time (h) of the catalytic 

reaction. 

The 1H NMR spectrum thoroughly analyzed the formation of 9b. It was remarkable that entry 5 

(Table 3.A.5.) indicates a Turnover no (33) and the respective turnover frequency (3.1 h-1) for 

reductive C-O bond cleavage of ethyl formate to corresponding alkyl hydroborated product 9b 

using complex 1. In further experiments, it was confirmed that no reduction of ethyl formate was 

noticed under the catalyst-free condition with no solvent (Table 3.A.5., entry 7).  

Next, the aryl and alkyl formate reduction substrate scope was broadened under standard 

conditions, summarized in Table 3.A.6.  

In initial substrate screening, alkyl formates such as (CHO)OCH3, (CHO)OCH(CH3)2, and 

(CHO)OCH2Ph, i.e., 8a or 8c-8d, were effectively reduced into desired alkyl boronate esters (9a 

and 9c-9d) with excellent yield (>99%) under two-fold of HBpin. In both isopropyl formate (8c) 

and benzyl formate (8d) reduction, the side product was MeOBpin. Similarly, phenyl formate 

(8e) was reduced into an aryl-boronate ester (PhOBpin, 9e) and by-product MeOBpin in 

quantitative yield. Besides, synthesized alkyl/aryl boronate esters (9d-9e) were further 

hydrolyzed into corresponding alcohols 10a-10b with good to excellent yields (70-74%). 

4 3.0 toluene 12 h >99 

5c 3.0 neat 10 h >99 

6 3.0 neat 8 h 80 

7 - neat 12 h - 
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Table 3.A.6. Substrate scope for catalytic hydroboration of formates using Al complex (1).a 

 
aReaction conditions: formates (1.0 equiv., 1.0 mmol), pinacolborane (2.0 equiv., 2.0 mmol), aluminium-hydride (1) 

(3.0 mol%), under N2 in solvent-free condition at 70 oC for 12 h. bYield for reduction of formates was analyzed by 

1H NMR spectra based on the full vanishing of the carbonyl group (CHO) followed by the formation of a new 

characteristic proton signal for boronate ester products (9a-9e). The yield of isolated alcohols (10a-10b) was given 

in parenthesis after being purified by column chromatography. cFor compound 9a, the turn over frequency was 

found 3.3 h-1 in 10 h. The turnover number was examined by the number of moles of desired boronate ester (9a) 

formed divided by the number of moles of aluminum-hydride (1) consumed. Turnover frequency was analyzed by 

the Turnover number divided by the time (h) of the catalytic reaction. dMeOBpin is side product. The major 

hydroborated pdts were only marked. 

3.A.2.4. Large Scale Reaction 

Three independent large-scale reductions were performed to analyze the practical application of 

current catalytic procedures.11c Scheme 3.A.2. displayed a gram-scale of 5.0 mmol scale 

deoxygenative hydroboration of carboxylic acid with three folds of pinacolborane under standard 

conditions affords complete formation of 3a, which further hydrolyzed into pure 1o alcohol 4a in 

90% isolated yield. Likewise, ethylene carbonate and phenyl formate (5.0 mmol scale) react with 

2.0-3.0 equiv. of HBpin under optimized conditions afforded the isolation of corresponding 

alcohols 7a, 85%, and 10d, 68%. 
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Scheme 3.A.2. Gram-scale hydroboration reactions catalyzed by aluminum-hydride (1). 

3.A.2.5. Intermolecular C-O Bond Activation Reactions 

A chemoselective route is an effective tool for preparing desired products in organic chemistry.21 

Table 3.A.4. shows evidence of the active tolerance of nitro (NO2) and reducible alkyne (C≡C) 

groups during the hydroboration of carbonates. This motivates us to examine the intermolecular 

chemoselective reduction of carbonate vs. amide or olefin (Scheme 3.A.3.). 

Therefore, under standard conditions, a reaction between dibenzyl carbonate and N, N-

dimethylbenzamide with 3.0 equiv. of HBpin afforded product 6j in 99% yield (Scheme 3.A.3. 

a). Similar chemoselective behavior was observed when three-folds of pinacolborane was mixed 

with an equimolar solution of diethyl carbonate and N, N-dimethylacetamide, confirming the 

predominate C-O bond cleavage of carbonate (5g) over deoxygenative hydroboration of amide 

(Scheme 3.A.3. b). Besides, the quantitative reduction of diethyl carbonate into ethyl boronate 

ester (6g) with untouched allyl iodide (C=C bond) was also observed in 1H NMR spectroscopy 

(Scheme 3.A.3. c). 
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Scheme 3.A.3. Intermolecular chemoselective hydroboration of carbonates. 

3.A.2.6. Kinetic Experiment for Dimethyl Carbonate Hydroboration 

The catalytic activity for C-O bond activation of dimethyl carbonate was evaluated by instu 

examination by reaction of three folds of pinacolborane with 1.0 equiv. of dimethyl carbonate 

(5i) catalyzed by 4 mol% of LAlH2 (1) at 70 oC (Figure 3.A.1. a).  

 

Figure 3.A.1. a) Kinetic study for hydroboration of dimethyl carbonate (5i); b) Stacked 1H NMR spectra (400 

MHz, C6D6) for the reduction of hydroboration of 1.0 equiv. of dimethyl carbonate (5i) (0.3 mmol) with 3.0 

equiv. of HBpin (0.9 mmol) using 4 mol% DiethylLAlH2 (1) complex as a catalyst. Spectra were recorded at 
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different temperatures and time intervals between T = 25 to 70 oC and t = 60 min to 720 min, respectively;   

=   CO(OMe)2 (5i);  = Me-OBpin (6h). 

The reaction development over 720 min displayed the formation of alkyl boronate ester product 

(MeOBpin) 6h, as shown in Figure 3.A.1. b. The reaction began at 120 min, where the formation 

of product MeOBpin (6h) was evident by the appearance of methyl proton signal at  3.45 ppm 

(singlet, C6D6). Finally, the disappearance of the methoxy (5i) resonance peak of starting 

material (MeO(CO)OMe) at 3.63 ppm and exclusive formation of alkyl boronate ester 

(MeOBpin) 6h was observed at 720 min, indicating the complete reduction of carbonate 5i to 

hydroborated product 6h. The kinetic experiment confirms the reduction of carbonates proceeds 

with the probable mechanism sequence. 

3.A.2.7. Kinetic Experiment for Ethyl formate Hydroboration 

The catalytic performance of 3 mol% of aluminum hydride (1) for formate reduction was 

analyzed by insitu inspection of the reaction between three folds of HBpin and 1.0 equiv. of ethyl 

formate at 70 oC (Figure 3.A.2. a).  

 
Figure 3.A.2. a) Kinetic study for hydroboration of ethyl formate (8b); b) Stacked 1H NMR spectra (400 MHz, 

C6D6) for the reduction of hydroboration of 1.0 equiv. of ethyl formate (8b) (0.3 mmol) with 2.0 equiv. of 
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HBpin (0.6 mmol) using 3 mol% DiethylLAlH2 (1) complex as a catalyst. Spectra recorded at different 

temperatures and time intervals between T = 25-80 oC and t = 60 min to 300 min, respectively;     = 

(CHO)OEt (8b),   = Et-OBpin (9b),      =  Me-OBpin (by-product). 

Reaction progress in 300 min demonstrates the formation of ethyl boronate ester product 

(EtOBpin) 9b and side product MeOBpin (Figure 3.A.2. b). At 120 min, the reaction started, as 

indicated by the quartet signal for the appearance of methylene proton for –CH2 fragment of 

product 9b at  3.76 ppm (C6D6) and singlet peak for MeOBpin (side product)  3.47 ppm. At 

240 minutes, the carbonyl peak of ethyl formate at around 7.92 ppm completely vanished. The 

formation of product 9b confirms the quantitative C-O bond cleavage of ethyl formate. The 

kinetic reaction suggests the probable mechanism for formate hydroboration under aluminum 

hydride catalyst 1. 

3.A.2.8. Reduction of Amide and Anhydride via Hydroboration 

The multifunctional catalytic activity of compound 1 toward unsaturated organic compounds9b 

was established in the earlier work. To further widen such challenging organic transformation, 

compound 1 was used for deoxygenative hydroboration of amide and anhydride under mild 

conditions (Scheme 3.A.4.).16, 23 

A. Hydroboration of Amide

B. Hydroboration of Phthalic Anhydride

N

O
Me

Me
+ 2 HBpin

Cat. 1 (5 mol%)

neat, 24 h, 80 oC

- (Bpin)2O

N
Me

Me

12a, >99%
11a

O

O

O

+ 4 HBpin
Cat. 1 (6 mol%)

neat, 48 h,80 oC 
- (Bpin)2O

OBpin

OBpin

14a, >99%13a
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Scheme 3.A.4. Deoxygenative hydroboration of amide and anhydride using aluminum-hydride (1).a 

aReaction conditions: 1.0 equiv. of N, N-dimethylbenzamide/ phthalic anhydride (1.0 mmol), 2.0-4.0 equiv. of 

pinacolborane (2.0-4.0 mmol), aluminium-hydride (1) (5-6 mol%), under N2 in solvent-free condition at 80 oC for 

24-48 h. bYield was analyzed by NMR spectra (1H) based on the complete vanishing of starting substrate and 

formation of new characteristic proton resonance for boronate ester products (12a and 14a). 

The reduction of N, N-dimethylbenzamide proceeded smoothly by 5 mol% catalyst 1 at 80 oC, 

affording the hydroborated product N, N-dimethyl-1-phenylmethanamine 12a in 99% yield. The 

catalytic outcome was similar to the reported main-group catalysts16 for 2o amide reduction 

(Scheme 3.A.4.). 

Next, using compound 1 (6 mol%) and 4.0 equiv. of pinacolborane, the deoxygenative reduction 

of phthalic anhydride into corresponding hydroborated product 14a with quantitative yield was 

observed. It is worthy to note that the present catalytic outcome is the first example of molecular 

aluminum-based reduction of aryl anhydride via B-H addition.23 

3.A.2.9. Control reactions for Hydroboration of Benzoic Acid 

Two independent control experiments have been conducted to understand the mechanism for 

CBG Al hydride (1) catalyzed reduction of carboxylic acids with HBpin (Scheme 3.A.5.).  

 
Scheme 3.A.5. Control experiments of hydroboration of benzoic acid. 
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At first, the boryl ester PhC(O)OBpin was synthesized insitu by treating one equiv. of benzoic 

acid with one equiv. of pinacolborane under neat conditions.10b In the second experiment, a 

stoichiometric reaction between compound 1 and insitu generated boryl ester (PhC(O)OBpin) 

was performed in C6D6 at rt. The NMR spectra exhibit a new resonance signal at 6.30 (1H), and 

114.6 ppm (13C{1H}) was observed for newly formed methine proton for (–AlOCH) moiety of 

CBG aluminum-boryl ester intermediate LAlHO(CH)PhOBpin [IntA]. In 11B NMR, one new 

peak was observed at 26.00 ppm for the (-OBpin) fragment of [IntA]. The intermediate A was 

further confirmed by mass spectroscopy. 

3.A.2.10. Catalytic Cycle of Aluminum (1) Catalyzed Carboxylic Acid Hydroboration 

A possible reaction mechanism for the compound 1-catalyzed deoxygenative hydroboration of 

acids was suggested by an examination of the control reactions and previously described 

manganese-based10b  hydroboration of carboxylic acids (Scheme 3.A.6.). The reaction begins 

with the insertion of active Al–H (1) into electron-deficient carbonyl group (-C=O) of boryl ester 

PhC(O)OBpin (insitu prepared), which leads to the formation of aluminum-boryl ester 

intermediate (A). Next, a reaction of Int A with pinacolborane afforded metal-alkoxide complex 

[Int B] with the elimination of (Bpin)2O as a side product. In the final stage of the catalytic 

cycle, alkoxy intermediate B reacts with the third molecule of HBpin to release the boronate 

ester product of corresponding carboxylic acid and regenerate the catalyst 1. 
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Scheme 3.A.6. Proposed mechanism for deoxygenative hydroboration of carboxylic acids. 

3.A.2.11. Control Reaction for Al-H (1) Insertion in Diethyl Carbonate 

Initially, one control reaction was established, the compound 1 catalyzed carbonate reduction 

mechanism. A 0.5 mL C6D6 solution of 1:1 equimolar ratio of aluminum-dihydride (1) and 

diethyl carbonate, when warmed for 12 h at mild heating (70 oC), resulted in the formation CBG 

supported aluminum ethoxide complex [Int A1] (Scheme 3.A.7.). NMR and HRMS methods 

help to characterize the formation of Int A1. The 1H NMR spectrum displayed one characteristic 

peak at 6.92 ppm, corresponding to (-AlOCH) moiety of [Int A1]. The signal for alkoxide 

carbon of (LAlHO(CH)(OEt)2) found at 117.7 ppm (13C{1H}).  

 

Scheme 3.A.7. Control experiment for hydroboration of diethyl carbonate.  
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3.A.2.12. Catalytic Cycle of Aluminum (1) Catalyzed Carbonate Hydroboration 

The probable mechanism for aluminum-dihydride-1 catalyzed C-O cleavage of carbonates via 

hydroboration reaction was proposed based on the stoichiometric reaction described above 

(Scheme 3.A.8.). 

LAl
H

H

LAl

H

O

OR
H

OR

LAl

H

O

H
H

H

HBpin

RO OR

O

Me OBpin

2 HBpin

2 R OBpin

R = OEt
1H & 13C NMR (C6D6)

= 6.92, 117.7 ppm

HRMS = 775 (M)+

product

Int A1
(Isolated)Int B1

1

 

Scheme 3.A.8. Proposed mechanism for hydroboration of carbonates. 

At first, the catalytic cycle was initiated by the insertion of DiethylLAlH2 (1) across the C=O bond 

of carbonate, which resulted in the formation of a CBG aluminum-alkoxide complex (Int A1). 

The intermediate A1 immediately reacts with two molecules of pinacolborane and generates 

another metal-alkoxide, Int B1, via releasing the corresponding alkoxy-boronate ester product. 

Finally, the Int B1 is attacked by the third molecule of pinacolborane to liberate MeOBpin of 

central carbonyl carbon of carbonate and rebirth the catalyst 1. 

3.A.2.13. Control Reaction for Al-H (1) Insertion in Isopropyl Formate 

To establish the compound 1 catalyzed formate hydroboration reaction mechanism, a 0.5 mL 

solution of C6D6 was warmed at 70 oC having a 1:1 equimolar ratio of aluminum-dihydride (1) 

and isopropyl formate for 12 h, afforded a new aluminum-alkoxide intermediate (A2) (Scheme 

3.A.9). The formation of Int A2 was solely confirmed by NMR spectroscopy, which reveals a 
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characteristic resonance signal at 5.03 (1H NMR) and 50.04 (13C{1H} NMR) ppm for (–AlOCH2) 

fragment of newly formed complex [Int A2], LAlHO(CH2)OiPr. The intermediate A2 was 

further confirmed by high-resolution mass spectroscopy. 

 
Scheme 3.A.9. Control experiment for hydroboration of isopropyl formate. 

3.A.2.14. Catalytic Cycle of Aluminum (1) Catalyzed Formate Hydroboration 

As examined from the stoichiometric reaction above, a mechanism for aluminum 1 catalyzed 

formate hydroboration was suggested (Scheme 3.A.10.).  

 
Scheme 3.A.10. Proposed mechanism for hydroboration of formates. 

The reaction initiates with active aluminum-hydride (1) insertion across the C=O bond of 

formate, leading to the aluminum-alkoxy compound [IntA2]. The intermediate A2 yielded the 

desired boronate ester product by reacting with one pinacolborane molecule and forming another 

aluminum-alkoxide complex (Int B2). The Intermediate B2 reacts with the second molecule of 

HBpin to afford MeOBpin and regenerates the catalyst 1.  
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3.A.3. Conclusion 

In conclusion, the outstanding catalytic B-H addition in carboxylic acids, carbonates, and 

formates using CBG aluminum hydride (1) was summarized under neat conditions. All selected 

substrates of carboxylic acids, carbonates, and formates underwent quantitative hydroboration 

with practical tolerance for halides (F, Cl, Br), nitro (NO2), alkene (C=C), alkyne (C≡C), nitrile 

(C≡N), amide (CONHR), and heteroaryl functional groups have been studied. Both intra- and 

intermolecular C-O bond cleavage of carbonates have been explored. In addition, large-scale 

hydroboration reactions were also performed to demonstrate the practical utility of current 

catalysis. Moreover, compound 1 was further used for deoxygenative hydroboration of 

challenging unsaturated substrates such as amide and anhydride under mild conditions. Both 

kinetic study and control reactions confirm the catalytic cycles for reducing carbonates and 

formate via hydroboration. It was hoped that more challenging and difficult organic 

transformations of this nature could be documented in the future. 
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Abstract 

In this work, the molecular aluminum dihydride complex bearing an N, N’-chelated conjugated 

bis-guanidinate (CBG) ligand is used as a catalyst for reducing a wide range of aryl and alkyl 

esters with good tolerance of alkene (C=C), alkyne (C≡C), halides (Cl, Br, I and F), nitrile 

(C≡N), and nitro (NO2) functionalities. Further, it was discovered that the catalytic application of 

aluminum dihydride in the C-O bond cleavage of alkyl and aryl epoxides into corresponding 

branched Markovnikov ring-opening products. In addition, the chemoselective intermolecular 

reduction of esters over other reducible functional groups, such as amides and alkenes, has been 

established. Intermediates are isolated and characterized by NMR and HRMS studies, which 

confirm the probable catalytic cycles for the hydroboration of esters and epoxides. 

3.B.1. Introduction 

The reduction of esters via the hydroboration technique to alcohols is one of the crucial 

processes in organic chemistry.1 Especially, selective reduction of esters over other reducible 

functionalities is the foremost challenging and synthetically valuable task.2 Employing a 

stoichiometric quantity of classical reductants such as sodium borohydride or lithium aluminum 

hydride, one can significantly extract alcohols3 from esters, which may lead to severe drawbacks, 
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including fire hazards, poor tolerance of functional groups, and generation of a massive quantity 

of wastes with exhausting isolation steps.4 Therefore, the metal-based reduction of esters via the 

hydrogenation method has been developed as a good practice.5 Nonetheless, it demands 

combustible H2 gas and extremely harsh reaction environments. These difficulties can be 

overcome by metal-catalyzed hydroelementation reactions such as hydroboration,6 and 

hydrosilylation.7 

In the past few years, metal-catalyzed hydroboration of carbonyl compounds has developed 

rapidly.6 Among main-group metal catalysis, it was observed that inexpensive molecular 

aluminum compounds were effectively used for carbonyl reduction via hydroboration6, 8 and 

hydrosilylation9 techniques as alternatives to expensive transition (except 3d metals) and 

lanthanide metal complexes.6, 10 

The developed molecular aluminum catalysts have been further explored to reduce 

challenging unsaturated organic functionalities via B-H or Si-H addition method.11 As per the 

literature survey, various metal-mediated hydrosilylations of esters12 is reported. 

However, only a handful of examples of main-group8j,13 catalyzed hydroboration of esters have 

been explored compared to transition metal-based catalysts14 due to less reactivity than 

aldehydes and ketones (Scheme 1). In this context, it is noteworthy that no reports on aluminum-

based hydroboration of esters are found, except for the Cowley group’s sole example, LiAlH4 

catalyzed hydroboration of ethyl acetate with HBpin.8j Moreover, during the preparation of this 

manuscript, Yan et al. reported aluminum-catalyzed hydroboration of esters.13b In 2014, Sadow 

and coworkers13j established the first main-group magnesium; ToMMgMe [where ToM = tris(4,4-

dimethyl-2-oxazolinyl)phenylborate] catalyzed C=O bond reduction of esters. Later, other 

molecular magnesium catalysts13i-13j were used to reduce esters with pinacolborane (HBpin) 
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under low catalyst loadings. Recently Ma and coworkers13g introduced an unsymmetrical 

NacNac stabilized Mg (I) dimer as a pre-catalyst to synthesize boronate esters from 

corresponding esters.  

As per current research, there have been few reports on main-group15 and transition14h, 16 metal-

catalyzed hydroboration of epoxides. In main-group metal catalysis, Rueping15a and Ma15b 

research groups independently introduced magnesium-based catalysts for the ring-opening of 

epoxides with HBpin. Classical metal hydrides17 and hydrogenation  

 
Figure 3.B.1. Metal-catalyzed hydroboration of carbonyls and epoxides. 

methods18 have also been employed for epoxide reduction. Most of these catalysts16, 17, 18 favor 

anti-Markovnikov C-O bond activation of epoxides, which restrains the Markovinkov substrate 
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scope15 (Figure 3.B.1.). Therefore, developing new sustainable methods for the Markovnikov 

ring cleavage 15 via hydroboration of epoxides is attractive. 

Recently our group described a series of structurally characterized conjugated bis-guanidinate 

(CBG) stabilized aluminum complexes, including CBG aluminum dihydrides.7a,8a,11b Moreover, 

CBG aluminum dialkyls7a, 8b and dihydrides11b have been utilized as catalysts for organic 

transformations. Previously, our research group reported the guanidinate magnesium amides as 

pre-catalysts for the chemoselective reduction of organic esters.13h Apart from 

(DiethylNacnac)AlH2 catalyzed B-H addition in ester,13b no other reports have been on molecular 

aluminum-based catalysts to reduce epoxides via the hydroboration method.13,15 

Therefore, we report an aluminum dihydride (1) complex bearing a conjugated bis-guanidinate 

(CBG) for chemoselective C-O bond cleavage of esters and epoxides. Compound 1 catalyzed the 

selective hydroboration of esters in the presence of other reducible functional groups, which have 

been thoroughly explored. The present work is the first report on the aluminum-catalyzed 

Markovinkov ring-opening of epoxides into branched borate esters with HBpin.15 

3.B.2. Results and Discussion 

3.B.2.1. Ester Hydroboration 

In a recent report, the synthesis of well-characterized conjugated bis-guanidinate supported 

mononuclear aluminum dihydride (I)11b complex by deprotonation of ligand LH19 [L= 

{(ArNH)(ArN)–C=N–C=(NAr)(NHAr)}; Ar =2,6-Et2-C6H3] with 1.0 equiv. of alane 

(H3Al·NMe2Et) was published.  

Compound I is a highly active catalyst as it is being used for the hydroboration of challenging 

functional groups7a, 8a, 11b such as nitrile, alkyne, alkene, carbodiimide, and isocyanide, which 
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encouraged us to investigate the catalytic hydroboration of other challenging organic substrates, 

i.e., esters, and epoxides. 

The investigation was started by reducing benzyl benzoate 1a as a representative substrate with 

2.0 equiv. of HBpin (reducer) under solvent and catalyst-free conditions. After 24 h of stirring at 

rt and 70 oC, no B-H addition in substrate 1a was observed (entries 1-2 of Table 3.B.1.). 

However, by adding 6 mol% of aluminum-hydride catalyst (1) to the reaction mixture of benzyl 

benzoate and HBpin, leads to a complete reduction of benzyl benzoate into the corresponding 

hydroborated product PhCH2OBpin (2a) at 70 oC. Furthermore, a similar C=O bond reduction of 

benzyl benzoate was conducted under solvent-free conditions by employing lower catalyst 

loading (4 mol% and 2 mol%) at 12 h of stirring (entries 6 and 7 in Table 3.B.1.). Similar 

catalytic activity of compound I for benzyl benzoate reduction for different solvents (Table 

3.B.1., entries 8-10). Reaction progress was monitored by multinuclear NMR spectra (1H, 

13C{1H}, 19F{1H} and 11B}. 

Table 3.B.1. Optimization table of aluminum-hydride (I) catalyzed reduction of benzyl benzoate.a 

 

Entry Cat. 
(mol%) 

Solvent Temp 
 

Time Yield 
(%)b 

1 - neat rt 24 h - 

2 - neat 70  oC 24 h - 

3 6 neat 70  oC 24 h >99 

4 6 neat 70  oC 12 h >99 

5 6 neat 70  oC 8 h 88 

6 4 neat 70  oC 12 h >99 
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aReactions were conducted with benzyl benzoate (1.0 equiv., 1.0 mmol), HBpin (2.0 equiv., 2.0 mmol), and cat. I (2 

mol%), in 10 mL air-tight vial under N2 and stirred in an oil bath of 70 oC heating for 12 h.  bYield for reduction of 

compound 1a was determined by NMR spectroscopy (1H and 13C{1H}) based on the disappearance of C=O bond 

and formation of typical new proton signal for (-CH2OBpin) moiety of 2a at () 4.94 ppm. 

The successful optimization of reaction conditions to reduce benzyl benzoate (1a) motivated us 

to explore a wide range of esters, and the corresponding reaction outcomes are depicted in Table 

3.B.2. All commercially available esters fully underwent reduction with C-O bond activation via 

hydroboration with good tolerance of halide, nitro, nitrile, alkene, and alkyne functional groups. 

The major boronate ester residues were hydrolyzed and purified into pure alcohols (3) using 

column chromatography. In initial substrate screening, it was discovered that methyl benzoate 

(1b) achieved quantitative conversion (2a), like benzyl benzoate reduction. Remarkably under 

neat conditions, substituted methyl benzoate at para-position either with electron-donating (Me, 

OMe; 1c-1d) or electron-withdrawing (Cl, Br, I, NO2, CF3; 1e-1i) groups afforded high yields of 

benzyl boronates (2b-2h) in 12 h. Notably, no over-reduction was found in all boronate ester 

products 2b-2h. 

In addition, in the case of functionalized ester, 4-cyanobenzoate (1j), compound I displayed an 

effective intramolecular chemoselective reduction of ester moiety in preference to nitrile (C≡N) 

functional group to afford corresponding boronate ester product 2i in 99% yield. However, the 

7 2 neat 70  oC 12 h >99 

8 2 toluene 70  oC 12 h >99 

9 2 THF 70  oC 12 h >99 

10 2 benzene 70  oC 12 h >99 

11 1 neat 70  oC 12 h 75 
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highly reactive reducible carbonyl functionalities such as aldehyde (CHO), ketone (COMe), and 

Table 3.B.2. Substrate scope for catalytic C=O bond reduction of esters using aluminum hydride (I).a 
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aReactions were conducted with esters (1.0 equiv., 1.0 mmol), HBpin (2.0 equiv., 2.0 mmol), and cat. I (2 mol%), in 

10 mL air-tight vial under N2 and stirred in an oil bath of 70 oC heating for 12 h. bYield for reduction of esters (1a-

1am) was determined by NMR spectroscopy (1H and 13C{1H}) based on the disappearance of C=O bond and 

formation of typical new proton signal for (-CH2OBpin) moiety of boronate ester products (2a-2ag). The yield of 

primary isolated alcohol was given in parenthesis after being purified by column chromatography. cMeOBpin is the 

by-product. Only major hydroboration products were labeled.  dFor 1k-1n, HBpin (3.0-5.0 equiv.) used. eEtOBpin is 

the by-product. fPhCH2OBpin is the by-product. gFor 1ab-1ae, the reactions were completed within 10 min.  

carboxylic acid (COOH) groups were unprotected; therefore, under excess pincolborane (3.0-5.0 

equiv.), 1k-1n were fully converted into hydroborated products 2j-2k and MeOBpin (or 

EtOBpin) as a by-product with high yields. 

Moreover, the analogous substrate of methyl 4-bromobenzoate (1f), i.e.,1o, also yielded the 

boronate ester 2e with good isolation of hydrolyzed 1o alcohol in 84% yield (3e) and the side-

product EtOBpin. 

Additionally, for aryl benzoates such as phenyl benzoate, 4-methyl phenyl benzoate, 2-naphthyl 

acetate, and 1-naphthyl acetate (1p-1q, 1s-1t), 99% yields for desired boronate ester products 

(2l-2m, 2o-2p) in 12 h was noticed except in 4-nitrophenyl benzoate (1r) where 80% conversion 

of aryl boronic ester 2n was found.20 Next, our focus shifted towards reducing alkyl esters. The 

benzyl phenylacetate (1u) undergoes C-O cleavage to afford the desired aryl borate esters 2q and 

2a in a 99% yield. Interestingly, functionalized alkyl esters 1v-1aa sustain smooth intramolecular 

chemoselective reduction into desired borylated products 2r-2v with unaffected, double (C=C), 

and triple (C≡C) bonds. The above- results are consistent with previous reports.13g-13h,14g 

In additional experiments, it was discovered that smaller alkyl esters (1ab-1ae) underwent faster 

hydroboration than the aryl esters.14h Therefore, in hydroboration of ethyl acetate, ethyl 

propionate, methyl acetate, and isopropyl acetate, affords the complete reduction into relevant 

alkyl hydroborated products (2w-2y) in 10 min with no trace of starting substrate. Nevertheless, 
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tert-butyl acetate (1af) was reduced by only 85% in 2z due to the steric bulk of the CMe3 group 

at the acyl position, which ultimately slows down the hydroboration reaction. In addition, the 

reduction of cyclic esters (called lactones), which serve as the primary building blocks to 

produce synthetic chemicals,1 was studied. In this regard, it was found that all selected cyclic 

esters (1ag-1al) were completely hydroborated into alkoxy boronate esters (2aa-2af) with no 

competition reaction such as polymerization of esters which was a typical example.13j 

Next, the selective reduction of -decalactone (1am) was examined, where quantitative C-O 

bond reduction into hydroborated product 2ag under standard conditions was discovered. 

3.B.2.2. Epoxide Hydroboration 

As it was mentioned earlier, a few reports have been known on metal-catalyzed hydroboration of 

epoxides.15, 16 With compound I success in catalytic ester hydroboration; next, I aimed to explore 

the epoxide ring cleavage via hydroboration. 

The examination began with treating styrene oxide 1c' as a representative substrate for epoxide 

hydroboration with 1.2 equiv. HBpin under 10 mol% catalyst, I loading to afford the 4c in 87% 

yield (entry 1, Table 3.B.3.). Gradually increasing the equivalency of HBpin resulted in the 

formation of alkoxy boronate ester (4c) in 99% yields, respectively, under neat conditions in low 

catalyst load (Table 3.B.3., Entry 6). Besides, the solvent does not affect the catalytic activity of 

epoxide reduction (entries 7-9 of Table 3.B.3.). Both linear and branched products were formed 

in low yield% at catalyst-free environments at 70 oC (Table 3.B.3., entry 10). With the help of 

NMR (1H and 13C{1H}) spectroscopy, the progress in the reaction was investigated. Further, 

hydrolysis of boronate esters followed by column chromatography afforded corresponding pure 

alcohols (5c, 5j) with good yields. 
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Table 3.B.3. Optimization table of aluminum hydride (I) catalyzed reduction of styrene oxide.a 

 
 

 

 

 

aReactions were conducted with styrene oxide (1.0 equiv., 1.0 mmol), HBpin (1.6 equiv., 1.6 mmol), and cat. I (6 

mol%), in 10 mL air-tight vial under N2 and stirred in an oil bath of 70 oC heating for 12 h.  bYield for reduction of 

styrene oxide was determined by 1H NMR spectra based on the disappearance of starting material and formation of 

new proton signal for boronate ester product. 

With this optimization, the substrate scope in the C-O bond cleavage of epoxides was 

investigated, and the results are shown in Table 3. B.4. 

Entry Cat. 

(mol%) 

HBpin 

(equiv.) 

Solvent Temp Time Yield (%) 

(4c:4c’)b 

1 10 1.2 neat 70 oC 24 h 87:12 

2 10 1.4 neat 70 oC 24 h 95:5 

3 10 1.6 neat 70 oC 24 h >99:0 

4 10 1.6 neat 70 oC 12 h >99:0 

5 8 1.6 neat 70 oC 12 h >99:0 

6 6 1.6 neat 70 oC 12 h >99:0 

7 6 1.6 toluene 70 oC 12 h >99:0 

8 6 1.6 THF 70 oC 12 h >99:0 

9 6 1.6 benzene 70 oC 12 h >99:0 

10 - 1.6 neat 70 oC 12 h 6:4 

11 - 1.6 neat rt 12 - 
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Table 3.B.4. Substrate scope for catalytic C-O bond cleavage of epoxides using aluminum hydride (I).a 

 
aReactions were conducted with epoxides (1.0 equiv., 1.0 mmol), HBpin (1.6 equiv., 1.6 mmol), and cat.  I (6 

mol%), in 10 mL air-tight vial under N2 and stirred in an oil bath of 70 oC heating for 12 h.  bYield for reduction for 

epoxides (1a’-1o') was determined by 1H NMR spectra based on the disappearance of starting material and 

formation of new proton signal for boronate ester products (4a-4o). The yield of isolated alcohol was given in 

parenthesis after being purified by column chromatography. cFor 1j’, the reactions were done at 2.0 mmol scale. 

dFor 1l’, reaction has been done at 80 oC for 24 h.   

Under standard conditions, ethylene oxide (1a') was converted into corresponding alkoxy 

boronate ester (4a). Following this, the ring-opening of mono-substituted ethylene oxide (1b', 

1d'-1g') was also explored. It was discovered that the catalytic regioselective ring-opening was 

successful for both aryl and alkyl substituents to afford the corresponding branched boronate 

ester products (4b, 4d-4g) in quantitative yield. In addition, the chemoselective C-O bond 



 Chapter 3B 

 Page 133 | 255 
 

cleavage of epoxide in preference over C=C bond reduction was observed for alkenyl substrates 

(1h'-1i') to yield the respective boryl esters (4h-4i). Next, substrates like 2,2-disubstituted 

terminal oxiranes (1j'-1k') within optimized conditions were screened. As displayed in Table 

3.B.4., both 1,2-epoxy-2-methylpropane and 1,1-diphenylcyclopropane substrates transformed 

into Markovnikov branched boronate esters (4j-4k). 

Eventually, trans-stilbene oxide (1l') cleavage into a single 1,2-diphenyl borate ester product 

(4l). The reaction also influenced the ring-opening of cyclic epoxides such as cyclopentene 

oxide, cyclohexene oxide, and cycloheptene oxide (1m’-1o'). All three cyclic epoxides were well 

converted into corresponding alkoxy boronate esters (4m-4o), as shown in Table 3.B.4. 

3.B.2.3. Scale-up Reactions 

Two independent gram-scale hydroboration reactions were conducted to study the practical 

utilization of the present catalytic procedures (Scheme 3.B.1.). In the first experiment, a 5.0 

mmol scale reaction of benzyl benzoate with two-fold HBpin under standard conditions afforded 

the corresponding aryl boronate ester product 2a in 99%, which was later hydrolyzed into 1o 

alcohol (3a) with 88% (0.48 g) isolated yield. Likewise, the ring-opening of styrene oxide (1c’) 

with 1.6 equiv. pinacolborane leads to branched Markovnikov aryl boronate ester product 4c in 

quantitative yield on a similar scale. The borate ester 4c was hydrolyzed by SiO2/methanol (~ 4 

mL) to respective pure 2o alcohol product 5c in 80% (0.50 g) yield (isolated).  

 
Scheme 3.B.1. Scale-up reactions catalyzed compound I. 
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3.B.2.4. Intermolecular Chemoselective Reactions 

In organic synthesis, chemoselectivity plays a vital role in the various chemical transformations 

to isolate the desired compounds.21 During ester hydroboration, an exceptional tolerance of 

nitrile (C≡N), alkene (C=C), and alkyne (C≡C) functional groups have been noticed, which 

motivates us to explore the chemoselective intermolecular C=O bond reduction of ester vs. 

epoxide or amide or alkene functionalities (Scheme 3.B.2.). 

 

Scheme 3.B.2. Intermolecular chemoselective hydroboration of esters. 

Therefore, a one-pot reaction of ethyl acetate and ethylene oxide, or 1,2-epoxy-2-methylpropane 

with HBpin (2.0 equiv.) at optimized conditions afforded the desired alkoxy boronate ester 2w 

with 99% yield in preference to unreacted epoxides (Scheme 3.B.2., i) and ii)). Additionally, a 

reaction of benzyl benzoate (or ethyl acetate), N, N-dimethylbenzamide (or N, N-

dimethylacetamide), and two-folds of pinacolborane yielded the complete formation of 2a (or 
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2w) with untouched reducible amide functional groups {iii) and iv) of Scheme 3.B.2.}. 

Furthermore, exclusive hydroboration of ester with the unreacted alkene group (C=C) was also 

observed in the reaction between benzyl benzoate (or ethyl acetate) and styrene (or 

vinyltrimethoxysilane) with 2.0 equiv. HBpin {Scheme 3.B.2., v) and vi)}. 

3.B.2.5. Control Reaction for Ester Reduction 

To establish the ester hydroboration reaction mechanism, I conducted a control reaction of a 1:1 

stoichiometric ratio of benzyl benzoate (1a) and aluminum-hydride (I) in Tol-d8 at 80 oC. The 

reaction afforded the desired aluminum alkoxide complex, [Int A] in a 99% yield (Scheme 

3.B.3.). The Int A was confirmed by NMR and HRMS studies. The 1H NMR spectrum exhibits a 

new proton signal for Al-OCHPh moiety of Int A in 6.18 ppm, and the 13C{1H} NMR spectra 

revealed the alkoxide carbon signal of LAlHOC(H)PhOCH2Ph complex, [Int A] at 116.7 ppm. 

 
Scheme 3.B.3. Control experiment for hydroboration of benzyl benzoate. 

3.B.2.6. Catalytic Cycle for C=O Reduction of Esters  

Based on the previously established mechanism of main group-catalyzed hydroboration of 

esters[13h, 13j] and the above control experiment, I propose a probable reaction mechanism for 

aluminum hydride I catalyzed ester reduction via hydroboration (Scheme 3.B.4.). 

The catalytic cycle was initiated by inserting active Al–H into the ester's carbonyl bond (C=O) to 

afford the aluminum-alkoxide complex [Int A]. Int A immediately reacts with HBpin to afford 

alkoxyboronate ester in the next step, which reacts with I to produce another aluminum-alkoxide 
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intermediate [Int B]. The Int B again reacts with the HBpin to afford boronate ester product and 

regenerates catalyst I.  

 
Scheme 3.B.4. Catalytic cycle for ester hydroboration. 

In the above two steps, σ -bond metathesis (Al-O/B-H) occurs. Therefore, one controlled 

reaction between Int A and pinacolborane in 1:1 was conducted, resulting in a mixture of 

products according to literature study.8a, 10b 

3.B.2.7. Control Reaction for Epoxide Reduction 

To understand the mechanism for the compound, I catalyzed epoxide hydroboration, and one 

control reaction between I and 1,2-epoxy-2-methylpropane was performed in Tol-d8 to establish 

the formation of Int A1 (Scheme 3.B.5.). 

NMR and mass spectroscopy studies analyzed the intermediate A1. The 1H NMR spectrum 

exhibits a characteristic methyl proton signal of Al-OC(CH3)3 moiety at 1.02 ppm. A new 

characteristic carbon signal at 32.0 ppm corresponds to Al-OC(CH3)3 group of Int A1 in the 

13C{1H} NMR spectrum. Further, Int A1 was confirmed by 2D HMBC NMR experiment. 
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Scheme 3.B.5. Control experiment for hydroboration of 1,2-epoxy-2-methylpropane. 

3.B.2.8. Catalytic Cycle for C-O Bond Cleavage of Epoxides  

Based on the above stoichiometric reaction and previous literature report,[15b] a plausible 

mechanism for Al hydride I catalyzed hydroboration of epoxide was displayed in Scheme 3.B.6. 

 

Scheme 3.B.6. Catalytic cycle for reduction of epoxides. 

Initially, the catalyst I react with less substituted methylene carbon of epoxide to afford one 

aluminum alkoxy complex (Int A1). The Int A1 immediately reacts with HBpin to afford 

branched boronate ester product and reforms the catalyst (I) for active participation in the 

catalytic cycle. The second step involves one TS, where σ-bond metathesis happens. To confirm 

this, Int A1 was reacted with pinacolborane, resulting in a mixture of products as per literature. 

8a, 10b 
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3.B.2.9. Control Reaction for Internal Epoxide Reduction 

To prove the mechanism for aluminum-hydride (I) catalyzed C-O bond cleavage of stilbene 

oxide via hydroboration, one stoichiometric reaction between catalyst (I) and stilbene oxide in 

Tol-d8 was performed to demonstrate the Int A2 (Scheme 3.B.7.). 

Intermediate A2 was examined by NMR and mass spectroscopy analysis. In the 1H NMR 

spectrum, the characteristic methine proton signal for Al-OCH(Ph)CH2Ph moiety was noticed at 

5.71 ppm and the corresponding carbon signal was found at 104.7 ppm for Al-OCH(Ph)CH2Ph 

fragment of Int A2. In addition, intermediate A2 was confirmed by the HMBC NMR study.  

 

Scheme 3.B.7. Control experiment for hydroboration of stilbene oxide. 

3.B.2.10. Catalytic Cycle for C-O Bond Cleavage of Symmetrical Epoxides  

Based on the controlled reaction and literature report,15b the plausible mechanism for the 

hydroboration of stilbene oxide demonstrated in Scheme 3.B.8. In the initial catalytic cycle, the 

insertion of the Al-H bond into either side of symmetrical epoxide to afford aluminum alkoxide 

complex (Int A2). Next, the Int A2 reacts with pinacolborane to lead the corresponding boronate 

ester product and regenerates the catalyst (I) via σ-bond metathesis.8a, 10b 
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Scheme 3.B.8. Catalytic cycle for reduction of epoxides. 

3.B.3. Conclusion 

In conclusion, I have demonstrated that the CBG aluminum-dihydride compound (I) acts as an 

efficient catalyst for reducing a wide range of esters and epoxides with pinacolborane (HBpin) in 

high yields. Catalyst I tolerated the reducible alkene (C=C), alkyne (C≡C), halides (F, Cl, Br, 

and I), nitrile (C≡N), and nitro (NO2) groups in the C=O bond reduction of aryl and alkyl esters 

under solvent-free conditions. In addition, compound I catalyzed the branched Markovnikov 

ring-opening of epoxides with HBpin in high yields. Furthermore, the gram-scale reductions of 

ester and epoxides have been studied under standard conditions. Besides, I have also displayed 

the effective utilization of compound I in intermolecular chemoselective hydroboration of esters 

vs. epoxides or amides, or alkenes. Intermediates were isolated and well-characterized during 

control experiments by NMR and high-resolution mass spectroscopy, confirming the catalytic 

cycles for reducing esters and epoxides with HBpin under catalyst I. As far as hydroboration is 

concerned, guanidine-stabilized aluminum-based catalysis of ester and epoxide has not been 
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reported. Further investigation on other exciting catalytic applications of the CBG aluminum-

dihydride (I) complex is still in progress.  

3.B.4 Appendix: All general experimental information along with analytical data and spectral 

files of hydroborated products and control reactions were available in published paper: Chem. 

Eur. J. 2022 (Accepted). DOI: https://doi.org/10.1002/chem.202203023 
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Abstract  
 
An unprecedented conjugated bis-guanidinate (CBG) stabilized aluminum dihydride, [LAlH2; (L 

= {(ArNH)(ArN)–C=N–C=(NAr)(NHAr)}; Ar = 2,6- Et2-C6H3)] (I) catalyzed chemoselective 

hydroboration of heteroallenes such as carbodiimide (CDI)s, isocyanates, isothiocyanates, and 

isoselenocyanates is reported. A wide range of heteroallenes, including electron-donating and 

withdrawing groups, experience hydroboration to obtain selectively N-boryl amide, N-

borylaminal, and N-boryl methyl amine products. More importantly, a single sustainable 

molecular aluminum-based catalyst effectively catalyzes CDIs, isocyanates, isothiocyanates, and 

isoselenocyanates into formamidines, formamides, thioformamides, and selenoformamides, 

respectively. Further, heteroallene substrates undergo hydrodeoxygenation (HDO), 

hydrodesulfurization (HDS), and hydrodeselenization (HDSe) reactions leading to N-boryl 

methyl amines. In addition, a series of control and kinetic experiments indicate that the 

aluminum hydride species are essential for all partial and complete reduction steps and breaking 

the C=X (X = O, S, and Se) bonds in heteroallenes. 

4.1. Introduction 

The amide or thioamide bond is undoubtedly amongst the most widespread1 structural units 

found in natural and synthetic organic molecules with various applications in industrial sectors.2 
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The advancement of more valuable methods for creating amides3 has been considered one of the 

top targets for synthetic organic chemists. Traditional methods for amide synthesis can be done 

via C-N4 and C-C5 bond formation4 using acid derivatives and nucleophilic amines. The 

reduction of heteroallenes such as carbodiimides, isocyanates, and isothiocyanates into 

formamidines,6 formamides,3a, 7 and thioformamides3a, 8 using stoichiometric metal reagents, have 

been established in the literature (Figure 4.1., A) under harsh reaction environments with vast 

amounts of metal waste, resulting in poor yields and insufficient selectivity.3a, 7, 8 

Recently, metal-catalyzed hydroboration of challenging unsaturated organic substrates,9, 10 

including heteroallenes such as CO2,11 carbodiimides,12 and isocyanates12k, 13 have been 

developed (Figure 4.1., B). However, aluminum12e-12g catalyzed hydroboration of CDIs is limited 

with low substrate scope and higher catalyst loading.  

In 2016 Okuda and coworkers12k introduced magnesium-based [Mg(thf)6][HBPh3]2 

dihydroboration of tertbutyl isocyanate to corresponding N-, O’-bis (boryl) hemiaminal product. 

Afterward, a few main-group metal-catalyzed13 transformations of isocyanates to N-boryl 

formamides have been reported. 

To the best of our knowledge, there have been no reports on the metal-catalyzed reduction of 

isothiocyanate (RN=C=S) or isoselenocyanate (RN=C=Se) through the hydroboration route 

(Figure 4.1., B). Previously, various reagents such as Schwartz reagent (Cp2ZrClH, insitu),3a, 8b 

(C₄H₉)₃SnH,8d SmI2,8c and organolithiums8a (RLi and R2CuLi) were used to reduce 

isothiocyanates to thioformamides. In addition, a few reports on metal-catalyzed 

hydrosilylation14 and hydrogenation15 techniques are also known for chemoselective reduction of 

carbodiimides and isocyanates to corresponding N-silyl amides and formamides in extremely 

harsh reaction conditions (high temperature and pressure). 
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Figure 4.1. Synthesis of amides/aminals / N-methyl amines from heteroallenes. 

N-methyl amines are essential reagents for producing biological drugs and other essential 

chemicals.16 Usually, carbonyl's reductive methylation17 and classical metal reagents18 (like 

LiAlH4, Li[Al(OMe)3]3, NaBH4) have been used in stoichiometric amounts to reduce organic 

isocyanates and isothiocyanates, which suffer from huge chemical waste, narrow substrate scope, 
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and uncontrollable side reactions. Therefore, developing ideal methods for synthesizing (-NCH3) 

amines is necessary. 

Following this, metal-catalyzed deoxygenated hydroboration of isocyanates (HDO) to borylated 

N-methyl amines have been explored with three-fold HBpin.13 Surprisingly, no reports on 

hydrodesulfurization (HDS) or hydrodeselenization (HDSe) of isothiocyanates and 

isoselenocyanates have been found (Figure 4.1., C).  

The current trend of sustainable catalysis is using metals with high natural abundance, cheaper, 

and less toxic; the supporting ligand should contain C, H, and N elements only20 which can help 

the main-group metal gain superiority over transition metal in the field of catalysis.9a-d, 9f, 9h,9j-9k, 

10a-b, 19 In this background, our group developed the NacNac analog, conjugated bis-guanidinate 

(CBG) supported aluminum-based catalysts for the hydroboration of challenging unsaturated 

organic functionalities.12e, 21 As mentioned earlier, the selective hydroboration reactions of 

CDIs12 and isocyanates12k, 13 are rare, and surprisingly, there have been no reports on B-H 

addition in isothiocyanate and isoselenocyanates. Therefore, herein, I report a sustainable 

aluminum dihydride (I) as the catalyst for selective monohydroboration of heteroallenes and 

C=X (X = O, S, Se) bond cleavage of isocyanates (HDO), isothiocyanates (HDS), and 

isoselenocyanates (HDSe) to N-boryl methyl amines with excellent yields (Figure 4.1., D).  

4.2. Results and Discussion 

Previously our group reported a series of aluminum complexes bearing conjugated bis-

guanidinate (CBG) ligands,22 including CBG aluminum dihydride complexes.12e, 21 The CBG 

aluminum dihydride complexes I12e and II,21 LAlH2; (L = {(ArNH)(ArN)–C=N–

C=(NAr)(NHAr)}; Ar = 2,6- Et2-C6H3 (I); 2,6- iPr2-C6H3 (II)) can be easily accessed by the 

reaction of LH with AlH3·NMe2Et in toluene. Moreover, CBG aluminum compounds have been 
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utilized as catalysts for the hydrofunctionalization of unsaturated organic substrates.12e, 21, 23 As 

our ongoing interest in the molecular main group metal-based catalysts for organic 

transformations,9-13, 24 herein, I report the CBG aluminum dihydride catalyzed hydroboration of 

heteroallenes. 

4.2.1. Hydroboration of Carbodiimide 

In our previous report the compound I catalyzed hydroboration of commercially available 

aliphatic CDIs,12e such as iPrN=C=NiPr and tBuN=C=NtBu was studied. Considering the 

importance of N, N’-disubstituted formamidines for various applications,25 I aimed to investigate 

the hydroboration of a wide array of CDIs. 

Subsequently, N, N’-dicyclohexylcarbodiimide (DCC) was selected as a representative substrate 

to optimize CDI reduction with pinacolborane (HBpin) (Table S1 of ESI). The reaction of DCC 

1g with HBpin under catalyst I (3 mol%) at 80 oC for 12 h afforded only 55% of N-borylated 

formamidine, 2g, as indicated by 1H NMR analysis. However, a higher quantity of catalyst 

loading (5 mol%) resulted in 2g with a 99% yield (entry 3, see Table S1 of ESI). Compound II 

also displayed the same catalytic performance at similar reaction conditions. Besides, no change 

in the catalytic performance of compound I was observed when reactions were done in solvents 

such as benzene, toluene, and acetonitrile. (Table S1 in ESI, entries 7-9). 

With the optimization conditions, the catalytic monohydroboration of symmetrical and 

unsymmetrical CDIs was explored using catalyst I (5 mol%) at 80 oC in solvent-free conditions 

(Table 4.1.).  

Various symmetrical N, N’-diaryl CDIs, ArN=C=NAr (Ar = p-tolyl 1a, xyl 1b, 3,5-Me2Ph 1c, 

mes 1d, diethyl phenyl 1e, Dipp 1f), were converted into corresponding N-boryl formamidines 

(2a-2f) with 98-99% yield about 12 h reaction time interval. Moreover, the symmetrical dialkyl 
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Table 4.1. Substrate scope in monohydroboration of carbodiimides using DiethylLAlH2 (I) complex as a 

catalyst.a 

 

aReaction conditions: carbodiimide (1.0 equiv., 0.1 mmol), HBpin (1.0 equiv., 0.1 mmol), cat. I (5 mol%), neat, 12 h 

at 80 oC. bThe yield was determined by 1H NMR spectroscopy based on the consumption of carbodiimide and 

identified the NCHN signal confirmed the product. Formamidines (2b’-2c') were isolated after hydrolysis in 

methanol. cReaction was stirred at 110 oC for 24 h in neat conditions. 

CDIs such as ((Me3Si)NCN(Me3Si)) (1h), and dibenzylCDI (1i) were effectively reduced to 

corresponding monoborylated products 2h in 86% and 2i in 99% yields. Despite the harsh 

reaction conditions (110 oC in 24 h), product 2h is obtained in lower yield; due to the steric 

nature of the substrate. Further, to expand the substrate scope, unsymmetrical diaryl CDIs 
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ArN=C=NAr' (1j-1l) and aryl-alkyl CDIs (Ar-N=C=N-R) (1m-1o) were also tested under similar 

reaction conditions, which afforded unsymmetrical diaryl and aryl-alkyl N-boryl formamidines 

in quantitative yields (2j-2l; 2m-2o). In all these unsymmetrical N-boryl formamidine products, 

the Bpin unit is exclusively attached to the bulkier side of the N atom of the N=C=N core, as 

Hill12l and Eisen12i research groups reported. 

All newly synthesized N-boryl formamidines (2a-2o) were characterized by multinuclear NMR 

(1H, 13C{1H} and 11B) and high-resolution mass spectrometry (HRMS) analyses. In 1H NMR, all 

substrates' characteristic NCHN resonance signals were observed between 7.82–10.12 ppm. Two 

representative examples of N-boryl formamidines, i.e., 2b and 2c, were further hydrolyzed into 

corresponding air-stable formamidines (2b' and 2c')6a in 75% and 80% isolated yields, 

respectively.  

Next, I was curious to know the reaction between 1.0 equiv. CDI and 2.0 equiv. HBpin to obtain 

dihydroborylated products; such reports are rare.12h 

It was found that by using a 6 mol% catalyst I at 80 oC under neat conditions, the substrate DCC 

1g was doubly reduced into corresponding N, N’-dicyclohexyl-N, N’-bis(Bpin)methanediamine 

(3a) product in 99% yield (see ESI, Scheme S1). 

4.2.2. Hydroboration of Isocyanate 

Next, it was decided to explore the compound I catalyzed mononhydroboration of isocyanates. 

The examination was initiated by investigating the reaction between m-tolyl isocyanate (4b) and 

HBpin under neat conditions. In Table S2, it was found the best result for chemoselective 

hydroboration of 4b into N-borylated formamide 5b using 2% of either catalyst I or II in 12 h 

(ESI, Table S2, entries 7-8). No product formation was noticed in the absence of the catalyst. 
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Moreover, the catalytic activity of compound I is well tolerated at different solvents (Table S2 of 

ESI, entries 11-13). 

The final optimization condition for the synthesis of N-borylated formamide 5b leads us to 

explore the substrate scope for monohydroboration of a wide range of isocyanates (aryl and 

alkyl) into corresponding borylated formamides (5a-5z) with excellent tolerance of reducible 

functional groups such as alkyl, halide, nitro,26 nitrile, and alkene (Table 4.2.). 

In initial substrate screening, it was found that aryl isocyanates with electron-donating (Me, 

OMe, and OPh) and electron-withdrawing (NO2, F, Cl, Br, I, and CF3) functionalities (4a, 4c-4j, 

and 4m-4q) underwent chemoselective partial reduction into corresponding aryl N-boryl 

formamide products (5a, 5c-5j, and 5m-5q) with HBpin at room temperature within 10 min-12 h 

under 1-2 mol% catalyst (I) load without any solvent. In addition, catalyst I displayed an 

effective intramolecular chemoselective partial reduction of isocyanate (-NCO) moiety over 

nitrile (C≡N) functional group for substrates 4k-4l to afforded N-boryl formamides 5k and 5l in 

99% yields. Next, the 4-biphenyl isocyanate (4r), 1-naphthyl isocyanate (4s), and 1,4-phenylene 

diisocyanate (4t) were transferred into corresponding N-boryl formamides (5r-5t) in quantitative 

yields using 1.0-2.0 equiv. HBpin. Additionally, all cyclic and acyclic alkyl isocyanates (4u-4z) 

were also converted into corresponding alkyl N-boryl formamides (5u-5z) in 95-99%, yields 

with an effective chemoselective reduction of NCO over alkene (C=C) functionality in 4z.13c 

The 1H NMR spectra of 5a-5z revealed that the signature proton signal of the NCHO unit 

appears in the range of 8.60–10.2 ppm, similar to reported literature values.13c Moreover, five  

selected N-boryl formamides (5c-5d, 5g, 5m, and 5w) were undergo methanolysis (~ 5 mL 

MeOH) into desired air-stable formamides (5c’-5d', 5g', 5m', and 5w') with 70-85% isolated  
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Table 4.2. Substrate scope for monohydroboration and hydrodeoxygenation (HDO) of isocyanates using 

catalyst I.a 

aReaction conditions: isocyanates (1.0 equiv., 0.1 mmol), HBpin (1.0-3.0 equiv., 0.1-0.3 mmol), catalyst I (1-4 

mol%) were stirred in 10 mL sealed vial at rt or 80 oC for 10 min-24 h for all isocyanates under neat condition but in 

case of 5j-5q (or 7j-7q), 1.0 (or 2.0) mol% cat. I was used, and 7f and 7r-7s were stirred at 100 oC in neat condition. 
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bThe yield was determined by 1H NMR spectroscopy based on isocyanate consumption and identified the 

NCHOBpin or NCH3 signal confirmed the product. After hydrolysis in methanol, formamides (5c’-5d', 5g', 5m', 

5w') were isolated. n.r indicates no reaction.  cO(Bpin)2 is a side-product in all substrates. dFor 5t (or 7t), 

pinacolborane (2.0-6.0 equiv. 0.2-0.6 mmol) was used. eFor7u, the reaction was performed in ~ 4 mL dry toluene. 

fFor 5v, the yield was determined using an internal standard (nitromethane). 

yields (see ESI). In addition, 5m' was confirmed by a single crystal X-ray diffraction study (vide 

supra Figure S415 in supporting information). 

In addition, the dihydroboration of 2,6-diisopropylphenyl isocyanate (4g) and 4-bromophenyl 

isocyanate (4o) leads to corresponding N-, O-bis(boryl) hemiaminal products 6a13c and 6b in 70-

99% yields using 2.0 equiv. HBpin under 2 mol% of catalyst I (see ESI, Scheme S2). Otherwise, 

a mixture of boronate esters was observed for other isocyanates.  

The reports on metal-catalyzed hydrodeoxygenation (HDO) of isocyanates are rare.13 Therefore, 

I determined the complete reduction of isocyanates to N-boryl methyl amines using HBpin. For 

this m-tolyl isocyanate (4b) was selected as a model substrate and reacted with three equiv. of 

HBpin under the different conditions as displayed in Table S3 of ESI. I discovered that under 4 

mol% of catalyst I, substrate 4b was quantitatively hydroborated into corresponding N-

borylmethyl amine 7b with BpinOBpin as a by-product at 80 oC (entry 5, Table S3 of ESI). On 

lowering the catalyst loadings, a decrease in product yields was observed. Moreover, catalyst II 

exhibits similar catalytic performance at the same reaction conditions. 

To expand the substrate scope of HDO of isocyanates, I analyzed the same isocyanates used in 

the above monohydroboration reactions under optimized conditions (Table 4.2.). All aryl and 

alkyl isocyanates, including cyclic and acyclic substrates (4a-4f; 4h-4z), afforded the desired N-

borylmethyl amine products (7a-7f; 7h-7z) in 99% yields except 4g due to bulky isopropyl 

substituents in the ortho positions at 2-4 mol% of CBG aluminum hydride (I) at 80-100 oC 
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(solvent-free). The excellent tolerance of halide, nitro (NO2),26 nitrile (C≡N), and alkene (C=C) 

functional groups in the above reactions is notable. It should be noted that substrates, 3-

cyanophenyl isocyanate (4k) and 4-cyanophenyl isocyanate (4l), require a longer reaction time, 

up to 24 h, than other isocyanates and display the chemoselective formation of products 7k and 

7l in preference to the nitrile group. Isocyanate 4t requires six equiv. of HBpin to afford the N-

borylated methyl amine 7t in a 99% yield. 12c 

All N-borylated methyl amine products (7a-7f and 7h-7z) were characterized by multinuclear 

NMR spectroscopy, including the HRMS for two newly synthesized compounds (7i and 7k). The 

1H NMR and 13C{1H} NMR spectra disclosed that the characteristic N-methyl amine (-NCH3) is 

found in 2.47–3.16 ppm and 30.8–38.6 ppm as a single sharp peak, with O(Bpin)2 is the only 

side product found in all reduced products, confirmed by 11B NMR spectra. 

4.2.3. Hydroboration of Isothiocyanate 

To our knowledge, there have been no reports on metal-catalyzed hydroboration of 

isothiocyanates. Thus, I investigated the addition of a B-H bond to isothiocyanates using HBpin. 

As described in Table S4, I optimized the conditions for the compound I catalyzed partial 

reduction of a model substrate, phenyl isothiocyanate (8a), to phenyl N-borylthioformamide 

(9a), both neat and different solvents (Table S4, entries 3, 6-8). Catalyst II also shows a similar 

activity as a catalyst I at optimized reaction conditions. In the absence of a catalyst, no reduction 

of substrate 8a was observed. 

As shown in Table 4.3., the substrate scope was summarized for partial reduction of 

isothiocyanates under optimized reaction conditions with good tolerance of alkyl, halide, NO2,26 

and C=C groups under 3 mol% of catalyst I in 20 min-12 h. Aryl substrates with electron-  
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Table 4.3. Substrate scope for monohydroboration and hydrodesulfurization (HDS) in isothiocyanates using 

catalyst I.a 

aReaction conditions: isothiocyanates (0.1 mmol, 1.0 equiv.), HBpin (0.1-0.3 mmol, 1.0-3.0 equiv.) and catalyst I (3-

5 mol%) were stirred in a 10 mL sealed vial for 20 min-24 h at 80-90 oC under neat conditions. bThe yield was 

determined by 1H NMR spectroscopy based on isothiocyanate consumption and identified the NCHSBpin, or NCH3 

signal confirmed the product. After hydrolysis in methanol, thioformamide (9j') was isolated. c(Bpin)2S is a side-

product in all substrates. dYield was determined using an internal standard (nitromethane). 
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donating functional groups (Me 8b, Xyl 8c, Mes 8d) require no change in optimized conditions 

for complete conversion into corresponding aryl N-borylated thioformamides 9b-9d.  

Despite the harsh reaction conditions, substrates 8e and 8f could not be reduced due to their 

steric nature. For p-methoxy isothiocyanate 8g, I found only 60% product formation of N-(p-

methoxy)methane thioamide 9g. Derivatives of aryl isothiocyanate with electron-withdrawing 

(F, Cl, Br, NO2) groups 8h-8l underwent smooth partial reduction upon treatment with 1.0 equiv. 

HBpin into corresponding N-borylated aryl thioformamides 9h-9l within 20 min-1h. Next,  alkyl 

isothiocyanates were screened under standard reaction conditions. At first, benzyl isothiocyanate 

8m was fully reduced into N-benzyl-N-(Bpin)methane thioamide 9m in 2 h. Notably, both 

cyclohexyl methyl isothiocyanate (8n) and cyclohexyl isothiocyanate (8o) gave 50-70% yields of 

the respective borylated thioformamides (9n-9o). Nevertheless, again 2o alkyl isothiocyanate, 

i.e., benzhydryl isothiocyanate 8p, afforded the corresponding 2o alkyl boryl thioformamide 9p 

in 99% yield. Next, I screened a challenging substrate, like allyl isothiocyanate (8q), containing 

N=C=S and C=C reducible functional groups. In this case, 8q got converted into 9q, in 80 % 

yield, in which the alkene group (C=C) is untouched.  

All newly synthesized N-boryl thioformamides (9a-9d; 9g-9q) were characterized by 

multinuclear NMR (1H, 13C{1H} and 11B) and HRMS spectroscopic methods. In 1H NMR 

spectra of N-boryl thioformamides, the proton resonance signal for NCHS moiety was found in 

9.71–10.55 ppm, while the corresponding carbon signal for the NCHS unit observed in the 

downfield region of 187.5–200.6 ppm. Furthermore, a representative example of a 

thioformamides hydrolyzed product, i.e., 9h', is confirmed by a single-crystal X-ray structure. 

(vide supra, ESI, Figure S416). 
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In dihydroboration of isothiocyanates, substrate, i.e., p-methoxyphenyl isothiocyanate (8g), was 

reduced into corresponding dihydroborylated product 10a under 3% catalyst I at 80 oC for 24 h, 

confirmed by multinuclear NMR and mass spectroscopic methods (ESI, Scheme S3). A mixture 

of boronate ester products was noticed for other isocyanates; therefore, additional substrate scope 

in the dihydroboration of isothiocyanates was not expanded. 

Hydrodesulfurization (HDS) is vital to remove sulfur-containing impurities from crude oils due 

to adverse environmental effects and catalyst poisons.27 As I mentioned before, no reports have 

been found in the C=S bond cleavage of isothiocyanates as far as molecular aluminum chemistry 

is concerned. Using 5 mol % of either catalyst I or II, I noticed the quantitative 

hydrodesulfurization of phenyl isothiocyanate 8a into N-borylated methyl amine 11a 

incorporating 3.0 equiv. HBpin at 90 oC under neat conditions (Table S5, entries 5-6). S(Bpin)2 

was found as a by-product. In addition, no C=S bond cleavage was found in 8a under catalyst 

and solvent-free environments (Table S5, entry 8). The catalytic activity of compound I was 

unaltered in the presence of other solvents, i.e., toluene, benzene, and acetonitrile. 

Motivated by the excellent catalytic activity of compound I towards HDS of phenyl 

isothiocyanate 11a, a wide range of substrates were screened under standard conditions with 

good tolerance of alkyl, halide, nitro,26 and alkene groups (Table 4.3.). 

In initial substrate screening, I discovered that aryl isothiocyanates having electron-rich (methyl 

and methoxy) and deficient groups (nitro, bromo, and fluoro) were fully reduced into 

corresponding N-borylated methyl amines (11b-11g, 11j-11l) in99% yields using 5 mol% of 

catalyst (I) in 12-24 h (neat condition). Whereas reducing 3-chlorophenyl isothiocyanate and 3-

bromophenyl isothiocyanate (8h and 8i), in each case, only 50% of the hydroborated products 

(11h and 11i) were observed. The 1o and 2o alkyl isothiocyanates (8m-8p) were hydroborated 
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into aliphatic boryl N-methyl amines (11m-11p) with excellent yields. Interestingly, for allyl 

isothiocyanate 8q, compound I effectively borylated only NCS fragments into NMeBpin 11q 

without disturbing alkene moiety (C=C). 

The 1H and 13C{1H} NMR spectra exhibit the characteristic N-methyl amine (-NCH3) moiety is 

found in .01–4.02 and  33.0–45.9 ppm as a single sharp peak, with S(Bpin)2 being the side 

product in all substrates, as identified by 11B NMR spectra. 

4.2.4. Hydroboration of Isoselenocyanate 

Further, I decided to investigate the reduction of selenocyanates with HBpin as a hydride source. 

All isoselenocyanates (12a-12e) were synthesized as per the literature reports.28 As shown in 

Table S6 (Entry 3), the formation of selenoformamide was most efficient in neat conditions 

using catalyst I (5 mol%) at 80 oC for 12 h, which enabled the product in quantitative yield. At 

the optimized conditions, catalyst II shows similar catalytic activity. Moreover, no change in the 

catalytic activity of compound I was discovered in solvents such as toluene, benzene, and 

acetonitrile. No conversion was found in the absence of the catalyst. Table 4.4. summarizes the 

scope of the isoselenocyanates studied in this report. All aryl and alkyl isoselenocyanates (12a-

12e; except 12d) transformed to N-borylselenoformamide in quantitative yields, while 12d gave 

in 50% of 13d. 

In 1H NMR spectra, the characteristic NCHSe moiety signal was found in the downfield region 

at 11.90–12.47 ppm, and the distinctive carbon signal of NCHSe was found in the range 

189.7– 207.5 ppm. HRMS further confirmed all newly synthesized N-boryl selenoformamides 

(13a-13e). 

Next, I focused on the dihydroboration of isoselenocyanates. For this, 2-

isoselenocyanatonaphthalene 12c was selected as a representative example (Scheme S4 in ESI).  
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Table 4.4. Using catalyst I, substrate scope for monohydroboration and hydrodeoselenization (HDSe) in 
selenocyanates.a 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

aReaction conditions: selenocyanates (0.1 mmol, 1.0 equiv.), HBpin (0.1-0.3 mmol, 1.0-3.0 equiv.), catalyst I (5-6 

mol%), neat, 12-48 h at 80-110 oC under N2. bThe yield was determined by 1H NMR spectroscopy based on 

selenocyanate consumption and identified the NCHSeBpin, or NCH3 signal, confirmed the product. c(Bpin)2Se is a 

side-product. 

Under 5 mol% of CBG Al-H (I), compound 12c was smoothly reduced into respective 

dihydroborylated product 14a in 99% yield at 80 oC, confirmed by NMR and mass spectroscopy. 

After this, I focused on the hydrodeselenization (HDSe) reaction using 12a as a model substrate. 

The synthesis of N-boryl methyl amine 15a was most efficient in neat conditions utilizing 

Entry Isoselenocyanate (12) Monohydroboration (13)[b]

12a

12c

12d

12e

1

3

4

5

NCSe

NCSe

NCSe

N
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H
Se
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H
Se

N

Bpin

H
Se

NCSe N
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H

Se

12b2
NCSe N
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H

SeMeO MeO

R N
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cat. I (5 mol%)

neat, 80 oC, 12 h
R N
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Se
H
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C Se
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13d, 50%
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-(Bpin)2Se

R
N
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Me
3 HBpin

15a-15e, >99%

13a, >99% 
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13b, >99%

13d, 50%
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HDSe(15)[b], [c]

N Bpin

Me

N
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Me

N Bpin

Me

N Bpin

Me

N
Bpin

Me

MeO
15b, >99%

15c, >99%

15d, >99%

15e, >99%

15a, >99% 
(1.0 mmol scale)
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catalyst I (6 mol%) and 3.0 equiv. HBpin at 110 oC for 48 h (Table S7, entry 5). Se(Bpin)2 is the 

side product in the above reaction, confirmed by the 11B NMR spectrum. In addition, I noticed 

the same catalytic performance by catalyst II at the optimized conditions. With optimized 

reaction conditions in hand, the HDSe reaction was screened for the above selenocyanate 

substrates (used in partial reduction) with three folds of HBpin under standard conditions (Table 

4.4.). I noticed the quantitative formation of all four isoselenocyanates 12b-12e to desired N-

methyl boryl amine products (15b-15e) (Table 4.4.). In 1H NMR, the N-methyl proton signal of 

N(CH3)Bpin moiety was found at 2.13–3.06 ppm, and the carbon signal for the N(CH3)Bpin unit 

presented in a range of 33.6– 40.5 ppm. In addition, in 11B NMR, two peaks were found 

corresponding to N-boryl methyl amine and side product S(Bpin)2.  

4.2.5. Intermolecular Chemoselective Reduction of Isocyanates  

Chemoselective reactions are highly effective routes for the preparation of desired products.29 

During the hydroboration of isocyanates, I noticed the tolerance of many reducible functional 

groups such as alkyl, alkene, halide, nitro, and nitrile.  

Moreover, only isocyanates are smoothly transformed into corresponding hydroborated products 

among all heteroallenes under mild conditions. Therefore, I was interested in exploring 

isocyanates' intermolecular chemoselective hydroboration reactions versus other heteroallenes 

and alkene (ESI, Scheme S5). 

The equimolar solution of 3,5-dimethyl phenyl isocyanate 4e, 1,3-Bis(2,6-methyl 

phenyl)carbodiimide, and HBpin, when mixed with 2 mol% catalyst I under the solvent-free 

condition at room temperature, resulted in partial reduction of 4e into the corresponding N-

borylformamide 5e in 99% yield in preference to unreacted XylCDI (see ESI, Scheme S5 a). Next, 

1.0 equiv. 4-methoxyphenyl isocyanate (4h) / 4-methoxyphenyl isothiocyanate was treated with 
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HBpin (1.0 equiv.) under catalyst I (1 mol%) at room temperature for 12 h, affording the 

complete conversion of 4h into corresponding monoborylated product 5h over the reducible 

isothiocyanate (ESI, Scheme S5 b). In additional experiments, a 1:1 molar ratio of 4-

fluorophenyl isocyanate(4m)/4-bromophenyl isocyanate (4o) and 4-fluorophenyl 

isothiocyanate/4-nitrophenyl isothiocyanate were treated with 1.0 equiv. HBpin reagent at rt for 

10 min, resulting in the complete production of borylated N-formamides (5m/5o) in preference 

to reducible electron-withdrawing aryl isothiocyanates. Similarly, 3,5-dimethyl phenyl 

isocyanate 4e underwent monohydroboration into respective aromatic N-borylformamide 5e 

under the standard conditions with unconverted electron-donating aryl selenocyanate (see 

supporting information, Scheme S5 c). Furthermore, a one-pot reaction of p-methoxyphenyl 

isocyanate (4h), p-methoxy styrene, and HBpin at optimized conditions gave a quantitative 

borylated product 5h in preference to unreacted alkene (Scheme S5 d, ESI). 

In addition, one chemoselective dihydroboration reaction was performed between 4-

bromophenyl isocyanate (4o) and 4-nitrophenyl isothiocyanate. Both reactants mixed in 

equimolar quantity with two-fold HBpin under 2 mol% compound I at rt for 1 h, resulting in N-, 

O-bis(boryl) hemiaminal product 6a in quantitative yield in preference over isothiocyanate (ESI, 

Scheme S5 e). Next, I evaluated the intermolecular chemoselective hydrodeoxygenation 

reactions with our current catalytic methodology (NCO vs. NCS, NCSe, or C=C). The reaction of 

one equiv. 4-methoxyphenyl isocyanate (4h), one equiv. 4-methoxyphenyl isothiocyanate, and 

three equiv. HBpin under 4 mol% of compound I at neat conditions resulted in the complete 

transformation of 4h into p-methoxy N-boryl methyl amine (7h) over unreacted isothiocyanate 

(Scheme S5 f, ESI). In addition, 4-fluorophenyl isocyanate (4m) / 4-bromophenyl isocyanate 

(4o) was reduced fully into corresponding N-boryl amine products (7m/7o) in comparison to 
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untouched reducible isothiocyanate substrates under 2 mol% catalyst I. At last, 4e was 

transformed into corresponding borylated N-methyl amine (7e) in 70% yield over selenocyanate 

under three folds of HBpin (ESI, Scheme S5 g). Moreover, quantitative hydrodeoxygenation of 

isocyanate 4h into corresponding borylated N-methyl amine 7h with unreacted C=C double bond 

of alkene was noticed for the intramolecular competitive reaction between 4h and p-methoxy 

styrene with 3.0 equiv. of HBpin (Scheme S5 h, ESI). 

4.2.5. Kinetic study 

The catalytic performance for B-H addition in carbodiimide was examined by in situ reaction of 

HBpin with 1.0 equiv. of XylCDI (1b) catalyzed by 5 mol% of aluminum-hydride (I) at 80 oC 

(Figure 4.2.).  

 

Figure 4.2. a) Kinetic study for hydroboration of XylCDI (1b). b) Graphical plot of [product]/M versus time for 

reduction of (Xyl)N=C=N(Xyl) (1b) catalyzed by 5 mol% of complex I at rt-80 oC between 60 min-720 min. c) 

Stacked 1H NMR spectra (400 MHz, C6D6) for the reduction of XylCDI (1b) (1.0 equiv. 0.3 mmol) and HBpin (1.0 

equiv. 0.3 mmol) using 5 mol% aluminum hydride (I) complex as a catalyst. Spectra were recorded at different 

temperatures and time intervals between T = 25-80 oC and t = 60 min -720 min, respectively;  = (Xyl)N=CH-

N(Bpin)(Xyl) (2b). 
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Reaction progress over 720 min exhibits the formation of N-boryl formamidine (2b) (Figure 4.2. 

a). The reaction began at 120 min, where the formation of hydroborated product 2b was evident 

by the NCHN proton signal at  8.24 ppm (singlet, C6D6). Finally, the disappearance of the 

starting methyl protons at 2.32 ppm and exclusive formation of borylated formamidine 2b was 

noticed at 720 min, indicating the complete reduction of (Xyl)N=C=N(Xyl) (1b) to 

corresponding reduced product 2b with no other side product. Figure 4.2.b indicates the sigmoid 

curve for forming N-boryl formamidine 2b as per reported literature.12 Similar observation was 

found in situ B-H addition for (p-Toly)N=C=N(p-Tolyl) (1a), (3,5-Me2Ph)N=C=N(3,5-Me2Ph) 

(1c) and (Mes)N=C=N(Mes) (1d) carbodiimides (see ESI, Figure S417-S419). 

Further, the catalytic activity was assessed by in situ examining (1H NMR spectroscopy) a 

reaction of HBpin and p-chlorophenyl isocyanate (4n) catalyzed by 2 mol % of CBG aluminum 

dihydride at room temperature to 80 oC. The reaction's evolution over 720 minutes discloses a 

subsequent formation of amide, hemiaminal, and N-boryl methyl amine products, as shown in 

Figure 4.3. a.  
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Figure 4.3. a) Kinetic study for hydroboration of p-chlorophenyl isocyanate (4n). b) Graphical plot of [Product]/M 

versus time for reduction of 4-ClPhNCO (4n) catalyzed by 2 mol% of complex I at rt-80 oC between 5 min-1400 

min; c) Stacked 1H NMR spectra (400 MHz, C6D6) for the reduction of p-chlorophenyl isocyanate (4n) (1.0 equiv. 

0.3 mmol) and HBpin (1.0 equiv. 0.3 mmol) using 2 mol% aluminum hydride (I) complex as a catalyst. Spectra 

recorded at different temperature and time intervals between T = 25-80 oC and t = 5min -1400 min, respectively;   

= 4-ClPhN(Bpin)CHO (5n),  = 4-ClPhN(Bpin)CH2O(Bpin),  = 4-ClPhN(Bpin)CH3 (7n). 

At the beginning of the reaction, the formation of 4-ClPh(Bpin)HC(O) (7n) was evidenced by 

the appearance of a deshielded proton resonance at 8.53 ppm at rt. Later, on the temperature 

elevation to 80 oC; I noticed the hemiaminal product and amide emergence at 120 minutes. The 

formation of the hemiaminal product was confirmed by the significant peak at 5.54 ppm. After 

reaching 240 minutes, N-boryl methyl amine evolved, evidenced by the occurrence of a peak at 

3.01 ppm. Finally, a disappearance of amide and hemiaminal species and exclusive formation of 

HDO product, N-boryl methyl amine, was noticed at 720 minutes. There was no further change 

when I recorded an NMR after 1400 minutes. 

The kinetic experiments indicate that the reaction advances with the subsequent mechanism 

order. As shown in Figure 4.3. b, I noticed the sigmoid curve of N-boryl methyl amine, 7n, 

similar to the reported zinc13c and magnesium13d catalyzed C=O bond cleavage of organic 

isocyanates. 

4.2.6. Control Experiments 

Several control experiments were conducted to deduce that the aluminum hydride catalyzed 

successive hydroboration of heteroallenes to monoborylated, diborylated, and N-boryl methyl 

amine products. A 1:1 stoichiometric reaction between catalyst II and XylCDI(1b) in toluene at 

80 oC for 12 h led to CBG Al formamidinate hydride complex, Int A (Scheme 4.1.). Here, the 

insertion of CDI into the Al-H bond happened. NMR and mass spectrometric methods 
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characterized the intermediate Int A. The 1H NMR spectrum of Int A reveals a signature peak of 

-NCHN moiety at  7.68 ppm, which is good in agreement with reported NacNac stabilized 

aluminum formamidinate complexes.12f The 13C{1H} NMR peaks at  153.4 ppm, attributed as 

NCHN. It is noteworthy that when xylCDI (1b) and compound II reacted in a 1:2 ratio, resulting 

in Int A long with unreacted carbodiimide 1b, which proves that no double hydroalumination 

happens in carbodiimide reduction. Further, a 1:1 stoichiometric reaction of Int A and HBpin has 

been performed in C6D6 at 80 oC for 12 h in a J. Young valve NMR tube. NMR studies noticed a 

clean formation of compounds II and 2b. Moreover, in the additional experiment, when 

compound II was treated with N, N’-diisopropyl carbodiimide (DIC) in the above reaction 

conditions, it afforded alkyl aluminum formamidinate hydride complex (Int A'). The newly 

synthesized Int A' was characterized by NMR, mass, and Single-crystal X-ray diffraction 

techniques (Scheme 4.1.).  

 
Scheme 4.1. Control experiments for carbodiimide and isocyanate hydroboration. 
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Additionally, when Int A' was treated with 1.0 equiv. of pinacolborane at 80 oC for 12 h in 

benzene-d6, again regeneration of catalyst II and N-boryl formamidine of DIC was observed.  

 
Scheme 4.2. Control experiments for isothiocyanate and isoselenocyanate hydroboration. 

In the following experiments, a 1:2 stoichiometric ratio of catalyst II and XylNCO (4d) in toluene 

at 90 oC for 12 h yielded CBG bis(formamidinate)Al(III) complex, Int A1 (Scheme 4.1.). NMR 

and mass spectrometry methods confirmed the compound Int A1. Next, a reaction between Int 

A1 and 2.0 equiv. HBpin afforded compound II and N-borylated formamide 5d, confirmed by 

1H and 13C{1H} NMR spectroscopy. 

In addition, reacting catalyst II with 1.0 equiv. p-methoxyphenyl isothiocyanate (8g) in toluene 

at 90 oC for 24 h yielded a single hydroaluminumation product LAlHSC(H)N(4-OCH3C6H4), Int 

A2 in 68% yield (Scheme 4.2.). The 1H NMR spectrum reveals one singlet resonance at  10.03 
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ppm of SC(H)N moiety of Int A2 in C6D6, while the corresponding 13C{1H} spectrum shows a 

single sharp peak in the far downfield region of  199.9 ppm for methine carbon atom of 

SC(H)N fragment. Both 1H and 13C{1H} spectral data were well matched with the reported 

literature30 and confirmed by mass spectroscopy. Next, the Int A2 mixed with 1.0 equiv. HBpin 

in benzene-d6 in a J. Young valve NMR tube and heated at 80 oC for 12 h, resulting in complex 

II and N-boryl thioformamide 9g as confirmed by multinuclear NMR studies. Moreover, it was 

observable when LAlH2 (II) was treated with 2.0 equiv. of p-methoxyphenyl isothiocyanate (8g), 

only Int A2 is found along with unreacted isothiocyanate 8g. Therefore, it is proved that no 

double hydroalumination occurs in isothiocyanate reduction. In the following reaction, when a 

1:2 molar ratio of Int A2 and HBpin mixed with 0.5 mL of C6D6 and heated at 90 oC for 12 h, 

afforded an aluminum-thioboryl hydride type species LAlH(SBpin), Int C, and N-borylated 

methyl amine product 11g. Multinuclear NMR spectra analyzed the formation of both 

compounds. Again, a 1:1 molar ratio of compound II and benzhydryl isothiocyanate (8p) yielded 

the Single crystals of mononuclear hydroaluminumationcomplex, Int A2' (Figure 4.4.). The 

characteristic thiomethine proton signal of SC(H)N moiety is found at  10.00 ppm in the 1H 

NMR spectrum, while the 13C{1H} NMR spectrum reveals the corresponding sharp carbon peak 

in 200.0 ppm in benzene-d6. It is important to note that in the presence of 2.0 equiv. 

benzhydryl isothiocyanate (8p), exclusively Int A2', is observed with unconsumed 8p. In the 

end, a toluene solution of compound II when treated with 2,6-dimethyl phenyl 

isoselenocyanate(12a) in a 1:1 molar ratio at 90 oC, resulted in a single insertion product 

LAlHSeC(H)N(2,6-Me2C6H3), Int A3 (Scheme 4.2.). The Int A3 was isolated in a 74% yield. 

Both NMR and mass analyses established the existence of Int A3. The 1H NMR spectrum 

reveals the characteristic selenomethine proton of the SeC(H)N component at  9.08 ppm in 
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benzene-d6, while the 13C{1H} NMR spectrum exhibits the corresponding carbon peak at 192.4 

ppm. Note that no double hydroalumination reaction happened in the presence of 2.0 equiv. of 

2,6-dimethyl phenyl isoselenocyanate (12a). 

4.2.7. X-ray Study 

The newly prepared aluminum intermediates (Int A’ and Int A2’) were crystallized 

(ether/toluene) in a triclinic (or monoclinic) lattice with P1തand P21 space groups (crystal and 

structure refinement data in ESI, Table S8). In both structures (Figure 4.4.), the central aluminum  

 

Figure 4.4. Molecular structures of compounds Int A' (left) and Int A2' (right). All the hydrogen atoms 

(except for H(4), H(5), and H(51)) and isopropyl groups have been removed for clarity. Selected bond 

distances (Å) and angles (deg). For Int A' (left): Al1−H1 1.919(2), Al1−N1 1.900(2), Al1−N2 1.890(2), 

Al1−N6 1.854(2), N1−C25 1.344(3), N3−C25 1.342(2), N3−C26 1.334(3), N2−C26 1.350(3), N6-C51 

1.359(3), N6−C52 1.492(2), C51−N7 1.283(3), C51−H51 0.930(2); N2−Al1−N1 95.39(9), N2−Al1−H1 

115.645(6), N1−Al1−H1 111.812(6), C25−N3−C26 123.9(2), N6−Al1−N2 113.12(10), N6−Al1−N1 

110.68(9), N6−Al1−H1 109.515(5), Al1−N6−C51 116.93(17), N6−C51−N7 127.5(2), C51−N6−C52 115.9(2), 

N6−C51−H51 116.292(2), N7−C51−H51 116.212(2). For Int A2’ (right): Al1−H1 1.588(3), Al1−N1 1.884(2), 

Al1−N2 1.874(2), Al1−N6 1.902(2), N1−C25 1.358(4), N3−C25 1.338(3), N3−C26 1.341(3), N2−C26 

1.352(4), N6-C51 1.323(4), N6−C52 1.480(4), C51−H51 0.949(2), C51−S1 1.666(3); N2−Al1−N1 96.14(10), 

N2−Al1−H1 114.196(9), N1−Al1−H1 114.554(9), C25−N3−C26 124.2(2), N6−Al1−N2 109.54(11), 
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N6−Al1−N1 113.97(11), N6−Al1−H1 108.139(11), Al1−N6−C51 118.7(2), N6−C51−S1 130.1(3), 

C51−N6−C52 117.6(2). 

atom adopts distorted-tetrahedral geometry bonded with an N, N’-chelated monoanionic DippCBG 

ligand, one hydrogen atom, and one amido fragment (-NCHN or -NCHS). The observed Al1-N6 

bond length of Int A' (1.854(2) Å) was slightly longer than the reported N-donor analog NacNac 

aluminum formamidinate hydride12f {[CH{C(Me)NAr}2Al(H)N(iPr)CHN(iPr)], 1.844(3) Å}. The 

bond distance of Al1-N6 in Int A2' (1.902(2) Å) is significantly longer than that of Al1-N6 bond 

length of Int A' (1.854(2) Å) and shorter than the reported pyrrole stabilized aluminum 

thioformamidiates30 {[C4H2N(2-CH2NHtBu)(5-CH2NMe2)]Al(SCHNPh)2,30a 2.0207(14)  Å and 

[C4H2N(CH2NMe2)2]Al(SCHNPh)2,30b 2.0201(14). The N1–Al1–N2 bite angle of Int 

A'(95.39(9) °) was found moderately acute than the corresponding bond angle noticed in 

{[(DippNacNac)Al(H)N(iPr)CHN(iPr)]; N1–Al1–N295.54(13)°}.12f As per literature analysis, our 

current structurally characterized Int A2' is the only example of a single hydroalumination 

product with isothiocyanate fragment (-NCHS).30 

4.2.8. Catalytic Cycle 

Based on a series of control and kinetic experiments, a probable catalytic cycle has been 

suggested for the aluminum-catalyzed hydroboration of heteroallenes such as CDIs, isocyanates, 

isothiocyanates, and isoselenocyanates to N-borylformamidine, N-borylformamide, N-

borylthioformamide, and N-borylselenoformamides, respectively (Scheme 4.3.). The 

dihydroboration of heteroallenes yielded the formation of bis(boryl) hemiaminal products. The 

reaction of heteroallenes (except CDI) upon treatment with three equiv. HBpin afforded 

hydrodeoxygenation (HDO) or hydrodesulfurization (HDS), or hydrodeselenization (HDSe) 

products, i.e., N-boryl methyl amines. 
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Scheme 4.3. A plausible mechanism for hydroboration of heteroallenes. 

At the first step of the catalytic cycle, the aluminum-dihydride catalyst (II) was reacted with 

carbodiimide, isothiocyanate, and isoselenocyanate in a 1:1 stoichiometric ratio (Scheme 4.3.). In 

all cases, insertion of heteroallenes into the Al-H bond gave corresponding 

(DippCBG)AlHNR(CHX) {where X = NR, S, Se} complexes. While in the case of a reaction 

between 1:2 stoichiometric amounts of compound II and isocyanate afforded, double isocyanate 

insertion into Al-H bonds was noticed. The formation of CBG (bis)-formamidinateAl(III) (Int 

A1) was confirmed by NMR and mass spectrometry analysis. This implies the high reactivity of 

isocyanates compared to other heteroallenes.  

Next, reactions between Int A, Int A1, and Int A2 with HBpin independently provided 

chemoselectively N-boryl formamidine, N-boryl formamide, N-borylthioformamide, 

respectively, and resurgence of the catalyst II (Scheme 4.3.). Moreover, I presume that catalyst 

II reacts with corresponding mono N-borylated products in each case, leading to the formation of 

intermediate Int B except N-boryl formamidine. Next, the emergence of bis-(boryl) amine 
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{RN(Bpin)CH2(XBpin), X = O, S, Se} and regeneration of catalyst II happened by the reaction 

of Int B and HBpin. 

Further, in all instances, reactions between N-borylaminal and the catalyst II yielded the N-boryl 

methyl amine products {RN(Bpin)Me} and Int C.  Alternatively, a 1:2 stoichiometric reactions 

of Int A2 and HBpin in C6D6 at 90 oC for 12 h has been carried out. In this case, Int C and N-

boryl methyl amine formation was noticed. Lastly, the reaction between Int C and HBpin 

afforded the resurgence of the catalyst II and X(Bpin)2 {X= O, S, Se} as a by-product and 

terminated the catalytic cycle. 

4.3. Conclusions 

I have established that the molecular aluminum dihydride catalyzed a remarkable partial 

reduction of heteroallenes for the first time. The prototype aluminum-based reagent synthesizes 

formamidines/formamides/thio-formamides/seleno-formamides through a B-H bond activation 

by utilizing CDIs/isocyanates/isothiocyanates/isoselenocyanates as starting materials. Moreover, 

I have demonstrated aluminum-catalyzed effective hydrodeoxygenation (HDO), 

hydrodesulfurization (HDS), and hydrodeselenization (HDSe) reactions. Several control and 

kinetic experiments and structurally characterized intermediates indicate that aluminum species 

are responsible for the reduction reactions. This work highlights the applicability of CBG 

aluminum hydride complexes as cheaper, earth-abundant, non-toxic alternatives to 

stoichiometric metal reagents or molecular transition/lanthanide metal catalysts for the 

hydroboration of organic substrates. More importantly, the presented aluminum-catalyzed HDO 

and HDS processes would open new opportunities to convert lignin biomass into value-added 

chemicals, biofuels and remove sulfur-containing impurities from crude petroleum feedstocks 

and fuels. 
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4.4. Appendix: All general experimental information along with analytical data and spectral files 

of hydroborated products and control reactions were available in supporting information of Eur. 

J. Org. Chem. 2022 (Accepted). DOI: https://doi.org/10.1002/ejoc.202200941. In addition, the 

Crystallographic data and structure refinement summary of compounds (Int A’, Int A2’, 5m’, 

and 9h’) were also provided in ESI. 
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Chapter 5A 

Aluminum-Catalyzed Reduction of Alkenes and Isocyanides via Hydroboration: C=C and 

N=C Double Bond Activation 

Abstract 

Herein, a remarkable N, N’-chelated CBG aluminum dihydride [LAlH2; L = {(ArHN)- 

(ArN)C=NC=(NAr)(NHAr); Ar= 2,6-Et2-C6H3}] (1) catalyzed selective B-H addition across the 

double bond of alkenes and isocyanides is studied. A wide range of alkenes, including terminal, 

internal, 1,1-disubstituted to -substituted, underwent exclusively anti-Markovnikov 

hydroboration reaction with excellent yield and high regioselectivity. The isolated linear boronic 

esters (RCH2CH2Bpin, R = aryl/alkyl) are air-stable and non-toxic, therefore well preserved for 

further application in coupling reaction (Suzuki coupling) partner to synthesis industrially 

important organic synthons. In addition, compound 1 was employed for double hydroboration of 

aryl and alkyl organic isonitriles into corresponding diboronate amine esters (RNBpinCH2Bpin, 

R = aryl/alkyl) in good yield. Moreover, the developed catalytic methodology demonstrates 

effective gram-scale hydroboration of alkenes and isocyanides under neat conditions.  

5.A.1. Introduction 

Boron reagents are the vital feedstocks of the organic synthetic field due to their coupling 

reactions to generate new C-C bonded valuable organic molecules.1 In addition, these organic 

components are also used in the medicinal industry and for valuable bioactive molecules.2 

Therefore past few years, adequate research has been done to develop good synthetic routes to 

prepare stable boron species. As evident from the literature study, I noticed that alkyl boronic 

esters were synthesized by various methods, which include coupling reactions of Grignard 

reagents,3a hydroboration of alkenes,3b alkynes,3c alkyl halides,3d and more importantly 
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borylation of C-H bond of simple organic motifs using molecular metal complexes.4  Olefin 

reduction via hydroboration technique provides the best gateway to synthesize air-stable and 

less-toxic boronic ester precursors, as the synthetic route is safer and highly selective.5 

According to the literature survey, various transition metal complexes6 were developed to afford 

suitable boron species from corresponding olefins. In this regard, it should be noted that only a 

handful of examples of s and p block elements7 are reported for the chemoselective 

transformation of alkenes to desired hydroborated products. 

In recent main-group metal catalysis, it was discovered that various molecular aluminum 

complexes have been used for the reduction of unsaturated organic compounds using 

hydroboration,7, 8 hydrosilylation,9 hydrostannylation,9c hydroamination,10 and transfer 

hydrogenation11 methods. The rise of aluminum chemistry is due to its unusual properties, such 

as being highly earth-abundant, cheap, and non-radioactive compared to lanthanide and 

transition metal complexes.12 

In 2016, Oestreich7k group reported the first alkene hydroboration among main-group elements. 

The author used a pre-catalyst to reduce the olefin into linear boronate, and the author employed 

commercially available BArF
3 (ArF=3,5-bis(trifluoromethyl)phenyl) ester via the anti-

Markovnikov addition of pinacolborane. However, the boronate esters were isolated in a lower 

yield. More importantly, a trace quantity of hydroborated products was noticed. Later, other 

main-group metal reagents were introduced for alkene reduction by Zhang,7a Wu,7i Cowley,7h 

Hong,7d Xue,7b An,7e, 7g  and Thomas7l research groups respectively. However, the catalysts were 

highly pyrophoric; quenching, reaction waste disposal, and proper handling are quite 

challenging.13 Therefore, based on the above work and their restriction, it increases the demand 

for sustainable catalysts. In 2017, Parkin and cowokers7j employed terminal monomeric 
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magnesium hydride [TismPri Benz]MgH catalyst for hydroboration of styrene to 1-phenylethyl 

isomer Ph(Me)C(H)Bpin (branched product) with Markovnikov selectivity. Recently, Sen7c and 

Panda's7f research group demonstrated an anti-Markovnikov HBpin addition in alkenes by using 

molecular lithium and aluminum alkyl complexes as pre-catalysts. So, it indicates that molecular 

metal complexes7c, 7f, 7j are better and more efficient catalysts than metal reagents 7a-7b, 7d-7e, 7g-7i, 7k 

for the reduction of olefins.  

  In organic chemistry, isocyanide reduction is quite an attractive research area.14 Only one 

main-group catalyst15 has been reported to reduce isonitriles. The reaction was first initiated by 

Figueroa and coworkers16 where they mixed the equimolar amount of 9-BBN (9-

Borabicyclo[3.3.1]nonane) and m-terphenyl isocyanide to synthesize the corresponding 

bis(boryl)amine ester product. The author also prepared a partially reduced boroyl-imine product 

by using half equiv. 9-BBN in dry ether. Several experiments were done for the complete 

reduction with pinacolborane but ended with a singly reduced boronate ester product only at 100 

0C. In 2015, Hill15 reported selective dihydroboration of various isocyanides with two equiv. of 

pinacolborane using DippNacnac supported magnesium butyl complex [CH{C(Me)NAr}2MgnBu] 

(Ar = 2,6-iPr2C6H3). The reaction is highly successful but limited, with poor catalytic 

performance towards alkyl isocyanides (cyclic and acyclic substrates).  

In recent years our group synthesized conjugated bis-guanidine ligands (CBG)17 and the 

corresponding aluminum methyl,8c, 9a and hydride8p complexes. These compounds are highly 

active catalysts for reducing carbonyls and challenging unsaturated functional groups under mild 

reaction conditions.8c, 8p, 9a    

Therefore, herein I displayed my recent work on catalytic hydroboration of alkene and 

isonitrile with pinacolborane using aluminum hydride complex (1)17 in standard conditions.   To 
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the best of our literature investigation, I conclude that this is the first report of molecular 

aluminum-hydride catalysis for di-hydroboration of organic aryl and alkyl isocyanides to 1,1-

bis(boryl)amine ester products in high-yield. 

5.A.2. Results and Discussion 

5.A.2.1. Anti-Markovnikov Hydroboration of Alkenes  

Previously, CBG aluminum-hydride (1) catalyzed8p reduction of commercially purchased styrene 

with 1.0 equiv. of pinacolborane has been studied. Given the industrial importance2 of air-stable 

alkyl boronate esters (RCH2CH2Bpin, R = alkyl/aryl), I aimed to explore the B-H addition in a 

broad range of alkenes.  

For this study 4-methyl styrene (representative substrate) optimizes alkene reduction with 

pinacolborane as a reducer. An initial experiment was performed in solvent-free condition with 

no catalyst at 110 oC heating for 12 h, where only 30% conversion of 4-methyl styrene to 

corresponding hydroborated product 3a was noticed (Entry 1, Table 5.A.1.).  

Table 5.A.1. Optimization table for aluminum-hydride catalyzed (1) reduction of 4-methyl styrene.a 

 

Entry Cat. 
(mol%) 

Solvent Time Yield (%) 

(3a:3a')b 

1 - neat 12 h 30:0 

2 1 neat 12 h 75:0 

3 3 neat 12 h 95:0 

4 5 neat 12 h >99:0 

5 5 Toluene 12 h >99:0 

6c 5 neat 9 h >99:0 
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7 5 neat 5 h 80:0 

aReactions were performed with 1.0 equiv. of 4-methyl styrene (1.0 mmol), 1.0 equiv. of pincolborane (1.0 mmol), 

aluminum-hydride (cat.) 1 (5 mol%), neat (or toluene for solid substrate) under N2 in a 10 mL air-tight vial at 110 oC 

within 12 h. bThe yield for reduction of styrene was examined by 1H NMR spectra based on the full vanishing of 

C=C double bond followed by the formation of new characteristic proton resonance (triplet) for –CH2CH2Bpin, a 

fragment of product 3a at () 2.73 ppm. cEntry 6, exhibits high TON = 20 and the corresponding TOF = 2.2 h-1. The 

turnover number was examined by the number of desired boronate ester (3a) formed divided by the number of 

aluminum-hydride (1) consumed. Turnover frequency was analyzed by the Turnover number divided by the time (h) 

of the catalytic reaction. 

In the presence of 1 mol% aluminum-hydride catalyst (1) under similar conditions, 75% of 

boronate ester product 3a (4-Me-PhCH2CH2Bpin) was formed. The reduced boronate ester 

product (3a) is linear, with anti-Markovnikov selectivity, which confirms the exclusive 

formation of a single regio-isomer in preference of branched product 3a'. With an increase of 

catalyst loading upto 5 mol% in neat conditions, the quantitative formation of 3a was observed in 

1H NMR spectroscopy (entry 4 of Table 5.A.1.). The use of toluene in the reaction did not affect 

the p-methyl styrene reduction. In further experiments, it was discovered that entry 6 of Table 

5.A.1. indicates a high turnover no. (20) and eventually the turnover frequency (2.2 h-1) for 

complete conversion of styrene to respective linear boronate ester product 3a. The yield% 

decreases for further lowering in catalyst load. It should be noted that, in a crude reaction 

mixture of styrene hydroboration, no Markovnikov or dehydrogenative borylation products were 

found, as confirmed by 1H NMR spectra.  

With the final optimization of styrene reduction in hand, next the substrate scope of alkenes 

reduction was widened via hydroboration. In all experiments, the complete formation of linear 

boronate esters was observed, further purified by column chromatography to afford the isolation 

of pure anti-Markovnikov hydroborated products 3a-3y, summarized in Table 5.A.2. In the 

initial screening, I discovered that styrene with electron-donating (-MeO) and electron- 
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Table 5.A.2. Substrate scope for reduction of alkenes via hydroboration catalyzed by aluminum-hydride (1) 

complex.a 

aReaction was performed with 1.0 equiv. of alkenes (1.0 mmol), 1.0 equiv. of pinacolborane (1.0 mmol), aluminum-

hydride (cat.) 1 (5 mol%), neat (or toluene for solid substrate) under N2 in a 10 mL air-tight vial at 110 oC within 12 

h. The distribution of regioisomers ratios (linear vs. branched) is presented in parenthesis and was analyzed by 1H 

NMR spectra based on the complete vanishing of the C=C double bond followed by the formation of a new 

characteristic proton resonance signal (triplet) for –CH2CH2Bpin, a fragment of anti-Markovnikov boronate ester 

product (3a-3y). The linear boronate ester products were isolated after being purified by column chromatography, 

except 3r-3t. Yield for (3r-3t) products based on 1H NMR integration of product resonance peak. bFor compound 

3a, TOF was 2.2 h-1 resulting from a shorter reaction time (9 h). The turnover number was examined by the number 

of moles of desired boronate ester (3a) formed divided by the number of aluminum-hydride (1) consumed. Turnover 

frequency was analyzed by the Turnover number divided by the time (h) of the catalytic reaction. cFor 3r, 3s and 3t, 

pinacolborane (2.0 equiv.) was used. 

withdrawing (-Cl) substituents was hydroborated to corresponding linear aryl boronic ester with 

good yields of 55-60% (entries 3b and 3c of Table 5.A.2.).  

Additionally, it was noticed that our reaction methodology works well for alkyl-substituted 

terminal alkenes (both cyclic and acyclic substrates). Therefore, when cyclic aliphatic alkenes 



 Chapter 5A 

 Page 190 | 255 
 

such as allylbenzene, 4-allylanisole, allylcyclopentane, allyl cyclohexene, and vinyl cyclohexane 

(2d-2h) when reacted with pinacolborane, it resulted in the entire reduction to linear alkyl 

boronate ester (Table 5.A.2., entries 3d-3h, 40-75%) with 5 mol% catalyst (1) loading. The 

catalytic result indicates the high efficiency of the CBG aluminum-hydride catalyst, similar to 

the reported molecular metal catalyst.7f 

Similarly, the acyclic short and long-chain alkenes (2i-2p) show no change in catalytic efficiency 

of compound 1 and, therefore, well hydroborated into analogous anti-Markovnikov boronate 

esters (Table 5.A.2., entries 3i-3p). The quantitative reduction of vinyl tributyltin (2q) to linear 

pinacol alkyl boronate ester (3q) shows adequate anti-Markovnikov selectivity and therefore 

isolated with 52% yield (linear boronate ester). NMR spectra and HRMS studies characterized 

product 3q. 

Next, for alkenols substrates (2r-2t), it was noticed that under one equiv. of pinacolborane, a 

mixture of products was found due to the high reactivity of carbonyl groups. Therefore, when 

two equiv. of HBpin were introduced in the reaction system, both carbonyl (-CHO) and alkene (-

CH=CH2) groups were quantitatively hydroborated into corresponding diboronate ester products 

(Table 5.A.2., entries 3r-3t) with 99% yield. The reaction outcome was similar to the ruthenium-

based reduction of alkenols with pinacolborane.6f  

Next, an example of internal olefin was subjected to expand the substrate scope of B-H in 

alkene. In this context, when 1.0 equiv. cyclohexene was added to the reaction mixture of 5 

mol% compound 1 and one equiv. of HBpin at 110 oC, the quantitative formation of respective 

hydroborated linear product 3u was observed with 42% isolation after column chromatography. 

It was remarkable to inform for 1,1-disubstituted olefin (3-chloro-2-methyl-1-propene) and -

methyl styrenes (2v-2w), the present catalyst methodology afforded an  
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exclusive formation of anti-Markovnikov boronate esters (Table 5.A.2., entries 3v-3w) was 

detected in NMR spectroscopy and isolated in 30-35 % yield. Similarly, for 

methylenecyclohexene 2x, the respective linear boronate ester 3x was isolated in colorless oil 

(40%). In addition, one chemoselective hydroboration was also documented in Table 5.A.2. by 

choosing 4-vinyl-1-cyclohexene substrate 2y where exclusively terminal –CH=CH2 was reduced 

with internal alkene remaining unaffected similar to the reported literature.7h The respective 

boronate ester (3y) was isolated in an 80% yield. 

Next, the catalytic activity of the main-group molecular catalysts7c, 7f for the anti-

Markovnikov reduction of styrene with pinacolborane was correlated with CBG Al-hydride (1) 

compound. The catalytic hydroboration was conducted at 100 oC with a low catalyst load and 

shorter reaction time interval, resulting in a TON (20) and TOF (2.2 h-1) for reduction of styrene 

to linear boronate ester product 3a in comparison to previously reported molecular aluminum 

(TON = 33, TOF = 4.0 h-1)7f  and lithium (TON = 24, TOF = 2.0 h-1)7c catalysts.  

5.A.2.2. Dihydroboration of Isonitriles 

Previously aluminum-hydride (1) was used for dihydroboration8p of cyclohexyl (CyN≡C) and 1-

pentylisocyanide (C5H11N≡C) to corresponding alkyl hydroborated amine in >99% yield. 

Considering the importance of isocyanide in modern industrial applications,14 I focused on 

chemoselective B-H addition in a wide range of aryl and alkyl isocyanides. 

For this investigation, 2,6-dimethyl phenyl isocyanide was used as a testing substrate to 

investigate reducing isonitriles. Initial experiments were done in the absence of a catalyst with 

two equiv. of pinacolborane under a solvent-free environment. No change was found in the 

reaction mixture after boiling (80 oC) the solution for 48 h (Table 5.A.3., entry 1).15 However, 

when 7 mol% aluminum dihydride 1 was added to the same reaction mixture  
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Table 5.A.3. Optimization table for aluminum catalyzed (1) hydroboration of 2,6-dimethylphenyl isocyanide.a 

 

Entry Cat 
(mol%) 

Time Solvent Yield (%)b 

1 - 24 h neat - 

2 7 48 h neat >99 

3 7 24 h neat >99 

4 5 24 h neat >99 

5 5 24 h Toluene >99 

6c 5 12 h neat >99 

7 5 10 h neat 88 

aReactions were conducted with 2,6-dimethyl phenyl isocyanide (1.0 mmol, 1.0 equiv.), HBpin (2.0 mmol, 2.0 

equiv.), aluminum-hydride (cat.) 1 (5 mol%), neat under N2 in a 10 mL air-tight vial at 80 oC within 24 h. bThe yield 

for reduction of xylisonitrile was examined by 1H NMR spectra based on the full vanishing of N=C double bond 

followed by the appearance of a new proton signal for –N(Bpin)CH2Bpin moiety of product 5a. cEntry 6, exhibits 

high TON = 20 and the corresponding TOF = 1.6 h-1. The turnover number was examined by the number of moles of 

desired bis(boryl)amine ester (5a) formed divided by the number of moles of aluminum-hydride (1) consumed. 

Turnover frequency was analyzed by the Turnover number divided by the time (h) of the catalytic reaction. 

heated at 80 oC for 24 h, it resulted in the quantitative formation of diboryl ester 5a 

(RNBpinCH2Bpin, R = Xyl) confirmed by 1H and 13C{1H} NMR spectra (Table 5.A.3., entry 4). 

The boronate ester 5a was further characterized by the 11B NMR spectrum, where two peaks at 

(.69 (RNBpinCH2Bpin) and 23.53 (RNBpinCH2Bpin) ppm were noticed with no additional 

peak. Lowering catalyst load upto 5 mol% afforded the complete reduction of xylisocyanide into 

corresponding diboronate ester (5a) within 24 h time interval (Entry 4 of Table 5.A.3.). It was 
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notable that the entry 6 of Table 5.A.3. indicates the TON (20) and corresponding turn over 

frequency of 1.6 h-1 for the reduction of xylisonitrile to borylamine ester 5a with a low catalyst 

quantity and shorter reaction time interval.  

After completing the optimized condition for reducing xylisocyanide, I investigated the double 

hydroboration of various organic isocyanides with pinacolborane as a reducer under 5 mol% of 

catalyst 1 load in neat condition, as summarized in Table 5.A.4. All organic isocyanides were 

commercially available and used for catalysis reaction without further purification. The yield of 

all synthesized 1,2-diboranate amines esters was based on 1H NMR spectroscopy. The new 

boronate esters were characterized by both NMR and mass spectroscopy.    

At the beginning of substrate screening, it was discovered that N-aryl isocyanides such as p-

methoxyphenyl isocyanide and 2-napthylisocyanides were fully converted into corresponding 

1,2-bis(boryl)amines (Table 5.A.4., entries 5b-5c) within stipulated time interval at 5 mol% 

catalyst 1 load. Here I can conclude that catalyst 1 is better than the reported magnesium-

catalyzed dihydroboration for N-aryl isonitriles at 100 oC for 48 h resulting in only a 50 % yield. 

However, the present methodology did not successfully reduce p-toluenesulfonylmethyl 

isocyanide (5d, trace amount). The possible reason for this failure is due to steric hindrance and 

electronic resistance of sulfonyl moiety, which blocks the approach of the catalyst towards the 

isocyanide functional group. 

In additional experiments, hydroboration of N-alkyl isocyanides was explored. But a gradual 

decrease in catalytic conversion for 2o and 3o aliphatic isocyanides was observed compared to 

aryl substrates. 
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Table 5.A.4. Substrate scope for dihydroboration of isonitriles catalyzed by aluminum-hydride (1) complex.a 

 
aReaction were performed with 1.0 equiv. of isonitriles (1.0 mmol), 2.0 equiv. of pinacolborane (2.0 mmol), 

aluminum-hydride (cat.) 1 (5 mol%), neat under N2 in a 10 mL air-tight vial at 80 oC within 24 h. The yield for 

reduction of xylisonitrile was examined by 1H NMR spectra based on the full vanishing of N=C double bond 

followed by the appearance of a new proton signal for –N(Bpin)CH2Bpin moiety of bis(boryl)amine ester product 

5a-5g. bFor compound 5a, TOF was 1.6 h-1 resulting from a shorter reaction time (12 h). The turnover number was 

examined by the number of moles of desired bis(boryl)amine ester (5a) formed divided by the number of moles of 

aluminum-hydride (1) consumed. Turnover frequency was analyzed by the Turnover number divided by the time (h) 

of the catalytic reaction. 

Therefore, under the prescribed standard reaction conditions (Table 5.A.4.), all three 

alkylisonitrile, i.e., isopropyl, tertbutyl, and 1,1,3,3-tertbutylisocyanides (4e-4g), underwent an 

effective double reduction with 2.0 equiv. of pinacolborane, which afforded the diborylamine in 

only 85-95% yields (Table 5.A.4., entries 5e-5g). 

Finally, in the end, the catalytic performance of the aluminum-dihydride (1) complex for double 

hydroboration of 2,6-dimethyl phenyl isocyanide was compared with the reported magnesium 

catalyst 15a (Scheme 5.A.1.).  
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Scheme 5.A.1. Catalytic activity comparison of reported magnesium complex with aluminum hydride (1) for 

double-hydroboration of 2,6-dimethyl phenyl isocyanide with pinacolborane.a  
aThe turnover number was examined by the number of moles of desired bis(boryl)amine ester (5a) formed divided 

by the number of moles of aluminum-hydride (1) consumed. Turnover frequency was analyzed by the Turnover 

number divided by the time (h) of the catalytic reaction. 

The reaction was performed at 80 oC with less time of reaction and low catalyst quantity, 

affording the high turnover no. (20) and turnover frequency (1.6 h-1) for the dihydroboration of 

2,6-dimethyl phenyl isocyanide to 1,2-bis(boryl)amine 5a in comparison of -diketiminate 

magnesium butyl catalyst (TON = 11 and TOF = 0.2 h-1).15a 

5.A.2.3. Insitu Hydroboration of 2,6-Dimethyl isocyanide 

The catalytic activity for B-H addition isocyanide was examined by insitu reaction of 

pinacolborane with 2.0 equiv. of XylNC (4a) catalyzed by 5 mol% of aluminum-hydride (1) at 80 

oC. Reaction progress over 1440 min exhibits the formation of bisborylamine (4b), {Figure 

5.A.1. a}.  
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Figure 5.A.1. a) Insitu hydroboration of 2,6-dimethyl phenyl isocyanide (4a); b) Stacked 1H NMR spectra 

(400 MHz, C6D6) for the hydroboration of 1.0 equiv. of 2,6-dimethyl phenyl isocyanide (4a) (0.3 mmol) with 

2.0 equiv. of pinacolborane (0.6 mmol) using 5 mol% DiethylLAlH2 (1) complex as a catalyst. Spectra recorded 

at different temperatures and time intervals between T = 25 to 80 oC and t = 60 min to 1440 min, respectively;   

  =  (2,6-Me2-C6H3)-NC (4a);          =  (2,6-Me2-C6H3)-NBpinCH2Bpin (5a). 

The reaction began at 360 min, where the formation of hydroborated product 5a was evident by 

the NBpinCH2Bpin proton signal at  3.05 ppm (singlet, C6D6). Finally, the disappearance of the 

starting methyl protons at  2.06 ppm and exclusive formation of borylamine 5a was noticed at 

1440 min, indicating the complete reduction of (2,6-Me2-C6H3)-NC (4a) to corresponding 

reduced product 5a with no other side product. 

5.A.2.4. Scale-up Reactions 

To explore the constructive application of the present methodology, I performed two large-scale 

B-H addition in aryl alkene and isocyanide (Scheme 5.A.2.).7g, 7j As demonstrated in Scheme 

5.A.2., a 5.0 mmol scale anti-Markovnikov reduction of 4-methyl styrene under the standard 

condition with 86% isolation of pure linear boronate ester 3a.  
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On a similar scale (5.0 mmol), the reduction was successful in the double reduction of 4-

methoxyphenyl isocyanide with two equiv. HBpin yielded into corresponding amine boryl ester 

5b in 82% isoalted yield. 

 

 

Scheme 5.A.2. Large-scale hydroboration of alkene and isocyanide catalyzed by 1. 

5.A.2.5. Control Reactions for Hydroboration of 4-Methoxystyrene 

Two stoichiometric reactions have been studied to analyze aluminum-hydride 1 catalyzed alkene 

reduction via hydroboration (Scheme 5.A.3.).  

 

Scheme 5.A.3. Control experiments for hydroboration of p-methylstyrene. 
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In the first set of control reactions, 42 l of 4-methyl styrene (0.32 mmol) was reacted with 

catalyst 1 (0.250 g, 0.32 mmol) in a 25 mL Schlenk tube using 10 mL of dry toluene at 90 oC for 

24 h. Both 1H and 13C{1H} NMR spectra confirmed the formation of newly synthesized 

aluminum-alkyl complex, [IntA] LAl(H)CH2CH2Ph(p-Me) {colorless oil}. The 1H NMR spectra 

displayed resonance signals () at 0.97 and 2.48 ppm corresponding to methylene (CH2) and 

methyl (p-CH3) protons of Int A. The 13C{1H} (101 MHz, 298 K) NMR displayed two 

characteristic signals () at the upfield region of 19.4 and 40.0 ppm corresponding to the 

LAl(H)CH2CH2Ph(p-Me) complex [Int A]. Due to high quadrupolar moment, the Al-H signal is 

not found in 1H NMR. The isolated intermediate is also characterized by mass spectroscopy. In 

the second reaction, the Int A is mixed with pinacolborane in 0.5 mL of C6D6 and warmed at 100 

oC for 12 h, which results in the regeneration of catalyst 1 and anti-Markovnikov linear boronate 

ester 3b, confirmed by NMR (1H, 13C{1H} and 11B) spectroscopy. 

5.A.2.6. Catalytic Cycle of Aluminum (1) Catalyzed Reduction of Alkenes   

Based on the above control reactions and the published report on aluminum-alkyl catalyzed B-H 

addition across the double bond of olefins by Panda's research group,7f I propose the probable 

catalytic cycle for reduction of alkenes using catalyst 1 displayed in Scheme 5.A.4.  

 

Scheme 5.A.4.  Proposed mechanism for anti-Markovnikov hydroboration of alkenes. 
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At the initial stage of the catalytic cycle, the insertion of active Al-H across the double bond of 

alkene happens, resulting in forming the aluminum-alkyl complex, Intermediate A. In the second 

step of the catalytic cycle, the intermediate A immediately reacts with pinacolborane, resulting in 

linear boronate ester products (anti-Markovnikov) and the rebirth of catalyst 1 for participating 

in the catalytic cycle. 

5.A.2.7. Control Reaction for Al-H (1) Insertion in tert-Butyl isocyanide 

One stoichiometric reaction has been done to understand the reduction mechanism for aluminum 

hydride 1 catalyzed double hydroboration of isocyanides. Thus, when aluminum dihydride 1 

(0.250 g, 0.32 mmol) was mixed with tertbutyl isocyanide (36 L, 0.32 mmol) in 10 mL of 

toluene followed by heating in an oil bath (80 oC) for 12 h using 25 mL Schlenk tube, afforded 

the CBG aluminum-formimidoyl complex (Int A1). The isolated corresponding metal 

formimidoyl complex (LAlH(CH)=N(CMe3)) (colorless oil) was characterized by NMR and 

mass spectroscopic methods (Scheme 5.A.5.). The 1H NMR spectra displayed a characteristic 

methylene proton signal of (LAlH(CH)=N(CMe3)) at () 8.13 ppm. In 13C {1H} NMR 

spectroscopy, the corresponding carbon signal of formimidoyl complex (LAlH(CH)=N(CMe3)) 

at the region of () 165.2 ppm. Furthermore, Int A1 was characterized by HRMS. 

 
Scheme 5.A.5. Control experiment for hydroboration of tertbutyl isocyanide. 
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5.A.2.8. Mechanism of Aluminum (1) Catalyzed Double Reduction of Isonitriles 

A well-established insertion/-bond double decomposition type mechanism is previously 

reported by Hill15a for the dihydroboration of isocyanides. Following the reported mechanism 

and the above stoichiometric reaction, the catalytic cycle was demonstrated for aluminum (1) 

based on double hydroboration of organic isocyanides, as shown in Scheme 5.A.6. Initially, 

aluminum-dihydride 1 reacts with isocyanide to generate aluminum formimidoyl complex 

(LAlH(CH)=N(CMe3)) Int A1. In the second step, the corresponding imine complex (Int A1) 

reacts with one pinacolborane molecule, leading to the generation of five-membered species.  

The five-membered aluminum complex is highly unstable; therefore, it immediately rearranges 

into aluminum amine boronate ester (Int A2). Finally, the amine boronate ester (Int A2) reacts 

with the second molecule of pinacolborane to yield the diboryl amine ester (RNBpinCH2Bpin) 

product via -bond metathesis and regenerates the aluminum catalyst 1.  

 
Scheme 5.A.6. Proposed mechanism for dihydroboration of isocyanides. 

5.A.3. Conclusion 

Here I summarized the application of CBG stabilized aluminum-dihydride complex (1) for anti-

Markovnikov reduction of alkenes, including terminal, internal, 1,1-disubstituted, and -

substituents with pinacolborane under neat conditions. The reaction methodology is highly 



 Chapter 5A 

 Page 201 | 255 
 

regioselective, as confirmed by 1H NMR spectra where no Markovnikov or dehydrogenative 

borylation products were observed. Therefore, all corresponding air-stable linear boronate esters 

(RCH2CH2Bpin, R = aryl/alkyl) were isolated in good yields. Moreover, complex 1 was also 

used for double hydroboration of highly challenging isocyanides (R-N≡C) into diboryl amine 

esters in good yields. In main-group organometallic catalysis, this is the first report of molecular 

aluminum-based double-bond reduction of isonitriles with HBpin. Besides, gram-scale reduction 

of alkene and isonitrile have been studied to display the practical benefit of the present 

methodology. The intermediates in catalytic cycles were isolated in good yield and well-

characterized (NMR, HRMS). Further aluminum-mediated catalytic application for challenging 

organic reactions is in progress. 
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Chapter 5B 

Aluminum-Catalyzed Selective Reduction of Nitriles and Alkynes: A Multifunctional 

Catalyst 

Published: 

Sarkar, N.; Bera, S.; Nembenna, S. J. Org. Chem. 2020, 85 (7), 4999-5009. 

Abstract 

The reaction of LH [L= {(ArNH)(ArN)–C=N–C=(NAr)(NHAr)}; Ar =2,6-Et2-C6H3] with 

commercially available alane amine adduct (H3Al·NMe2Et) in toluene resulted in the formation 

of a conjugated bis-guanidinate (CBG) supported aluminum dihydride complex, i.e., LAlH2 (1) 

in good yield. The new complex has been thoroughly characterized by multinuclear NMR, IR, 

mass and elemental analyses, including single-crystal structural studies. Further, the aluminum-

catalyzed hydroboration of a variety of nitriles and alkynes was demonstrated. Moreover, 

aluminum-catalyzed hydroboration is expanded to more challenging substrates such as alkene, 

pyridine, imine, carbodiimide, and isocyanides. More importantly, the aluminum dihydride was 

used for both intra- and intermolecular chemoselective hydroboration of nitriles and alkynes over 

other reducible functionalities for the first time. 

5.B.1. Introduction 

Aluminum is the third most abundant metallic element after oxygen and silicon in the Earth's 

crust and also cheaper, less toxic when compared to transition or lanthanide elements. The 

sustainable and environmentally friendly aluminum-based reagents/molecules are ideal for 

applications in catalysis.1 Hence, the development of well-defined aluminum-based catalysts is 

quite attractive.2 In recent years there has been substantial progress in the development of the 

main group- or transition metal-catalyzed hydroboration of carbonyl compounds;3,4 however, 



 Chapter 5B 

 Page 209 | 255 
 

relatively few examples of the main group catalyzed nitrile and alkyne hydroboration have been 

documented. Nonetheless, aluminum-catalyzed reduction of organic nitriles has been rarely 

documented. Nonetheless, aluminum-catalyzed reduction of organic nitriles has been rarely 

documented. In 2016, Hill et al. reported the first main-group catalyzed, Nacnac Mg alkyl 

catalyzed hydroboration of nitriles.5 Recently, Okuda,6 Thomas,4i and Ma7 research groups 

independently reported the main group catalyzed hydroboration of nitriles. During the 

preparation of this manuscript, Yang,8 and Roesky9 groups reported Nacnac supported aluminum 

dialkyl and dihydride complexes as (pre)catalysts for the hydroboration of nitriles and also, 

Panda et al. 10 reported aluminum alkyl as a pre-catalyst for the hydroboration of nitriles. There 

have been several reports on the main-group,4,7,11 transition12 metal-catalyzed hydroboration of 

alkynes, while a few reports on aluminum13 catalyzed hydroboration of alkynes. Moreover, very 

few reports of aluminum catalyzed hydroboration of alkene,4i,13a,14 carbodiimide,9,15and 

imine.4g,16  

The reports mentioned above are having drawbacks such as very limited substrate scope, high 

catalyst loading, ligand containing elements such as C, H, and N, etc. Therefore, the design of a 

sustainable catalyst is very desirable because catalysts should be easily accessible, efficient, and 

tolerance of more functional groups. Moreover, to our knowledge, there have been no reports on 

aluminum catalyzed hydroboration of pyridine,17 and isonitrile18 functionalities. Thus, herein, I 

report a well-defined aluminum dihydride complex bearing conjugated bis-guanidinate ligand 

catalyzed selective reduction of a wide range of nitriles and alkynes. Moreover, this protocol 

further extended to other reducible functionalities such as alkene, carbodiimide, imine, 

isocyanide, and pyridine. To the best of our knowledge, this is the first report of aluminum-based 

multifunctional catalysts for the hydroboration of unsaturated organic substrates. 
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5.B.2. Results and Discussion 

Treatment of the free conjugated bis-guanidine (CBG), LH19 ligand with one equiv. of Alane, 

H3Al·NMe2Et in toluene at room temperature and followed by heating at 80 oC cleanly yields the 

CBG supported aluminum dihydride complex (1) in good yield (84%) (Scheme 5.B.1.). 

 
Scheme 5.B.1. Synthesis of conjugated bis-guanidinate (CBG) supported aluminum-dihydride complex (1). 

The new complex 1 was fully characterized by multinuclear (1H, 13C{1H}, and 27Al) NMR, IR, 

mass, and elemental analyses. In addition, the crystallographic analysis (Figure 5.B.1.) 

confirmed the solid-state structure of 1, which is monomeric (Crystallographic data and structure 

refinement parameters are available in Table S3, ESI) 

 

Figure 5.B.1. Molecular structure of catalyst 1. Selected bond distances (Å) and angles (deg): C1-N2 1.332(4), 

C1-N5 1.351(4), C1-N3 1.326(4), N3-Al1 1.894(3), N1-Al1 1.879(3), C2-N1 1.336(4), C2-N2 1.342(4), C2-

N4 1.355(4), Al1-H 1.411(3), Al1-HA 1.622(3). N2-C1-N3 127.0(3), N2-C1-N5 113.7(3), N3-C1-N5 119.2(3), 

N1-C2-N2 126.6(3), N2-C2-N4 114.5(3), N1-C2-N4 118.9(3), N3-Al1-N1 94.73(12), N3-Al1-H 112.516(18), 

N1-Al1-H 113.93(9), N3-Al1-HA 110.88(12), N1-Al1-HA 117.12(12), H-Al1-HA 107.220(21). 
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The 1H NMR spectrum reveals a complete disappearance of a free ligand N–H–N peak at 12.97 

ppm, which indicates the formation of complex 1. Moreover, a singlet resonance is displayed at 

5.14 ppm, which corresponds to two protons of sidearm ArN–H moieties. Besides, other 

expected signals for the CBG ligand were observed. The 13C{1H} NMR spectrum exhibits a 

characteristic N3C peak at 158.62 ppm, which is downfield when compared to free ligand (155.0 

ppm). The Al–H resonances were not obtained in 1H NMR spectroscopy of compound (1) 

because of quadrupolar broadening on the 27Al center (nuclear spin = 5/2).20 Nonetheless, the 

existence of an Al−H bond was confirmed by IR spectroscopy, which exhibits two broad bands at 

1813 and 1926 cm−1, referred to as the Al−H stretching frequencies.4,21 

5.B.2.1. Nitrile Hydroboration 

The initial study began by examining the role of aluminum dihydride compound (1) in the 

catalytic hydroboration of benzonitrile with 2 equiv. HBpin (Table S1, ESI). At a loading of 5 

mol % of 1 in benzene-d6 at 60 oC, benzonitrile was hydroborated to afford 1,1-bis(boryl) amine 

in 98 % yield within 12 h (Entry 4 of TableS1, ESI). No reaction took place at similar reaction 

conditions in the absence of catalyst 1, showing that the aluminum dihydride compound is 

responsible for this conversion. Further, the same reaction was performed under similar 

conditions by using lower catalyst loadings (1 mol % and 3 mol %). The formation of 1,1-

bis(boryl) amine was found in 50 % and 97 % yields, respectively. However, the same reaction 

was accomplished under neat conditions by using a 3 mol % catalyst; in this case, I noticed the 

formation of the desired product in quantitative yield (Entry 7 of Table S1, ESI). 

Therefore, I investigated the reduction of a wide range of organic nitriles (2a-2t) with HBpin by 

using 3 mol % of catalyst 1 under neat conditions (Table 5.B.1.).  
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Table 5.B.1. Hydroboration of nitriles catalyzed by LAlH2 complex (1).a 

 
aReaction conditions: nitrile (1.0 mmol, 1.0 equiv.), pinacolborane (2.0 mmol, 2.0 equiv.), catalyst (1) (3 mol%), 12 

h at 60 oC under N2. Reported numbers are the isolated yields. bFor 2g and 2h, pinacolborane (3.0 equiv.) used. cFor 

2j, pinacolborane (4.0 equiv.). 

Aryl nitriles with electron-donating or electron-withdrawing groups undergo reduction 

efficiently, yielding the corresponding 1,1-bis(boryl) amine products. Functional groups such as 

OMe, Cl, and F were all found to be tolerant under reaction conditions. Primary, secondary, and 

tertiary alkyl nitriles were efficiently reduced to corresponding 1,1-bis(boryl) amines in 52-90 % 

yields (2m-2s). More importantly, the intramolecular chemoselectivity hydroboration reaction 

was explored by choosing 1-cyanocyclohexene (or cyclohexene-1-carbonitrile) substrates, as an 

example — the reaction of 1-cyanocyclohexene with two equiv. HBpin and catalyst 1 (3 mol %) 

in neat condition at 60 oC was executed. The 1H NMR analysis of this reaction mixture indicated 

the chemoselective hydroboration of nitrile with the quantitative conversion over alkene (2t). 
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Unsurprisingly, substrates bearing reducible carbonyl functional group (2g and 2h) were not 

tolerated under the conditions.  

All 1,1-bis(boryl)amine products were characterized by multinuclear (1H, 13C, and 11B) NMR 

spectroscopy. HRMS confirmed the purity of new 1,1-bis(aryl) amines. Further, compound 2i 

was confirmed by single X-ray crystal structural analysis (Figure 5.B.2.). All Crystallographic 

data and structure refinement parameters of compound 2i are available in Table S4 of supporting 

information. 

 

Figure 5.B.2. Molecular structure of compound 2i. Selected bond distances (Å) and angles (deg): N1–B1 

1.4238(16), N1–B2 1.4285(16), B1–O1 1.3753(15), B1–O2 1.3688(16), B2–O3 1.3679(16), B2–O4 

1.3612(17), N1–C1 1.4818(16), C1–C2 1.515(2), C2–C3 1.5150(19). N1–B1–O1 121.88(11), N1–B1–O2 

124.85(11), N1–B2–O3 122.07(12), N1–B2–O4 124.58(12), N1–C1–C2 111.32(11), C1–C2–C3 116.63(11).  

Notably, this protocol also works for large-scale synthesis as established by a 10 mmol scale 

reaction of benzonitrile under optimized conditions producing corresponding 1,1-

bis(boryl)amine (2a) in 81% isolated yield (Scheme 5.B.2.). 

 

Scheme 5.B.2. Large-scale hydroboration of benzonitrile with HBpin. 
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5.B.2.2. Alkyne Hydroboration 

Next, I decided to explore the catalytic activity of compound 1 for the hydroboration of alkynes. 

I chose phenylacetylene as a substrate for the hydroboration with 1 equiv. HBpin. At a loading of 

5 mol % catalyst 1 in benzene-d6 at 60 oC, phenylacetylene hydroborated to afford the cis-

hydroborated product, (E)-vinyl boronate ester in quantitative yield within 12 h (Table S2, ESI). 

No conversion took place in the absence of catalyst 1. Further, when the same reaction was 

performed at lower catalyst loadings, lesser conversion was observed (1 mol %, 70% yield, and 3 

mol %, 95 % yield). However, a quantitative conversion was displayed when the same reaction 

operated under neat conditions using a 3 mol % catalyst.  

With the optimized reactions conditions in hand, I investigated the scope of the aluminum-

catalyzed hydroboration of terminal alkynes (Table 5.B.2.). I began inspecting different 

phenylacetylene derivatives and were satisfied to see that substituents with electron-donating or 

electron-withdrawing groups on the aromatic ring did not influence the catalytic activity (3a-3e, 

69-80 %). However, a slightly lower yield was obtained for the phenylacetylene derivative 3f, 

containing CF3 at the para position of the aromatic ring. 

Subsequently, I considered the scope of the transformation by employing terminal alkynes 

bearing alkyl substituents (3g-3o), which performed similarly to the corresponding 

phenylacetylene derivatives (60-82%). 

Hydroboration of trimethylsilylacetylene took place, providing 3p in 40 % yield. More 

importantly, another interesting intramolecular chemoselective hydroboration of terminal alkyne 

by choosing 1-ethynylcyclohexene, as an example was carried out. Hydroboration took place 

smoothly, providing 3q in 71 % yield, in which C=C tolerated. To further broaden the substrate 

scope, I decided to test the aluminum catalyzed hydroboration of internal alkyne. 
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Table 5.B.2. Hydroboration of alkynes catalyzed by LAlH2 complex (1).a 

 
aReaction conditions: alkyne (1.0 mmol, 1.0 equiv.), pinacolborane (1.0 mmol, 1.0 equiv.), catalyst (1) (3 mol%), 12 

h at 60 oC under N2. Products are isolated after column chromatography. The E selectivity was determined by NMR 

spectroscopy except for 3r and 3s, which show Z selectivity. 

Hydroboration of unsymmetrical and symmetrical internal alkynes, like 1-phenyl-1-propyne and 

diphenylacetylene, took place, providing (Z)-vinyl boronate esters in 30% and 40 % yields, 

respectively. It is interesting to note that CBG supported aluminum dihydride catalyzes the 

challenging substrates such as symmetrical and unsymmetrical internal alkynes, in contrast to 

previously reported Nacnac AlH2, which is less effective in reducing the internal alkynes.13c 

5.B.2.3. Nitrile Intermolecular Chemoselectivity 

More importantly, the application of aluminum-dihydride 1 catalyzed intermolecular 

chemoselective hydroboration of nitriles over alkenes containing both electron-donating and 

electron-withdrawing substituents, esters, and isonitriles was explored (Scheme 5.B.3.). 
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Scheme 5.B.3. Nitrile intermolecular chemoselective reactions catalyzed by 1. 

One equivalent of benzonitrile, 1 equivalent of styrene, and 2 equivalent of HBpin were mixed 

with catalyst 1 (3 mol %) under solvent-free conditions at 60 oC, which produced the diborylated 

product 1,1-bis(boryl)amine in the quantitative conversion of benzonitrile, in preference to the 

alkene (Scheme 5.B.3.).  

Similarly, either the reaction of aryl nitrile containing an electron-donating group, 4-methyl 

benzonitrile, or electron-withdrawing group, 4-flurobenzonitrile gives corresponding 1,1-

bis(boryl) amine in preference to the alkene. Moreover, the reaction of 1 equiv. benzonitrile, 1 

equiv. of benzyl benzoate and 2 equiv. of HBpin were reacted together with catalyst 1 (3 mol %) 

under neat conditions at 60 oC, which yielded the diborylated product 1,1-bis(boryl) amine in the 

quantitative conversion of benzonitrile over benzyl benzoate. Similarly, 4-methyl benzonitrile 

and 4-Fluro benzonitrile gave the corresponding 1,1-bis(boryl) amines in preference to the esters 

(Scheme 5.B.3.). Further, at similar reaction conditions, 4-methyl benzonitrile and 4-fluoro 

benzonitrile yielded the corresponding 1,1-bis(boryl) amines over aryl isonitriles. 
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5.B.2.4. Alkyne Intermolecular Chemoselectivity 

Equimolar amounts of phenylacetylene, styrene, and HBpin were reacted together with catalyst 1 

(3 mol %) under neat conditions at 60 oC, which produced the (E) vinyl boronate ester in 

preference to the alkene. Similarly, 4-methyl phenylacetylene, 4-methoxy phenylacetylene, and 

4-fluorophenylacetylene were hydroborated at the same reaction conditions over alkenes 

(Scheme 5.B.4.). 

Equimolar amounts of phenylacetylene, benzonitrile, and HBpin were reacted with catalyst 1 

under neat conditions at 60 oC, which yielded the (E)-vinyl boronate ester over nitrile 

functionality. Similarly, equimolar amounts of aryl alkynes and aryl nitrile with either electron-

donating or electron-withdrawing groups, and HBpin were reacted together, independently, in 

which exclusively alkyne was hydroborated over nitrile. 

 
Scheme 5.B.4. Alkyne intermolecular chemoselective reaction catalyzed by 1. 

5.B.2.5. Mechanism of LAlH2(1) Catalyzed Hydroboration of Nitrile 

Initially, catalyst 1 reacts with the nitrile to form transition species (I), followed by σ bond 

metathesis to yield the corresponding imine (II) (Scheme 5.B.5.).  
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Scheme 5.B.5. Proposed mechanism for hydroboration of nitrile. 

This imine complex further reacts with HBpin to produce the four-membered species (III), which 

rearranges to give boryl amine (IV). Further, it reacts with another molecule of HBpin to give 

intermediate species (V), which undergoes sigma bond metathesis to yield the product 1,1-

bis(boryl) amine and regeneration of the ligated aluminum dihydride catalyst (Scheme 5.B.5.). 

Moreover, the aluminum imine species (II) was confirmed by 1H and 13C{1H} NMR analyses by 

the stoichiometric reaction between catalyst 1 and trimethylacetonitrile in CDCl3 at 70 oC. The 

1H NMR spectrum exhibits a characteristic imine, Al-N=CH-R peak at 8.48 ppm, while the Al-H 

signal was silent. The 13C{1H} NMR spectrum displays a typical Al-N=C-HR peak at the far 

downfield region at 160.4 ppm. 

5.B.2.6. Mechanism of LAlH2 (1) Catalyzed Hydroboration of Alkyne 

Considering the previously established mechanisms of aluminum-catalyzed hydroboration of 

terminal alkynes 13a,c I propose that the hydroboration reaction proceeds according to the 
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mechanism shown in Scheme 5.B.6. First, the deprotonation of alkyne with aluminum-dihydride 

1 leads to the formation of aluminum acetylide (Int 1). Further, a stoichiometric reaction of 

catalyst 1 and phenylacetylene in C6D6 at 70 oC was carried out to confirm the formation of Int 1. 

1H and 13C{1H} NMR analyses confirmed the formation of aluminum acetylide, LAl(H)CCPh. 

The 1H NMR shows sidearm ArNH resonance at 4.90 ppm in the upfield region compared to the 

LAlH2 (ArNH 5.13 ppm). The 13C {1H} NMR displays two peaks at 77.4 and 83.5 ppm, 

corresponding to Al-CCPh carbon atoms, respectively. The second step involves the 

cycloaddition reaction, in which the B-H bond of HBpin adds to the C-C triple of Int 1, leading 

to alkene Int 2. In the third step, Int 2 reacts with another molecule of phenylacetylene, in which 

sigma bond metathesis occurs that leads to the formation of product and regeneration of the 

active catalyst Int 1. 

A different mechanism is operative for the internal alkynes, which is previously reported by 

Thomas, and coworkers.13b Accordingly, I propose the catalytic cycle starting with Al-H 

insertion in alkyne C≡C triple bond to form Int 1, which undergoes transmetallation to regenerate 

the catalyst and (Z)-vinyl boronate ester (Scheme 5.B.6.). Further, a controlled reaction was 

carried out to confirm the proposed reaction mechanism. Thus, the treatment of catalyst 1 with 1-

phenyl-1-propyne in a 1:1 ratio in C6D6 at 80 oC resulted in the formation of Int 1, which is 

confirmed by 1H and 13C NMR spectroscopy analyses. The 1H NMR reveals two singlets at 1.85 

and 5.25 ppm, which correspond to methyl and H signals of Al-CMe=CHPh moiety. The 

13C{1H} NMR spectrum shows a typical signal in the upfield region at 3.2 ppm, which 

corresponds to the carbon atom of Al-CMe=CHPh moiety. 
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Scheme 5.B.6. Proposed mechanism for hydroboration of alkyne. 

5.B.2.7. Aluminum Catalyzed Hydroboration of Imines, Alkenes, Pyridine, Carbodiimides, 

and Isonitriles 

To the best of our knowledge, there have been no reports on aluminum-catalyzed hydroboration 

of heterocycles and isonitriles. To further establish the relevance of this procedure, I utilized 

aluminum-dihydride catalyzed hydroboration to more challenging substrates (Scheme 5.B.7.).To 

our delight, compound 1 efficiently catalyzes the hydroboration of imine, pyridine, alkene, 

carbodiimide, and isonitrile substrates at neat and mild reaction conditions (Scheme 5.B.7.). 

Hydroboration of imine was successfully achieved for aldimines like N-Benzylideneaniline by 3 

mol % of catalyst 1 at 70 oC within 20 h. Similarly, other imines such as benzyl, tbutyl, and 

methyl were also hydroborated at the same reaction conditions (4a-4d). Equimolar amounts of 

pyridine and HBpin were reacted together with catalyst 1 in C6D6, which afforded exclusively N-

borylated 1,4- reduced product (5a). Next, using catalyst 1 (5 mol %) and HBpin (1.0 equiv), the 

hydroboration of styrene proceeded in an 80 % yield to give the anti-Markovnikov (linear) alkyl 

boronic ester (6a) within 12 h at 110 oC. Further, compound 1 catalyzed the more challenging 

organic substrates such as carbodiimides and isonitriles has been investigated. 

Terminal alkyne Internal alkyne

13C NMR(C6D6)
δ = 77.4 ppm, 83.5 ppm

LAlH2: PhCCH (1:1)

1H NMR(C6D6)
δ = 5.25 ppm
LAlH2: PhCCMe (1:1)
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Scheme 5.B.7. Hydroboration of imines, alkene, pyridine, carbodiimide, and isonitriles by using Al complex 

(1) as a catalyst.a 

aReaction conditions: all reactions were done on a 1.0 mmol scale. For isocyanide, 2.0 mmol of pinacolborane was 

used. Conversion was based on 1H NMR spectroscopy. For imine, the yield was determined by using nitromethane 

as an internal standard. bIsolated yield of alkene hydroboration was based on column chromatography.  

Aliphatic substrates such as N, N'-diisopropyl carbodiimide and N, N'-di-tertbutyl carbodiimide 

reduced to corresponding monohydroborated ester (7a and 7b, respectively) when treated with 1 

equiv. of HBpin. Following this, the inert isocyanides such as acyclic and cyclic alkyl isonitriles, 

i.e., 1-pentylisoniitrile and cycloisonitrile, efficiently converted to corresponding hydroborated 

amine (8a and 8b, respectively). 
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5.B.3. Conclusion 

In summary, I have demonstrated a newly synthesized β-diketiminate analogue of well-defined 

conjugated bis-guanidinate (CBG)-supported aluminum dihydride (1)-catalyzed dihydroboration 

of a large number of organonitriles with HBpin. It was noticed that catalyst 1 is more efficient 

for the hydroboration of nitriles than that of β-diketiminate (Nacnac) supported aluminum 

dihydride complex. Further, compound 1-catalyzed hydroboration of both terminal and internal 

alkynes with HBpin has been investigated. In contrast to Nacnac Al dihydride catalysis, two 

different mechanisms are operative for CBG aluminum dihydride catalyzed alkyne 

hydroboration reaction. 

Further, compound 1-catalyzed hydroboration of alkene, pyridine, imine, carbodiimide, and 

isocyanide substrates with HBpin has been studied. Overall, compound 1 was found to be a 

highly efficient (low catalyst loadings and mild reaction conditions) and multifunctional catalyst 

with a broad substrate scope. Further studies on the aluminum dihydride catalyzing other organic 

transformations are ongoing in our laboratory. 

5.B.4. Synthesis of LAlH2(1) 

To a solution of LH (1.0 g, 1.58 mmol) in toluene (~30 mL) at room temperature was added 

dropwise a solution of an alane-N, N-dimethylethylamine complex (0.5 M) in toluene (3.32 mL, 

1.66 mmol). The reaction mixture was heated at 80 oC and stirred for a further 24 h. The reaction 

mixture was allowed to attain room temperature and filtered through Celite. Then volatiles were 

removed in vacuo to yield a colorless solid. The residue was extracted into toluene, and colorless 

crystals suitable for X-ray diffraction studies were obtained from the storage of a saturated 

solution in toluene at 5 oC. The second crop of crystals was obtained on a further concentration 

of the supernatant solution at -30 oC. (0.87 g, yield 84%). 1H NMR (C6D6, 400 MHz, 273K): δ 
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(ppm) 0.94 (t, 3JHH = 8 Hz, 12H, PhCH2CH3), 1.36 (t, 3JHH = 8 Hz, 12H, PhCH2CH3), 2.20 – 2.24 

(m, 4H, PhCH2CH3), 2.32 – 2.34 (m, 4H, PhCH2CH3), 2.84 – 2.86 (m, 4H, PhCH2CH3), 3.33 – 

3.37 (m, 4H, PhCH2CH3), 5.13 (s, 2H, Ar NH), 6.61– 6.63 (d, 3JHH = 8 Hz, 4H, ArH), 6.87 (t, 

3JHH = 8 Hz, 2H, ArH), 7.00 – 7.05 (m, 2H, ArH), 7.12 – 7.14 (m, 2H, ArH), 7.15 – 7.16 (m, 2H, 

ArH); 13C{1H} NMR (101 MHz, C6D6, 273K): δ 14.4, 14.5, 23.8, 25.1, 125.4, 126.8, 127.0, 

127.5, 134.6, 138.0, 141.3, 141.3, 158.6. 27Al NMR (104 MHz, C6D6, 273K) δ 56.35. Mp - 260 – 

264 oC. IR (Nujol mull) (cm-1): 1813 and 1926 (br, Al-H). HRMS (ESI-TOF-Q) m/z: [M+H]+ 

calc’d. for C42H56AlN5:658.4797, found: 658.4424. Elemental analysis (%) for C42H56AlN5: 

calc’d’. C 76.67 H 8.58 N 10.64; found: C 76.20 H 8.42 N 10.86. 

5.B.5. Appendix: All analytical data and spectral files of hydroborated products and control 

reactions along with Crystallographic data and structure refinement summary of compounds 1 

and 2i, were available in the published paper: J. Org. Chem. 2020, 85 (7), 4999-5009. 
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Chapter 6 

Organoaluminum Cation Catalyzed Selective Hydrosilylation of Carbonyls, Alkenes, and 

Alkynes 
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article in Main group catalysis). DOI: https://doi.org/10.1002/ejic.202101030 

Abstract  

The N, N’-chelated -diketiminate analogue, i.e., conjugated bis-guanidine (CBG) ligand L(3H) 

[L= {(ArHN)(ArN)– C=N–C=(NAr)(NHAr)}; Ar = 2,6-Et2-C6H3], has been used to synthesize 

mono- and dinuclear Al (III) dimethyl complexes, [L(2H) AlMe2] (2) and[L(H)(AlMe2)2] (3). 

Compounds 2 and 3 are synthesized by the deprotonation method using free ligand and 

appropriate stoichiometric amounts of AlMe3 and are structurally characterized by a single-

crystal X-ray diffraction technique. Moreover, the reaction of compound 2 with B(C6F5)3 

afforded a three-coordinate aluminum methyl cation [L(2H)AlMe]+ [MeB(C6F5)3]- 4 in good 

yield. Compound 4 was thermally stable and characterized by multinuclear NMR spectroscopy. 

Furthermore, compound 4 was used for catalytic hydrosilylation of carbonyls, alkenes, and 

alkyne with triethylsilane (HSiEt3) under solvent-free conditions. I found that catalyst 4 is also 

effective for large-scale hydrosilylation reactions. Additionally, I have shown that compound 4 

catalyzed benzaldehyde's intermolecular chemoselective hydrosilylation over other reducible 

functional groups. 

6.1. Introduction 

The catalytic addition of the Si-H bond to aldehydes and ketones is an essential organic 

transformation (hydrosilylation) that permits the synthesis of silyl ether-protected alcohols in an 
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atom-economical manner.1 Although hydrogenation of carbonyls to alcohols is known, it 

requires highly flammable molecular hydrogen gas and harsh reaction conditions.2 Thus, 

commercially available liquid hydrosilanes are attractive due to their mild and easy handling.3 

Various transition metal-based catalysts have been employed for the hydrosilylation of 

carbonyls.4 Despite the stability and efficiency of these catalysts, they raise environmental and 

safety issues. In recent years, attention turned towards earth-abundant, less toxic, and cheaper 

main group-based catalysts for numerous organic transformations, including hydrosilylation of 

carbonyls.5 Such catalysts are alternatives to late transition metal-based systems.6 In this context, 

several well-defined molecular aluminum-based compounds have been used as catalysts for the 

hydrofunctionalization of unsaturated organic substrates, including hydroboration and 

hydrosilylation reactions.7 Roesky and coworkers reported that the neutral NacNac Al hydride  

(where NacNac = HC(CMeNAr)2, Ar = 2,6-iPr2-C6H3) catalyzed hydroboration of aldehydes and 

ketones with pinacolborane for the first time.8 

Later, our group and other research groups developed molecular aluminum-based catalysts for 

the hydroboration of unsaturated organic substrates.5b, 9 

As far as the current investigation is concerned, a limited number of reports are known for 

molecular cationic aluminum complexes and their catalytic application in hydroboration and 

hydrosilylation reactions.10 In 1999, Jordan group reported NacNac chelated three coordinate 

aluminum methyl cationic complex.11 After that few examples of molecular cationic 

organoaluminum complexes were documented.12  Regarding cationic organoaluminum 

complexes in hydrosilylation, in 2012, Bergman and coworkers manifested that the cationic 

aluminum alkyl stabilized by the scorpionate ligand catalyzed hydrosilylation of carbonyls for 

the first time (Figure 6.1.).13 In the same year, cationic organoaluminum, [Et2Al]+[CH6B11I6]- 
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catalyzed the reduction of CO2 with Et3SiH reported by Wehmschulte and coworkers.14 The 

same research group reported cationic aluminum diphenolate, which catalyzed hydrosilylation of 

carbon dioxide.15 In 2016, Nikonov and coworkers established the cationic NacNac aluminum 

hydride or alkyl complex catalyzed hydrosilylation of alkenes and alkynes with HSiEt3.
16 Again 

in 2017, Wehmschulte group employed the structurally characterized [Et2Al][CHB11Cl11] ion 

pair as a catalyst for the reduction of CO2 with triethylsilane.17 

 
Figure 6.1. Reported molecular cationic aluminum complexes for hydrosilylation of unsaturated organic 

substrates. 

Venugopal and coworkers investigated the catalytic activity of organoaluminum cation, 

[(Me2NC6H4)2Al(THF)2]+ for the hydrosilylation of ketones.18 Very recently, Dagorne and 
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coworkers reported N-heterocyclic carbene (NHC) stabilized Al(III) alkyl cation as a catalyst for 

the hydrosilylation of benzaldehyde, CO2, and alkynes (Figure 6.1.).19 

Since the first transition metal guanidinate complex20 by Lappert in 1970, many guanidinate 

metal complexes, including aluminum guanidinates, have been documented.20-21 Moreover, 

metal complexes bearing guanidinate anions have been utilized as catalysts in organic 

synthesis.21c, 22 

The chemistry of biguanides with aluminum is not well developed. Nandi and coworkers 

reported the first example of Al(III) biguanide.23 Recently, Kretschmer and coworkers 

established the aluminum coordination chemistry with tetrasubstituted biguanides.23b, 24 Our 

group recently developed well-defined tetra-aryl substituted conjugated bis-guanidinate 

(CBG)s25 and CBG stabilized aluminum complexes.26 In addition, there have been reports on the 

N-donor stabilized aluminum complexes, including NacNac; CBGs are analogs of popular 

NacNac ligands.27 

In 2016, Wei group developed the six-membered monomeric bis-guanidinate aluminum dialkyl 

complex through two synthetic procedures. i) the reaction of carbodiimide (CDI) with 

tetrasubstituted guanidinate aluminum dimethyl complex, ii) the reaction of in situ generated 

guanidinate Li salt with AlMe2Cl followed by the treatment of CDI.27b 

Recently our group established the first examples of mono- and dinuclear tetrasubstituted 

aluminum alkyl, halide, and hydride complexes.26 The deprotonation of free CBG can attain the 

preparation of CBG aluminum dimethyl complexes with AlMe3 in toluene. However, to our 

knowledge, there are no examples of cationic CBG aluminum methyl complexes in the literature. 

Thus, herein I report two examples of structurally characterized mono- and dinuclear aluminum 

dimethyl complexes. Moreover, I developed the first example of the CBG aluminum methyl 
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cationic complex. More importantly, the investigation of organoaluminum cation-catalyzed 

hydrosilylation of a wide array of aldehydes and ketones. Further, I extended the study of 

hydrosilylation of alkene and alkyne substrates catalyzed by organoaluminum cation. 

6.2. Results and Discussion 

6.2.1. Synthesis and Characterization of Conjugated Bis-Guanidinate (CBG) Stabilized 

Aluminum Dimethyl and Methyl Cation Complexes 

In this article, moderate bulky Diethylconjugated bis-guanidine (CBG) ligand L(3H)25 [L = 

{(ArHN)(ArHN)C=N-C=NAr(NHAr)}; 2, 6-Et2-C6H3] was selected to synthesize three-

coordinate aluminum alkyl cation. 

Our group had previously synthesized compound 2;26 however, the solid-state structure was not 

determined. Compound 2 is the precursor for the organoaluminum cation (vide infra). Thus, a 

thorough investigation of the compound mentioned above is justified. 

Deprotonation of a free ligand L(3H) with one equivalent trimethylaluminum (AlMe3) in toluene 

yielded compound [L(2H)AlMe2] 2 in 72 % yield.26 While a reaction of a 1:3 molar ratio of 

ligand L(3H) and AlMe3 solution (2.0 M in toluene) in toluene for 15 h led to the formation of 

dinuclear Al(III) dialkyl compound [L(H)(AlMe2)2] 3 with 76% yield, as colorless white solid 

(Scheme 6.1.). 

As mentioned earlier, examples of molecular organoaluminum cations are scarce. It should be 

noted that there have been no reports on biguanide or CBG supported organoaluminum cations, 

to our knowledge. Thus, it was targeted to prepare CBG aluminum methyl cation. 
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Scheme 6.1. Synthesis of CBG supported aluminum dimethyl and methyl cation complexes (2-4).  

Accordingly, the treatment of compound 2 with an equimolar quantity of B(C6F5)3 in toluene at 

room temperature afforded a mononuclear aluminum methyl cationic complex [L(2H)AlMe]+ 

[MeB(C6F5)3]- 4 in a 68% yield (Scheme 6.1.).  

1H and 13C{1H} NMR spectra of compound 2 are recorded in CDCl3, and corresponding spectra 

are provided in supporting information. Both compounds [L(H)(AlMe2)2] 3 and [L(2H)AlMe]+ 

[MeB(C6F5)3]- 4 have been fully characterized by multinuclear NMR spectroscopy.  

 

 

Figure 6.2. Molecular structures of 2 (left) and 3 (right). The thermal ellipsoids are shown at 50% probability, 

and all the hydrogen atoms except those bound to nitrogen atoms are deleted for clarity. Selected bond lengths 

(Å) and angles (deg) for 2 (left):  Al1− C1 1.9783(14), Al1−C2 1.9716(14), Al1−N1 1.9149(10), Al1−N2 

1.9085(10), N1−C23 1.3375(15), N3−C23 1.3406(15), N3−C24 1.3353(15), N2−C24 1.3444(16); N2−Al1−N1 

93.82(4), N2−Al1−C1 117.70(5), N1−Al1−C2 116.98(5), C1−Al1−C2 110.54(6), C23−N3−C24 124.22(10). 
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For 3 (right):Al2−C1 1.9613(15), Al2−C2 1.9731(15), Al1−C45 1.9670(17), Al1−C46 1.9485(16), Al1−N4 

1.9238(12), Al2−N1 1.9095(12), Al2−N2 1.9258(12), N1−C23 1.3399(17), N3−C23 1.3977(17), N3−C24 

1.3516(17), N2−C24 1.3308(17), N4−C23 1.3368(17), N5−C24 1.3531(18); N1−Al2−N2 93.11(5), 

N4−Al1−N3 68.24(5), N4−Al1−C45 112.61(6), C46−Al1−C45 117.56(8), C46−Al1−N3 120.84(7), 

N2−Al2−C2 109.85(6), C24−N3−C23 125.33(11), N4−C23−N3 106.77(11). 

The 1H NMR (CDCl3) spectrum of compound 3 displays two sharp singlets at the upfield region, 

i.e., –1.03 and –1.24 ppm with the integration of six protons each, corresponds to {Al(Me2)}2 

fragment, which proves that complex 3 is dinuclear metal alkyl in nature. The result matches the 

previously reported XylCBG analog of the dialuminum dialkyl complex.27 The disappearance of 

resonance signals at 12.63 and 4.97 ppm (CDCl3) corresponds to (N–H···N) and one backbone 

(Ar-NH) fragments of free ligand L(3H) and the appearance of one new singlet signal at 5.46 

ppm due to the backbone arm Ar-NH moieties indicate the complete formation of compound 3. 

Due to the unsymmetrical nature of dinuclear metal compound 3, 13C{1H} spectrum displays two 

distinct peaks at 155.2, and 164.0 ppm correspond to the C24 carbon atom of six (AlN3C2) and 

C23 carbon atom of four-membered (AlN2C) heterocycles (See Figure 6.2.). Both [L(2H)AlMe2] 

2 and [L(H)(AlMe2)2] 3 were additionally characterized with high-resolution mass spectroscopy 

and single-crystal X-ray analysis (Figure 6.2.). The 1H NMR spectrum of compound 4 showed 

two sharp singlets at 0.11 and 1.91 ppm, each of the integration of three protons corresponds to 

Al-Me and B-Me fragments, respectively, compared to the signal for AlMe2 moiety of complex 2 

at -0.94 ppm. A similar pattern was observed in the 13C{1H} spectrum, where the upfield signal 

at -8.96 ppm due to the AlMe2 moiety of compound 2 split into two signals and shifted towards 

the downfield region at 2.42 and 5.52 ppm for complex 4 due to the Al-Me and B-Me fragments, 

respectively.10b The 11B and 19F{1H}NMR spectra of complex 4 showed resonances at -15.03 and 

-134.00, -166.38, and -168.88 ppm, respectively, which proves the existence of counteranion 

[MeB(C6F5)3]- of 4.10b The crystallization of molecular cationic aluminum complexes is 
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extremely difficult. Multiple attempts to obtain the solid-state structure of compound 4 failed 

because it was impossible to generate crystals of sufficient purity to diffract light. The single-

crystal X-ray analysis further provides the conclusive solid-state structures of 2 and 3 (Figure 

6.2.). Both the compounds [L(2H)AlMe2] 2 and [L(H)(AlMe2)2] 3 were grown in toluene as 

colorless crystals at 5 oC and crystallized in a monoclinic system with P21/n and P21/c space 

groups, respectively. The complete crystallographic data can be seen in the ESI as Table S1. In 

both 2 and 3, the central aluminum metal adopts distorted tetrahedral geometry, coordinated with 

monoanionic N, N’-chelated ligand, and two methyl groups, which confirm the four-coordinate 

structural conformation around the aluminum atom. In addition, the solid-state X-ray crystal 

structure of 2 further proves the C2N3Al six-membered metallacycle ring. The dinuclear 

compound 3 comprises four and six-membered metallacycle rings, analogous to the previously 

reported CBG dialuminum alkyl complex.27 The Al-C and Al-N bond distances lie in complexes 

2 and 3 between 1.948-1.978 Å and 1.909-1.923 Å, respectively, similar to reported N, N’-

chelated aluminum dimethyl complexes.26-27 

6.2.2. Aldehyde Hydrosilylation 

To the best of our literature study, it was noticed that molecular cationic aluminum complexes 

are robust catalysts for hydroelementation reactions compared to their parent neutral 

counterparts, which encouraged us to investigate the carbonyl hydrosilylation by employing 

newly synthesized CBG supported aluminum methyl cation (4). 

To explore the catalytic performance of compound 4 for hydrosilylation of aldehyde, I chose 

benzaldehyde as a model substrate and reacted with one equivalent HSiEt3 under solvent-free 

conditions at room temperature for 12 h (Table 6.1.).  
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Table 6.1. Optimization table for aluminum catalyzed hydrosilylation of benzaldehyde.a 

 
Entries Catalysts mol% Solvent Time (h) Yield (%)b 

1 - - neat 12 - 

2 4 2.0 neat 12 >99 

3 4 2.0 neat 8 >99 

4 4 1.0 neat 8 >99 

5 4 1.0 Toluene 8 >99 

6 4 0.5 neat 8 80 

7 3 1.0 neat 8 - 

8 2 1.0 neat 8 - 

aReaction conditions: benzaldehyde (1.0 equiv., 0.3 mmol), triethylsilane (1.0 equiv., 0.3 mmol), catalyst (x mol%), 

neat, 8 h at rt under N2.  bThe yield was determined by 1H NMR spectroscopy based on consumption of starting 

material and identified newly formed characteristic proton (PhCH2OSiEt3) signal at () 4.63 ppm. 

Initially, no desired silylated ether product was detected in the absence of the catalyst. However, 

the incorporation of 2 mol% catalyst (4) affords quantitative conversion of benzaldehyde (4a) 

into silylated ether PhCH2OSiEt3 (5a), which indicates the active participation of compound 4 in 

this transformation. The further decrease in time up to 8 h leads to a similar result. Inspired by 

these effective results, the above catalytic reaction was further executed under a lower catalyst 

loading (1 mol% and 0.5 mol%). I noticed the formation of silylated ether 5a in 99% and 80% 

yields. 

Moreover, the catalytic outcome did not affect by the solvent (entry 5 of Table 6.1.). No 

conversion was perceived for catalysts 2 and 3.  
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With the final optimization in hand, the catalytic hydrosilylation of various commercially 

available aldehydes was investigated using compound 4, which reveals a good tolerance of 

halide, nitrile, nitro, and heterocycles under neat conditions (Scheme 6.2.). I tracked the progress 

of the hydrosilylation reaction solely by 1H NMR spectroscopy, which established the 

quantitative formation of silylated ethers. All tertiary silylated ethers (5a-5r) were purified by 

column chromatography and isolated in good yield (73%-93%). 

It has been observed that aryl aldehydes with electron-donating (4b-4d) or electron-withdrawing 

(4e-4k) groups were fully converted into corresponding silylated ether products (5b-5k) as 

colorless oils. For the hydrosilylation of terephthaldehyde, two-fold triethylsilane was used under 

similar conditions to isolate the final reduced silylated product (5l) in an 88% yield. 

Moreover, to explore the potential chemoselectivity of our current catalysis, 4-

cyanobenzaldehyde (4m) was treated with HSiEt3 and noticed exclusive hydrosilylation of 

aldehyde (5m) with untouched nitrile functional group after 8 h in 90% isolated yield. In 

addition, I have also investigated the hydrosilylation of biaryl and fused ring aldehydes. As 

illustrated in scheme 6.2., all three aldehydes, i.e., biphenyl-4-carboxaldehyde, 9-

phenanthrenecarboxaldhyde, and 9-anthracenecarboxaldehyde, were quantitatively converted 

into (5n-5p) in 73-82% yields. 

Lastly, I examined the hydrosilylation of heteroaryl aldehydes such as quinoline-6-

carboxaldehyde and 2-thiophene carboxaldehyde. Both aldehydes were discovered to be 

smoothly silylated into the related products 5q and 5r under the same standard condition. 
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Scheme 6.2. Substrate scope for hydrosilylation of aldehydes catalyzed by 4.a  
aReaction conditions: aldehyde (1.0 mmol, 1.0 equiv.), triethylsilane (1.0 mmol, 1.0 equiv.), catalyst 3 (1 mol%), 

neat, 8 h at rt under N2. Products are isolated after column chromatography. 

6.2.3. Ketone Hydrosilylation 

Further, the hydrosilylation scope was additionally extended to ketones. At the outset, 

acetophenone was treated with HSiEt3 in neat and catalyst-free condition at rt, resulting in no 

conversion (Table 6.2., entry 1). To our delight, I noticed the full hydrosilylation of 

acetophenone into corresponding triethyl(1-phenylethoxy)silane 7a while 4 mol% of catalyst 4 

was introduced in the above solution under a similar reaction condition. Additionally, in solvent-

free conditions, similar outcomes up to 2 mol% catalyst loading were seen; further lowering in 

catalyst amount results in poor conversion. It should be noted that entry 8 shows the high 

turnover frequency (TON) (15). Additionally, both 2 and 3 were inactive to catalyze the 

acetophenone hydrosilylation reaction. 

Table 6.2. Optimization table for aluminum catalyzed hydrosilylation of acetophenone.a 
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Entries Catalysts mol% Solvent Time (h) Yield (%)b 

1 - - neat 24 - 

2 4 4.0 neat 24 >99 

3 4 4.0 neat 12 >99 

4 4 3.0 neat 12 >99 

5 4 2.0 neat 12 >99 

6 4 2.0 Toluene 12 >99 

7 4 2.0 neat 8 >99 

8c 4 2.0 neat 4 >99 

9 4 1.0 neat 12 60 

10 3 2.0 neat 12 - 

11 2 2.0 neat 12 - 

aReaction conditions: acetophenone (1.0 equiv., 0.3 mmol), triethylsilane (1.0 equiv., 0.3 mmol), catalyst (x mol%), 

neat, 12 h at rt under N2.  bThe yield was determined by 1H NMR spectroscopy based on consumption of starting 

material and identified newly formed characteristic proton (PhCHMeOSiEt3) signal at () 4.79 ppm. TON was 

calculated by dividing the number of moles of the product by the number of moles of catalyst used. TOF was 

determined to divide TON by time of reaction. cFor entry 8, TON = 50 and TOF = 12.5 h-1.  

In Scheme 6.3., I summarized the substrate scope of ketone hydrosilylation with adequate 

tolerance of alkyl, halide, nitrile, and heterocycle functionalities (7a-7k). All reactions were 

performed in a 1.0 mmol scale and further purified by column chromatography using SiO2 (100-

200 mesh) to isolate silyl ethers in a 70-87% yield. The initial screening revealed that electron-

withdrawing aryl ketones, such as 2'-, 4'-, and 4'-chloroacetophenone, completely reduce to their 

respective silyl ethers (7b-7d). These results are well consistent with the reported cationic 

aluminum catalyzed hydrosilylation reactions.13 In bulky substrate 1-acetonapthone, I found no 

change in optimized conditions and therefore afforded the corresponding naphthyl silyl ether (7e) 
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in a quantitative yield. To expand the substrate scope, one intramolecular chemoselective 

hydrosilylation reaction was performed.  

 

 
Scheme 6.3. Substrate scope for hydrosilylation of ketones catalyzed by 4.a  
aReaction conditions: ketone (1.0 mmol, 1.0 equiv.), triethylsilane (1.0 mmol,1.0 equiv.), catalyst (3) (2 mol%), 

neat, 12 h at rt under N2. The product was isolated after column chromatography. TON was calculated by dividing 

the number of moles of the product by the number of moles of catalyst used. TOF was determined to divide TON by 

time of reaction. 

For this, I chose the commercially available 4’-cyanoacetophenone (4f), which is successfully 

reduced into silyl ether 7f without disturbing the reducible nitrile functional group. In addition, 

our catalyst 4 exhibits a good tolerance of bulky disubstituted ketones such as benzophenone, 4-

methylbenzophenone, 4,4’-dimethylbenzophenone, and 4,4’-difluorobenzophenone. All four 

disubstituted ketones underwent full hydrosilylation into desired silyl ethers 7g-7j with 70-84% 

isolated yields. 
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In the end, I also established that compound 4 is adequate towards hydrosilylation of long-chain 

aliphatic ketones like 2-tridecanone, which is wholly reduced into corresponding 

triethyl(tridecan-2-yloxy)silane 7k with 75% isolated yield.  

The catalytic activity of 4 in the hydrosilylation of acetophenone displays turn over number 

(TON), 50 and turn over frequency (TOF), 12.5 h-1 as compared to reported Bergman’s13 

scorpionate ligand stabilized aluminum methyl cation, 39.2 (TON), and 39.2 h-1 (TOF) and 

Venugopal’s18 [(Me2NC6H4)2Al(THF)2]+ 19.6 (TON) and 0.57 h-1 catalysts (Scheme 6.4.).  

 

Scheme 6.4. Comparison of catalytic efficiencies of cationic organoaluminum catalysts for hydrosilylation of 

acetophenone.a  
aTON was calculated through the dividing number of moles of the product by the number of moles of catalyst used. 

TOF was determined to divide TON by time of reaction. 

It is worth noting that all the above catalytic hydrosilylation reactions were performed in room 

temperature conditions, while other reported catalysts at higher temperatures (60 -100 oC). 

6.2.4. Catalytic Alkene Hydrosilylation 

For alkene hydrosilylation, the investigation began with styrene as an example. In the initial 

screening, I performed a hydrosilylation reaction in the absence of catalyst at 80 oC, where no 

conversion was recorded (Table 6.3., entry 1). The same reaction when performed in 8 mol% 

catalyst 4, >99% of 9a (PhCH2CH2SiEt3), was found exclusively in the crude reaction mixture. 
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The reduced alkyl silane is linear with anti-Markovnikov selectivity, similar to the results shown 

by Nikonov and coworkers.16 With the decrease of catalyst loading up to 4 mol%, I observed the 

quantitative formation of 9a in 1H NMR spectroscopy after 12 h stirring in neat conditions. There 

was no change in the catalytic activity when the reaction was done in toluene. However, both 

complexes 2 and 3 were inactive to catalyze the hydrosilylation of styrene. It should be noted 

that all alkyl silanes (9a-9e) were further purified by column chromatography. By using the 

above final optimized conditions, further substrate scope was expanded in alkyl and aryl-

substituted alkenes (Scheme 6.5.). The initial experiments were performed using 4-methylstyrene 

and 4-chlorostryene with HSiEt3 in solvent-free conditions at 80 oC. The corresponding linear 

alkyl silanes (9b-9c) were isolated in 86-88% with no trace of starting material. 

Table 6.3. Optimization table for aluminum catalyzed hydrosilylation of styrene.a 

 
Entries Catalysts mol% Solvent Time (h) Yield (%)b 

1 - - neat 24 - 

2 4 8.0 neat 24 >99 

3 4 8.0 neat 12 >99 

3 4 6.0 neat 12 >99 

4 4 4.0 neat 12 >99 

5 4 4.0 Toluene 12 >99 

6 4 2.0 neat 12 75 

7 3 4.0 neat 12 - 

8 2 4.0 neat 12 - 
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aReaction conditions: styrene (1.0 mmol, 1.0 equiv.), triethylsilane (1.0 mmol, 1equiv.), catalyst (x mol%), neat, 24 

h at 80 oC under N2.  bThe yield was determined by 1H NMR spectroscopy based on the consumption of starting 

material and identified newly formed characteristic proton (PhCH2CH2SiEt3) signal at () 2.56 ppm. 

Furthermore, the reaction with aliphatic alkenes such as cycloalkene and methylenecyclohexane 

yielded 65-72% corresponding anti-Markovnikov products 9d and 9e.  

 

Scheme 6.5. Substrate scope for hydrosilylation of alkenes catalyzed by 4.a  

aReaction conditions: alkene (1.0 mmol, 1.0 equiv.), triethylsilane (1.0 mmol,1.0 equiv.), catalyst (4) (4 mol%), neat, 

24 h at 80 oC under N2. The products were isolated after column chromatography. 

6.2.5. Hydrosilylation of Phenylacetylene 

The literature survey revealed that only two molecular cationic aluminum complexes are 

reported for alkynes' hydrosilylation.16, 19 However, the analogue catalyst used by Nikonov takes 

five days to complete the full hydrosilylation of phenylacetylene. To our delight, complex 4 

smoothly catalyzed the trans addition of triethylsilane in C≡C bond of phenylacetylene to afford 

(E)-vinyl silane 11a under mild conditions with 86% isolated yield (Scheme 6.6.).  

 
Scheme 6.6. Hydrosilylation of phenylacetylene catalyzed by 4.a                
aReaction conditions: phenylacetylene (1.0 mmol, 1.0 equiv.), triethylsilane (1.0 mmol, 1.0 equiv.), catalyst (4) (2 

mol%), neat, 12 h at 70 oC under N2. The product was isolated after column chromatography. 
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6.2.6. Scale-up Reaction 

Four independent large-scale experiments at 5.0 mmol were conducted to explore the practical 

utilization of our current methodology. As shown in scheme 6.7., an equimolar reaction of 

benzaldehyde with triethylsilane for 8 h afforded a complete hydrosilylation product 5a with 

87% yield. Similarly, the practicable scalability of our current protocol also works well for the 

hydrosilylation of acetophenone, styrene, and phenylacetylene to isolate the corresponding 

silylated products 7a, 9a, and 11a in 78-89% yields. 

 
Scheme 6.7. Scale-up reactions with HSiEt3 catalyzed by 4. 

6.2.7. Intermolecular Chemoselective Reactions 

Chemoselective reduction is a fundamental transformation for the synthesis of desired 

products.28 During hydrosilylation of carbonyls, I introduced the effective intramolecular 

chemoselective reductions with HSiEt3; therefore, it was curious to investigate the intermolecular 
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chemoselective hydrosilylation between benzaldehyde and acetophenone or benzonitrile or 

styrene, or phenylacetylene (Scheme 6.8.). 

Thus, when I mixed the equimolar solution of benzaldehyde and acetophenone with 1 equivalent 

of HSiEt3, it affords the almost complete formation of silylated ether 5a of corresponding 

benzaldehyde at rt (based on 1H and 13C{1H} NMR analysis). In similar experiments, a 1:1 molar 

ratio of benzaldehyde and benzonitrile/styrene/phenylacetylene was treated with equimolar 

triethyl silane under the same condition, resulting in the nearly quantitative hydrosilylation of 

benzaldehyde into 5a with intact reducible functionalities was observed. 

 

Scheme 6.8. Intermolecular chemoselective hydrosilylation of benzaldehyde. 

6.2.8. Control Experiment 

One control reaction was performed to understand the reported CBG aluminum methyl cation 

catalyzed hydrosilylation reaction mechanism (Scheme 6.9.).  
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Scheme 6.9. Reaction of compound 4 with triethylsilane. 

The reaction of compound 4 with HSiEt3 in a 1:1 molar ratio in benzene-d6 at 80 oC for 12 h 

afforded CBG aluminum-hydride cation, 5 (Scheme 6.9.). The newly synthesized in-situ active 

catalyst 4 is characterized by multinuclear NMR and high-resolution mass spectroscopy. Further, 

in the 29Si{1H} spectrum, a characteristic signal appeared at 6.38 ppm, ensuring the side product 

MeSiEt3. The signal is well-matched with reported literatures.29 

6.2.9. A mechanism for Aluminum (4) Catalyzed Carbonyl Hydrosilylation 

Based on the above-control experiment and reported mechanism for carbonyl reduction using 

cationic aluminum complex,10b I suggest an insertion with the σ-bond metathesis model reaction 

mechanism as displayed in Scheme 6.10. 

Initially, the aluminum pre-catalyst [LAlMe]+ 4 reacts with HSiEt3 to generate an active catalyst 

aluminum hydride [LAlH]+ (5). In the next step, 4 leads to one labile adduct A1 by reaction with 

a carbonyl group, where hydride migration from Al center to carbonyl carbon occurs to form 

stable aluminum alkoxide complex A2, [LAl-O-CHRR’]+. The intermediate A2 reacts with 

HSiEt3 and generates one four-membered T.S (intermediate A3). Finally, the intermediate A3 

undergoes σ-bond Al-O/Si-H metathesis to release corresponding alkoxy-siloxy ether products 

and resurgence of catalyst 5. 
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Scheme 6.10. Proposed mechanism for hydrosilylation of carbonyl. 

6.2.10. A mechanism for Aluminum (3) Catalyzed Alkene Hydrosilylation 

Based on the reported mechanism of aluminum-methyl cation catalyzed hydrosilylation of 

alkenes by Nikonov and coworkers16 and above stoichiometric reaction, I propose the reduction 

of alkenes using active catalyst 5 as displayed in Scheme 6.11. The catalytic cycle involves the 

coordination of compound 5 with an olefin to afford aluminum dialkyl intermediate B. Next, 

intermediate B reacts with HSiEt3 to afford reduced silyl ether product and regeneration of active 

catalyst 5. 
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Scheme 6.11. Proposed mechanism for hydrosilylation of alkene catalyzed by 4. 

6.2.11. Lewis’s acidity determination of compound 4 

The Lewis acidity of compound 4 is determined by the Gutmann–Beckett method in which the 

chemical shift of 31P{1H} of the Et3PO probe upon coordination with the Lewis acidic center is 

measured.30 I observed that when equimolar amounts of 4 and triethyl phosphine oxide in 

benzene-d6 solution is heated at 70 oC, the 31P{1H} resonance shifts from δ = 45.76 ppm (for 

uncoordinated Et3PO) to δ = 74.15 ppm (for 4.OPEt3). The acceptor number (AN), a measure of 

Lewis acidity, is calculated according to the reported formula AN = 2.21 (δsample - 41).30c In the 

present case, the acceptor number of compound 4 is 73.3, as compared to the reported Singh’s10b 

bis(phosphinimino)-amine ligand stabilized aluminum methyl cation (AN = 83.1, C6D6), 

Dagorne’s19 [IPr.AlMe2]+ catalyst (AN = 78.6, C6D5Br) and commercially available B(C6F5)3 

reagent (AN = 76.0, C6D6).30a 
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6.3. Conclusions 

In conclusion, I have reported the structurally characterized mono- and dinuclear aluminum (III) 

dialkyl complexes (2-4) chelated by NacNac analogue, conjugated bis-guanidinate (CBG)anion. 

Moreover, this is the first example of the cationic CBG aluminum methyl complex, as per the 

literature study. The cationic organoaluminum complex 4 was used as a robust catalyst for 

hydrosilylation of a wide array of aldehydes and ketones with HSiEt3 and well-tolerated the 

reducible halide, heterocycle, nitro, and nitrile functional groups. All silyl ethers were isolated in 

excellent yields. Both intra and intermolecular chemoselective hydrosilylation have been 

performed. In addition, cation was also employed for the hydrosilylation of alkene and alkyne 

substrates. Furthermore, I have shown large-scale synthesis to illustrate the practical applicability 

of this methodology. Currently, other challenging organic transformations using compound 4 are 

still in progress. 

6.4. Analytical data of compounds (2-4). 

6.4.1. Synthesis of L(2H)AlMe2 (2): To a solution of L(3H) (0.5 g, 0.79 mmol, 1.0 equiv.) in 

toluene (15 mL), trimethylaluminum (2.0 M in toluene, 0.40 mL, 1.0 equiv.) was added at 0 °C. The 

solution was allowed to attain the room temperature, and the stirring was extended for 15 h. The 

solvent was removed completely then washed with n-hexane, and was added to the crude solid 

toluene (∼10 mL) and slowly cooled to room temperature to give 2 as colorless crystals (0.39 g, 0.57 

mmol, 72%). Mp: 275 − 285 °C. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 7.28 (s, 6H, ArH), 

6.90 (t, 3JHH = 8.0 Hz, 2H, ArH), 6.68 – 6.66 (d, 3JHH = 8.0 Hz, 4H, ArH), 5.20 (s, 2H, NH), 3.08 – 

3.01 (m, 4H, CH2CH3), 2.84 – 2.76 (m, 4H, CH2CH3), 2.42 – 2.33 (m, 4H, CH2CH3), 2.26 – 2.17 (m, 

4H, CH2CH3), 1.36 (t, 3JHH = 8.0 Hz, 12H, CH2CH3), 0.97 (t, 3JHH  = 8.0 Hz, 12H, CH2CH3), -0.94 (s, 

6H, Al(CH3)2).13C{1H} NMR (101 MHz, CDCl3, 298 K) δ (ppm): 158.1, 141.1, 140.6, 138.8, 134.3, 
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126.6 126.4, 125.7, 125.1, 24.6, 23.2, 14.2, 13.8, -8.9 (Al(CH3)2). HRMS (ASAP/Q-TOF) m/z: [M]+ 

Calcd. for C44H60AlN5: 685.4899; Found 685.4886. 

6.4.2. Synthesis of [L(H){(AlMe2)2}] (3): To a solution of LH (0.5 g, 0.79 mmol, 1.0 equiv.) in 

toluene (15 mL), trimethylaluminum (2.0 M in toluene, 1.18 mL, 3.0 equiv.) was added at 0 °C. The 

solution was allowed to warm to room temperature, and the stirring was extended for 15 h. The 

solvent was removed completely, then washed with n-hexane. The crude product was crystallized 

from toluene at 5 °C to give 3 as colorless crystals (0.445 g, 0.6 mmol, 76%). Mp: 255−260 °C.1H 

NMR (700 MHz, CDCl3, 298 K) δ (ppm): 7.17 – 7.13 (m, 6H, ArH), 6.77 – 6.72 (m, ArH), 6.64 (t, 

3JHH = 8.0 Hz, 3H, ArH), 5.46 (s, 1H, NH), 3.02 – 2.98 (m, 4H, CH2CH3), 2.79 – 2.74 (m, 2H, 

CH2CH3), 2.72 – 2.65 (m, 2H, CH2CH3), 2.42 – 2.37 (m, 4H, CH2CH3), 2.28 (m, 4H, CH2CH3), 1.33 

(t, 3JHH = 8.0 Hz, 6H, CH2CH3), 1.14 (t, 3JHH = 8.0 Hz, 6H, CH2CH3), 1.10 (t, 3JHH = 8.0 Hz, 6H, 

CH2CH3), 0.99 (t, 3JHH = 8.0 Hz, 6H, CH2CH3), -1.03 (s, 6H), -1.24 (s, 6H, (Al(CH3)2)2).13C{1H} 

NMR (176 MHz, CDCl3, 298 K) δ (ppm): 164.0, 155.2, 143.4, 140.7, 140.6, 138.5, 136.9, 129.7, 

127.5, 127.1, 126.1, 124.4, 124.4, 25.1, 23.9, 23.6, 23.4, 14.2, 13.9 13.6, 13.4, 8.5 (Al(CH3)2), -

9.0(Al(CH3)2). HRMS (ASAP/Q-TOF) m/z: [M]+ Calcd for C46H66Al2N5: 742.4949; Found  

742.4982. 

6.4.3. Synthesis of [L(2H)AlMe]+ [MeB(C6F5)3]-(4): To a solution of [L(2H)AlMe2] 2 (0.5 g, 0.73 

mmol, 1.0 equiv) in toluene (20 mL), dropwise added solution of B(C6F5)3 (0.37 g, 0.73 mmol, 1.0 

equiv) in toluene (10 mL) at rt. The solution was allowed to be stirred for 12 h. The solvent was 

removed completely under vacuum, and then the oil was washed with n-hexane. The crude product 

was crystallized from toluene at 0 °C to give 4 colorless crystals (0.43 g, 0.5 mmol, 68%). Mp: 

220−225 °C.1H NMR (400 MHz, C6D6, 298 K) δ (ppm): 7.20 – 7.14 (m, 6H, ArH), 6.99 (t, 3JHH = 

8.0 Hz, 2H, ArH), 6.75 – 6.73 (d, 3JHH = 8.0 Hz, 3H, ArH), 6.31 (s, 2H, ArH), 5.55 (s, 2H, NH), 3.37 

– 3.28 (m, 4H, CH2CH3), 2.63 – 2.56 (m, 4H, CH2CH3), 2.37 – 2.34 (m, 4H, CH2CH3), 2.22 – 2.17 

(m, 4H, CH2CH3), 1.91 (s, 3H, CH3), 1.32 (t, 3JHH = 8.0 Hz, 12H, CH2CH3), 0.94 (t, 3JHH  = 8.0 Hz, 
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12H, CH2CH3), 0.11 (s, 3H, CH3).13C{1H} NMR (101 MHz, C6D6, 298 K) δ (ppm): 155.2, 147.4, 

141.3, 139.8, 137.4, 135.5, 126.9, 126.3, 125.6, 125.5, 125.1, 123.2, 25. 3, 14.0, 14.6, 13.8, 5.5, 

2.4.11B NMR (128 MHz, C6D6, 298 K) δ (ppm): -15.03.19F{1H} NMR (376 MHz, C6D6, 298 K) δ 

(ppm): -134.00, -166.38, -168.88. HRMS (ASAP/Q-TOF) m/z: [M]+ Calcd for C50H61AlBF5N5: 

864.4792; Found 864.4698. 

6.5. Appendix: All analytical data and spectral files of hydrosilylated products and compounds 2-4 

were available in Eur. J. Inorg. Chem. 2022 (Invited article in Main group catalysis). DOI: 

https://doi.org/10.1002/ejic.202101030. In addition, the crystallographic data and structure 

refinement summary of compounds 2 and 3 were provided in ESI. 
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Thesis Highlights 
 

In recent years, the use of main-group metal complexes in catalysis has surpassed that of transition 

elements, as aluminum is the cheapest earth-abundant element in the periodic table, drawing attention 

to its use in catalysis. This thesis is based on a thorough application of aluminum complexes in 

catalysis research. At first CBG-stabilized neutral and cationic aluminum hydrides and alkyl 

complexes were isolated Following that, the CBG aluminum-hydride was employed for catalytic 

hydroboration of carbonyl compounds and various cross-dehydrocoupling reactions to corresponding 

hydroborated products using HBpin as reducer. Additionally, the chemoselective synthesis of 

amides, aminals, and N-methyl amines from respective heteroallenes such as carbodiimides, 

isocyanates, isothiocyanates, and isoselenocyanates was investigated under solvent-free conditions at 

low catalyst load. Moreover, B-H addition across the double bond (alkene, isonitrile) and a triple 

bond (alkyne, nitrile) were investigated to produce high-yielding borylamine and vinyl boronate ester 

products. Furthermore, the addition of CBG aluminum methyl cation-based Si-H (HSiEt3) in 

carbonyls (aldehyde, ketone), alkenes, and phenylacetylene were investigated. Finally, it was 

concluded that thesis will provide excellent guidelines for reducing challenging unsaturated 

functional groups via hydroboration and hydrosilylation methods using CBG aluminum complexes 

under mild conditions. 

 
 
Figure 1. Sustainable approaches for the reduction of unsaturated organic functionalties. 
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Conclusion and Outlook for Future Research 

Main group elements are cheaper, non-toxic, and abundant on the earth's crust than transition or 

lanthanide elements. In recent years, the application of molecular compounds containing main 

group elements in catalysis has been an emerging area of recent research interest. In view of this, 

in the present thesis, various sustainable approaches have been used to synthesize boron 

derivatives from the corresponding unsaturated organic functionalities using newly synthesized 

CBG ligand-stabilized aluminum complexes under mild conditions. Every chapter includes a 

description of the scope of the reaction, mechanistic research, and a synthetic application of our 

improved methods for hydroboration and hydrosilylation reactions. For the chemistry group 

working on organic synthesis, this suggests that these efficient and cost-effective methodologies 

will considerably impact the field of organic synthesis. We hope that these environmentally 

friendly methods will be beneficial to researchers conducting related research as well as a good 

manual for building smaller organic building blocks. I have primarily developed cross-

dehydrocoupled boron derivatives, vinyl boronate esters, alkoxyboronate esters, N-boryl amides, 

aminals, and bis-arylamines. These boron derivatives were helpful in various coupling reactions, 

including Suzuki reactions, pharmaceuticals, the agricultural, and cosmetics sectors. Therefore, 

our work establishes a connection between organic synthesis and its industrial application. We 

believe that the study described here will significantly impact organic chemistry research. In the 

near future, this study endeavor might also have commercial relevance. 

 

 

 


