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Abstract 
 
Novel bidentate amine – imine, and amido – imine ligands were synthesized. The former 

species was reacted with ZnMe2 to generate zinc methyl complex. The compound was fully 

characterized by 1H NMR and X – ray spectroscopy. The zinc methyl complex demonstrated 

rather limited catalytic activity in hydroboration and hydrosilylation of N – heterocycles. 

Consequently, a new zinc hydride complex was synthesized using an amido – imine ligand as 

a precursor. A series of nitrogen heteroaromatics were successfully hydroborated using 

catalytic amounts of zinc hydride species. Deuterium – labeling experiments, and kinetic 

studies allowed to get insights into the reaction mechanism. It was proposed that the 

hydride transfer proceeds via a six – membered transition state orchestrated by the Lewis 

acidic zinc – hydride complex.  

Another project was focused on the synthesis of a potentially redox “non – innocent” 

diimine ligand, using Arduengo’s diketone as the starting point. Attempts to install an imine 

moiety resulted in a surprising reaction outcome. 
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I. Introduction 
The reduction of unsaturated compounds is a useful chemical transformation yielding 

valuable products, with direct hydrogenation proving to be the most atom – economic 

approach1. However, this process has a series of drawbacks2. Logistically, storage and 

transportation of molecular hydrogen in high- pressure tanks cause safety and operational 

concerns. Chemically, the hydrogenation method frequently suffers from a lack of 

chemoselectivity.  

Catalytic hydroboration and hydrosilylation are alternative methods for selective reduction 

of challenging substrates, such as N-heteroaromatics1. Specifically, the reduced derivatives 

of nitrogen heterocycles have valuable applications in organic synthesis, pharmaceuticals, 

and agrochemical industries3. The first representative reports on selective catalytic 

reduction of N-heterocycles were based on ruthenium4,5,6,8, rhodium7, and palladium9. 

Despite the high catalytic activity of heavy late transition metals, their low abundance, high 

price, and found recognized toxicity pose serious problems. Therefore, there has been a 

great interest in switching to more Earth – abundant, cheaper main group analogs.  

In response to this interest, zinc chemistry has emerged as a valuable alternative10.  

Zinc is often considered together with transition metals. However, the fact that in all its 

compounds it has fully filled d-subshells, and limited oxidation states (Zn0 and ZnII, mostly), 

allows for its classification as a main – group element. Additionally, zinc serves as a trace 

element in living organisms, has a biological importance, and low toxicity11.  

The main focus of this thesis was directed towards the development of novel zinc catalysts 

bearing an amido-imine ligand. The catalytic activity of these species in hydroborations and 

hydrosilylations of N-heteroaromatics was investigated. Special attention was given to the 

mechanistic aspects of the current approach.   
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In the second project, an Arduengo-type ONO ligand was synthesized on a large scale with 

the purpose of its further conversion into a diamino-amine ligand for further applications in 

main-group chemistry. Unexpectedly, in our attempts to install the imine moiety we faced 

with serious synthetic challengers that led to an interesting reactivity that is also discussed 

here.   
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II. Historical 

II.1. Zinc – catalyzed hydrosilylation of carbonyls 

Reductive silylation of carbonyl compounds mediated by zinc compounds was first 

performed by Calas et al. in the 1960’s12. Their system involved the utilization of ZnCl2 as a 

Lewis acid and trialkyl silanes as reducing agents at high temperatures. Later, in 1982, 

Caubere et al. reported a one – pot synthesis of silyl ethers from ketones and aldehydes by 

employing equimolar amounts of ZnCl2, NaH, t-C5H11ONa (sodium tert-pentoxide) and 

TMSCl at room temperature13. It is important to note that substrates containing C=C 

double bonds were well tolerated.  

Inspired by the Caubere’s work13, Noyori et al. pioneered heterogeneous Zn – catalyzed 

reductive silylation of carbonyls in 199414. This method involved TMSCl and LiH activated 

by catalytic amounts (1-5 mol%) of either ZnII salts or Zn0 powder (Scheme 1). Aromatic and 

aliphatic ketones and non-enolizable aldehydes were efficiently converted into the 

corresponding silyl ethers. Using X–ray Induced Auger Electron Spectroscopy (XAES), ZnII 

was proposed to be the active catalyst in the system. The obtained Auger value (2011 eV) 

was in agreement with literature (2010 – 2011 eV for Zn(II)). One of the advantages of this 

approach is the use of inexpensive and commercially available LiH. Also, the reaction 

occurs under safer conditions since LiH is relatively inert when compared to NaH as used by 

Caubere13.  
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Scheme 1. Zn – catalyzed reductive silylation of ketones and aldehydes by Noyori 

In 2007, Okamoto and colleagues reported a similar method for reductive silylation of 

aromatic and aliphatic ketones and aldehydes15. In this case, CaH2 was activated by a 

catalytic amount of ZnII salt (10 mol%) in the presence of R3SiCl (Scheme 2). 

 

Scheme 2. Zn – catalyzed reductive silylation of ketones and aldehydes by Okamoto 

The use of TMSCl led to a mixture of corresponding alcohols and silyl ethers, which 

required additional acid work up to isolate the desired alcohol product. Interestingly, the 

bulkier silane PhMe2SiCl led to the generation of silyl ethers after a neutral workup. It is 

noteworthy that some functional groups, such as cyano, iodo and nitro groups, were 

tolerated. The catalysis was found to be heterogeneous since the filtrate from the mixture 

of CaH2/ZnCl2/TMSCl resulted in only 15% conversion of acetophenone into product. The 

mixture of CaH2 and PhMe2SiCl in the presence of a catalytic amount of ZnCl2 resulted in 

83% yield of PhMe2SiH after aqueous workup. This led to the idea of a possible in situ 

generation of hydrosilane. However, no reaction was observed upon mixing acetophenone 

with Et3SiH and ZnCl2 (10 mol%) under catalytic conditions. Okamoto proposed a plausible 
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mechanism (Scheme 3) that begins with the in situ generation of a zinc hydride species 

from CaH2 and a ZnII salt. Next, the substrate activated by Lewis acidic R3SiCl undergoes 

hydrozincation with further silylation of the resulting zinc alkoxide species. Despite this 

proposed mechanism, the authors believed that the hydrosilylation pathway could also be 

realized.  

 

Scheme 3. Reaction mechanism proposed by Okamoto 

In 1999, Mimoun and co-workers reported Zn-catalyzed hydrosilylation of various 

substrates, such as ketones, aldehydes, esters, and epoxides by employing inexpensive 

PMHS as the reducing agent in the presence of catalytic amounts of sodium borohydride 

(Scheme 4)16. A vast majority of tested substrates resulted in excellent yields, while 

tolerating the olefin functional group.  
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Scheme 4. Zn - catalyzed reductive silylation of ketones, aldehydes, and esters 

The results revealed that both zinc carboxylates and diamine stabilized dialkylzinc species 

in the presence of NaBH4 effectively catalyze hydrosilylation of carbonyl compounds 

presumably by the in situ generation of zinc hydride complex II-1. A plausible mechanism 

was suggested by the authors (Scheme 5). First, II-1 coordinates to PMHS generating a 

pentavalent silicate II-2. Next, hydride transfer to the carbonyl substrate occurs via a six-

membered transition state II-3 generating a zinc – alkoxide II-4. The generated zinc 

alkoxide shares its oxygen atom between the zinc and silicon centers forming a four-

membered complex II-5. Due to the higher affinity of oxygen towards silicon, the alkoxide 

group gets transferred from zinc to silicon center generating the silylated ether product II-6 

completing the catalytic cycle. Mimoun concluded that the interchange between zinc 

hydride and zinc alkoxide was a crucial step in the activation of PMHS.  
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Scheme 5. Reaction mechanism proposed by Mimoun 

In the same year, Mimoun et al. further explored the idea of using PMHS as a reductant in 

enantioselective hydrosilylation of ketones17. As mentioned previously, diamine stabilized 

dialkylzinc complexes were found to be effective catalysts. The authors suggested two 

methods (Scheme 6). The first system included ZnR2 stabilized by a chiral diamine or 

diimine, whereas the second method involved a zinc carboxylate catalyst precursor, a chiral 

diamine, and a hydride activator (Vitride). Both systems resulted in good yields and 

enantioselectivity (up to 88% ee). Furthermore, the authors showed the potential industrial 

application of this approach because of the ease of recovery of inexpensive bidentate 

ligand, effective purification, as well as smooth scale-up. 
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Scheme 6. Zn - catalyzed enantioselective reduction of ketones by Mimoun 

Based on experimental data, Mimoun proposed three possible mechanisms involving an 

optically active diamine ligand coordinated to ZnR2, which were in agreement with the 

observed enantioselectivity (Scheme 7)17. The first was based on hydrozincation of 

carbonyl substrate by the in situ generated zinc hydride complex with further reductive 

silylation (Scheme 7A). This reaction was carried out experimentally for a dimeric amido-

amino-stabilized zinc hydride catalyst. The second was proposed based on the 

aforementioned mechanism suggested for the non - chiral hydrosilylation by the same 

group, proceeding through a six – membered ring transition state II-TS1 (Scheme 7B). 

Lastly, the third mechanism involved a metal – ligand cooperative (MLC) pathway. The 

carbonyl substrate inserts into the zinc – amido bond in a reversible manner that could 

possibly dictate the enantioselectivity, followed by silane reduction (Scheme 7C).  



 

9 
 

 

Scheme 7. Possible mechanistic pathways for enantioselective reduction of ketones by Mimoun 

In 2004, the Walsh18 and Carpentier19 groups (II-7 and II-8, respectively) independently 

reported further modification of optically active diamine ligands reported by Mimoun17. 

Both groups employed the same catalytic systems consisting of diamine/ZnR2/PMHS. In 
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their attempts to increase the enantiomeric excess and yields, the authors synthesized 

novel diamine ligands. The enantioselectivities varied from poor (for dialkyl ketones) to 

very high (up to 91% ee) for aromatic ketones, although longer reaction times were 

required.  

 

In 1999, Mimoun and colleagues stated that utilization of PMHS as reductant in catalytic 

hydrosilylation was not employable in protic media, such as alcohols, due to possible 

silylation16. Although, conducting the reactions in protic solvents would have potentially 

been beneficial since hydrolyzing the silylated products would not be required. 

Thus, in 2003, Carpentier et al. succeeded in performing chemoselective reduction of 

carbonyl compounds by diamine II-9 – zinc catalyst system using PMHS in methanol – 

toluene mixture (Scheme 8)20. The key technique involved using excess PMHS (up to 5 eq.) 

to account for a possible dehydrogenative silylation of MeOH under mild reaction 

conditions. Both aliphatic and aromatic ketones were converted into corresponding 

secondary alcohols in good yields, and the ester group was tolerated 

 

Scheme 8. Zn - catalyzed reduction of ketones by Carpentier 
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Two years later, the same group published an additional report with an extended substrate 

scope showing effective reduction of ɑ-, β – ketoesters and ketoamides by [zinc-diamine] – 

PMHS system in methanol21. Based on preliminary studies, the catalytic reactivity was not 

dependent either on the R substituent in ZnR2 or the pre-formation of a [Zn] – diamine 

species. In addition, the rate of methanolysis of isolated silyl ethers was rather slow 

compared to the toluene system. Considering these observations, the authors proposed 

that the reaction in methanol proceeded via a totally different mechanism compared to the 

pathway reported by Mimoun17 in toluene. According to Carpentier, an improved catalytic 

activity was denoted by the formation of a dimethoxy zinc complex II-10. Although 

attempts to isolate such a species were unsuccessful, this group was able to synthesize an 

analogue with a more electron-withdrawing alkoxide Zn(diamine)(OCH2CF3)2 to observe a 

smooth methanolysis of ZnR2. Additionally, the stoichiometric reaction between 

Zn(OCH2CF3)2 and silane revealed the formation of a zinc hydride complex which was then 

confirmed by elemental analysis. Carpentier proposed two possible mechanistic pathways 

(Scheme 9). In both the proposed mechanisms, silane addition to II-10 liberates the 

diamine-stabilized zinc hydride II-11. The hydride gets transferred in a concerted manner to 

the substrate via a six-membered transition state II-TS2, releasing the alcohol product 

(mechanism A). Alternatively, the hydride complex II-11 performs hydrozincation of a 

carbonyl substrate via II-TS3 generating species II-13. Finally, the amide-alkoxy zinc 

complex II-13 undergoes alcoholysis concluding the cycle (mechanism B).  
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Scheme 9. Possible mechanisms for the reduction of ketones in methanol by Carpentier 

Another class of commonly used chelating ligands involves sulfur-based groups. In 2005, 

Riant and co- workers reported the synthesis of a novel optically active, air and moisture 

stable zinc N,S–complex II-1422. The system was employed in asymmetric catalytic 

hydrosilylation of ketones in the presence of PMHS as a reductant, resulting in low to 

moderate enantioselectivity (3 – 55% ee).  

Two years later, the Bandini group synthesized another N,S-chelating ligand II-15 

containing a thiophene oligomeric chain23. In complex with dialkylzinc (5 mol%), this 
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compound was effective in asymmetric hydrosilylation (up to 83% ee) of prochiral aromatic 

ketones with PMHS.  

In 2009, Nishiyama et al. reported asymmetric reduction of aromatic ketones and 

aldehydes by a Zn(OAc)2 complex stabilized by a tetradentate N2S2-ligand II-16 (5 mol%)24. 

The system involved PMHS as a hydrosilylating agent and demonstrated moderate to 

excellent yields and enantioselectivity (up to 92% ee).  

Similarly, a new thiourea ligand II-17 was introduced by Walsh in 2009, which was found to 

be efficient in asymmetric hydrosilylation of acetophenone25. This ligand in combination 

with ZnEt2 and PMHS resulted in moderate to good enantioselectivity (up to 75% ee), albeit 

longer reaction times (days) were required. 

 

Pursuing the concept of utilizing ligands containing both hard and soft donor atoms, Driess 

et al. synthesized a novel diprotic O,S,O- tridentate ligand26. A pentacoordinate zinc 

complex II-18 was easily accessed via a facile Bronsted acid- base reaction of the O,S,O – 

ligand with ZnMe2 stabilized by TMEDA. The complex was found to be effective in 
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hydrosilylation of both alkyl and aromatic ketones by triethoxysilane with the turnover 

frequency (TOF) reaching up to 970 h-1. To understand the reactivity in more detail, several 

1H NMR experiments were carried out. Both stoichiometric reactions involving the pre-

catalyst and either acetophenone or silane showed no changes in spectra. Furthermore, 

the equimolar combination of all three compounds ([Zn], (EtO)3SiH and acetophenone) 

resulted in the disappearance of the Si-H peak, while the signals of reduced acetophenone 

formed. Interestingly, no changes were observed in the pre-catalyst signals in the latter 

experiment. 

Based on the preliminary 1H NMR experiments, a plausible reaction mechanism was 

proposed (Scheme 10). The catalytic cycle starts with the silane activation by the oxygen 

atom of the ligand, generating species II-19. This is followed by substitution of one of the 

amine side – arms by the carbonyl substrate via the transition state II-TS4, with subsequent 

transfer of hydride from silane to ketone forming II-20. The cycle is closed by re-

coordination of the amine moiety liberating the silylated ether product.    
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Scheme 10. Zn - catalyzed hydrosilylation of ketones by Driess 

The ease of formation of diamine-zinc complexes inspired Kwit et al. to introduce novel 

optically active polyamine macrocycle ligands in 200927. The ligands were prepared by a 

condensation reaction between DACH and dialdehydes followed by imine reduction. A 

variety of acetophenone derivatives were successfully reduced by a combination of II-21 

and diethyl zinc in the presence of PMHS with the enantiomeric excess of the products up 

to 88%. Interestingly, the cyclic trianglamine ligand II-21 resulted in a significantly higher 

enantioselectivity compared to acyclic II-22. This experimental observation was supported 

by DFT calculations. Considering the structures with the lowest energies, the rigid structure 

of II-21 accounted for the S configuration of the product. Alternatively, the flexible nature 

of II-22 did not demonstrate any preference towards a specific configuration.  
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Four years later, in an attempt to establish a possible mechanism of the reaction, the same 

authors conducted DFT, NMR, and ECD studies28. Based on the mechanistic studies, the 

formation of a catalytically active zinc – hydride species was energetically favorable, which 

was in agreement with the Carpentier’s21 work. Furthermore, it was proposed that the 

hydrogen bond established between the ligand’s amine appendage and a carbonyl 

substrate dictated the observed stereochemistry of the product.  

In 2005, Mikami et al. reported enantioselective hydrosilylation of ortho- substituted 

benzophenones using an in situ generated Zn/diamine/diol complex II-23 in the presence 

of PMHS29. The authors proposed that the diamine played a spectator role (Scheme 11), 

whereas the diol moiety activated both PMHS and benzophenone in a concerted manner 

via Si--O--Zn interactions (II-24 and II-25). Notably, great yields (>99%) and enhanced 

enantioselectivity were obtained in products (up to 96% ee).  
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Scheme 11. Possible mechanism for assymetric reduction of benzophenone derivatives by Mikami 

Five years later, Westerhausen and colleagues reported the synthesis of a series of 

bis(alkylzinc)-alkoxide-di(2-pyridylmethyl) amides and their application to hydrosilylation of 

acetone and benzaldehyde by Ph2SiH2
30. Careful monitoring by 1H NMR indicated 

disappearance of the Si-H peak (30 min for acetone and 15 min for benzaldehyde) upon 

mixing the zinc catalyst (3 mol%), diphenyl silane and two equivalents of substrate. 

Stoichiometric reactions between zinc – alkoxides and silane led to the generation of 

corresponding bis(alkylzinc)-hydride-di(2-pyridylmethyl) amide species, which could 

indicate the in situ formation of a zinc – hydride under the catalytic conditions. Lastly, the 

bulkier alkyl groups around the silicon and zinc centers diminished the catalytic activity of 

the system.   

An interesting paper was published by Driess et al. in 2010, demonstrating that a 

combination of ZnEt2 and phenol ligand II-26 mediated successful hydrosilylation (up to 

>99%) of aromatic and aliphatic ketones in the presence of (EtO)3SiH31. For insights into the 

reaction mechanism, 1H NMR experiments were carried out. To begin, the authors isolated 
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a zinc – alkoxide species generated upon mixing dialkyl zinc and the phenol ligand. 

However, a stoichiometric mixture of zinc – alkoxide either with silane or ketone did not 

result in any notable changes in 1H NMR spectra. In addition, no Zn-H peak was observed. 

At the same time, an equimolar reaction between the aforementioned three components 

led to the disappearance of the characteristic Si-H signal of silane and production of 

hydrosilylated ketone with no changes detected in the Zn-R peak. It was proposed that the 

catalysis occured via a Lewis acid activation of the carbonyl substrate with further 

hydrosilylation by silane.  

In the same year, Driess and co- workers synthesized a series of monodentate formamidine 

ligands II-2732. The ligand in combination with ZnEt2 and silane resulted in an effective 

catalytic system for the hydrosilylation of aromatic ketones. Moderate to good yields of the 

corresponding secondary alcohols (up to 87%) were obtained, although ortho – substituted 

acetophenone derivatives did not lead to any conversions.  

 

In 2010, Aoyama et al. investigated the catalytic activity of Zn(OAc)2 for the hydrosilylation 

of ketones and aldehydes in the presence of phenyl silane using various solvents (Scheme 

12)33. Notably, the catalytic activity was strongly solvent dependent. Specifically, the 

reaction carried out in DMF (dimethylformamide) resulted in quantitative product yields, 

while the other solvents such as THF (tetrahydrofuran), and acetonitrile did not give 
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appreciable results. Therefore, DMF was proved to act both as the reaction media and the 

ligand. This approach revealed an excellent chemoselectivity towards esters and nitriles.  

 

Scheme 12. Zn - catalyzed hydrosilylation of ketones by Aoyama 

The catalytic reduction of amides into corresponding amines is a valuable transformation in 

organic synthesis. In 2010, Beller et al. reported an unprecedented chemoselective 

hydrosilylation of tertiary amides under mild conditions by employing catalytic amounts 

(10 mol%) of Zn(OAc)2 and triethoxysilane as a reductant34. A plethora of tertiary amides 

were successfully reduced, exhibiting an excellent tolerance towards ester, ether, nitro, 

cyano, azo and even more reactive ketone functional groups. In their efforts to gain insight 

into the reaction mechanism, spectroscopic experiments were performed. The IR spectrum 

did not reveal any changes in the C=O stretching frequency upon mixing Zn(OAc)2 and N,N 

– dimethylbenzamide. Moreover, the appearance of a new Si-H peak was detected by 29Si 

NMR spectroscopy as a result of a stoichiometric reaction between zinc acetate and 

triethoxysilane. Considering these preliminary investigations, a mechanism was then 

proposed (Scheme 13). The proposed catalytic cycle begins with silane activation by zinc 

acetate to form II-28. Next, the amide inserts into the Si-H bond with subsequent 

generation of species II-30. This is followed by liberation of a zincate anion II-31 and 

formation of an iminium species II-32, which in turn reacts with another silane to generate 

amine II-33 and siloxane. This pathway was supported by incorporation of both deuterium 

atoms from Ph2SiD2 into a carbonyl substrate under catalytic conditions.  



 

20 
 

 

Scheme 13. Possible mechanism for reduction of tertiary amides by Beller 

In 2011, the same group extended a previously developed protocol for catalytic 

hydrosilylation of tertiary amides to the reduction of relatively inert secondary amides 

(Scheme 14)35. Using zinc acetate (10 mol%) and three equivalents of (EtO)2MeSiH as a 

reductant, good yields (up to 93%) and chemoselectivity were achieved for tertiary amides. 

Several substituents (ether, azo, nitro and cyano), except keto, methylthio and amino 

functional groups, were tolerated. With regards to secondary amides, a combination of 

Zn(OTf)2 and (Me2HSi)2O resulted in good yields (85% for N-benzyl benzamide), although 

the system required a rather high temperature and a longer reaction time.  
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Scheme 14. Zn - catalyzed hydrosilylation of tertiary and secondary amides by Beller 

That same year, the identical system [Zn(OAc)2/(EtO)2MeSiH], used for the reduction of 

tertiary amides, was applied in catalytic hydrosilylation of esters by Beller (Scheme 15)36. 

Moderate to good yields (up to 91%) were obtained, and functional group tolerance 

towards nitriles and olefins was demonstrated. 

 

Scheme 15. Zn - catalyzed hydrosilylation of esters by Beller 

In 2012, Bergin and co- workers pioneered the application of in situ formed bidentate 

ligands in asymmetric hydrosilylation of acetophenone (Scheme 16)37. A series of imine and 

aminal ligands were prepared via condensation reactions between aldehydes and amines. 

In combination with ZnEt2 (2 mol%) and PMHS, the corresponding alcohol products were 

obtained in high yields (>99%). The main advantage of this approach was the absence of 

the necessity for isolation and purification of the ligand, however, rather low 

enantioselectivity was observed.  
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Scheme 16. Zn - catalyzed reduction of ketones and aldehydes by Bergin 

In the same year, Lai et al. demonstrated the effectiveness of Schiff - base ligands in 

enantioselective hydrosilylation of ketones (Scheme 17)38. The chiral Schiff – bases were 

derived from ɑ - amino acids and led to high yields (up to 90%) as well as enhanced 

enantioselectivity (up to 96% ee) in the presence of ZnEt2 (3 mol%) and triethoxysilane as a 

reductant. It was concluded that the -COOK moiety played an important role in the 

initiation of a catalytic cycle.  

 

Scheme 17. Zn - catalyzed reduction of ketones by Lai 

In 2012, another class of chiral ligands was synthesized by Beller et al. using either Pybox II-

35 or Pybim II-36 (Scheme 18)39. In combination with diethyl zinc, the system was 

employed in asymmetric catalytic hydrosilylation of ketones in the presence of excess 

PMHS as a reducing agent, resulting in high yields (>99%) and moderate enantioselectivity 
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(<74% ee). ESI – MS (electrospray ionization – mass spectroscopy) studies assisted in 

revealing the reaction mechanism. In a stoichiometric reaction between II-35, ZnEt2, 

Ph2SiD2 and acetophenone, deuterium incorporation into II-35 was observed. This 

observation suggested the possible involvement of ligand in the catalytic process, which 

resembled a mechanism suggested by Mimoun17 (Scheme 7C). Furthermore, a peak 

corresponding to [ZnEt(II-35)(silane)(product)] at m/z = 768.2613 indicated the existence of 

a pentacoordinate zinc species required for hydride transfer (Scheme 7B).  

 

Scheme 18. Zn - catalyzed reduction of ketones by Beller 

A paper published by Sakai et al. in 2013 illustrated the Zn(OTf)2 – catalyzed reduction of 

aldehydes40. Depending on the nature of the silane, two possible reductions could occur. 

The utilization of Et3SiH as a reductant led to the conventional hydrosilylation of aromatic 

aldehydes bearing electron – withdrawing moieties. Alternatively, using TMDS as a 

reducing agent resulted in symmetric reductive etherification of electron – donating 

aromatic and aliphatic aldehydes. Notably, a control experiment involving a reaction 
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between benzaldehyde and benzyl triethyl silyl ether under catalytic conditions led to the 

formation of the corresponding symmetric ether product. The fact that this reaction did 

not proceed in the absence of either catalyst or silane indicated the intermediacy of silyl 

ether. Based on the aforementioned observations, the authors suggested a plausible 

mechanism (Scheme 19). The aldehyde undergoes LA- catalyzed hydrosilylation generating 

a silyl ether intermediate II-37, which upon further reaction with the second equivalent of 

an LA- activated aldehyde generates the silylated hemiacetal II-38. The latter species gets 

reduced by silane liberating the final symmetric ether II-39 and siloxane.  

 

Scheme 19. Possible mechanism for etherification of aldehydes by Sakai 

Multiple insertions of carbonyl compounds into Si-H bonds generate di- and tri 

alkoxysilanes which are of great interest due to their application in cross – coupling 

reactions. Parkin and colleagues reported a new zinc hydride complex, TptmZnH (II-40) that 

served in catalytic hydrosilylation of ketones and aldehydes in the presence of PhSiH3 

(Scheme 20)41. A combination of excess amounts of carbonyl substrate relative to phenyl 

silane (3.3:1), and catalyst (3.3 mol%) resulted in quantitative formation (>99% yields) of 

corresponding trialkoxysilanes. At the same time, the catalytic system involving equimolar 

amounts of PhSiH3 and substrate generated a mixture of single, double, and triple insertion 

products. The reduced products PhSi[OCHR(R’)]3 demonstrated very interesting 

spectroscopic features. For instance, in the case of reduced acetophenone derivatives, 

PhSi[OCHR(Me)]3, the methyl groups would be expected to appear as doublets in 1H NMR 
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spectrum. However, a set of eight peaks having equal intensities was observed indicating 

the existence of four stereoisomers. 

 

Scheme 20. Zn - catalyzed multiple hydrosilylation of ketones and aldehydes by Parkin 

To elucidate the mechanism, the authors performed spectroscopic studies. Based on 1H 

NMR spectroscopy data, a stoichiometric reaction between [k3 – Tptm]ZnD and a carbonyl 

substrate led to the formation of a zinc alkoxide species. Subsequent addition of PhSiH3 

liberated alkoxysilane and generated zinc-hydride complex. Notably, deuterium 

incorporation into the alkoxide was retained upon treatment with silane. Taking into 

account these experimental results, the authors proposed a plausible mechanism (Scheme 

21). The catalytic cycle starts with the hydrozincation of carbonyl substrate generating a 

zinc – alkoxide species II-41, followed by subsequent reduction by PhSiH3 liberating 

alkoxysilane II-42. Lastly, additional two cycles result in the formation of the corresponding 

triple-insertion product.  
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Scheme 21. Possible mechanism for multiple hydrosilylation of aldehydes and ketones by Parkin 

N- heterocyclic carbenes represent another class of metal- stabilizing ligands. Rivard and 

co- workers reported an efficient benzophenone hydrosilylation using isolable 

IPr*ZnH(OTf)*THF (II-43) and PhMeSiH2 as reductant42. The authors suggested that the 

labile nature of THF and OTf− accounted for the activation of substrate via hydrozincation 

followed by silane reduction.  

 

In 2014, Okuda and colleagues found that the trinuclear cationic zinc hydride cluster II-44, 

[(IMes)3Zn3H4(THF)][BF4], was an effective catalyst for hydrosilylation of ketones and 

aldehydes by various silanes, such as PhSiH3, PhMeSiH2 and (EtO)3SiH43. In their attempts to 

establish the catalytic events, the authors performed several NMR spectroscopy 

experiments (Scheme 22). Preliminary studies indicated fast insertion of the carbonyl 
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substrate into the Zn-H bond. The addition of silane to previously generated zinc alkoxide 

species led to the reformation of II-44. In addition, a stoichiometric reaction between 

deuterated II-44-D4, PhSiH3 and benzaldehyde led to deuteride transfer to the substrate 

and formation of II-44-H4. Alternatively, when II-44-H4 was mixed with PhSiD3 and 

benzaldehyde, II-44-D4 was liberated. Based on the experimental observations, the authors 

proposed that the catalytic cycle starts with hydrozincation of the carbonyl substrate 

followed by a reaction with silane to regenerate II-44 and silyl ether.  steps.  

 

Scheme 22. Deuterium - labeling experiments by Okuda 

A year later, Adolfsson et al. developed an efficient reduction of esters into alcohols. The 

reported system involved catalytic amounts of ZnEt2, PMHS as reductant and LiCl (Scheme 

23)44. Control experiments revealed that the hydrosilylation did not occur in the absence of 

either diethyl zinc or lithium chloride. A series of alcohols were obtained in high yields (up 

to >99%), and functional groups, such as alkene, alkyne, halide, and nitro groups, were 

tolerated. However, the protocol could not be applied towards substrates bearing acidic 

protons (-COOH, -OH, -NHR etc.).  
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Scheme 23. Zn - catalyzed reduction of esters by Adolfsson 

In 2015, a new heteroscorpionate zwitterionic zinc hydride complex II-45 was reported by 

Cui et al. to catalyze the hydrosilylation of various aldehydes using PhSiH3 as a reducing 

agent45. Similar to the Parkin’s work41, the system resulted in multiple insertions of 

aldehyde into the Si-H bond of PhSiH3. Interestingly, the formation of the monosilylated 

product was achieved by employing Ph2SiH2 instead of phenyl silane. The catalysis was 

believed to occur via the conventional hydrozincation followed by a σ- bond metathesis 

with silane. Such a mechanism was attributed to the isolation of a zinc-alkoxide species 

upon reacting II-45 with benzaldehyde. Furthermore, the reaction of the latter alkoxide 

complex with PhSiH3 liberated the corresponding silyl ether and II-45.  

 

Nikonov et al. discovered that the well- described DippNacNacZnH, II-46, complex is a highly 

efficient catalyst for the reduction of ketones by inexpensive (EtO)3SiH46. Preliminary 
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mechanistic investigations demonstrated that II-46 did not react with silane and no H/D 

exchange was detected using PhSiD3.  

Later, Jones and colleagues reported a synthesis of unprecedented monomeric, two – 

coordinate zinc hydride complexes, II-47a-c47. The oligomerization of zinc hydride complex 

was prevented by steric bulk of monodentate anionic amide ligands. The isolation of a zinc- 

alkoxide complex upon mixing II-47a-c with benzaldehyde enabled the authors to test this 

zinc hydride as a catalyst in the hydrosilylation of carbonyl substrates by (EtO)3SiH. 

However, the corresponding silyl ether products were obtained in rather moderate yields 

(47 – 75%).  

Mlynarski et al. demonstrated solvent- free asymmetric hydrosilylation of ketones using 

remarkably low catalytic amounts (0.1 - 0.3 mol%) of diamine-stabilized Zn(OAc)2
48. 

Moderate to high yields and enantioselectivity were observed for alcohol products. 

Interestingly, (EtO)3SiH was used in excess amounts, and acted as both the reducing agent 

and the reaction media. Control experiments to assist in elucidating the mechanism 

revealed the formation of a zinc- hydride complex based on a 1H NMR spectrum. Taking 

into account the putative hydrogen bond established between the amine moiety of the 

ligand and the oxygen atom of the ketone suggested by Kwit28, the authors proposed two 

possible transition states (Scheme 24) responsible for the observed enantioselectivity, II-

TS5 and II-TS6. The superiority of the Re – face approach was attributed to steric repulsion 

between the bulky 3,5-di-tert-butyl benzene appendage and a larger substituent next to 

the carbonyl group observed in the case of Si – face.  
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Scheme 24. Proposed transition states accounting for observed stereoselectivity by Mlynarski 

In 2019, the application of a novel zinc methyl complex II-48 in catalytic hydrosilylation of 

carbonyl compounds was reported by Nikonov and co- workers (Scheme 25)49. 

Optimization of reaction conditions demonstrated that (EtO)3SiH was the most efficient 

reductant. In addition, following Carpentier’s20 idea, the authors also found that the 

addition of a substoichiometric amounts of MeOH significantly improved the catalysis. The 

corresponding alcohol products were obtained in high yields (97 – 99%) and functional 

group tolerance towards esters and nitriles was observed.  

 

Scheme 25. Zn - catalyzed reduction of aldehydes and ketones by Nikonov 

Neither of the distinctive zinc species were observed or isolated upon mixing II-48 and 

alcohol, making mechanistic investigations difficult. Nevertheless, the authors suggested 
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that the mechanism proposed by Carpentier21 could be applicable to the current approach. 

The only notable deviance from the Carpentier’s work was the fact that the system did not 

perform well under a stoichiometric amount of methanol. Thus, it was plausible that the 

addition of MeOH assists in forming an active zinc – methoxide II-49 with further in – situ 

generation of zinc hydride II-50 upon silane addition (Scheme 26). Then, the carbonyl 

substrate inserts into the Zn-H bond and reacts with hydrosilane to liberate a silyl ether.  

 

Scheme 26. Possible mechanism for hydrosilylation of carbonyl compounds by Nikonov 

Recently, there has been a high interest in zinc-catalyzed hydroboration of carbonyl 

compounds. One of the first catalytic systems involving organoboranes was reported by 

Okuda et al. in 201750.  This group investigated the catalytic activity of a zinc complex II-51 

stabilized by macrocyclic polyamine Me4TACD in the hydroboration of carbonyls using 

HBPin as reductant (Scheme 27). Benzophenone was easily reduced at ambient conditions, 

but the reduction of ethyl acetate was slow (35 hours) and N,N-dimethylacetamide was 

inefficient (7% yield).  
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Scheme 27. Zn - catalyzed hydroboration of carbonyls by Okuda 

Nembenna and co- workers further explored the idea of performing catalytic 

hydroboration and hydrosilylation of ketones51. A new bis( guanidinate)-supported zinc 

hydride complex II-52 was found to be efficient in the reduction of a series of ketones.  

 

Interestingly, a one- pot reaction between acetophenone, Ph2SiH2 and HBPin led 

exclusively to the formation of the hydroboration product. Significant chemoselectivty 

towards alkyne, olefin, amine, nitro, nitrile, ester, and heterocyclic functional groups was 

demonstrated.  
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Scheme 28. Proposed mechanism for hydroboration and hydrosilylation of ketones by Nembenna 

Remarkably, in the presence of either benzyl benzoate or N,N-dimethyl benzamide, 

acetophenone was solely converted into the corresponding alcohol product under catalytic 

conditions, indicating intermolecular chemoselectivity. The authors proposed that both the 

hydrosilylation and hydroboration proceeded via a traditional zinc-hydride mechanism 

(Scheme 28). This statement was justified by the quantitative generation of II-52-OCHPh2 

upon a stoichiometric reaction between II-52 and benzophenone.  

In 2020, Panda et al. synthesized a novel zinc metal complex II-53 stabilized by a 

homoleptic N-phenyl-o-phenylenediiminopyrrolyl ligand and employed it in the catalytic 

hydroboration of ketones and aldehydes52. Using 5 mol% of II-53 and HBPin, a series of 

carbonyl substrates were converted into their corresponding mono - boronate esters in 

high yields (96 – 99%). Notably, a competition reaction between acetophenone and 

benzaldehyde led exclusively to hydroboration of the aldehyde. Furthermore, the same 

methodology was applied to 4-acetamidobenzaldehyde and 4-acetoxybenzaldehyde in the 

presence of benzaldehyde. In these competition reactions, benzaldehyde was solely 

reduced. To experimentally elucidate the mechanism, II-53 was independently mixed with 

4-methoxybenzaldehyde and HBPin in stoichiometric amounts. No changes were detected 
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in 1H NMR spectra. In addition, 3-hydroxybenzaldehyde was completely hydroborated, 

which eliminated the potential for the existence of a cross- dehydrocoupling product via a 

metal hydride species. The authors suggested that II-53 acted as a Lewis acid, and the cycle 

started by the activation of carbonyl substrate forming II-54 (Scheme 29). This is presumed 

to be followed by an addition of H-BPin along C=O double bond generating II-55 with 

further liberation of the product II-56.  

 

Scheme 29. Possible mechanism for hydroboration of aldehydes and ketones by Panda 

Recently, the same group reported another solvent- free method for hydroboration of 

ketones and aldehydes with HBPin catalyzed by new monomeric zinc halide complexes II-

57a-b (Scheme 30)53. The system efficiently converted carbonyl compounds into their 



 

35 
 

corresponding boronate esters in high yields (91 – 99%). Functional groups, such as nitriles 

and alkenes, were tolerated.  

 

Scheme 30. Zn - catalyzed hydroboration of aldehydes and ketones by Panda 

The authors performed DFT calculations for different mechanistic scenarios. The most 

energetically favorable pathway involved concerted hydroboration of acetophenone via a 

six- membered transition state II-TS7.   

 

 

II. 2. Zinc – catalyzed hydrosilylation of imines 
 

Inspired by the Mimoun’s work16, Carpentier et al. reported a catalyst generated in situ by  

combination of ZnEt2 and commercially available N,N - dibenzylethylenediamine20. The 

system was effective not only in the reduction of ketones but also imines at room 

temperature, using excess amount of PMHS in methanol.  
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In 2004, Ireland and co- workers performed catalytic hydrosilylation of N-

benzylphenylethylimine54. Using Zn(OTf)2 and PMHS in combination with chiral biphenols, 

II-58 or II-59, resulted in high yields but rather low enantioselectivity (Scheme 31).  

 

Scheme 31. Zn - catalyzed reduction of N-benzylphenylethylimine by Ireland 

 
A common issue related to zinc- catalyzed reductions of imines is the establishment of a 

relatively strong zinc – nitrogen bond once the substrate undergoes hydrozincation. 

Hydrosilanes are useful reagents to combat that issue, since they are capable of cleaving 

Zn-N bonds. In addition, imines are less electrophilic than carbonyl substrates. Therefore, 

the introduction of an electron – withdrawing group at the nitrogen atom is a handful tool 

for increasing the electrophilicity of imines.  

Yun et al. developed a highly enantioselective protocol for catalytic hydrosilylation of 

imines by introducing the diphenylphosphinyl moiety (Ph2P=O) at nitrogen (Scheme 32)55. 

Using II-60-stabilized ZnEt2, and PMHS as reductant, activated imine substrates were 

readily converted into corresponding phosphinylamines in good yields (up to 86%) and 

enhanced enantioselectivities were achieved (up to 98% ee).  
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Scheme 32. Zn - catalyzed enantioselective reduction of phosphinyl imines by Yun 

Later, the same group performed further investigations into the reduction of 

phosphinylimines56. Remarkably, the authors noted that the low enantioselectivity 

observed by Carpentier20 could be attributed to a competition between the chiral ligand 

and the newly formed amine product for a given active site of the catalyst. The authors 

were able to suppress this interference by employing a slight excess of the chiral ligand (5.5 

mol%) relative to ZnEt2 (5 mol%). Yun suggested that a zinc – methoxide played a key role 

in the catalytic cycle, since the presence of MeOH was crucial for increased 

enantioselectivity. The authors proposed that the catalytic cycle (Scheme 33) starts with 

the generation of zinc- methoxide II-61, which further performs hydrozincation of activated 

imine substrate generating species II-62. This is followed by a reaction with methanol 

liberating the amine product II-63 and zinc dialkoxide II-64 that reacts with silane 

completing the cycle. However, the minor hydrosilylation pathway forming a silyl amine 

could also be realized.  
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Scheme 33. Plausible mechanism for reduction of phosphinyl imines by Yun 

Inspired by the Yun’s work, Bandini et al. applied their ZnEt2 – II-15 - PMHS system in the 

reduction of diphenylphosphinyl ketoimine derivatives23. Similar yields and 

enantioselectivities were obtained, however, the reaction times were significantly reduced.  

The zinc catalyst stabilized by an optically active macrocyclic amine DACH II-22 developed 

by Kwit57, was found to be effective not only in the hydrosilylation of ketones, but also in 

reduction of phosphinyl imines. The suggested mechanism (Scheme 34) was slightly 

different from one proposed by Yun56. The zinc – dimethoxide II-65 species was assumed to 

be the starting point of the catalytic cycle that upon reaction with silane generates the zinc 

hydride II-66. The imine substrate inserts into the Zn-H bond via the transition state II-TS8 

with subsequent liberation of the amine product II-67 upon methanolysis. Furthermore, 

DFT calculations revealed that the hydrogen bond interaction between the amine moiety 
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of the ligand and phosphinyl oxygen appendage [N(H)---O=PPh2] depicted in II-TS8 was 

responsible for the observed enantioselectivity.  

Similar asymmetric hydrosilylation of phosphinyl imines was reported by Mlynarski in 

201658. This time, the relatively stable Zn(OAc)2 was used instead of dialkyl zinc as a 

precatalyst, which in combination with DPEDA and silane (PMHS or (EtO)3SiH) led to 

moderate yields (up to 80%) and enhanced enantioselectivity (up to 97%).  Although no 

experimental evidence was obtained, the authors proposed a plausible mechanism which 

was in agreement with the previous reports. However, compared to Kwit56 and Yun57, the 

addition of alcohol was no longer required to generate a catalytically active zinc – 

dialkoxide species, since zinc – diacetate complex II-65’ was sufficient to cleave the 

relatively strong Zn-N bond (Scheme 34).   

 

Scheme 34. Possible mechanism for reduction of phosphinyl imines by Kwit (blue) and Mlynarski (red) 
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The same group pioneered ligand - free enantioselective hydrosilylation of N-(tert-

butylsulfinyl) imine derivatives catalyzed by Zn(OAc)2 (5 mol%) in the presence of (EtO)3SiH 

as reductant59. Interestingly, the authors proposed that the enantioselectivity of this 

approach was dictated by coordination of zinc to the oxygen atom of the sulfinyl moiety a 

via six-membered transition state II-TS9.   

 

An interesting paper was published by Enthaler et al. in 2011, demonstrating direct 

reduction of in situ generated imines60. Those were formed via condensation reactions 

between aldehydes and primary amines, and underwent subsequent reduction by 

inexpensive PMHS in the presence of Zn(OTf)2. The resulting secondary amine products 

were obtained in high yields (up to 99%). Competition reactions were conducted and 

revealed great functional group tolerance towards ketones, esters, olefins, and epoxides. 

1H NMR did not display a peak corresponding to a zinc hydride upon mixing zinc triflate and 

PMHS in deuterated THF. Therefore, the authors assumed that the catalytic cycle 

proceeded via a Lewis acid mechanism (Scheme 35). Initially, Zn(OTf)2 activates the in situ 

generated imine substrate forming II-68. This is followed by transfer of a silyl group to 

triflate and hydride to the electrophilic carbon of imine generating complex II-69 via a six – 

membered transition state II-TS10. Finally, the silyl group migrates to nitrogen liberating 

silylamine II-70 that, upon hydrolysis, is converted into the corresponding secondary amine 

II-71.  
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Scheme 35. Possible mechanism for one - pot synthesis of silylated secondary amines by Enthaler 

  

Okuda et al. pioneered catalytic hydroboration of imines using II-51 and HBPin as reducing 

agent50.  N-benzylideneaniline was reduced completely (>99%), however, a slightly 

elevated temperature (60 °C) and long reaction times (20 h) were required.  

Similarly, Wang and colleagues demonstrated the application of a novel NHC – stabilized 

zinc dihydride II-72 as a catalyst in the hydroboration of aldimines by HBPin (Scheme 36)61. 

A wide range of corresponding monoboronated amines were obtained in high yields (up to 

99%) under mild, solvent – free conditions, however, alkyl imines required higher 

temperatures (80 °C) and longer reaction times.  
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Scheme 36. Zn - catalyzed hydroboration of imines by Wang 

II. 3. Zinc – catalyzed hydrosilylation of nitriles 
Nitriles are considered to be challenging substrates because the cyano group is more inert 

compared to carbonyls and imines. To the extent that often the hydrosilylation reactions 

are performed in acetonitrile as the solvent.  

ZnCl2 – catalyzed hydrosilylation was published by Calas in 196162. Benzonitrile was 

reduced to the corresponding silyl imine using HSiEt3. Most of the developed protocols are 

based on transition  metal-catalyzed hydrosilylations that proceed under rather harsh 

conditions, require long reaction times, and lead to low yields.   

The first example of a chemoselective zinc-catalyzed mono(hydrosilylation) of nitriles under 

mild conditions was given by Nikonov et al. in 201346. Using II-46, and (EtO)3SiH as 

reductant, a series of nitriles were converted into corresponding imines. Substrates bearing 

electron – withdrawing groups showed better reactivity than those possessing donating 

groups.  To understand the reactivity in more detail, deuterium labeling and kinetic studies 

were carried out. First, preliminary mechanistic investigations demonstrated that II-46 did 

not react with silanes (PhSiH3, PhMeSiH2, (EtO)3SiH) as well as no H/D exchange was 

detected using PhSiD3, although, a slight shift of the Zn-H peak from 4.392 to 4.328 ppm 

was noted in a 1H NMR spectrum. Conversely, a stoichiometric reaction between 

benzonitrile and II-46 led to the formation of vinylidenamido derivative II-73 (Scheme 37). 

Kinetic studies of the latter reaction revealed a second order reaction in II-46 and first 
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order in substrate, which deviates from the traditional hydrozincation mechanism. 

Furthermore, it was found that the reaction proceeds via an associative mechanism due to 

a largely negative entropy value (-272 ± 1.7J/mol*K-1). It was concluded that in this reaction 

II-46 was bifunctional, with one equivalent activating benzonitrile, and the other one 

serving as a hydride donor depicted in the putative transition state II-TS11.  However, II-73 

was not a key intermediate or an active catalyst, since the treatment with silane did not 

regenerate II-46. 

 

Scheme 37. Bifunctional nature of zinc complex by Nikonov 

A deuterium – labeling experiment involving II-46, benzonitrile, and PhMe2SiD indicated 

formation of deuterated II-46-D and full hydride incorporation into the product. Kinetic 

studies under catalytic conditions demonstrated first order in silane, and a saturation 

behavior under excess of benzonitrile. Based on the detailed mechanistic investigations, it 

was assumed that the catalytic cycle starts with silane activation generating species II-74 

(Scheme 38). This is followed by hydride transfer to the substrate via a six – membered 

transition state II-TS12 liberating the imine II-75. 
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Scheme 38. Possible mechanism for hydrosilylation of nitriles by Nikonov 

Zinc cluster II-44 synthesized by the Okuda group was found to be effective not just in 

reduction of ketones but nitriles as well. (Scheme 39). 43 A series of benzonitriles were 

efficiently hydrosilylated in the presence of (EtO)3SiH within 4-9 hours at room 

temperature. Whereas, the bulky tBuCN required a rather longer reaction time (48 h), and 

4-pyridinecarbonitrile led to catalyst deactivation after 24 h at 41% conversion.  

 

Scheme 39. Zn - catalyzed hydrosilylation of nitriles by Okuda 

Panda and co – workers pioneered zinc – catalyzed hydroboration of nitriles in 2019 

(Scheme 40).63 The use of dimeric zinc (II) imidazoline-2-iminato complex II-76 in 

combination with HBPin resulted in high yields (94 – 98%) of the corresponding 

diborylamine products under solvent – free conditions. Notably, the system tolerated nitro 

and ester functional groups.   
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Scheme 40. Zn - catalyzed hydroboration of nitriles by Panda 

To investigate the reaction mechanism, a series of kinetic studies were conducted. Based 

on the gathered data, the rate law of the reaction followed the first – order dependence 

with respect to the catalyst, HBPin, and nitrile. Combining the kinetic data and a previous 

literature, the authors proposed a plausible mechanism (Scheme 41.). The catalytic cycle 

starts with generation of zinc – hydride complex II-77, which further performs 

hydrozincation of the nitrile substrate forming species II-79 via the adduct II-78. II-79 

undergoes a σ – bond metathesis with HBPin affording species II-80, which subsequently 

rearranges to complex II-81. Then, another addition of HBPin via II-82 liberates the 

diborylamine product II-83 and regenerates II-77.   
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Scheme 41. Possible mechanism for hydroboration of nitriles by Panda 

Recently, Wang et al. extended the idea of hydroboration of nitriles under mild 

conditions61. Using II-72, a variety of diboronated amines were obtained in high yields (94 – 

99%) tolerating ester and olefin functionalities under solvent – free conditions. For insights 

into the mechanism (Scheme 42), the authors performed a stoichiometric reaction 
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between II-72 and p-MePhCN in the 1:2 ratio. Consequently, the experiment resulted in the 

formation of a zinc – iminato complex II-84, which was confirmed by 1H NMR and 

elemental analysis. Excess amount of the nitrile substrate did not lead to any further 

reactivity. Therefore, II-84 was tested as a catalyst for the hydroboration of p-MePhCN by 

HBPin under catalytic conditions. Indeed, the diborylated amine II-85 was obtained in 88% 

yield, confirming that II-84 is an active intermediate.  

 

Scheme 42. Mechanistic investigations for hydroboration of nitriles by Wang 

In addition, kinetic studies revealed a first – order reaction in both p-MePhCN and HBPin, 

whereas the catalyst demonstrated a second – order dependence which contrasts with 

that reported by Panda. Based on the experimental observations, the authors proposed a 

plausible mechanism (Scheme 43). Initially, the nitrile substrate coordinates to the zinc 

center forming II-86 with subsequent insertion into the Zn-H bond generating zinc – 

iminato complex II-84’. The latter is reduced by HBPin forming species II-87, which 

undergoes a σ – bond metathesis with a second equivalent of HBPin via II-88 liberating the 

product II-89 and closing the cycle.  
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Scheme 43. Possible mechanism for hydroboration of nitriles by Wang 

 

II. 4. Zinc – catalyzed hydrosilylation of alkenes and alkynes 
 
The catalytic reduction of unsaturated hydrocarbons (i.e., alkenes and alkynes) with 

commercially available boranes and silanes represents an effective route to C-B and C-Si 

bonds, respectively.64 In 2011, Wehmschulte et al. reported a cationic zinc- catalyzed 

hydrosilylation of 1-hexene and cyclohexene at high temperatures (75 – 80 °C) using Et3SiH 

as reductant65. Later in 2014, the Okuda group pioneered the zinc hydride-catalyzed 

hydrosilylation of DPE utilizing PhMeSiH2, resulting in the formation of the Markovnikov 

product66.  

Similarly, Dagorne et al. synthesized the NHC – stabilized cationic zinc complex II-90, which 

was efficient in catalytic reduction of 1-hexene, 1-methylcyclohexene, and 1-octyne using 
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Et3SiH (Scheme 44)67. Selective anti – addition of silane was observed in the hydrosilylation 

of olefins, whereas a (Z) – product was obtained from 1-octyne.  

 

Scheme 44. Zn - catalyzed hydrosilylation of olefins and alkynes by Dagorne 

An interesting paper was published by Ingleson in 2019, describing the application of (7-

DIPP)ZnPh(NTf2) [7-DIPP = 1,3-bis(2,6-diisopropylphenyl)-4,5,6,7-tetrahydro-1H-1,3-

diazepin-3-ium-2-ide] ,II-91, in catalytic hydroboration of terminal alkynes using HBPin68. A 

wide range of 1,1-diborylated alkenes were obtained in moderate yields (50-73%) at 90 °C. 

Interestingly, carrying out the reaction at 60 °C led solely to the formation of borylated 

alkynes. This observation was attributed to the greater kinetic barrier of the hydroboration 

process compared to C-H borylation under catalytic conditions. To shed light on the 

reaction mechanism, a series of NMR experiments were carried out (Scheme 45). 
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Scheme 45. Mechanistic investigations for hydroboration of terminal alkynes by Ingleson 

Firstly, 1H and 11B NMR spectra revealed the presence of PhBPin in both catalytic C-H 

borylation and hydroboration, demonstrating the possibility of generating a catalytically 

active zinc – hydride species II-92 which could be formed from the transmetalation 

reaction between HBPin and II-91. The stoichiometric mixture of II-91 and HBPin in o – 

dichlorobenzene indeed led to the formation of PhBPin and II-92 which was isolated and 

characterized. Next, a mixture of II-92 and 4-ethynyltoluene resulted in the formation of 

the zinc alkynyl species II-93 which was not isolated, although 1H NMR peaks agreed with 

the product obtained upon mixing II-94 with HNTf2. Interestingly, II-92 in combination with 

a C-H borylated product generates HBPin and II-93, suggesting that the formation of II-93 is 

kinetically favored over the hydrozincation of a C-H borylated alkyne that requires 

prolonged heating to generate the 1,1-diborylated alkene. In order to confirm the 
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feasibility of direct hydrozincation of the borylated alkyne, the authors mixed the zinc 

hydride II-92 with a stoichiometric amount of 1-phenyl-1-propyne. The experiment indeed 

resulted in the hydrozincation product, which further underwent a σ – bond metathesis 

with HBPin generating the borylated alkene. Based on the detailed mechanistic studies, the 

authors proposed a plausible mechanism (Scheme 46).  

 

Scheme 46. Plausible mechanism for hydroboration of terminal alkynes by Ingleson 

A year later, the same group envisioned further hydroboration of 1,1-diborylated alkenes 

into 1,1,1-triborylated alkanes using the same catalyst II-91  and HBPin as reductant69. It 

was noticed that rather harsh conditions (110 °C) were required to obtain 1,1,1-

triborylated alkanes in moderate yield (70%) under catalytic conditions, whereas carrying 

out the reaction at 90 °C resulted only in trace amounts of the desired product. 

Interestingly, a significant decomposition of HBPin was detected based on 11B NMR 

spectroscopy at 110 °C. Consequently, the authors proposed that the in situ formed B-H 

degradation product actually played a key role in generating the triborylated alkane. 
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Therefore, a series of borane additives were employed in catalytic hydroboration of 

terminal alkynes, among which BH3-THF was found to be the most efficient in forming 

1,1,1-triborylated alkane. Control experiments (Scheme 47) demonstrated that mixing 10 

mol% of BH3-THF and 1,1-diborylated alkene II-95 at 110 °C results in the formation of 

1,1,1-triborylated alkane II-96, confirming that no zinc – hydride is required for the latter 

step. It was suggested that the final product is generated via hydroboration by BH3-THF 

followed by subsequent HBPin metathesis.  

 

Scheme 47. Control experiments by Ingleson 

Parallel to the Ingleson’s work, Geetharani et al. published a paper describing the 

utilization of a commercially available Zn(OTf)2 and NaBHEt3 in the catalytic hydroboration 

of terminal and internal alkynes using HBPin (Scheme 48)70. A wide variety of mono-

borylated alkenes were obtained in moderate to high yields (up to 94%), showing 

preference towards terminal alkynes.  Deuterium- labeling experiments using DBPin 

revealed a cis – arrangement of deuterium and BPin moieties.  
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Scheme 48. Zn - catalyzed hydroboration of alkynes by Geetharani 

To understand the reactivity in more detail, a stoichiometric amount Zn(OTf)2 was mixed 

with NaBHEt3. Although triethyl borane was detected by 11B NMR, all attempts to 

characterize the zinc intermediate were unsuccessful. Addition of phenylacetylene to the 

mixture resulted in the formation of an alkyne coordinated zinc species. Lastly, subsequent 

addition of HBPin liberated the corresponding hydroborated product.   

II. 5. Zinc – catalyzed hydrosilylation of N – heteroaromatics 
 
Catalytic reduction of N – heteroaromatics into reduced nitrogen heterocycles under mild 

conditions is a desired transformation for both pharmaceutical and agrochemical industries. 

For instance, 1,4-dihydropyridines are used as Ca2+ channel blockers71 and play a crucial role 

in biological (e.g., NADH)72, metal – catalyzed73, and organocatalytic systems74 as  reductant. 

Historically, traditional methods to obtain dihydropyridines are based on electrophilic 

activation followed by metal hydride or alkali metal reduction75. However, the main 

disadvantage of this approach is the utilization of expensive and pyrophoric reagents75,76. 

Transition – metal catalyzed selective hydrosilylation and hydroboration of N – heterocycles 

serve as a viable alternative.   

Considering the toxicity and preciousness of traditional transition metal catalysts, there has 

been a great interest in switching to more earth – abundant and less toxic main – group 

alternatives. In the context of catalytic reduction of N – heteroaromatic compounds, 

Stephan et al. reported a B(C6F5) - catalyzed hydrosilylation of 2-phenylquinoline into N-silyl-
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1,4-dihydroquinoline77. Later, Crudden and colleagues demonstrated borenium ion- 

catalyzed hydroboration of acridine78. Wang et al. further expanded the substrate scope for 

electrophilic borane ArF
2BMe (ArF = 2,4,6-tris(trifluoromethyl)phenyl) catalyzed 

hydroboration of pyridines79. Harder and co- workers utilized NacNacCaH in catalytic 1,2 – 

selective hydrosilylation of pyridines80. Similarly, the groups of Hill81, Harder82, and Okuda83 

found that NacNacMgH was also capable of catalyzing the hydroboration of pyridines, 

although a mixture of 1,2- and 1,4-DHPy was produced.  

Inspired by the applicability of zinc – hydride in catalytic hydrosilylation of nitriles, Nikonov 

et al. envisioned the utilization of II-46’ in the reduction of N – heteroaromatics (Scheme 

49)84. A series of substrates including quinoline, quinaldine, 1,5-naphtyridine, acridine, and 

isoquinoline were subject to hydrosilylation resulting in moderate to high yields (44 – 99%) 

of the corresponding 1,2-reduced products, although rather high temperatures (up to 80 °C) 

and long reaction times (days) were required. Similarly, a variety of 1,2-reduced products 

were obtained via hydroboration using HBPin. Remarkably, hydroboration of pyridine at 70 

°C resulted in 93% yield of the corresponding N-boryl-1,2-DHPy.  

 

Scheme 49. Zn - catalyzed hydroboration and hydrosilylation of N-heterocycles by Nikonov 

In their attempts to elucidate the reaction mechanism, a series of NMR spectroscopy 

experiments were carried out. A stoichiometric reaction between II-46’ and quinoline 
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resulted in 1,2-hydrozincation. The fact that excess of quinoline was required to drive the 

reaction to completion demonstrated the reversibility of the process. Interestingly, an H/D 

exchange was observed upon mixing II-46’ with PhSiD3, as well as a slight shift of the Zn-H 

peak was detected in 1H NMR after silane addition. The latter observation indicates the 

presence of a transient II-46’ – silane adduct. Treatment of (m-Tol)H2Si-substituted N-silyl-

1,2-DHQ with phenylsilane resulted in the formation of H2PhSi-substituted N-silyl-1,2-DHQ 

and (m-Tol)SiH3, which indicated the reversibility of Zn – catalyzed hydrosilylation. Kinetic 

studies under pseudo – first order conditions (excess of H2SiMePh) demonstrated first – 

order behavior of both quinoline and silane. However, it remained unclear whether the 

silane or N-heterocycle reacts with II-46’ at the beginning. Furthermore, taking into account 

the previously suggested mechanisms, three possible pathways (Scheme 50) were 

calculated by DFT: (A) hydrozincation of quinoline forming II-98 via a transition state II-TS13 

followed by silane reduction; (B) activation of quinoline-coordinated silane II-100 by II-46’ 

followed by a concerted hydride transfer via a six – membered transition state II-TS15; and 

(C) activation of silane by quinoline-coordinated II-46’ followed by a six – membered hydride 

transfer transition state II-TS16 and finally a silane-promoted Zn-N bond metathesis via II-

TS17.  

 

 



 

56 
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Scheme 50. Plausible mechanistic pathways for hydrosilylation of quinoline by Nikonov.  

Considering the free energies of possible reaction pathways (Scheme 50), the mechanism (C) 

was the most favorable, although the other two remained plausible options.   

Similarly, Yao and colleagues reported zinc alkyl complex II-102 catalyzed 1,2 – selective 

hydrosilylation and hydroboration of N-heteroarenes (Scheme 51)85. A series of quinoline 

derivatives were hydroborated and hydrosilylated using HBPin and PhSiH3, respectively, 

generating the corresponding 1,2 – reduced products in moderate to high yields. Interestingly, 

the hydrosilylation by phenyl silane resulted in dimeric products bridged by the PhSiH moiety. 

Remarkably, a wide variety of pyridine halides were hydroborated, although mixtures of reduced 

products was observed.  
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Scheme 51. Zn - catalyzed hydroboration and hydrosilylation of N-heterocycles by Yao 

For insights into the reaction mechanism, complex II-102 was mixed with HBPin in stoichiometric 

amounts, however, no Zn-H peak was detected in 1H NMR spectrum. Although, EtBPin was 

observed in 11B NMR. The kinetic studies demonstrated first order dependence on all substrates 

including the catalyst. Based on the gathered data, the authors suggested that the catalytic cycle 

starts with hydrozincation of substrate, followed by subsequent Zn-N bond metathesis by HBPin. 

Overall, the authors demonstrated catalytic reduction of N-heteroaromatics under mild 

conditions, although rather high catalyst loading (10 mol%) was required.  

In comparison with carbonyls, imines, nitriles, olefins, and alkynes, the examples of zinc – 

catalyzed reduction of N – heteroaromatics are rather scarce. Therefore, we have synthesized 

novel zinc complexes and investigated their activities in catalytic hydroboration and 

hydrosilylation of nitrogen heterocycles.   
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III. Results and Discussion 
III. 1. Novel Zinc methyl complex for reduction of N – heteroaromatics 

III. 1. 1. Ligand synthesis 
 
Over the past decade, there has been a great interest in the chemistry of main group 

element β – diketiminates (NacNac)86. Such species are structurally analogous to acac, 

except oxygen atoms being substituted with nitrogen. Due to their strong donating abilities, 

NacNac ligands serve as robust frameworks to stabilize metal centers in a six – membered 

chelated ring fashion. In this work, we have synthesized a novel amino – iminato NHN 

ligand, III-1, which is structurally analogous to β-diketiminates. The main difference from 

the traditional NacNac is the absence of an enolizable methylene moiety.  

The ligand was prepared in two steps (Scheme 52). Commercially available 2-

fluorobenzophenone III-2 was used as the starting material. A condensation reaction 

between III-2 and mesidine III-3 led to the formation of imine species III-4. The next step 

required two equivalents of lithium anilide III-5 as the incorporation of aniline was followed 

by deprotonation by another equivalent of III-5 liberating the new anilide complex III-9 and 

III-7. The crystallization from ethanol afforded the desired ligand III-1. 1H NMR spectrum in 

C6D6 revealed the characteristic amine (N-H) peak at δ = 11.55 ppm.  
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Scheme 52. NHN ligand synthesis 

III. 1. 2. Zinc methyl complex synthesis 
 
Commercially available ZnMe2 and ligand III-1 were dissolved in toluene (Scheme 53). No 

reaction was observed at room temperature, whereas prolonged heating at 70 °C resulted in 

only partial conversion. The reaction mixture was then refluxed overnight, and afforded 

quantitative amounts of zinc – methyl complex III-8. 

 

Scheme 53. Synthesis of zinc methyl complex III-8 

The completion of reaction was monitored by the disappearance of the N-H signal in 1H 

NMR. III-8 was fully characterized by 1H NMR spectroscopy. The methyl group attached to 
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the zinc atom appeared at δ = -0.63 ppm. Two non – equivalent isopropyl groups appeared 

as doublets δ = 1.33 and 1.23 ppm, whereas the methine protons resonated at 3.53 ppm. 

Two ortho –, and one para – methyl groups of mesidine appeared as singlets at 2.1 and 1.88 

ppm respectively. The remaining protons of phenyl rings were observed in the aromatic 

region (6.2 – 7.3 ppm).  

Crystals suitable for X – ray diffraction analysis were grown from a saturated solution of n – 

hexane at -30 °C (Figure 1). The crystal is monoclinic in the P21/n space group.  

 

Figure 1. Molecular Structure of III-8. Thermal ellipsoids are shown at 50%. Hydrogen atoms were omitted for clarity. 

It is important to note that complex III-8 is a monomeric species. This observation was 

attributed to the steric hindrance exerted by the bulky isopropyl and methyl groups around 

the zinc center that prevented dimerization. Notably, Dipp and Mes moieties are orthogonal 

to each other. Traditionally, zinc complexes have coordination numbers 4 and 6, adopt 

tetrahedral and octahedral geometries respectively. In contrast, the geometry around zinc 

in III-8 resembles a trigonal planar shape, with angles N1 – Zn1 – C1 (127.22o), C1 – Zn1 – N2 

(138.6o), and N2 – Zn1 – N1 (94.15o). The two Zn – N bond lengths are 1.9205 (15) and 

2.0112 (15)  Å. A slight difference in distances could be attributed to a stronger zinc – amido 

bond, whereas the mesidine nitrogen datively coordinates to zinc. The delocalization of the 
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negative charge between the two nitrogen atoms has a minor effect on the difference in 

bond lengths. This was further supported by the C23 – C18 and C18 – C11 bond distances 

being almost the same (1.448 and 1.460 Å, respectively), indicating a partial double bond 

character in C18 – C11 due to delocalization of electron density.  

III. 1. 3. Catalyst – free hydroboration of N – heteroaromatics 
 
Prior to investigating the catalytic activity of III-8 in the hydroboration of N – heterocycles, 

we performed a series of control experiments. Commercially available HBPin and HBCat 

were used as reductants, whereas quinoline and pyridine were chosen as model substrates.  

Table 1. Catalyst – free hydroboration of quinoline and pyridine. 

Borane Substrate Time, h Temperature, °C Conversion, % 

 

HBPin 

Quinoline 3 

72 

RT 

80 

0 (5% adduct) 

90 (67/33)a 

Pyridine 3 

18 

RT 

80 

0 

0 

 

HBCat 

Quinoline 72 RT 99 (77/23)a 

Pyridine 0.05 

12 

12 

RT 

RT 

80 

0 (99% adduct) 

0 (99% adduct) 

28 (50/50)a 
      a) Ratio of 1,2-/ 1,4-isomers 

According to Table 1, only a slight adduct formation was observed upon mixing HBpin and 

quinoline. The increase in temperature up to 80 °C resulted in a mixture of N – boryl-1,2- 

and -1,4 – DHQ. Conversely,  treatment of pyridine with pinacolborane did not lead to any 

conversions even upon heating. When HBCat was used as a reductant, full conversion of 

quinoline into the corresponding 1,2- and 1,4 – dihydroquinolines was observed even at 

room temperature. Alternatively, 99% of Py*HBCat was formed upon mixing pyridine and 

catecholborane at RT. Whereas an increase in temperature for 12 hours afforded equal 

amounts of isomers at 28% conversion. These results illustrated regioselectivity issues in the 
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catalyst – free hydroboration using HBPin or HBCat. As expected, pyridine was found to be 

more inert compared to quinoline.  

III. 1. 4. Catalytic hydroboration of N – heteroaromatics  
 
We started investigating the catalytic activity of III-8 in hydroboration by selecting a suitable 

borane reductant. Quinoline was chosen as the model substrate, whereas HBPin and HBCat 

were tested as selective reducing agents. As mentioned earlier, quinoline readily reacted 

with HBCat even at RT. Addition of catalyst to the reaction slightly improved the selectivity. 

Alternatively, HBPin selectively reduced quinoline affording N-boryl-1,2-DHQ. Therefore, 

HBPin was chosen as the reductant of interest.  

A series of N-heteroaromatic substrates were subjected to catalytic hydroboration using 

HBPin, and a catalytic amount of III-8. According to Table 2, quinoline was selectively 

reduced to 1,2-DHQ. Isoquinoline is a more challenging substrate compared to quinoline, 

however, it was readily reduced under catalytic conditions in 30 min. Quinaldine did not 

afford any product, which could be attributed to the steric hindrance exhibited by the 

methyl group. Heating was required in order to partially reduce acridine into the 

corresponding 1,4-isomer. Lastly, hydroboration of pyridine afforded 10% of 1,2-isomer, and 

prolonged heating increased the yield to 24%.  
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Table 2. Hydroboration of N-heterocycles catalyzed by III-8. 

 

III. 1. 5. Catalytic hydrosilylation of N – heteroaromatics 

  
The developed catalytic system was further extended to hydrosilylation of N – heterocycles 

(Table 3). Previously, the Nikonov84 and Yao85 groups utilized PhSiH3 as a reducing agent to 

obtain 1,2-isomers. Interestingly, the same reductant could not be used under the current 

catalytic conditions, since a mixture of 1,2- and 1,4-isomers (70/30, respectively) was 

produced. Therefore, we envisioned using inexpensive, commercially available PMHS as the 

reducing agent, and quinoline as the model substrate. Rewardingly, selective hydrosilylation 

occurred affording N-silyl-1,2-DHQ at room temperature, albeit a longer reaction time was 
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required. The control experiments revealed that no hydrosilylation occurs in the absence of 

the catalyst.  

Table 3. Optimization of catalytic hydrosilylation of quinoline by III-8 

Silane Cat. loading, mol % Time Conversion, % 

PhSiH3 5 12 h 

48 h 

61 (50/50)a 

91 (70/30)a 

PMHS 5 48 h 

3 d 

70 

97 

PMHSb 0 24 h 0 

Reaction conditions: Quinoline (0.1 mmol), III-8 (5 mol%), and silane (0.1 mmol) in 0.6 ml C6D6. 
Conversions were determined by 1H NMR spectroscopy. a) Ratio of 1,2/1,4-isomers; b) no catalyst. 

 

The observed increased selectivity of PMHS compared to PhSiH3 could be attributed to the 

absence of MeSiH3 that could be generated upon PMHS redistribution, so that it is PMHS 

itself not MeSiH3 that serves as the reducing reagent. Interestingly, there is a possibility that 

the 1,2 – isomer exists in the dimeric form bridged via the MeSiH moiety. The silicon peak 

appeared as a broad doublet (JSi-H = 240 Hz) in 29Si INEPT NMR, showing that one proton is 

attached to the silicon center; although it is hard to speculate about the number of silyl 

groups because of complications in integrating the protons attached to silicon (reside under 

broad PMHS’s Si-H signal).   

A series of N – heterocycles were then subjected to hydrosilylation using PMHS in the 

presence of 5 mol% of III-8 (Table 4). Compared to hydroboration, the hydrosilylation of 

isoquinoline was more challenging, affording 97% of the 1,2-isomer in 3 days. The steric 

hindrance becomes problematic in the case of quinaldine and acridine. Conversely, 

hydrosilylation of lepidine was possible under current catalytic conditions, although 

prolonged heating was required to drive the reaction further. Again, pyridine remained 

more inert than the quinoline derivatives.  
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Table 4. Hydrosilylation of N-heterocycles catalyzed by III-8 

 

III. 2. Novel Zinc hydride complex for reduction of N – heteroaromatics 

III. 2. 1. Zinc hydride complex synthesis 
 
Given the limited catalytic activity of methyl derivative III-8 towards hydrosilylation and 

hydroboration, we postulated that the application of a zinc hydride complex would be more 

beneficial. The synthetic route (Scheme 54) started with deprotonation of III-1, generating a 

lithium anilide complex III-9. Commercially available ZnCl2 was reacted with III-9, and 

subsequent crystallization from diethyl ether afforded the zinc chloride complex III-10. 

Following the procedure developed by Nikonov et al. in 2013,  46 III-11 was synthesized by 
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reacting III-10 precursor with potassium tert-butoxide followed by the addition of 

PhMeSiH2.  

 

Scheme 54. Synthesis of III-11 

Zinc – hydride complex III-11 was fully characterized by 1H NMR spectroscopy. The 

characteristic Zn-H peak at δ = 4.4 ppm matched the literature value for previously reported 

NacNacZnH complexes, and no signal was detected in a 13C HSQC spectrum. Two non – 

equivalent isopropyl groups experience different chemical environments and appear as 

doublets δ = 1.35 and 1.23 ppm, while the methine protons signal around 3.5 ppm. Two 

ortho –, and one para – methyl groups of mesidine appear as singlets at 2.11 and 1.89 ppm, 

respectively. The remaining protons of phenyl rings were observed in the aromatic region 

(6.2 – 7.3 ppm).  

III. 2. 2. Catalytic hydroboration of N – heteroaromatics 
 
A wide variety of N-heteroaromatic substrates was subjected to hydroboration using HBPin 

under catalytic amounts of the novel complex III-11. According to Table 5, quinoline and 

lepidine were selectively reduced into the corresponding 1,2-isomers. Hydroboration of 

quinaldine was realized even at room temperature, and prolonged heating had a marginal 

effect on the yield. However, sterically encumbered 2-phenylquinoline remained unreacted 
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under catalytic conditions. The hydroboration of acridine afforded the 1,4-isomer, but 

required heating. Notably, the 1,2-monohydroborated product was solely obtained upon 

hydroboration of 1,2-naphtyridine. Conversely, hydroboration of quinoxaline readily 

afforded the 1,2-double-hydroborated product (DHP). A control experiment under catalyst – 

free conditions demonstrated partial (8%) reduction of quinoxaline by HBPin at 80 °C. 

Pyrimidine resulted in a mixture of 1,2-mono and -double-hydroborated products in the 1:1 

ratio. Interestingly, the 1,2-monohydroborated product was converted into 1,2-DHP over 

time after the addition of an extra equivalent of HBPin. A slightly better activity was 

observed in pyridine reduction using III-11 compared to III-8. Dehalogenation of pyridines is 

a common issue arising during catalytic hydroboration reactions87. Rewardingly, 

hydroboration of 3-chloropyridine III-12 resulted in the 1,2-isomer III-13a as major product 

(85%), and 1,2/1,6-isomers III-13b and III-13b’ as minor ones (2% each), whereas the 

halogen remained intact (Scheme 55). Recently, Bertrand et al. reported the synthesis of 

primary aminoboranes, which were generated via spontaneous dehydrocoupling of amines 

and boranes88. Similar phenomenon was observed for hydroboration of 8-aminoquinoline 

III-14 liberating only the primary aminoborane product III-15a (Scheme 55). Furthermore, 

the addition of an extra equivalent of HBPin resulted in partial conversion into the 

dihydrocoupled product III-15b, and 1,2-isomer III-15c. Evidently, the catalytic 

hydroboration of N-heterocycles significantly improved after switching from the zinc methyl 

complex to the reported zinc hydride.  

 



 

69 
 

Table 5. Hydroboration of N-heterocycles catalyzed by III-11 

 



 

70 
 

 

Scheme 55. III-11 – catalyzed hydroboration of 3-chloropyridine (top) and 8-aminoquinoline (bottom) 

The developed catalytic system was found to be tolerant towards olefins and alkynes. 

Competition reactions, involving either N,N-dimethylbenzamide or phenyl acetate in the 

presence of quinoline, demonstrated a marginal chemoselectivity towards N-

heteroaromatics (Scheme 56).  

 

Scheme 56. Competition reactions between N,N-dimethylbenzamide (top)/ phenyl acetate (bottom) and quinoline for 
III-11 - catalyzed hydroboration 
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III. 2. 3. Mechanistic investigations 
 
To shed light on the possible mechanism of catalytic hydroboration of N-heterocyclic 

substrates, a series of NMR experiments were conducted. A stoichiometric reaction 

between III-11 and quinoline did not result in any hydrozincation. The broadening of the 

ortho-proton of quinoline at δ = 8.82 ppm in 1H NMR spectrum suggested a partial 

coordination of quinoline to the zinc center. Furthermore, to varify the possibility of a 

hydridic mechanism, a stoichiometric reaction of III-8, HBPin, and quinoline was carried out. 

The Zn-H and B-Me peaks were not detected in 1H and 11B NMR, respectively, whereas the 

Zn-Me signal remained unchanged.  

To understand the reactivity in more detail, deuterium – labeling experiments were also 

carried out. Deuterated catalyst III-11-D, HBPin, and quinoline were mixed in the 

stoichiometric ratio.  As expected, no deuterium incorporation was observed in the 1,2-

reduced DHQ. Interestingly, a broad peak corresponding to a boron-deuterium bond was 

observed in the 11B NMR spectrum at the beginning of the reaction. The presence of this 

signal was supported by deuterium scrambling observed upon mixing III-11-D and HBPin.  

To help reveal the reaction mechanism, kinetic studies using Dynamics Center (2.7.4) 

software were performed. The hydroboration of quinoline was studied under pseudo – first 

order conditions utilizing excess amounts of the substrate (10 – 18 eq.). The progress of 

reaction was monitored by the observation of N-boryl-1,2-dihydroquinoline in the 1H NMR 

spectrum. Notably, first – order dependence was observed for HBPin in all experiments 

(Figure 2). Furthermore, a linear plot of the effective reaction rate (keff) versus the amount 

of quinoline was constructed. The linearization suggested the first – order dependence on 

the substrate as well.  
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Figure 2. The effective rate constant versus the amount of quinoline. Keff values determined from Dynamics Centre (2.7.4) 
software.  

Previously, Nikonov et al. suggested three possible routes for the catalytic hydrosilylation of 

N-heteroaromatics (Scheme 50)84. The first pathway involving 1,2-insertion of quinoline into 

the Zn-H bond was excluded, since no hydrozincation product was observed. The second 

route involving quinoline coordination to silane was also not feasible under the catalytic 

conditions. Control experiments revealed facile coordination of quinoline to the zinc center, 

while only a marginal coordination was observed for HBPin at room temperature.  

Considering the reported literature84, and results obtained from the labeling and kinetic 

studies, the following mechanism was proposed (Scheme 57).  
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Scheme 57. Plausible mechanism for NNZnH - catalyzed hydroboration of quinoline 

The catalytic cycle starts with the reversible coordination of quinoline to the zinc center 

generating adduct III-16. This is followed by activation of HBPin liberating complex III-17. 

The hydride transfer from borane via a six – membered transition state III-TS1 leads to the 

formation of species III-18. The subsequent HBPin-mediated Zn-N bond metathesis liberates 

the desired N-boryl-1,2-DHQ product and regenerates the catalyst. Consequently, it was 

concluded that zinc – hydride acts as a Lewis acid in the catalytic hydroboration of N-

heterocycles.     
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III. 3. Attempts to synthesize a NNN Arduengo-type ligand  
 
Traditionally, careful tuning of the electronic and steric properties of ligands is used to 

maintain the activity of metal center, leaving the ligand as a “spectator”. Recently, there has 

been a great interest in synthesizing more involved “actor” ligands that can participate in 

bond activation of various substrates along with the metal center89. In this synergistic 

context, “redox non-innocent” ligands may possess ambiphilic nature, modifying the Lewis 

acidity of the metal via ligand-to-metal (or vice versa) electron transfer. We have envisioned 

that modification of the well-known Arduengo’s ONO ligand90 by substituting oxygen atoms 

with imine (ArN=) moieties may serve as foundation of generating novel NNN “redox non – 

innocent” ligands. Such species could potentially result in the increased activity of main – 

group metals in unusual low oxidation states Mn (e.g., Zn0, AlI) making them prone to 

oxidative addition, and at the same time facilitate reductive elimination by weakening the 

Mn+2-R bond.  

 

The synthesis of the ONO ligand was based on the route suggested by Arduengo90, although 

slight modifications to improve the isolated yields were made (Scheme 58). Commercially 

available acetophenone was used as a starting material. The selective bromination of 

acetophenone III-19 led to the formation of 2-bromoacetophenone III-20. The next step 

involved addition of benzylamine to generate the diketone salt III-21. Notably, mono-

substituted ketone [PhC(O)CH2NH2CH2Ph]Br, formed as the main by- product of this 

reaction, could be mixed with III-20 to liberate an extra amount of III-21. The removal of the 

protecting benzyl group from amine moiety via heterogeneous hydrogenation on Pd/C 
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(10%) generated III-22. Finally, dehydrobromination of the latter species liberated the ONO 

product III-23.  

 

Scheme 58. Synthesis of ONO ligand 

Any attempts to install an imine moiety (directly or via an aza – Wittig reaction) instead of 

oxygens in the diketone III-23 were unsuccessful due to self – condensation of the substrate 

generating a pyrazine type product mixture.  

 

This observation was explained by the functional group incompatibility occurring between 

the central amine and carbonyl appendages on each side. Even at room temperature the 

color of III-23 changes from orange to reddish, and similar compounds were denoted as 

thermochromic at higher temperatures90.  

Considering the handling issues related to species III-23, we have directed our attention to 

diketone III-22. It was assumed that the absence of lone pairs on the central nitrogen atom 

could potentially prevent self – condensation. Prior to testing any reactivity of III-22, we 
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have substituted bromide with the less – coordinating tetrafluoroborate anion generating 

diketone III-22’ (Scheme 59), which is soluble in polar solvents such as DMSO and 

acetonitrile.  

 

Scheme 59. Anion exchange reaction 

An interesting phenomenon was observed upon mixing III-22’ with 3,5-dimethylaniline 

(Scheme 60). The aniline was indeed installed instead of one oxygen liberating enamine III-

24, however, the other half, containing the positively charged [NH2CH2C(O)Ph]+, was 

possibly substituted via a Friedel – Crafts reaction by an ortho-carbon of aniline. The 1H 

NMR spectrum of III-24 shows signals at δ = 11.28 (N-H), 8.32 (o-Ph), 7.0/6.8/6.6 ppm 

(singlets for the ortho- and para- position in the aniline ring, and vinylic C-H). Consequently, 

we attempted to use mesidine (2,4,6-trimethylaniline) instead of 3,5-dimethylaniline to 

prevent the observed electrophilic aromatic substitution at the ortho C-H bonds. However, 

mesidine was found to act as a nucleophile substituting [NH2CH2C(O)Ph]+ and leaving the 

carbonyl moiety intact to form the mono-ketone III-25. The 1H NMR spectrum of III-25 

shows signals at δ = 7.97 (o-Ph), 7.61 (p-Ph), 7.49 (m-Ph), 4.51 (methylene), 2.27 (ortho 

methyl groups of aniline), 2.47 (para methyl group of aniline), and 6.7 (meta – proton in 

aniline) ppm.  
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Scheme 60. Unexpected reactivity of 3' 

IV. Conclusions and Future Work 
 
In summary, facile synthesis of a novel amine – imine ligand was achieved. This ligand as 

well as its deprotonated congener were applied to the synthesis of zinc – methyl III-8 and 

zinc – hydride III-11 complexes, respectively. The catalytic activity of III-8 species towards 

hydroboration and hydrosilylation of nitrogen heterocycles was rather limited. Conversely, 

the zinc hydride III-11 complex was found to be efficient in catalytic hydroboration of N – 

heteroaromatics using HBPin as reductant. A series of N-heterocycles, such as quinoline, 

pyrimidine, lepidine 1,5-naphtyridine, and quinoxaline were selectively reduced into 1,2-

dihydropyridines  in high yields. Furthermore, moderate yields were obtained upon 

hydroboration of some challenging substrates, such as quinaldine, acridine, and pyridine. 

The catalytic system was found to be highly chemoselective towards olefins, alkynes, and 

halogen functional groups. The mechanistic aspects of the developed system were studied 

in detail. According to deuterium – labeling experiments, pinacol borane acted as a 

hydrogen donor, while III-11 assisted as a Lewis acid in the catalytic hydroboration of N-

heterocycles. It was proposed that the key step in the reaction was hydrogen transfer from 

activated HBPin to quinoline via a concerted six – membered transition state.  
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The novel zinc – hydride complex was also found to be efficient in hydroboration of tertiary 

amides and esters. Therefore, the application of the current approach in reduction of the 

latter substrates should also be pursued. Furthermore, the ease of preparation of the amino 

- imine ligand deems it useful for investigating the chemistry of other main – group 

elements, such as aluminum, phosphorous and others.  

Finally, a significant improvement in isolated yields compared to the original synthetic 

protocol suggested by Arduengo was achieved. Functional group incompatibility arising 

between amine and carbonyl groups inhibited the direct imine installation on neutral 

diketone III-23. An interesting chemistry was observed upon reacting aniline derivatives 

with III-22’, generating either Friedel – Crafts or SN2 – substitution products. We believe that 

the installation of various protecting groups, such as tosyl, silyl, and boc (tert-

butyloxycarbonyl) into III-23 with further imination might lead to the desired diimine 

compound. However, further deprotecting protocol should be chosen carefully to prevent 

hydrolysis of the imine moieties. Otherwise, alternative synthetic pathways should be 

explored.  
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V. Experimental 
 
Unless state otherwise, all manipulations were carried out under nitrogen atmosphere using 

glove – box and Schlenk techniques. All glassware was rinsed with acetone and stored in the 

oven (190 °C) prior to use. Acetone/dry ice (-78 °C) and ice/water (0 °C) mixtures were used 

to achieve low temperatures. Benzene, chloroform, acetonitrile, diethyl ether, hexanes, 

toluene, and THF were dried using Grubbs – type solvent purification system. Methanol, 

ethanol, and DMSO were dried over molecular sieves (4 Å). DCM, 2,6-diisopropylaniline, and 

3,5-dimethylaniline were dried over CaH2. The deuterated benzene, C6D6, was dried by 

distillation from K/Na alloy. All substrates and CDCl3 were purchased from Sigma – Aldrich.  

NMR spectra were obtained using Bruker AVANCE III HD 400 MHz, and DPX-600 

spectrometers (1H: 400 and 600 MHz, 13C: 100 and 151 MHz, 29Si: 119 MHz, and 11B: 193 

MHz) at room temperature. The raw data was processed and interpreted using Bruker Top 

Spin (4.1.4) software. 13C peaks were assigned based on 1H – 13C HSQC and 1H – 13C HMBC 

spectra. 

The crystals suitable for X-ray diffraction were mounted on thin glass fiber using paraffin oil. 

The crystallographic data was obtained with Bruker APEX-II single crystal diffractometer 

equipped with Oxford Cryosystem and CCD. The data was processed and interpreted using 

OLEX II (1.3) software.   

V. 1. Novel zinc methyl complex for reduction of N – heteroaromatics 
 
Preparation of III-4: 2-fluoroacetophenone (12 ml, 71 mmol) III-2, triethyl amine (30 ml, 213 

mol), and mesidine (30 ml, 213 mmol) were dissolved in DCM (400 ml) under inert 

atmosphere. The mixture was cooled in an ice – salt bath. TiCl4 (7.83 ml, 71 mmol) was 

introduced via a syringe to the vigorously stirring mixture. After 1 hour, the ice – salt bath 

was removed, and mixture was refluxed at 45 °C for 3 days. The volatiles were removed in 
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vacuo. The voluminous amount of residue was dissolved in benzene (400 ml), and the 

resulting solution was filtered. The filtrate was subjected to flash chromatography 

(Petroleum ether/EtOAc, 93:7). The subsequent washing of the obtained residue with 

ethanol yielded the desired product (8.5 g, 38%).  

  

1H NMR (600 MHz, C6D6, δ, ppm): 8.0 (d, 2H, o-CH), 7.1-7.16 (m, 3H, m/p-CH), 6.9 (m, 1H, m-

CH), 6.64 (m, 1H, m-CH’), 6.58 (m, 1H, o-CH), 6.51 (m, 1H, p-CH), 6.67 (s, 2H, m-CH), 2.16 (s, 

6H, o-CH3), 2.04 (s, 3H, p-CH3).  

13C NMR (151 MHz, C6D6, δ, ppm): 162.6 (C=N), 160.5 (C-F), 158.3 (o-C), 130.5 (m-CH’), 129.8 

(m-CH), 123.5 (p-C), 115.5 (o-CH), 139.0 (-C), 128.4 (o-CH), 128.27 (m-CH), 130.6 (p-CH), 

146.5 (C-N), 131.8 (p-C), 128.6 (m-CH),125.7 (o-C), 20.6 (p-CH3), 18.4 (o-CH3).  

19F NMR (565 MHz, C6D6): δ = -109.6 ppm. 

Preparation of III-5: n-BuLi in hexanes (27.5 ml, 44 mmol) was added dropwise to a solution 

of 2,6-diisopropylaniline (7.5 ml, 40 mmol) in hexanes (20 ml) at -78 °C for 10 min. The 

resulting mixture was allowed to warm to room temperature and was stirred for another 2 

hours. The obtained yellow precipitate was filtered out, and dried (5.86 g, 80%).  

1H NMR (600 MHz, THF, δ, ppm): 6.57 (d, J=7.5 Hz, 2H, m-CH), 5.91 (t, J=7.5 Hz, 1H, p-CH), 

3.15 (sept, J=6.9 Hz, 2H, CH), 2.6 (s, 1H, NH), 1.1 (d, J=6.9 Hz, 12H, CH3).  

13C NMR (151 MHz, THF, δ, ppm): 157.4 (C-N), 130.5 (o-C), 121.0 (m-CH), 107.7 (p-CH), 27.3 

(CH), 22.9 (CH3).   

Preparation of III-1: Lithium anilide III-5 (3.46 g, 18.9 mmol) and III-4 (3 g, 9.45 mmol) were 

dissolved in THF (30 ml) under inert atmosphere. The mixture was refluxed at 80 °C for 1 
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day. The solvent was removed in vacuo, the residue was dissolved in hot ethanol (60 ml) and 

left in a freezer (-30 °C) for 2 days. The obtained yellow precipitate was filtered out, washed 

with cold ethanol (2 x 10 ml), and dried (3.54 g, 80%).  

 

1H NMR (600 MHz, C6D6, δ, ppm): 11.5 (s, 1H, NH), 7.3 (d, 1H, m-CH), 7.23(m, 1H, p-CH), 7.22 

(d, 1H, m-CH’), 1.2 (d,  J = 7.1 Hz, 6H, CH3), 1.16 (d,  J = 7.1 Hz, 6H, CH3’), 3.5 (sept, J = 6.74 

Hz, 2H, CH), 2.2 (s, 6H, o-CH3), 6.65 (s, 2H, m-CH), 2.02 (s, 3H, p-CH3), 6.53 (d, J = 8.4 Hz, 1H, 

o-CH), 6.97 (m, 1H, m-CH), 6.42 (m, 1H, p-CH), 7.24 (d, 1H, m-CH’), 7.1 (d, J = 6.7 Hz, 2H, o-

CH), 6.86 (m, 2H, m-CH), 6.83 (m, 1H, p-CH).  

13C NMR (151 MHz, C6D6, δ, ppm): 127.4 (m-CH), 124.0 (p-CH), 124.9 (m-CH’), 135.3 (o-C), 

147.4 (C-N), 28.7 (CH), 22.9 (CH3), 24.6 (CH3’), 145.9 (C-N), 126.1 (o-CH), 18.6 (o-CH3), 128.5 

(m-C), 131.8 (p-C), 20.4 (p-CH3), 118.1 (C-N), 112.8 (o-CH), 131.9 (m-CH), 114.7 (p-CH), 134.3 

(m-CH’), 151.2 (o-C), 171.8 (C=N), 128.0 (o-CH).  

Preparation of III-8: 1.2 M solution of ZnMe2 in toluene (1.42 ml, 1.7 mmol) was added to 3 

(807 mg, 1.7 mmol) in toluene (20 ml) at room temperature. The mixture was refluxed at 

110 °C for 12 hours. All volatiles were removed in vacuo, affording a quantitative amount of 

product (850 mg, 90%).  
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1H NMR (600 MHz, C6D6, δ, ppm): 7.3 (d, 2H, m-CH), 7.3 (m, 1H, p-CH), 1.3 (d,  J = 7.0 Hz, 6H, 

CH3), 1.23 (d,  J = 7.0 Hz, 6H, CH3’), 3.5 (sept, J = 6.87 Hz, 2H, CH), -0.63 (s, 3H, Zn-Me), 2.1 (s, 

6H, o-CH3), 6.5 (s, 2H, m-CH), 1.9 (s, 3H, p-CH3), 6.7 (d, J = 9.2 Hz, 1H, o-CH), 6.9 (m, 1H, m-

CH), 6.2 (m, 1H, p-CH), 7.12 (d, J = 8.6 Hz, 1H, m-CH’), 7.0 (d,  J = 7.47 Hz, 2H, o-CH), 6.8 (m, 

2H, m-CH), 6.7 (m, 1H, p-CH).  

13C NMR (151 MHz, C6D6, δ, ppm): 124.2 (m-CH), 125.5 (p-CH), 143.5 (o-C), 144.8 (C-N), 28.0 

(CH), 24.6 (CH3), 23.8 (CH3’), 144.3 (C-N), 128.3 (o-CH), 18.9 (o-CH3), 128.8 (m-C), 134.2 (p-C), 

20.3 (p-CH3), 115.8 (C-N), 117.3 (o-CH), 133.6 (m-CH), 112.5 (p-CH), 137.2 (m-CH’), 158.9 (o-

C), 176.4 (C=N), 127.3 (o-CH), 127.2 (m-CH), 128.3 (p-CH).  

Anal. Calcd. for C35H40N2Zn (554.09): C, 75.87; H, 7.28; N, 5.06. Found: C, 75.79; H, 7.61; N, 

5.06. 

General procedure for III-8 catalyzed hydroboration. All manipulations were carried out 

under N2 atmosphere. 5 mol% of ZnMe was dissolved in 1 ml of C6D6 and transferred into J. 

Young NMR tube. After, N-heterocycle and HBPin (1 eq.) were added to deuterated benzene 

solution. The progress of reaction was monitored by 1H NMR spectroscopy. NMR 

resonances were consistent with reported literature for hydroborated N-heterocycles84. 

 

1H NMR (600 MHz, C6D6, δ, ppm): δ 7.82 (d, J = 8.3 Hz, 1H), 7.09 (m, 
1H), 6.86 – 6.78 (m, 2H), 6.25 (d, J = 9.6 Hz, 1H), 5.57 (dt, J = 9.4 and 
4.2 Hz, 1H), 4.17 (dd, J = 4.2 and 1.7 Hz, 2H), 1.03 (s, 12H). 13C NMR 
(75 MHz, C6D6, δ, ppm): 142.3, 128.2, 126.9, 124.6, 122.0, 121.3, 
82.8, 43.6, 24.7. 11B NMR (C6D6): 24.03 ppm. 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): δ 6.99 (m, 1H), 6.88 (m, 1H), 6.84 
(d, J = 7.5 Hz, 1H), 6.81 (d, J = 7.6 Hz, 1H), 6.72 (d, J = 7.5 Hz, 1H), 
5.63 (d, J = 7.6 Hz, 1H), 4.63 (s, 2H), 1.01 (s, 12H). 13C NMR (75 MHz, 
C6D6, δ, ppm): 133.6, 132.8, 129.0, 127.6, 126.1, 125.4, 123.7, 106.2, 
83.3, 46.2, 24.7. 11B NMR (C6D6): 23.88 ppm. 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 6.72 (d, J=7.2 Hz, 1H), 5.79 (dd, J = 
5.5 and 9.5 Hz, 1H), 5.12 – 5.06 (m, 2H), 4.16 (dd, J = 1.6 and 4.3 Hz, 
2H), 1.0 (s, 12H). 13C NMR (100 MHz, C6D6, δ, ppm): 132.7, 124.3, 
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115.0, 103.9, 83.16, 42.6, 24.7. 11B NMR (C6D6): 23.91 ppm. 
 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 7.85 (d, J=8.46 Hz, 2H), 7.16 (dd, 
2H), 6.92 – 6.98 (m, 4H), 3.54 (s, 2H), 1.05 (s, 12H). 13C NMR (100 
MHz, C6D6, δ, ppm): 142.8, 130.6, 127.5, 126.5, 123.7, 123.0, 83.3, 
34.1, 24.6. 11B NMR (C6D6): 24.97 ppm. 

 

General procedure for III-8-catalyzed hydrosilylation. All manipulations were carried out 

under the N2 atmosphere. 5 mol% of ZnMe was dissolved in 1 ml of C6D6 and the soluyion 

transferred into a J. Young NMR tube. After, N-heterocycle and PMHS (1 eq.) were added to 

a solution in deuterated benzene. The progress of the reaction was monitored by 1H NMR 

spectroscopy.  

 

1H NMR (600 MHz, C6D6, δ, ppm): 6.96 (m, 2H), 6.82 (d, J = 
7.87 Hz, 1H), 6.72 (m, 1H), 6.25 (d, J = 9.47 Hz, 1H), 5.51 (dt, 
J = 9.47 Hz, 1H), 3.79 (dd, 2H).  

 

1H NMR (600 MHz, C6D6, δ, ppm): δ 7.02 (dd, 1H), 6.95 (dd, 
1H), 6.83 (d, J = 7.15 Hz, 1H), 6.76 (d, J = 7.15 Hz, 1H), 6.32 
(d, J = 7.23 Hz, 1H), 5.6 (d, J = 7.23 Hz, 1H), 4.29 (s, 2H).  
 

 

 

1H NMR (600 MHz, C6D6, δ, ppm): 7.08 – 7.0 (m, 3H), 6.8 (m, 
1H), 5.38 (s, 1H), 3.78 (s, 2H), 1.83 (s, 3H).  
 

 

V. 2. Novel zinc hydride complex for reduction of N – heteroaromatics 
 
Preparation of III-9: n-BuLi in hexanes (4.16 ml, 6.6 mmol) was added dropwise to a solution 

of III-1 (2.87 g, 6.0 mmol) in hexanes (40 ml) at -78 °C for 10 min. The resulting mixture was 

allowed to warm to room temperature and was stirred for another 2 hours. The obtained 

yellow precipitate was filtered out, and dried (2.4 g, 83%). 
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1H NMR (400 MHz, C6D6, δ, ppm): 7.36 (d, 2H, m-CH), 7.3 (m, 1H, p-CH), 3.3 (sept, J=6.7 Hz, 

2H, CH), 1.28 (d, J=6.7 Hz, 6H, CH3), 1.25 (d, J=6.7 Hz, 6H, CH3’), 1.93 (s, 6H, o-CH3), 6.55 (s, 

2H, m-CH), 1.98 (s, 3H, p-CH3), 6.5 (d, J=8.9 Hz, 1H, o-CH), 6.92 (m, 1H, m-CH), 6.08 (m, 1H, 

p-CH), 7.07 (d, J=8.4 Hz, 1H, m-CH’), 7.02 (d, 2H, o-CH), 6.84 (m, 2H, m-CH), 6.78 (m, 1H, p-

CH).  

13C NMR (101 MHz, C6D6, δ, ppm): 123.7 (m-CH), 122.6 (p-CH), 142.5 (o-C), 150.0 (C-N), 27.9 

(CH), 23.9 (CH3), 25.0 (CH3’), 147.2 (C-N), 128.1 (o-CH), 18.9 (o-CH3), 128.5 (m-C), 132.1 (p-C), 

20.4 (p-CH3), 116.7 (C-N), 117.8 (o-CH), 131.7 (m-CH), 108.5 (p-CH), 137.3 (m-CH’), 159.3 (o-

C), 173.4 (C=N), 127.6 (o-CH), 126.7 (m-CH), 127.3 (p-CH).   

Preparation of III-10: III-9 (1.9 g, 3.95 mmol) was dissolved in Et2O (20 ml) and slowly added 

to a suspension of ZnCl2 (0.54 g, 3.95 mmol) in Et2O at -78 °C. The resulting mixture was 

allowed to warm to room temperature and was stirred overnight. LiCl was filtered off, the 

filtrate was concentrated in vacuo and placed in a freezer (-30 °C) for 2 days. The obtained 

yellow precipitate was washed with cold Et2O (2 x 5 ml), and dried (1.5 g, 66%). The 

compound co-crystallizes with lithium chloride coordinated to two equivalents of diethyl 

ether.  
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1H NMR (600 MHz, THF-d8, δ, ppm): 7.12 (d, 2H, m-CH), 7.11 (m, 1H, p-CH), 3.6 (sept, J=6.7 

Hz, 2H, CH), 1.3 (d, J=6.7 Hz, 6H, CH3), 1.02 (d, J=6.7 Hz, 6H, CH3’), 2.3 (s, 6H, o-CH3), 6.56 (s, 

2H, m-CH), 2.05 (s, 3H, p-CH3), 6.2 (d, J=8.5 Hz, 1H, o-CH), 6.75 (m, 1H, m-CH), 5.9 (m, 1H, p-

CH), 6.66 (d, J=8.4 Hz, 1H, m-CH’), 7.2 (d, 2H, o-CH), 7.15 (m, 2H, m-CH), 7.04 (m, 1H, p-CH).  

13C NMR (600 MHz, THF-d8, δ, ppm): 123.4 (m-CH), 123.5 (p-CH), 144.9 (o-C), 145.3 (C-N), 

27.5 (CH), 23.9 (CH3), 25.3 (CH3’), 131.6 (C-N), 130.6 (o-CH), 19.3 (o-CH3), 128.1 (m-C), 133.9 

(p-C), 19.9 (p-CH3), 115.5 (C-N), 118.5 (o-CH), 131.6 (m-CH), 109.7 (p-CH), 137.2 (m-CH’), 

160.0 (o-C), 177.0 (C=N), 127.8 (-C), 127.3 (o-CH), 126.9 (m-CH), 124.0 (p-CH).  

Anal. Calcd for C42H57O2N2ZnCl2Li  (765.14): C, 65.93; H, 7.51; N, 3.66. Found: C, 66.23; 

H, 7.26; N, 3.56. 

Preparation of III-11: t-BuOK (19 mg, 0.17 mmol) and III-10 (98 mg, 0.17 mmol) were 

dissolved in THF (15 ml) and stirred for 3 h at room temperature. After, PhMeSiH2 (23.3 µl, 

0.17 mmol) was added via a syringe, and the resulting mixture was stirred for another 24 

hours. All volatiles were removed in vacuo for 8 hours. The residue was dissolved in benzene 

(15 ml) and filtered. The filtrate was removed under vacuum resulting in a yellow powder 

(46 mg, 50%).  

 

1H NMR (600 MHz, C6D6, δ, ppm): 7.30 (d, 2H, m-CH), 7.29 (m, 1H, p-CH), 3.5 (sept, J=6.8 Hz, 

2H, CH), 1.22 (d, J=6.8 Hz, 6H, CH3), 1.35 (d, J=6.8 Hz, 6H, CH3’), 2.1 (s, 6H, o-CH3), 6.5 (s, 2H, 

m-CH), 1.9 (s, 3H, p-CH3), 6.7 (d, J=9.1 Hz, 1H, o-CH), 6.8 (m, 1H, m-CH), 6.2 (m, 1H, p-CH), 

7.1 (d, J=8.3 Hz, 1H, m-CH’), 6.94 (d, 2H, o-CH), 6.77 (m, 2H, m-CH), 6.75 (m, 1H, p-CH).  
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13C NMR (151 MHz, C6D6, δ, ppm): 124.3 (m-CH), 125.8 (p-CH), 143.9 (o-C), 147.3 (C-N), 28.0 

(CH), 23.6 (CH3), 24.9 (CH3’), 144.5 (C-N), 128.4 (o-CH), 19.0 (o-CH3), 129.0 (m-C), 134.3 (p-C), 

20.3 (p-CH3), 115.8 (C-N), 117.3 (o-CH), 133.7 (m-CH), 112.9 (p-CH), 137.3 (m-CH’), 159.1 (o-

C), 177.0 (C=N), 128.4 (-C), 127.3 (o-CH), 127.2 (m-CH), 128.4 (p-CH), 4.4 (s, 1H, Zn-H). 

Preparation of III-11-D (NMR – scale): t-BuOK (1.6 mg, 0.0142 mmol) and III-10 (8.2 mg, 

0.0142 mmol) were dissolved in THF (0.6 ml) and stirred for 3 h at room temperature. After, 

PhMeSiD2 (2.0 µl, 0.0142 mmol) was added via a syringe, and the resulting mixture was left 

for another 24 hours. All volatiles were removed in vacuo for 8 hours. The residue was 

dissolved in C6D6 and stored in a sealed J. Young NMR tube. Similar resonances in 1H and 13C 

NMR spectra as for III-11. 2H NMR (600 MHz, C6D6, δ, ppm): 4.4 (s, 1H, Zn-D).   

General procedure for III-11 catalyzed hydroboration. All manipulations were carried out 

under the N2 atmosphere. 2.5 mol% of ZnH was dissolved in 1 ml of C6D6 and transferred 

into J. Young NMR tube. After, N-heterocycle and HBPin (1-2 eq.) were added to a solution 

in deuterated benzene. The progress of the reaction was monitored by 1H NMR 

spectroscopy. NMR resonances were consistent with reported literature for hydroborated 

N-heterocycles84. 

 

1H NMR (600 MHz, C6D6, δ, ppm): δ 7.85 (d, J = 8.23 Hz, 1H), 
7.15 (dd, 1H), 7.08 (d, J = 7.76 Hz, 1H), 6.87 (dd, J = 7.44 and 
1.29 Hz, 1H), 5.43 (t, J = 4.27 Hz, 1H), 4.13 (dd, J = 4.43 and 1.62 
Hz, 2H), 1.79 (s, 3H), 1.04 (s, 12H). 13C NMR (151 MHz, C6D6, δ, 
ppm): 121.0, 127.6, 123.6, 121.2, 121.3, 44.1, 18.4, 82.5, 24.4. 

11B NMR (C6D6): 23.95 ppm. 
 
 

 

 

 

1H NMR (600 MHz, C6D6, δ, ppm): 7.9 (d, J = 8.03 Hz, 1H), 7.12 
(dd, J = 7.68 and 1.61 Hz, 1H), 6.88 (d, J = 7.56 Hz, 1H), 6.8 (dd, J 
= 7.32 and 1.1 Hz, 1H), 6.25 (d, J = 9.5 Hz, 1H), 5.65 (dd, J = 9.5 
and 5.7 Hz, 1H), 4.65 (m, 1H), 1.14 (d, J = 6.6 Hz, 3H), 1.06 (s, 
6H), 1.02 (s, 6H). 13C NMR (100 MHz, C6D6, δ, ppm): 140.2, 
129.4, 124.9, 122.0, 121.6, 82.8, 48.5, 25.3, 24.7, 24.6, 21.7. 11B 
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NMR (C6D6): 24.29 ppm. 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 8.17 (d, J = 3.7 Hz, 1H), 7.86 
(d, J = 8.1 Hz, 1H), 6.79 (d, J = 9.9 Hz, 1H), 6.68 (dd, J = 8.2 and 
4.7 Hz, 1H), 5.62 (dt, J = 9.9 and 4.2 Hz, 1H), 4.06 (dd, J = 4.2 
and 1.7 Hz, 2H), 1.0 (s, 12H). 11B NMR (C6D6): 23.99 ppm. 
 
 

 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 8.13 (m, 2H), 6.96 (m, 2H), 
3.61 (s, 4H), 1.05 (s, 24 H). 11B NMR (C6D6): 24.25 ppm. 
 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 6.81 (dt, J = 8.19 and 1.7 Hz, 
1H), 4.81 (s, 2H), 4.63 (dt, J = 8.19 and 3.41 Hz, 1 H), 3.8 (dd, J = 
3.42 and 1.93 Hz, 2H), 1.05 (s, 12H), 1.0 (s, 12H). 13C NMR (151 
MHz, C6D6, δ, ppm): 129.3, 55.9, 102.3, 41.9, 81.8, 82.5, 24.5, 
24.3. 11B NMR (C6D6): 24.08 ppm. 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 6.51 (d, J = 7.3 Hz, 1H), 5.80 
(d, J = 6.2 Hz, 1H), 4.77 (dd, J = 7.13 and 6.08 Hz, 1H), 4.33 (s, 
2H), 0.95 (s, 12H). 13C NMR (151 MHz, C6D6, δ, ppm): 130.1, 
121.0, 119.2, 101.3, 83.3, 48.2, 24.2. 11B NMR (C6D6): 23.91 
ppm. 
 

 

1H NMR (600 MHz, C6D6, δ, ppm): 8.48 (dd, J = 4.09 and 1.68 Hz, 
1H), 8.25 (dd, J = 7.64 and 1.02 Hz, 1H), 7.95 (s, 1H), 7.51 (dd, J 
= 8.2 and 1.61 Hz, 1H), 7.32 (m, 1H), 7.01 (dd, J = 8.15 and 0.93 
Hz, 1H), 6.73 (dd, J = 8.41 and 4.16 Hz, 1H), 1.11 (s, 12H). 13C 
NMR (151 MHz, C6D6, δ, ppm): 147.5, 141.1, 139.2, 113.6, 
135.7, 127.5, 117.6, 121.0, 82.6, 24.4. 11B NMR (C6D6): 24.89 
ppm. 

 

Kinetics 

A catalyst stock solution was prepared by dissolving 15 mg of III-11 in 1700 μL of C6D6 in the 

glovebox. 200 μL of stock solution, HBPin (0.06536 mmol), and the respective amount of 

quinoline (10 – 18 equivalents) were mixed in a sealed J. Young NMR tube. C6D6 was added 

to equalize the volumes in the experiments with different amounts of quinoline. The 

reaction was monitored by 1H NMR spectroscopy every 5 seconds at room temperature for 



 

88 
 

30 minutes. The data were uploaded and interpreted by Dynamics Centre (2.7.4), where 

signals of generated N-(BPin)-1,2-dihydroquinoline were integrated and processed to obtain 

the best – fit line. The points after completion of the reaction were eliminated. A plot 

correlating the logarithm of product concentration versus time was generated.  

V. 3. Synthesis of Arduengo ONO ligand  
 
Unless otherwise stated, all manipulations were carried out under ambient conditions. 

Preparation of III-20: Acetophenone (97 ml, 832 mmol) and bromine (43 ml, 832 mmol) 

were dissolved in chloroform (500 ml) in round – bottom flask (RBF). The resulting mixture 

was refluxed at 60 °C for 2 hours. After, the solvent was removed in vacuo. The residue was 

dissolved in hexanes (300 ml) and put into a freezer (-30 °C) for 2 days. The crystallized solid 

was collected on a Buchner funnel, washed with water (3 x 50 ml), dried and resulted in a 

colorless crystalline solid (130.4 g, 80%).  

1H NMR (600 MHz, CDCl3, δ, ppm): 7.98 (d, J = 8.64 Hz, 2H, o-CH), 7.6 (m, 1H, p-CH), 7.48 (m, 

2H, m-CH), 4.46 (s, 2H, CH2). 

Preparation of III-21: A solution of benzylamine (68.7 ml, 629 mmol) in benzene (315 ml) 

was added to III-20 (125.2 g, 629 mmol) dissolved in 630 ml of benzene. The resulting 

mixture was refluxed in an oil bath at 100 °C for 48 hours. A significant amount of a solid 

precipitated from the solution. After, the mixture was filtered through a Buchner funnel and 

the residue was washed with benzene (2 x 50 ml). The obtained yellow solid was suspended 

in methanol (300 ml) and sonicated for 30 min. The solid was collected on a Buchner funnel 

and washed with water (2 x 50 ml), and dried (73 g, 55%).  

1H NMR (600 MHz, DMSO, δ, ppm): 7.86 (d, J = 7.5 Hz, 4H, o-CH), 7.7 (m, 2H, p-CH), 7.63 (m, 

2H, o-CH (Ar)), 7.54 (m, 4H, m-CH), 7.3 (m, 3H, m/p-CH (Ar)), 5.14 (s, 4H, CH2), 4.58 (s, 2H, 

CH2 (Ar)). 
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Preparation of III-22: A suspension of III-21 (73g, 172 mmol) in methanol was bubbled with 

nitrogen and mixed with 10% palladium on charcoal (1.75 g, 1.72 mmol) under an inert 

atmosphere. The atmosphere was exchanged to the hydrogen gas (1 atm) and the reaction 

proceeded for 2 days at room temperature. After, the mixture was filtered through celite, 

the filtrate was concentrated in vacuo, and put into a freezer (-30 °C) for 2 days. The desired 

product crystallized as a white solid (24.6 g, 43%). 

1H NMR (600 MHz, DMSO, δ, ppm): 9.51 (s, 1H, NH2), 7.97 (d, J = 7.7 Hz, 4H, o-CH), 7.7 (m, 

2H, p-CH), 7.57 (m, 4H, m-CH), 4.87 (s, 4H, CH2).  

Preparation of III-23: A suspension of III-23 (0.94 g, 2.81 mmol) in water (16.6 ml) and DCM 

(12.4 ml) was cooled in an ice bath. An aqueous solution (12.4 ml, 0.28M) of Na3PO4*12H2O 

(1.315g, 3.46 mmol) was added dropwise for 15 min. The resulting mixture was stirred for 

an extra 1.5 hours at 5 °C. The organic layer was transferred into a separate flask and 

washed with water (3 x 4 ml). The solution was dried over MgSO4 and filtered. DCM was 

removed in vacuo, and the desired orange product was obtained (0.62 g, 87%).  

1H NMR (600 MHz, CH2Cl2, δ, ppm): 7.93 (d, J = 8.5 Hz, 4H, o-CH), 7.58 (m, 2H, p-CH), 7.47 

(m, 4H, m-CH), 4.2 (s, 4H, CH2), 2.47 (s, 1H, NH). 

Preparation of III-22’: AgBF4 (291.4 mg, 1.5 mmol) in methanol (5 ml) was added dropwise 

to a solution of III-22 (500 mg, 1.5 mmol) in MeOH (5 ml). The yellow silver bromide 

precipitate was filtered off through a Buchner funnel. Methanol was removed in vacuo 

resulting in a pink solid product (400 mg, 78%).  

1H NMR (600 MHz, DMSO, δ, ppm): 7.97 (d, J = 7.9 Hz, 4H, o-CH), 7.72 (m, 2H, p-CH), 7.58 

(m, 4H, m-CH), 4.81 (s, 4H, CH2). 11B NMR (DMSO): δ = -0.7 ppm. 19F NMR (565 MHz, DMSO): 

δ = -147.5 ppm.  
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VI. Appendix 

  

 
Figure 3. 1H NMR spectrum of III-4 in C6D6 (400 MHz). Minor peaks corresponds to (Z)-isomer. 

 
Figure 4. 13C NMR spectrum of III-4 in C6D6 (101 MHz). Minor peaks corresponds to (Z)-isomer. 

 



 

91 
 

 
Figure 5. 1H NMR spectrum of III-1 in C6D6 (600 MHz). 

 

 

Figure 6. 13C NMR spectrum of III-1 in C6D6 (600 MHz). 
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Figure 7. 1H NMR spectrum of III-8 in C6D6 (600 MHz). Minor peaks correspond to III-1. 

 

Figure 8. 13C NMR spectrum of III-8 in C6D6 (151 MHz). Minor peaks correspond to III-1. 
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Figure 9. 1H NMR spectrum of III-5 in THF (600 MHz). 

 

 

Figure 10. 13C NMR spectrum of III-5 in THF (151 MHz). 
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Figure 11. 1H NMR spectrum of III-9 in C6D6. Minor peaks correspond to III-1. 

 

 

 
Figure 12. 13C NMR spectrum of III-9 in C6D6. Minor peaks correspond to III-1. 
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Figure 13. 1H NMR spectrum of III-10 in THF-d8 (600 MHz). The compound co-crystallizes with lithium chloride coordinated 
to two equivalents of diethyl ether. 

 

Figure 14. 1C NMR spectrum of III-10 in THF-d8 (600 MHz). The compound co-crystallizes with lithium chloride coordinated 
to two equivalents of diethyl ether. 
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Figure 15. 1H NMR spectrum of III-11 in C6D6 (600 MHz). The impurities correspond to III-1, PhMeSiH2, PhMeSi(OtBu)H, and 
THF. 

 

Figure 16. 13C NMR spectrum of III-11 in C6D6 (151 MHz). The impurities correspond to III-1, PhMeSiH2, PhMeSi(OtBu)H, and 
THF. 
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Figure 17. 1H NMR spectrum of N-(BPin)-1,2-dihydroquinoline in C6D6 (600 MHz). 

 
Figure 18. 1H NMR spectrum of N-(BPin)-1,2-dihydroisoquinoline in C6D6 (600 MHz). 
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Figure 19. 1H NMR spectrum of N-(BPin)-1,2-dihydropyridine in C6D6 (600 MHz). 

 
Figure 20. 1H NMR spectrum of N-(BPin)-1,4-dihydroacridine in C6D6 (600 MHz). 
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Figure 21. 1H NMR spectrum of N-(BPin)-1,2-dihydrolepidine in C6D6 (600 MHz). 

 
Figure 22. 1H NMR spectrum of N-(BPin)-1,2-dihydroquinaldine in C6D6 (600 MHz). 
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Figure 23. 1H NMR spectrum of N-(BPin)-1,2-dihydro-1,5 - naphtyrydine in C6D6 (600 MHz). 

 
Figure 24. 1H NMR spectrum of N-(BPin)-1,2-dihydroquinoxaline in C6D6 (600 MHz). 
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Figure 25. 1H NMR spectrum of N-(BPin)-1,2-dihydropyrimidine in C6D6 (600 MHz). 

 

 
Figure 26. 1H NMR spectrum of N-(BPin)-1,2-dihydro-3-chloropyridine in C6D6 (600 MHz). 
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Figure 27. 1H NMR spectrum of N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinolin-8-amine in C6D6 (600 MHz). 

 
Figure 28. 1H NMR spectrum of N-[MeSiH]-1,2-dihydroquinoline in C6D6 (600 MHz). 
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Figure 29. 1H NMR spectrum of N-[MeSiH]-1,2-dihydroisoquinoline in C6D6 (600 MHz). 

 
Figure 30. 1H NMR spectrum of N-[MeSiH]-1,2-dihydrolepidine in C6D6 (600 MHz). 
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Figure 31. 1H NMR spectrum of III-20 in CDCl3 (600 MHz). 

 
Figure 32. 1H NMR spectrum of III-21 in DMSO (600 MHz). 
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Figure 33. 1H NMR spectrum of III-22 in DMSO (600 MHz). 

 
Figure 34. 1H NMR spectrum of III-23 in CH2Cl2 (600 MHz). 
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Figure 35. 1H NMR spectrum of III-22’ in DMSO (600 MHz). 

 

 

Figure 36. Consumption of HBPin in the presence of 10 equivalents of quinoline. 
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Figure 37. Consumption of HBPin in the presence of 12 equivalents of quinoline. 

 

Figure 38. Consumption of HBPin in the presence of 14 equivalents of quinoline. 
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Figure 39. Consumption of HBPin in the presence of 16 equivalents of quinoline. 

 

Figure 40. Consumption of HBPin in the presence of 18 equivalents of quinoline. 
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Table 6. Crystal structure determination parameters for III-8. 

Crystal data 

Chemical formula C35H40N2Zn 

Mr 554.06 

Crystal system, 
space group 

Monoclinic, P21/n 

Temperature (K) 150 

a, b, c (Å) 14.8056 (9), 8.7087 (5), 23.1970 (12) 

β (°) 92.627 (2) 

V (Å3) 2987.8 (3) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.85 

Crystal size (mm) 0.5 × 0.5 × 0.13 

 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption 
correction 

Multi-scan  
SADABS2016/2 (Bruker,2016) was used for absorption correction. 
wR2(int) was 0.1012 before and 0.0653 after correction. The Ratio of 
minimum to maximum transmission is 0.8655. The λ/2 correction factor 
is Not present. 

Tmin, Tmax 0.665, 0.766 

No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 

59269, 7488, 6678  

Rint 0.039 

(sin θ/λ)max (Å−1) 0.671 

 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.039, 0.114, 1.12 

No. of reflections 7488 

No. of parameters 351 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.47, −0.36 
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