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Synopsis 

The main objective of this thesis, entitled "N-Heterocyclic Tetrylenes: Potential Platforms for 

Multidimensional Applications" is to improve our knowledge of the structure and bonding 

characteristics of mainly silylene-stabilized coinage metal complexes and their use in 

photophysics and as surface ligands on nanoparticles. We have also explored this ligand for 

small molecule activation and stabilization of reactive cationic species of heavier group 13 

elements. We aimed to use NHTs in various domains, including small molecule activation, 

homogeneous catalysis, photophysics, and surface modifications of nanoparticles. The 

following chapters are divided according to the categorization of their uses in different fields.  

Chapter 1: Introduction 

"They're very flexible. They don't solidify. They're stable, non-flammable, non-toxic, and they 

pose no threat to the environment." 

                 -Robert West 

As said by the pioneer Prof. Robert West, silicon is the second most earth-abundant element, 

and the use of it as a semiconductor material is extensive, unlike its low valent counterpart, 

which is typically in a +2-oxidation state. The group 14 elements, called N-heterocyclic 

tetrylenes (NHTs), typically possess six electrons in their valence shell. They are one of the 

most extensively researched ancillary ligands in contemporary main-group chemistry, having 

previously been viewed as rare and transient laboratory curiosities. NHCs have demonstrated 

greater promise than their heavier counterparts since their first isolation by Arduengo and co-

workers in 1991. The early uses of carbenes as ancillary ligands have been enriched by the 

fundamental work of the Nobel laureate Ernst Otto Fischer in 1973. However, the chemistry 

of its heavier analog, silylenes, is restricted in small molecule activations and recently in 

transition metal-mediated homogeneous catalysis. Thus, remembering the saying by Kipping,  

"You want to get up in the morning and think out ten times as much as it's possible to do, and 

then come down and do it." 

               - Organosilicon pioneer Frederic S. Kipping, 1934, Bakerian Lecture Royal Society. 

We tried to broaden our comprehension of NHTs' adaptability in transition metal chemistry, 

catalysis, photophysical properties, and surface capping ligands.  

Chapter 2: Functionalized N-Heterocyclic Silylenes (NHSis) for Small Molecule Activation 

and Reactivities 



viii 

 

In this chapter, we looked into how bis-silylene reacted with chalcogens, which resulted in the 

isolation of Si=Ch (Ch= S, Se, and Te). Higher homologs of ketones are oligomeric or 

polymeric due to an unfavorable overlap between the pπ(Si)- and pπ(Ch)-orbitals and a 

significant variation in electronegativity between Si(II) and Ch atoms. As a result, one of the 

ongoing challenges facing synthetic chemists is the separation of these compounds. 

Additionally, our research reveals novel C-H...Ch interactions made possible by the bis-silylene 

ligand backbone. Moreover, we showed that bis-silylenes may stabilize Lewis acid cations of 

reactive group 13. Therefore, this portion of the thesis aims to understand how bis-silylenes 

behave when reactive species are stabilized and small molecules are activated. We have also 

isolated several hetero atom functionalized coinage metal complexes using different NHSis, 

investigated their distinct bonding patterns and reactivity, and finally used them in 

homogeneous catalysis. This work is not only limited to the access of NHSi-metal- complexes. 

However, it also reports several unique compounds via homolytic and heterolytic bond 

cleavage of N-H, B-B, and Se-Se bonds and a unique and superior approach toward C-C 

coupling.  

 

 

Small molecule activation and stabilization of reactive species  

Chapter 3: NHSis Coordinated Copper(I) Complexes as Potential Luminogens  

Recent years have witnessed a sudden growth in the area of carbene (N-heterocyclic carbene 

(NHC)/ cyclic alkyl amino carbene (CAAC)) coordinated coinage metal amide complexes due 



ix 

 

to their facile synthesis and distinctive photophysical properties. They have shown remarkable 

ligand effects on the properties of the derived metal amide complexes. However, the chemistry 

of NHSis with coinage metals is still elusive. In this chapter, we have synthesized a series of 

luminescent NHSi coordinated Cu amide complexes. Depending upon the substituent attached 

to the amide moiety, the origin of emission changes. With this work, we have synthesized 

NHSi-based luminescent compounds for the first time featuring thermally activated delayed 

fluorescence and dual emission.  

 

Photophysical properties of Silylene Copper Emitters 

Chapter 4: NHT-Capped Nanoparticle Synthesis and Their Catalytic Applications 

Recently, there has been a surge in utilizing NHCs as surface-capping ligands for 

metal/metalloid nanoparticles, providing remarkable stability to the ligand-capped 

nanoparticles in solution. Focusing on this, we explored the potential of the strong σ donor 

CAAC as a capping agent for gold nanoparticles (AuNPs) alongside NHSis. The final part of 

the thesis focused on these newly synthesized carbene and silylene-functionalized AuNPs, 

characterized using various spectroscopic techniques. Furthermore, we investigated their 

catalytic performance as catalysts for the electrochemical reduction of carbon dioxide and 

formic acid oxidation (FAO). Beyond their electrocatalytic activities, we explored their 

catalytic potential in organic transformations such as nitroarene reduction. We aim to provide 

new insights into the unforeseen capabilities of NHTs as surface-capping ligands, offering 

valuable perspectives for main-group chemists. Ultimately, this thesis endeavors to shed light 

on the unique potential applications of NHTs, particularly NHSis, in various real-world 

scenarios, thus contributing to a deeper understanding of fundamental main group chemistry. 
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Surface modification of AuNPs with NHTs and their catalytic utilities  
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“Nothing in life is to be feared, it is only to be understood.”                              -Marie Curie 

1.1 Introduction. 

1A.1 Understanding of N-heterocyclic tetrylenes (NHTs). 

Our fundamental approach to understanding the main group elements has been thoroughly 

changed over the years due to the ground-breaking discoveries in this field.1, 2 Initializing out 

of curiosity and spearheading work with N-heterocyclic carbenes (NHCs) have performed a 

significant task in the main group chemistry.3-5 The ligands play a vital role in stabilizing main 

group compounds in their sub-valencies. Carbenes are a fascinating family of compounds 

defined as neutral donors with a divalent carbon atom with a six-electron valence shell. 

However, because of their coordinative unsaturation and incomplete electron octets, which 

make them intrinsically unstable, they have only ever been regarded as very reactive 

intermediates in the early days before their isolation. The isolation of a free, uncoordinated 

carbene remained elusive until groundbreaking investigations in the late 1980s and early 1990s, 

despite attempts at syntheses dating back to 1835. Bertrand and co-workers reported the 

synthesis of the first isolable carbene in 1988.6 However, Arduengo and co-workers first 

isolated “bottleable” carbene, 1,3-di(adamantyl)imidazol-2-ylidene in 1994.7 In this context, 

NHCs have proved their wealth as spectator ligands in numerous fields like organometallic 

chemistry, homogenous catalysis, medicinal chemistry, and materials chemistry (Chart 1A.1).8  

 

Chart 1A.1 (a) Schematic diagram of broad applications of NHCs and NHSis; (b) Targeted 

areas covered in this thesis.   

It is nothing but an embellishment to state that the concept of NHCs is now well 

researched, and they are indeed more than mere “phosphine mimics”.9-12 Conversely, the 
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chemistry of low-valent compounds of higher group 14 elements (Si, Ge, Sn, and Pb) is still at 

infancy. However, their different physical and chemical properties are expected to possess 

brighter prospects in novel applications.13-16 Among the heavier tetrylenes, silylenes are 

explored widely to activate small molecules and make transition metal complexes. Many of 

these transition metal complexes have found their potential use in several catalytic organic 

transformations.17-21 Nevertheless, the chemistry of silylene with coinage metals (Cu, Ag, and 

Au) was not well explored until recently.22 

1A.2 Silylenes: fundamental electronic and bonding properties. 

The silicon analog of carbene, namely silylene, generally possesses a singlet ground state with 

a vacant p-orbital and a lone-pair, which possesses a high s-character. This peculiar 

characteristic of silylenes arises from their less inclination towards hybridization because of 

the larger atomic radius and minimal s- and p-orbital overlapping,20,21 resulting in a relatively 

large ΔES-T energy gap (Chart 1A.2). Hence, the paired electrons of silylene occupy the low-

lying HOMO orbital, and the energetically higher p-orbital remains vacant. Therefore, they can 

act as Lewis base as well as Lewis acid and display very high reactivity. The stabilization of 

such reactive species generally requires thermodynamic and kinetic protection, usually 

provided in the form of the heteroatom-based ligand with sterically hindered substituents.23 

Although recent studies have enabled us to discuss more about singlet silylenes, unfolding the 

possible syntheses of “triplet silylene” is difficult to tame.24-26 

 

Chart 1A.2. General trends of group 14 elements, thermodynamic (π-donor and σ-acceptor), 

and kinetic (bulky substituents) stabilization.  

To this end, all thanks to the group of Schulz,27 Inoue,28 Aldrige, Jones,29, 30 and 

Rivard.31 for isolating several promising silylenes with relatively low HOMO-LUMO gap, and 
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thus have lower singlet to triplet promotional energy, which enables dihydrogen activation.32-

34 The silylenes have traveled quite a long way in main group chemistry, and many variations 

are reported now (Chart 1A.3).34-40 Their journey has also been timely documented in many 

elegant reviews.17, 19-21, 34, 41-45 

 

Chart 1A.3. Selected examples of reported monomeric silylenes. 

1A.3 Motivation of the thesis. 

The chemistry of transition-metal complexes bearing isolable N-heterocyclic silylenes (NHSis) 

ligands has recently developed appealing and new synthetic methods with a wide range of 

properties that have significantly influenced organic methodologies, particularly small-

molecule activations and a very small number of organic transformation reactions. We have 

expanded our understanding of NHTs' adaptability in transition metal chemistry, catalysis, 

photophysical properties, and surface modification of nanocomposite by introducing the 

additional facets through this thesis. The first section of the thesis demonstrated how bis-

silylene reacts with chalcogens to generate the Si=Ch (Ch= S, Se, and Te) bond. Due to an 

unfavorable overlap between the pπ(Si)- and pπ(Ch)-orbitals and a significant variation in 

electronegativity between the Si(II) and Ch atoms, higher homologs of ketones are oligomeric 

or polymeric. So, isolating such molecules has always been challenging for synthetic chemists. 

With this work, we also establish unique C-H∙∙∙Ch interactions due to the polar nature of Si=Ch 

bonds. The bis-silylene ligand backbone also helped to stabilize reactive group 13 Lewis acid 

cations. Thus, in this part of the thesis, we aimed to show how bis-silylenes behave in small 

molecule activation and stabilizing reactive species. Utilizing various NHSis, we have also 

isolated several coinage metal complexes, explored their unique reactivity and bonding 

patterns, and ultimately used them in homogeneous catalysis. The literature reports and 

motivation of our thesis is further elaborated in Section 1B.  These complexes could be of great 

interest for their photophysical properties. By finetuning the electronic and steric properties, 
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we explored their optoelectronic properties. The concept and literature reports have been 

documented in Section 1C. 

Recently, NHCs have been utilized as surface-capping ligands for metal/metalloid 

nanoparticles. The wingtip functionalized NHC offers exclusive stability to the ligand-capped 

nanoparticles in the solution. This prompted us to explore the strong sigma donor cyclic alkyl 

amino carbene (CAAC) as a capping agent onto the surface of gold nanoparticles (AuNPs), 

which was also expanded with NHSis. The last part of the thesis dealt with these newly 

synthesized carbene functionalized AuNPs, which were well characterized using several 

spectroscopic techniques and utilized these AuNPs as catalysts for the electrochemical 

reduction of carbon dioxide and formic acid oxidation (FAO). Our thesis aims to pledge new 

insight for the main group chemist about the unforeseen potentials of NHTs as a surface 

capping ligand. Overall, given that main group ligands are unquestionably crucial in 

contemporary synthetic chemistry, this thesis attempted to highlight the unique potentials of 

NHTs, particularly NHSis, towards a few real-time applications. We hope, perhaps, this will 

accelerate the process of comprehending the fundamental main group chemistry. 

1A.4 Synthesis and functionalization of four-membered benzamidinato silylene. 

A significant advancement in silylene chemistry was made in 2006 when Roesky and co-

workers isolated the four-membered NHSi (1A.2). This compound is widely used as a ligand 

or functional group in small molecule activation and catalytic or stoichiometric transformations 

with transition metals. First, a very low isolated yield (only 10%) of 1A.2 was obtained when 

the corresponding trichlorosilane precursor (1A.1) was treated with metallic K (Scheme 1A.1). 

 

Scheme 1A.1. Synthesis of functionalized benzamidinato silylenes (1A.2 and 1A.3): a four-

membered NHSi. 
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Later, in 2009, the same group modulated the process to enhance the yield of the 1A.2 

employing LiN(SiMe3)2 as the reducing agent, conversion by base-induced elimination of  HCl 

from its corresponding chlorohydridosilane (1A.1) was observed, yielding 90% with 

LiN(SiMe3)2. The high yield access of 1A.2 greatly boosted the further functionalization of 

NHSi in different scaffolds. In a chelating scaffold using the salt elimination approach, 1A.1 

has recently been used as the precursor for several functionalized monosilylenes (1A.3) 

(Scheme 1A.1) and bis-silylenes.   

1B Isolation of NHSi coordinated heavier ketones and group 13 elements. 

1B.1 Isolation of NHSi coordinated heavier ketones. 

Significant progress in silylene chemistry has been made in the past several decades in terms 

of easily activating small compounds by using the ambiphilic character of divalent Si centers 

and the narrow HOMO–LUMO energy gap, which mimics transition-metal complexes. 

Various small molecules like P4, CO2, CO, NH3, and O2 have been activated using 

functionalized NHSi.44 In this section, we will discuss the NHSi ligated heavier ketones. Up 

until three decades ago, it was thought that the heavier double-bonded compounds between 

silicon and chalcogens (Si=S/Se/Te) were elusive species because of their enhanced reactivity 

and very weak pπ-pπ overlap between silicon and chalcogens atoms. Corriu et al. first reported 

stable diaryl-Si-thiones and diaryl-Si-selones (1B.4) in 1989 (Chart 1B.1).46  

 

Chart 1B.1. Reported monomeric Si=E (E = S, Se, and Te) complexes.  
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Later, employing sterically hindered aromatic groups, Tokitoh, Okazaki, and co-

workers synthesized and characterized a series of heavier diaryl Si chalcogenones (1B.5) (Chart 

1B.1).47-49 Followed by this, Kira, West, Driess, So, and co-workers have further reported the 

series of monomeric silachalcogenones (1B.6-1B.9) (Chart 1B.1).50-56 

1B.2 Isolation of 4-membered NHSi coordinated group 13 complexes. 

1B.2.1 4-membered benzamidinato silylene-based aluminum (III) complexes. 

The first five coordinated NHSi aluminum adducts were isolated by Tacke and co-workers 

(Scheme 1B.1). When dissolved in toluene, compound 1B.10C dissociates in free NHSi and 

AlPh3, whereas complex 1B.11B remains stable in solution.57 It was obtained by reacting 

disilylene LSi–SiL (L = PhC(NtBu)2) with AlH3.NEtMe2 in a ratio of 3:2 in toluene. This 

compound was serendipitously isolated by Roesky and co-workers (Scheme 1B.1). Following 

that, they treated LSi–SiL with AlMe3 in toluene to examine the bonding pattern, and isolated 

the Lewis-acid base adduct, 1B.14. Synthesis of compound 1B.14 validated complex 1B.13 

adduct formation, followed by the Si atom’s insertion into the Al-H bonds. They further reacted 

mesitylsilylene, LSiMes (Mes = 2,4,6-trimethylphenyl) with alane AlH3.NEtMe2 in the ratio 

to isolate the intermediate state to produce complex 1B.16.58  
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Scheme 1B.1. (a) Synthesis of five-coordinate NHSi-based alkyl borane and alane complexes; 

(b) Reactivities of NHSi with alane and trimethyl alane.  

The same group reported the silylene-aluminum adduct using hybrid silylene based on 

phosphine (1B.17).  The treatment of 1B.17 with AlCl3 and EtAlCl2 in diethyl ether afforded 

the complexes 1B.18 and 1B.19 are reported (Scheme 1B.2). The molecular structure of 1B.18 

and 1B.19 shows that only the NHSi moiety is coordinated with the aluminum precursor, while 

phosphorus is tilted towards it but does not coordinate.59 Roesky and co-workers employed the 

benzamidinato chlorosilylene (1B.20), tBu group substituted cyclopentadienyl aluminum 

chloride (1B.21), and the equivalent of KC8 to form the bis-silylene supported Al(III) complex 

(1B.22) in which one silylene forms an aluminum adduct while the other silylene remains 

uncoordinated. They also treated their interconnected bis-silylene (1B.23) with 1B.21 and 

1B.24 to form the identical compounds (1B.25-1B.26). 

 

Scheme 1B.2. (a) The reaction of 1B.17 with aluminum trichloride (AlCl3) and ethyl aluminum 

dichloride (EtAlCl2); (b) Reactivities of NHSi and bidentate NHSi with aluminum halide 

(AlX3) under reducing condition (KC8).  
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1B.2.2 4-membered benzamidinato silylene-based gallium (III) complexes. 

Driess and co-workers isolated Lewis acidic boranyl functionalized silylene in a 9,9-

dimethylxanthine ligand framework (1B.27). 1B.27 was treated with one molar equivalent of 

GaCl3 in toluene, forming the complex 1B.28 as a yellow solid.60 To isolate the NHSi stabilized 

gallium (III) complex, Roesky and co-workers treated 1B.17 with GaCl3 to afford 1B.27 

(Scheme 1B.3). The silylene moiety coordinates in a monodentate form, whereas the phosphine 

remains uncoordinated but leans in the direction of the gallium center, suggesting a weak 

interaction.59 In the presence of two equivalents of LSiCl (1B.20), GaI3 reacts with two 

equivalents of potassium graphite to afford 1B.30, which can also be generated by the direct 

substitution of one chloride group by elusive GaI2 species.61 

 

Scheme 1B.3. (a) Reaction of xanthine substituted NHSi (1B.27) with gallium trichloride 

(GaCl3); (b) Reaction of NHSi and phosphine-based hybrid ligand with GaCl3; (c) Reactivities 

of NHSi with gallium iodide (GaI3) under reducing condition (KC8).  

1B.2.3 4-membered benzamidinato silylene-based indium (III) complexes. 

Jutzi and co-workers first isolated the disilyl indium compound, [Cp*2Si(Me)]2InMe (1B.32). 

During the synthesis of complex 1B.32 (Scheme 1B.4), one methyl group migrates from In to 

Si center, and the Cp* moieties get rearranged from η2/3 to η1, contributing to the formation of 

an intermediate monosilyl substituted indium compound (1B.32). The NHSi→In(III) precursor 

is then isolated by Sen and co-workers using 1B.33. Treatment of 1B.33 with an equimolar 
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amount of InCl3 or InBr3 in toluene form monomeric compounds 

[PhC(NtBu)2SiN(SiMe3)2InCl3] (1B.34) and [PhC(NtBu)2SiN(SiMe3)2InBr3] (1B.35), 

respectively.62  

 

Scheme 1B.4. (a) Reaction of decamethyl silicocene [(Me5C5)2Si] with trimethyl indium 

(InMe3); (b) Reaction of NHSi with indium halides (InCl3 and InBr3).  

1B.3 Motivation and objectives. 

The synthesis and isolation of NHSi coordinated heavier ketones, and the coordination of group 

13 Lewis acid elements was restricted with monomeric silylenes. Bidentate silylenes remain 

largely unexplored in this context. Bidentate silylenes are a class of silylenes attached to the 

functionalized framework of various ligand backbones (Scheme 1B.5). Due to the enhanced 

electronic effect, this class of NHSis is a stronger σ-donor ligand than the monomeric one.  

 

Scheme 1B.5. Few isolated bis-silylene motifs.21, 63 

With the use of these bis(NHSi)s, Driess and co-workers were able to separate a variety 

of unique transition-metal complexes for catalysis as well as low-valent main group 

compounds, such as mono-valent group 15 and zero-valent group 14 complexes with 
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interesting chemical reactivities and electronic structures. Thus, reactivity patterns of such 

bidentate NHSis are of particular interest. Driess and co-workers64 recently stated, “…it would 

be interesting to extend this investigation to other main group elements such as groups 2, 12, 

13, and heavier group 15.” This motivated us to explore the bidentate silylene for stabilizing 

heavier ketones and coordinating group 13 elements, which were hitherto unknown.   

1C Background of the application of carbene-coinage metal complexes and prelude of 

NHSi-coinage metal complexes. 

The synthesis of NHC-coinage metal complexes has received much attention due to the ease 

of trans-metallation of NHC-Ag(I) complexes prepared from Ag2O and NHC precursors.65 The 

diverse application of NHC-coinage metal complexes in various fields like medicine, 

photophysics, and organic transformations have dominated NHC-coinage metal chemistry for 

several years.66-69 Very recently, another class of carbene, cyclic alkyl/aryl amino carbene 

(CAAC or CArAC), reached a milestone as their coinage metal complexes showed up to 100% 

quantum yield efficiency and were utilized for OLED fabrication.69-71 Similarly, the gold 

complexes of carbenes have been proven to be very efficient catalysts in several catalytic 

transformations and their application in excellent potential chemotherapeutics.72 In a nutshell, 

carbene-group 11 complexes have now attained a new height in terms of their applications. 

Unlike its lighter congener, silylene-coinage metal complexes are in their infancy. The majority 

of the work with transition metals is done on NHSis, which have been proven to be efficient 

ligands and are well documented in a few recent reviews by Driess and co-workers.12, 17, 19-21 

These reviews summarize the catalytic performances and selectivity of electronically fine-

tuned NHSis supported transition metal complexes.  But their potentialities with group 11 

metals remained underdeveloped despite the fact that these metals are proven to be very 

efficient in the current trend in catalysis.4, 73-76 This is particularly surprising that the progress 

in the field was kept slowly rising even after the revelations of the promising results with its 

most praised lighter analogue, NHCs. Hence, there is an utmost need to investigate the coinage 

metal (Cu(I)/Ag(I)/Au(I)) chemistry of the silylenes thoroughly, as the uniqueness of their 

tuneable electron donation and acceptor properties certainly guarantees pervasive applications 

in the coming time.  

1C.1 Silylene-coinage metal complexes. 

Before isolating any structurally characterized silylene-M (M = Cu, Ag, and Au) complexes, 

Frenking et al. in 1998 showed a theoretical model of tetrylene-Cu, Ag, and Au complexes.77 
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For the comparison, Frenking referred to 5-membered N-heterocyclic tetrylene-coinage metal 

complexes. He suggested that NHSi-M bonds are expected to be ionic with negligible covalent 

contribution, displaying Si-Au > Si-Cu > Si-Ag bond stability order. While explaining the 

NHC-bonding scenario, Frenking discussed the structural factors and stability of NHSi/NHGe-

M complexes in more detail. Considering the electronic configuration of M as s0d10, this study 

further showed that the tetrylene s donate to the s-orbital of the metal. A slight decrease of the 

electronic population occurs at the dz
2-orbital of the metal, attributing a small back donation 

from M to the ligand. The predicted bond lengths reveal a shortening of the M-Cl bond for Cu 

and Ag but elongation for Au compared to the free M-Cl bond (Chart 1C.1). The reason can be 

attributed to the pronounced relativistic effect in the latter. These quantum chemical findings 

are indeed essential to understanding the bonding pattern and electronic distribution in 5-

membered NHSi-coinage metal complexes, which afterward become more relevant with the 

successful isolation of such complexes.  

 

Chart 1C.1. Calculated bond lengths of M-NHSi complexes (1C.A) and bond lengths of free 

M-Cl (1C.B) as predicted by Frenking et al.77 

1C.2 Pentamenthylcyclopentadienyl silylene gold(I) complexes. 

The first silylene coinage metal complex was reported by Jutzi et al. in 1990, where they 

utilized decamethylsilicocene (1C.1) as the Si(II) source.78 They obtained 1C.1→AuCl (1C.2) 

by performing the reaction of 1C.1 with carbonylgold(I)chloride, which was proceeded with 

the loss of a CO molecule (Scheme 1C.1). Spectroscopic studies and elemental analysis 

established the composition of 1C.2, but X-ray structure could not be obtained. The 

temperature-dependent 1H NMR of 1C.2 revealed that one Cp* ring is σ-bonded to silicon, and 

the other is π-bonded. The significantly less π-bonding stabilization in 1C.2 than in 1C.1 can 

be attributed to the electron withdrawal from Au by dπ-pπ back-bonding. They also reacted 

1C.2 with tert-butyl cyanide and pyridine, resulting in 1C.3 and 1C.4, respectively. These 



 

                                                                                                                         14 
 

Moushakhi Ghosh 

Chapter 1 

compounds showed that both Cp* rings are σ-bonded to the silicon, implying the electrophilic 

silicon in them. It was concluded that the ring slippage (ɳ5→ɳ1) of the Cp* group is essential 

in stabilizing the low valent Si(II)-Au complex (1C.2) along with the kinetic protection 

provided by the bulky Cp* group.  

 

Scheme 1C.1. Synthesis of decamethylsilicocene (1C.1) supported gold (I) complexes 1C.2, 

1C.3, and 1C.4, respectively.  

1C.3 4-membered benzamidinato silylene based coinage metal (Metal = Cu(I), Ag(I), and 

Au(I)) complexes. 

A close look at the literature on the isolable silylenes reveals that the 4-membered NHSi, 

benzamidinato silylene, by Roesky and co-workers, has enjoyed stupendous attention due to 

the ease of its synthesis, thermodynamic stability, and tunability.43, 79, 80 Hence, a large number 

of reports prevail on the chemistry of this system.21, 42-44 This section will cover all the coinage 

metal complexes supported by benzamidinato silylene and other modified derivatives. 

Utilizing the benzamidinato chlorosilylene (1C.5) Driess and co-workers prepared a copper(I) 

complex (1C.8) with [Cu(tmeda)(CH3CN)][OTf] (tmeda=N,N,N,N-

tetramethylethylenediamine) (Scheme 1C.2).81 Similarly, the reaction of 

[Cu(tmeda)(CH3CN)][OTf] with PhC(NtBu)2XSi:, 1C.6-1C.7 afforded 1C.9-1C.10, 

respectively. All three complexes (1C.8-1C.10) display a distorted tetrahedral geometry 

around the four-coordinate Si(II) atom. Driess and co-workers further prompted to check the 

structural features of a spacer-separated bis-NHSi (1C.11) supported cationic copper(I) 

complex 1C.12 (Scheme 1C.3).81 This dinuclear copper-based cyclo-octane type complex 

(1C.12) is unique due to the simultaneous presence of silicon, copper, and oxygen.  
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Scheme 1C.2. Synthesis of heteroleptic NHSi Cu(I) ion pair 1C.8-1C.10. 

 

Scheme 1C.3. Synthesis of complex 1C.12. 

Our group, in recent developments, has utilized a sterically demanding 

trimethylsilylamide substituted benzamidinato silylene (1C.13) and isolated several Cu(I), 

Ag(I), and Au(I) complexes (1C.14-20) (Scheme 1C.4).82, 83 A straight forward reaction of 

1C.46 and metal halide precursors provided the desired complexes in good yield.83, 84  

 

Scheme 1C.4. Reactivity of sterically demanding NHSi (1C.13) to various coinage metal salts. 

Similarly, the reaction of 1C.13 with AgOTf and AgNO3 afforded complexes 1C.17 

and 1C.18, respectively. Further, a dimeric cationic complex 1C.19 was obtained upon 

treatment of 1C.13 with AgSbF6, where two silylene molecules are coordinating to an Ag(I)+.83 

Subsequently, the reaction of AuCl.SMe2 with 1C.13  afforded a monomeric complex 1C.20 
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displaying a linear Si-Au-Cl bond with Si-Au bond distance of 2.265(1) Å and bond angle of 

179.47(3)o, as predicted by Frenking et al.77 It is important to note that 1C.20 is the first 

example of structurally characterized silylene-Au(I) complex, which possesses a donor-

acceptor Si→Au bond unlike 1C.2. 

1C.4 N-aryl phosphine substituted 4-membered NHSi-gold (I) complexes. 

Continuing our previous work, we functionalized 1C.5 with the (2,6-iPr2C6H3NPPh2) group to 

obtain a hybrid bidentate silylene 1C.21.85 Upon reaction of 1C.21 with one equivalent of 

AuCl(SMe2), a monocoordinate Au(I) complex 1C.22 was obtained. Interestingly, 1C.22 does 

not show any coordination from the PPh2 group; only the silylene is coordinated (Scheme 

1C.5). This implies that the silylene is a stronger σ-donor ligand than phosphine. Further, 

treatment of 1C.22 with halogen abstracting reagent AgSbF6 produced a dimeric dinuclear 

Au(I) complex 1C.23 (Figure 1C.1). This is the first silylene Au(I) complex, which features an 

aurophilic interaction between two Au supported by Si(II) and P(III) atoms.  The phosphine 

and NHC ligands are well known to make such complexes as they display interesting 

photophysical properties due to the presence of the Au∙∙∙Au interaction.86, 87 However, there 

was no precedence of such complex with silylene. 

 

Scheme 1C.5. Syntheses of 1C.21-1C.23. 

 

Figure 1C.1. Molecular structure of compound 1C.23 displaying aurophilic interaction (Å). 
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Roesky and co-workers recently reported a benzamidinato silylene-based bidentate 

ligand with an additional phosphine donor arm installed on a phenyl backbone (1C.24).59 Since 

PPh2 and Si(II) groups are installed on a phenyl backbone, this modified ligand system is 

expected to be rigid. Hence, the reaction of 1C.24 with CuCl produced a complex 1C.25 

(Scheme 1C.6) with a distorted tetrahedral copper(I) and CuCl2
̄ counter anion. This reaction 

underwent differently as compared to the previously reported reactions of Si(II) with CuCl.83 

The central Cu(I)  was described to be diamagnetic Cu(I) as their analysis for a hypothetic 

combination of Cu(0)-Cu(II)  gave no EPR signal for paramagnetic Cu(II) . 

 

Scheme 1C.6. Reaction of bidentate ligand 1C.25 with CuCl.  

1C.5 4-membered NHSi-chalcogenone-copper (I) complexes. 

The silanechalcogenones could be utilized as ligands to stabilize the transition metal 

complexes.56 They are expected to be a better match for the coinage(I) metals due to the soft-

soft interactions.88 Therefore, we were curious to explore the silanethione/silaneselenone 

(1C.26 and 1C.27) as ligands for preparing copper(I) complexes and studying their bonding 

situation. Thus, the silanechalcogenones (1C.26 and 1C.27), upon reaction with copper(I) 

halides, produced a series of copper(I) complexes, 1C.28-1C.31 (Scheme 1C.7).84 The 

silanechalcogenones were found to be better donors and afforded monomeric Cu(I) complexes 

1C.28-1C.31, whereas the parent silylene (1C.13) gave dimeric Cu(I) complexes (1C.47-

1C.49). It is important to note that 1C.28-1C.31 can also be prepared by the reaction of 1C.14-

1C.16 and elemental sulfur/selenium. The DFT calculations revealed that the Si→CuBr bond 

(WBI = 0.68) is much weaker than the Si=S bond (WBI = 1.55). Hence, it was proposed that 

the reaction proceeds via the insertion of S or Se into the Si→Cu bond. Interestingly, a sterically 

demanding NHC (1,3-bis(2,6-bis-(diphenylmethyl)-4-methylphenyl)imidazol-2-ylidene) 

copper(I) bromide complex upon reaction with elemental sulfur/selenium did not afford similar 

product, indicating that NHC forms stronger bonds with CuX. This fact was also supported by 

theoretical calculations, which reveal that carbene-S→CuBr formation is 51.6 kcal/mol more 

endergonic than silylene-S→CuBr formation. 
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Scheme 1C.7. Synthesis of benzamidinato-silylene chalcogenones supported copper(I) halide 

complexes (1C.28-1C.31). 

1C.6 4-membered NHSi with pyridyl substituent, its copper(I) complexes, and CuAAC 

reaction. 

The benzamidinato chlorosilylene (1C.5) has been proven to be an excellent precursor for 

preparing various silicon(II) frameworks, which were further used in transition metal 

chemistry.21 Accordingly, Stalke et al. functionalized 1C.5 with a pyridyl substituent to have 

an additional N-coordination site.89 Synthetically, they applied a new strategy by seizing the 

lone-pair of silylene first with a metal and then performing the functionalization (Scheme 

1C.8). The reaction of 1C.5 with various copper(I) precursors produced a series of tetrameric 

Cu(I) clusters 1C.32-1C.34, which upon further reaction with four equivalents of MesNHPy 

and lithium hexamethyldisilazane afforded the trimeric complexes 1C.35-1C.37. No 29Si NMR 

spectrum was obtained for these complexes presumably due to rapid dissociative equilibrium 

on the NMR time scale. The authors further utilized these complexes (1C.33 and 1C.36) as 

catalysts for the copper-catalyzed alkyne azide cycloaddition (CuAAC) reaction (Scheme 

1C.9).90-92 The NHC-copper(I) complexes have already been well explored for the CuAAC 

reaction,93 but this is the first report of the NHSi-Cu(I) complex in CuAAC catalysis. Although 

both complexes were found to catalyze the CuAAC reaction, the efficiency of 1C.36 was better 

than 1C.33, mirroring the utility of N-donor pyridyl moiety, which apprehended the catalytic 

potential of 1C.36 (Scheme 1C.9). This report opened the door for the silylene-supported 

coinage(I) metal complexes to be utilized in many more important catalytic reactions. 
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Scheme 1C.8. Syntheses of 1C.32-1C.37.  

 

Scheme 1C.9. Catalytic CuAAC reaction using 1C.33 and 1C.36 as catalysts.  

1C.7 4-membered NHSi-copper(I)-arene complexes and their catalytic application. 

The π-complexes of coinage metals are of great interest as they are considered to be generated 

in situ during the catalytic reactions.94-100 Among the different types of π-coordinating 

substrates (alkene, alkyne, and arene), arene forms the weakest bond with coinage metals.101-

105 Hence, they are highly reactive and very challenging to isolate with low coordination 

numbers. Upon comparing the first-row transition metals, it can be figured out that the group-

11 metals have a very low affinity towards the η6 binding mode with an arene.106 The 

explanation lies in the filled d10 configuration, which causes the repulsion of the π-electron 

cloud of arene, as mentioned by Armentrout and co-workers.106 Similar predictions were made 

by Guo and co-workers, who proposed the formation of η6 type bonding of benzene with Cu(I)+ 

in the gas phase but η2 in the condensed phase.107 That explains the less occurrence of Cu(I)-

η6-arene complexes very well (Chart 1C.2).108, 109 The most significant report in this connection 

is from Hayton and co-workers, who isolated two half sandwich complexes [(η6-

C6Me6)Cu(PR3)][PF6] (R=Ph and OPh) (1C.C) where C6Me6 ring is bound to the Cu(I) ion in 

η6 coordination mode.110 They deduced that the preference for η6 mode over η2 mode is 

exclusively due to the steric repulsion between the Me-group and PR3 unit.  
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Chart 1C.2. Reported examples of Cu-η2-C6H6 and Cu-η6-C6Me6. The molecular structure of 

Hayton’s phosphine stabilized Cu-η6-C6Me6 (1C.C) and selected Cu∙∙∙C bond lengths.  

However, they also theoretically showed that when benzene is employed instead of 

hexamethylbenzene, η2 mode is preferred. The notable observation was made by our group 

when we treated 1C.15 with an equivalent amount of AgSbF6 in the presence of 

hexamethylbenzene and benzene (Scheme 1C.10), which afforded the monomeric complexes 

of the composition, [{PhC(NtBu)2SiN(SiMe3)2}Cu(η6-arene)]+[SbF6]
- (1C.37 and 1C.38).111 

The distance between the Cu atom and the centroid of the benzene ring (Cu–Ccentroid 1.960 Å) 

in 1C.37 is slightly longer than those in Hayton’s [Cu(η6-C6Me6)]
+ complexes (1.800(3) and 

1.775(6) Å).111 Analogous reaction with NHC (IPr, IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazole-2-ylidene) led to the corresponding complexes with η2 binding 

mode [Cu(η2-arene)]+.  

 

Scheme 1C.10. Syntheses of monomeric copper-arene complexes 1C.37-1C.40. 

Energy decomposition analysis (EDA) for 1C.37 shows electrostatic repulsion between 

arene moiety and silylene fragment, which can be relieved by the ring slippage from η6 to η2. 

The dispersion interaction contributes to the bonding between the C6H6 ring and the Cu-silylene 

fragments and outweighs the benzene-silylene steric repulsions. Furthermore, extension 

towards unsymmetrical arenes (toluene and xylene) afforded 

[{PhC(NtBu)2SiN(SiMe3)2}Cu(η3-C7H8)]
+[SbF6]

- (1C.39) and 

[{PhC(NtBu)2SiN(SiMe3)2}Cu(η2-Me2C6H4)]
+[SbF6]

- (1C.40) (Scheme 1C.10).112 As σ-
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donating ligands bind more strongly than π-donating ligands, displacement reactions of the 

arene with different σ-donor ligands were carried out. Upon reaction of 1C.39 with MeCN, a 

dimeric cationic copper(I) complex (1C.41) along with Cu(CH3CN)4SbF6 salt was formed 

(Scheme 1C.11). On the other hand, treatment of IPr produced a complex 1C.42, where NHC 

and NHSi are both coordinating to the Cu(I) center. 

 

Scheme 1C.11. Syntheses of compounds 1C.41 and 1C.42. 

 

Figure 1C.2. Molecule structures of complex 1C.37 and 1C.38. Metrical parameters of 1C.37 

and 1C.38 reveal a η6 mode coordination of benzene/hexamethylbenzene with Cu(I)+.  

The catalytic activity of 1C.39 has also been studied for CuAAC reaction to synthesize 

1,2,3-triazoles. A series of aryl azides and alkynes were scrutinized to check the substrate 

scope. The reaction of aromatic azides with electron-donating groups and aromatic alkynes was 

found to be very efficiently catalyzed by 1C.39 with a low catalyst loading (0.5 mol %) 

(Scheme 1C.12). Upon comparison, 1C.39 was found to be better performing than 1C.36. 
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Scheme 1C.12. General scheme and substrate scope for the Click reaction using 1C.39. 

Reaction conditions: azide (0.2 mmol), alkyne (0.2 mmol), and toluene (2 mL) at room 

temperature. *Heating at 50oC.  

1C.8 4-membered NHSi-gold(I)-arene complexes and their catalytic application. 

Au(I) complexes are very popular among the coinage metal complexes for catalytic C-C bond 

formation.113 In most of the gold(I) catalyzed reactions, in situ generated cationic Au(I) species 

[LAu+] [L = Ligand) is the actual catalyst, which further activates the alkyne/alkene bonds.114, 

115 However, due to very high Lewis acidity, they have not been isolated till date. Hence, there 

are only a few well-defined [Au(I)-arene]+ (arene = xylene and toluene) complexes reported 

till date (Chart 1C.3),115-117 and among them, only CAAC supported ɳ2-gold(I) complex (1C.V) 

is known to be utilized in hydroamination reaction.118  

 

Chart 1C.3. Reported examples of [Au-arene]+ cationic complexes. 
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Consequently, we synthesized NHSi stabilized cationic Au(I)-arene complexes, 1C.44 

and 1C.45 (Scheme 1C.13). To execute and compare the catalytic attempts, we also prepared 

the NHC analog, 1C.47. To estimate the donor strength of the ligands involved in these 

complexes, we prepared LCpCo(CO) complexes (L = [(tBu)2C6H3O)]3P (1C.48), NHSi], and 

from the stretching frequency (ν) of CO, the electron-donating strength was observed as NHSi> 

NHC> [((tBu)2C6H3O)]3P. The %Vbur was also calculated, revealing the highest for 1C.20 

(54%) [1C.46 = 45.5% and 1C.43 = 37.8%].119 We chose a glycosidation reaction for the 

catalytic trails, which are fundamental reactions that facilitate the synthesis of glycoconjugates 

and oligosaccharides.120-122 Mannopyranosyl carbonate donor and a model glycosyl acceptor 

were chosen for initial screening, and as a result, 1,2-trans-isomer was found to be the major 

product. The efficiency of 1C.44 and 1C.47 was found satisfactory for a wide range of glycosyl 

donors (Scheme 1C.14). The NHC-supported complex 1C.47 performed better than NHSi-

Au(I) complex 1C.44. The reason was validated by the mechanistic investigation, which 

revealed that the NHC supported Au(I)-alkyne complex is more activated by the donation of π 

electrons from an alkyne to Au and also by a greater back donation from Au→alkyne in 

comparison with Au(I)-alkyne complex supported by silylene.  

 

Scheme 1C.13. Syntheses of complexes 1C.44-1C.47. 

The efficiencies of catalysts 1C.44 were also exploited to synthesize the pentamanann 

core of HIV1-gp12052 (Scheme 1C.15), and the expected product was obtained in good yield 

under mild conditions. Further, the catalytic reaction of propargyl 1,2-O-orthoester with 

glycosyl acceptor afforded almost full conversation by 1C.44 and was found superior over 

other catalysts. The use of Au(III) salts always resulted in a significant amount of the side 

product,123 which was diminished in this case. Overall, Au(I)-arene complexes were proved to 

be efficient catalysts in glycoside synthesis. 
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Scheme 1C.14. Activation of glycoside donors using catalysts 1C.44, 1C.47, 1C.48. ausing 

catalyst 1C.44, busing catalyst 1C.47, and cusing catalyst 1C.48. 

 

Scheme 1C.15. Synthesis of pentamanann core of HIV1-gp120 by using catalysts 1C.44 and 

1C.47. 

1C.9 4-membered NHSi-silver(I)-arene complexes and their catalytic application. 

Very recently, we have reported the benzamidinato-silylene supported silver(I)···arene 

complexes (1C.53-1C.55).122 All these complexes displayed η2- coordination mode with 

various arenes (benzene, toluene, and hexamethyl benzene). Subsequently, 1C.53 was utilized 
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towards A3 coupling (generally a three-component coupling which includes alkene, aldehyde, 

and amine) afforded various propargyl amines (1C.90I-1C.90XIX) in good to excellent yield. 

Interestingly, 1C.53 showed a high efficacy even with a very low catalyst loading (0.05 mol%) 

(Scheme 1C.16) under solvent-free conditions. 

 

Scheme 1C.16. Syntheses of 1C.53-1C.55. Catalytic application of 1C.53 in A3 coupling 

reaction. a1 mol% of 1C.53. b0.1 mol% of 1C.53. c0.05 mol% 1C.53 (stock solution in 

dichloromethane, DCM), 5 min, 150°C. 

1C.10 Motivation and objectives. 

Silylene chemistry has traveled a long way since its isolation in 1993. A humongous amount 

of work has been done on low-valent silicon compounds and their application in activating 

small molecules. Moreover, many silylene-supported transition metal complexes have also 
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been isolated, and their bonding properties have been studied. Now, NHSis are gradually taking 

their infant strides in the area of homogenous catalysis. While silylene and bis-silylene-based 

transition metal complexes of groups 8-10 are emerging in homogeneous catalysis, there is a 

drained extension for group 11 complexes. On the contrary, the coinage metal chemistry 

supported by carbenes and phosphines has shown tremendous results till date, covering their 

structural, photophysical, medicinal, and catalytic activities. All these aspects with the NHSis 

are still open and expected to give rise to new and interesting developments.  

 

Chart 1C.4. Various reported heteroatom functionalized NHC→Cu(I) based complex 

documented by Braunstein and co-workers;124 (b) Context and aim of our study.  

With the past and present precedence of NHC coinage metal chemistry (Chart 1C.4a), 

it can be predicted that many new vistas can be opened up for the NHSis in the near future. The 

isolation of NHSi-CuX (X = Halide) complexes was challenging, as observed by other 

researchers and us. Similarly, Iwamoto and Radius groups also reported the rearrangements. 

125, 126 That is the most probable reason for the unknown NHSi-coinage metal functionalization 

chemistry (Chart 1C.4b). All the NHSi-coinage metal complexes known to date are mostly 

cationic or halides.22 Therefore, no NHSi-Cu-BR2/NR2/SeR complexes were isolated before 
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our work, as described in Chapter 2D. Hence, the isolation of NHSi-copper(I)-BR2/NR2/SeR 

complexes is unique and first in this area, unlike the carbene analogs, as documented by 

Braunstein and co-workers.124   

 

Chart 1C.5. Various carbene ligated Cu(I) carbazolide (amide) complexes and their 

photophysical data.127 

The scope of development for NHSi-coinage metal complexes would be photophysical 

properties. Metallophilic interactions are often responsible for attractive luminescent 

materials.47 Recent years have witnessed a sudden growth in the area of carbene [N-

heterocyclic carbene (NHC), cyclic alkyl amino carbene (CAAC), diamido carbene (DAC), 

monoamido carbene (MAC)] coordinated coinage metal amide due to their facile synthesis and 

distinctive photophysical properties (Chart 1C.5).71, 128-130 In contrast, NHSis-supported 

coinage metals amide complexes remain elusive. It is important to note that the existing 

approaches to facilitate the formation of NHSi-coordinated coinage metal amide complexes do 

not work. Thus, the rational design of substituted NHSi ligated to the coinage metals can trigger 

some unprecedented photophysical properties. Hence, the work discussed in Chapters 2D and 

3 fills this gap with a new synthetic route to access these unavailable NHSis complexes. There 

is a great likelihood that NHSi-coinage metals will undergo a paradigm shift from purely 

academic curiosities to commercially relevant materials. Research in this field is dynamic, and 

in the next two decades, we will certainly see even more exciting progress.  
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1D Overview of NHC-capped metal nanoparticles (MNPs) and their catalytic scope. 

1D.1 Introduction. 

NHCs have become the most celebrated ligands in various fields of chemistry due to their 

unique electronic properties.3-5, 8, 131 Since the first stable NHC was isolated, many other 

variations of stable carbenes have also been reported.132 The cyclic five-membered NHC 

possesses a formally divalent carbon center, stabilized by σ-electron-withdrawing and π-

electron-donating nitrogen atoms next to the carbene carbon (Figure 1D.1). Owing to the 

presence of a lone-pair of electrons and an empty p-orbital, these NHCs have been proven to 

be the potential ligands for stabilizing a wide range of reactive main-group and transition metal 

species and found their applications in catalysis and material chemistry.12, 133, 134 The NHC-

modified MNPs have recently attracted attention in catalysis owing to their higher active 

surface area than bulk metallic complexes. The MNPs have a diameter <100 nm, where 50% 

of the particles must remain in the 1-100 nm range in one dimension.135 The proper control 

over the surface by ancillary ligands makes the MNPs behave more selectively.136 NHCs have 

attracted considerable interest as potential surface ligands for MNPs due to their affinity to 

form strong bonds with the metals.137, 138 MNPs have drawn much attention over the past decade 

due to their extensive applications, such as biology, optics, sensors, electronics, and 

heterogeneous catalysis due to their large surface area.139 However, preparing stable MNPs for 

the desired application in catalysis is still challenging as they suffer from agglomeration and 

subsequent loss of catalytic activity during the catalytic processes (Figure 1D.2).  

 

Figure 1D.1. General representation of the NHC used in MNPs stabilization.  

1D.1.1 NHCs as surface modulators for the MNPs. 

The chemical reactivity and stability of MNPs are associated with their shape, size, 

composition, morphology, and ligand anchored upon them.140-142 The role of capping ligands 

is crucial to overcome the high surface energy and van der Waals interactions between the 

metal cores, which can otherwise cause aggregation (Figure 1D.2). Moreover, the surface 
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ligands can also tune the shape, size, and surface properties of MNPs.137 Thus, the strength of 

the ligand-metal bonds and their steric environment plays an essential role in stabilizing MNPs. 

NHCs are already established as powerful ligands for stabilizing several reactive species due 

to their strong electron-donating ability and tunable steric properties.3, 143 Hence, in recent 

nanochemistry, NHCs have become a suitable choice of surface stabilizing agent compared to 

the widely used long aliphatic chains of thiols (-SH) and amines (-NH2).
8, 12, 133 In 2005, Finke 

et al. reported the first example of NHC on the metal surface (IrNPs),144 which paved the way 

for various NHC-stabilized MNPs. Several modifications of NHCs showcase excellent surface 

stabilization of MNPs.145 But, the catalytic application of these NHC@MNPs is limited and 

restricted to a handful of organic transformations. We will discuss the catalytic application of 

NHC-capped well-defined, and unsupported MNPs146, 147 and the challenges in this field. The 

unsupported NP systems mean that two phases are not microscopically available. As the role 

of the ligand on the surface of supported MNPs is frequently misunderstood due to the presence 

of external support, we have primarily focused on unsupported MNP systems.146, 147 To cover 

the entire range of such NHC-capped MNPs engaged in catalytic activities, we will also briefly 

discuss NHC-capped supported MNPs. However, we intend to understand the role of NHCs as 

ligands on metal surfaces, which could help design more targeted catalytic activities.146, 147 

 

Figure 1D.2. Viable methods to prevent agglomeration of MNPs.   

1D.1.2 Synthetic methodology for the preparation of NHC-functionalized MNPs. 

The NHC-modified surfaces can be synthesized by three major routes (Figure 1D.3):10,148 a) 

Decarboxylation of zwitterionic carbon dioxide adducts of NHCs, which usually leads to high-

quality surface modification; b) Chemical reduction of preformed NHC-metal precursors; c) 

Ligand exchange method using preformed MNPs stabilized by other capping ligands. 
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Figure 1D.3. Schematic diagram of the possible synthetic routes of NHC@MNPs. 

1D.1.3 NHC-capped MNPs and their catalytic applications. 

This section discusses the catalytic applications based on the metal surface (metal = Ni, Ru, 

Pd, Au, Ir, and Pt) (Figure 1D.4) of the well-characterized and unsupported NHC-capped 

(Figure 1D.5) MNPs.  

 

Figure 1D.4. Reported examples of well-defined and unsupported NHC@MNPs as catalysts 

in organic transformations and electrocatalysis. 
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Figure 1D.5. NHCs used to date for unsupported MNPs stabilization towards catalytic 

applications.  

1D.1.4 NHC functionalized nickel nanoparticles (NHC@NiNPs). 

The NiNPs are generally redox-active and magnetic in nature. They found enormous 

applications in organic transformations like transfer hydrogenation reactions.149 The 

unsupported NHC@NiNPs were synthesized using the H2 reduction method, ICy (N,N′-

bis(cyclohexylimidazol)-2-ylidene) (1D.1) and IMes (N,N′-bis(2,4,6-

trimethylphenyl)imidazol)-2-ylidene) (1D.2) functionalized NiNPs of 2 and 1.8 nm sizes were 

synthesized, respectively.150 These magnetic NiNPs were tested for the deuteration of 2-
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phenylpyridine and performed superior over 1D.1@RuNPs for the same reaction. It was 

observed that 1D.2@NiNPs could fully deuterate the ortho positions of the phenyl substituents. 

Although the size and shape of 1D.1@NiNPs and 2@NiNPs are the same, 1D.2@NiNPs 

perform significantly better (Figure 1D.6). It has been established that the NHCs interact with 

MNPs via π-interactions.151 Due to the presence of the wingtip groups of NHCs, ligand 1D.2 

takes up less steric than 1D.3 around the metallic nickel surfaces, leaving enough space for 

another molecule to approach. This might be attributed to the superior catalytic activity of 1D.2 

over 1D.3 when combined with NiNPs.  

 

Figure 1D.6. (a) Schematic of deuteration of 2-phenylpyridine catalyzed by 1D.1@NiNPs and 

1D.2@NiNPs; (b) Substrate scope of 1D.2@NiNPs using tetrahydrofuran (THF) for 24 h at 

55 oC.  

1D.1.5 NHC functionalized ruthenium nanoparticles (NHC@RuNPs). 

The first NHC@RuNPs were prepared using IDip (3) and ItBu (1D.4) as stabilizer ligands and 

Ru(0)(COD)(COT) as an organometallic complex under the H2 pressure.152 These mono-

dispersed NHC@RuNPs are extremely air-sensitive and auto-ignite in the presence of oxygen. 

However, they are very efficient catalysts for the hydrogenation of aromatic compounds. The 

1D.4@RuNPs show a very slow reaction rate compared to 1D.3@RuNPs, arising from the 

presence of more ItBu ligands on the surface. It was also concluded that the presence of 

aromatic groups in the NHC ligands leads to the formation of more stable catalysts. A chiral 

version of NHC@RuNPs were synthesized using two non-isolable chiral NHCs [SIDPhNp 

((4S,5S)-1,3-di(naphthalene-1-yl)-4,5-diphenylimidazolidine) (1D.5) and SIPhOH ((S)-3-

((1S,2R)-2-hydroxy-1,2-diphenylethyl)-1-((R)-2-hydroxy-1,2-diphenylethyl)-4,5-dihydro-3H-

imidazoline)] (1D.6) as the supporting ligands (Figure 1D.7).153 
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Figure 1D.7. (a) Hydrogenation of methyl anisole by 1D.3 and 1D.4@RuNPs; (b) Selective 

hydrogenation by 1D.1, 1D.5 and 1D.6@RuNPs; (c) Oxidation of (E)-3,7-dimethylocta-2,6-

dien-1-ol and transformation of phenyl methanol to N-benzylpropan-2-amine using 1D.7 and 

1D.8@RuNPs; (d) Hydrogenation of arenes catalyzed by 1D.9 and 1D.10@RuNPs. 

These chiral NHC@RuNPs orientate themselves around the Ru surface through π-

interaction of the aryl groups of the NHC backbone. As a result, the number of active sites 

accessible on the Ru sites for the catalytic process decreases. These chiral NHCs did not 

increase the enantioselectivity significantly in the hydrogenation process, giving more room 

for other intuitive designs of the capping ligand. Furthermore, two NHCs with long aliphatic 

chains on the backbone [1,3-dimethyl-4,5-diundecyl imidazoline) (LC-IMe, 1D.7) and (1,3-

bis(2,6-diisopropylphenyl)-4,5-diundecyl imidazoline)] (LC-IPr, 1D.8) were also utilized to 

isolate the stable NHC@RuNPs. As expected, the presence of a long aliphatic chain at the 

backbone significantly enhanced the stability of RuNPs, and they were found to be stable for 

three days in the aerobic condition. These NHC@RuNPs were tested for the one-pot oxidation-

hydrogenation processes (Figure 1D.7), and as observed before, the Dip- group substituted 

NHC@RuNPs displayed better catalytic efficiency due to the availability of more face sites.154 

Similarly, the cholesterol moiety functionalized NHCs (1D.9-1D.10) capped RuNPs were 

found to be very efficient in the catalytic hydrogenation of arenes.155 Due to the steric demands, 

1D.9@RuNPs and 1D.10@RuNPs demonstrated an improved hydrogenation activity for 

arene derivatives. Owing to the biomimetic functionality of the NHC ligand. Due to the 

presence of biomimetic functionality in the NHC system, future utilization of these NPs in the 

biological medium is also foreseen.  

1D.1.6 NHC functionalized palladium nanoparticles (NHC@PdNPs). 

Palladium metal and its organometallic complexes are well known to catalyze various useful 

reactions in homogeneous catalysis.156, 157 In several instances, the formation of PdNPs was 
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observed during the catalytic processes, which triggered the development of the field of 

PdNPs.147 The water-soluble NHCs-capped PdNPs (1D.11-1D.14) were synthesized using an 

NHC with the negatively charged sulfonate group via the ligand exchange method from 

preformed dodecylsulfide capped PdNPs of ~4 nm size.158 Different types of olefins, namely, 

1-decene, 3-methyl-2-cyclohexenone, and citronellol, were taken as the substrates to check the 

catalytic activity and selectivity of the NHC@PdNPs as a catalyst in the hydrogenation 

reaction. Notably, the reduction of all the substrates using NHC@PdNPs occurred in excellent 

yield and were found to be efficient over commercially available Pd/C catalysts. Similarly, 

another variation of stable NHC@PdNPs with an average size between 3.6-5.1 nm were 

prepared using the thioether-based bidentate NHCs (1D.15-1D.18).159  Due to the presence of 

thioether spacers at NHC moiety, these PdNPs were found to be soluble in non-polar solvents 

like hexane or toluene and can hydrogenate di- and tri-substituted alkenes chemoselectively. 

Recently, monodentate (1D.19) and tripodal tris-imidazolium NHCs (1D.20-1D.22) capped 

PdNPs were explored in electrocatalytic CO2 reduction (Figure 1D.8a). The tripodal 

NHC@PdNPs have displayed the Faradaic efficiency (FE) of 86% to give CO2RR products 

(82% HCOOˉ̄ and 4% H2) at -0.57 V onset potential (Figure 1D.8b-d).160  

 

Figure 1D.8. (a) Overview of tris-imidazolium NHC (1D.20-22) stabilized PdNPs for 

electrocatalytic CO2 reduction; (b) Cyclic Voltagram (CV) trace of unfunctionalized Pd and 

1D.20@PdNPs in CO2-saturation at pH 7.3; (c) FE of HCOO- generation by 1D.20, 1D.21 and 

1D.22@PdNPs; (d) FE of CO generation by 1D.20, 1D.21, and 1D.22@PdNPs. Pd-timtmbMe 

= 1D.20@PdNPs, Pd-timtmbIPr = 1D.21@PdNPs and Pd-timtmbItBu = 1D.22@PdNPs. 

Reproduced with permission from Ref. 138. Copyright 2023 American Chemical Society.   
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This summarizes an increment of 32-fold catalytic activity compared to standard Pd 

foil but is not selective toward product formation. Another important catalytic reaction, namely 

the C−C coupling reaction, was achieved in an aqueous solution of ethanol with a remarkable 

turnover number (1.96 x 104 h-1) and turnover frequency (3.92 x 106 h-1) using chiral sugar‐

substituted NHCs (1D.23-1D.26) functionalized ultrasmall PdNPs (1.7-2.1 nm).161 A new 

addition to this list is the PEPSI type NHC (1D.27-1D.32) ligated PdNPs generated by the 

dehydrogenation reaction of ammonia borane and also exploited in C-C coupling reactions.162  

1D.1.7 NHC functionalized AuNPs (NHC@AuNPs). 

Homogeneous gold catalysis has been established as a powerful synthetic tool in both total 

synthesis163-166 and pharmaceuticals.167 Similarly, AuNPs have been studied extensively in 

various areas.168-171 But NHC@AuNPs are comparatively less explored. This section will 

briefly discuss the catalytic application of NHC-capped AuNPs.172 The NHC@AuNPs 

mediated catalytic activities are mainly dominated by nitroarene reduction,173-176 and a handful 

of examples prevail for electrochemical CO2 reduction. Herein, we will first discuss the 

nitroarene reduction followed by electrochemical CO2 reduction.177, 178 A conducting polymer 

functionalized NHC-capped (1D.33) AuNPs with an average particle size of 4.2-5.3 nm was 

synthesized and utilized with a loading of 2 mg/ml in the catalytic reduction of 4-nitrophenol 

(substrate concentration 15 mM), a model reaction for AuNPs (Figure 1D.9).173 However, an 

improved catalytic activity towards 4-nitrophenol reduction was obtained by imidazolium-

terminated polystyrene (1D.34) modified AuNPs (1D.34@AuNPs) (Figure 1D.9).174 

 

Figure 1D.9. Reduction of 4-nitrophenol to 4-aminophenol catalyzed by various 

NHC@AuNPs (1D.33-1D.35@AuNPs). Advancement and completion of the reaction were 

monitored via UV-Vis spectroscopy. Reproduced with permission from Ref. 138. Copyright 

2023 American Chemical Society. 
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At the same time, three-dimensional polyimidazolium cages (PICs) (1D.35) based 

AuNPs (1D.35@AuNPs) demonstrated a superior catalytic activity for 4-nitroarene reduction 

with excellent stability and durability (Figure 1D.9).175 A water-soluble version of NHCs 

capped (1D.36-1D.37) AuNPs were obtained using a hydrophilic moiety at the NHC backbone 

via the bottom-up approach, i.e., reducing NHC-Au(I) complex in the presence of NaBH4.
176 

This water-soluble AuNPs reduces 4-nitrophenol into 4-aminophenol (81%) within 1.5 min. In 

2016, IMes (1D.2) capped AuNPs were shown to perform the electrochemical reduction of 

CO2, which opened new opportunities for NHC@AuNPs in electrocatalysis.177 The ~5-6 nm 

size 1D.2@AuNPs yielded CO as the primary product with 83% Faradaic efficiency (FE) at 

an onset potential of -0.57 V (Figure 1D.10). However, this catalytic procedure also produced 

minor products like H2 and HCOOˉ. After this work, terminal polymeric NHC (1D.38-1D.39) 

stabilized AuNPs and PdNPs were also used for the electroreduction of CO2. They observed 

an increased FE of around 90% with the polymeric NHC@AuNPs at an onset potential of -0.9 

V for 2 h (Figure 1D.10) and 86% for 11 h, demonstrating a better catalytic activity over 

PdNPs.178 
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Figure 1D.10. (a) General scheme showing electrocatalytic CO2 reduction to form CO by 

1D.2@AuNP; (i) Linear Sweep Voltammetric (LSV) scans of 1D.2@AuNPs (Au−Cb NP), 

bare AuNPs on carbon paper (Au NP/C), free carbene and molecular Au carbene complex 

(Au−Cb) in CO2
- saturated at pH 6.8; (ii) FE of products formed during electrolysis for 

2@AuNPs (Au−Cb NP), bare AuNPs (Au NP/C); (iii) Tafel plots for 1D.2@AuNPs (Au−Cb 

NP), bare AuNPs (Au NP/C). (b) General scheme showing electrocatalytic CO2 reduction to 

form CO by 1D.38 (P1) and 1D.39 (P2) capped AuNPs; (i) Cyclic Voltagram (CV) trace in 

0.5 m H2SO4 saturated by N2 at a scan rate of 100 mVs-1 (ii) Linear Sweep Voltametric scans 

in 0.1 M KHCO3 at a scan rate of 10 mVs-1 (iii) FE of CO by bare AuNP/C 1D.38 and 

1D.39@AuNPs. Reproduced with permission from Ref. 138. Copyright 2023 American 

Chemical Society.   

1D.1.8 NHC functionalized iridium nanoparticles (NHC@IrNPs). 

Due to its characteristic properties to those of other noble MNPs and good corrosion resistance, 

nano-dimensional Ir has been used for various catalytic applications over the years.179 There 

persist only two reports on NHC@IrNPs. The first report is on IDip (1D.3)-capped IrNPs 

(1D.3@IrNPs), which was further used to convert glycerol into lactic acid in the presence of 

NaOH, featuring a TOF value of 104 h-1.180 This catalyst shows high selectivity for lactic acid 

(93.0%), and it is completely recyclable. However, 1D.3@IrNPs on carbon support did not 

display excellent catalytic activity for the same reaction; instead, it led to a much lower catalytic 

activity (TOF = 4x103 h-1) and a lower selectivity for the lactic acid. The second well-defined 

ICy (1D.1) capped IrNPs (1.1-1.3 nm sized particles) were prepared by reducing 

[(COD)Ir(MeO)]2 with H2.
181  

 

Figure 1D.11. Overview of HIE reaction catalyzed by 1D.1@IrNPs. 
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1D.1@IrNPs were used further for the hydrogen isotope exchange (HIE) reaction on 

aniline by deuterium (D2) and tritium (T2) (Figure 1D.11). The drugs like aminoglutethimide, 

sulfadimethoxine, sulfamoxole, menthyl anthranilate, and saccharose 4-aminophenyl-beta-D-

galactopyranoside were found to undergo HIE with good isotope incorporation.181 More 

importantly, direct tritium labeling of the volixibat pharmacophore with a high selectivity and 

specific activity was also achieved. 

1D.1.9 NHC functionalized platinum nanoparticles (NHC@PtNPs). 

First NHC stabilized PtNPs (NHC = IDip, 1D.3 and 1,3-diisopropyl-4,5-dimethylimidazol-2-

ylidene (IiPr2Me2), 1D.40) was prepared by the reduction of Pt(dba)2 with H2 and tested as 

catalysts in the chemoselective hydrogenation of nitroarenes (Figure 1D.12a).182 The 

1D.3@PtNPs displayed excellent activity and selectivity for the hydrogenation reaction as 

compared to 1D.40@PtNPs.182  

 

Figure 1D.12. (a) Hydrogenation of nitroarenes catalyzed by 1D.3@PtNPs; (b) hydroboration 

of phenylacetylene catalyzed by 1D.7@PtNPs and 1D.8@PtNPs. 

Two water-soluble PtNPs ligated by different NHCs bearing a long-chain aliphatic 

group (LC−IMe, 1D.7; LC−IPr, 1D. 8) at the backbone were synthesized and probed for the 

hydroboration of phenylacetylene.183 The 1D.7@PtNPs showed negligible catalytic activity, 

but 1D.8@PtNPs exhibited good selectivity for the trans-isomers (Figure 1D.12b). Another 

variety of water-soluble sulfonated NHC ligands (1D.41-44) capped PtNPs was also 

synthesized and utilized as the recoverable catalysts for hydrogenating aromatic compounds in 

an aqueous medium, displaying recyclability up to eleven cycles.184 
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1D.1.10 Limitations in the area of NHC@MNPs. 

The catalytic aspects of NHC-capped MNPs are still developing. Considerable attention is 

being paid to NHC-capped Pd and AuNPs, and a variety of them are being synthesized and 

explored with the modified NHC backbones. These might be due to the ease of synthesis and 

stability of these NPs. However, their utilization in catalysis is somewhat limited to the handful 

of organic transformations. Moreover, other MNPs, such as Ni, Ir, Pt, Ru, and Rh, are very 

scarce, leaving out the opportunities for further detailed investigation. These NHC@MNPs are 

utilized mainly for hydrogenation reactions. One of the major limitations of the NHC@MNPs 

is getting a monodispersed MNP solution, which is essential for efficient catalytic activities.185, 

186 Thus, designing NHCs with functionalized backbones, which can provide a monodispersed 

solution, is desirable. Less exploration of the MNPs in an unsupported fashion remained one 

of the challenges to overcome for a better understanding of the electronic and steric influence 

of NHCs on the NP surface.  

1D.1.11 Motivation and objectives. 

As discussed in the above sections, selecting a substituent on the backbone of the NHCs is 

crucial to creating accessible reactive sites on the MNPs. The electronic parameter and the 

steric environment of the capping ligand play an essential role in the catalytic efficiency of the 

MNPs.145 Many well-defined NHC-ligated MNPs have been synthesized and investigated for 

various catalytic applications. However, the scope of NHCs is limited to mainly electron-

donating NHC ligands. There is a variety of stable NHCs available in the literature, such as 

CAACs, which possess more σ-electron donating and better π-electron accepting behavior due 

to the substitution of one of the π-electron donating amino groups with a σ-donating alkyl 

group.187, 188 It is well established in the literature that a combination of strong σ-donating and 

π-accepting properties of CAAC ligands could bring a selective product formation in the 

catalytic reaction.189 A recent work on the proto-borylation of alkynes using the CAAC-copper 

halide complexes exhibited an exclusive α-selectivity by the CAAC ligand. At the same time, 

normal NHCs led to the β-product formation.190  

Moreover, CAAC and NHCs were found to display different reactivity patterns in 

stabilizing reactive main group species.191, 192 Although there are two reports on the deposition 

of CAAC on the coinage metal surfaces (111) via the decomposition method.69, 193, 194 There is 

no report on synthesizing CAAC-stabilized MNPs and their catalytic applications.  Similarly, 

another variation of NHCs called abnormal NHCs (aNHCs), bind through C4/5-centers of the 

imidazolium ring and possess better σ-donor properties than NHCs. Due to the significant 
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difference in electronic properties, they offer different reactivity patterns as a ligand in catalysis 

and material chemistry.10 Hence, in the area of NHCs ligated metal surfaces, the future will 

likely hold a wealth of new possibilities for exploring π-properties of NHC ligands, such as 

CAACs and abnormal carbenes. The electronic properties and catalytic efficiency of these 

MNPs need more thorough investigation. 

 

Figure 1D.13. Main class of NHTs used in our work as capping ligands on MNPs surface. 
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2A.1 Objective of this work. 

Herein, we isolated a series of bis(silanechalcogenones) [Ch = Te (2A.2), S (2A.3), and Se 

(2A.4)] using an NHSi-based SiCSi pincer ligand (2A.1). 2A.4 is the first example of a 

bis(silanetellurone) derivative. The bonding patterns of 2A.2-2A.4 were extensively studied by 

natural bond orbital (NBO), quantum theory of atoms in molecules (QTAIM), and non-

covalent interaction (NCI) index analyses and they exhibit weak C-H∙∙∙Ch interaction. The 

analogous reaction of 2A.1 with trimethyl N-oxide produced a novel bis(cyclosiloxane) 

derivative (2A.5).  

2A.2 Introduction. 

The scarcity of compounds featuring the Te=C functionality bespeaks the reluctance of 

tellurium to engage in multiple bonding, which can be attributed to the poor pπ-pπ overlap of 

tellurium with the second or third-row elements.1, 2 Nonetheless, by using the protective 

influence of bulky substituents, several multiply-bound tellurium compounds with second or 

third-row elements have been isolated. Braunschweig and co-workers recently reported the first 

compound with a B=Te double bond obtained from the reaction of a base-stabilized borylene 

[Cp(OC)2Mn=BtBu(IMe)] with tellurium.3 The Al=Te doubly bound compound was reported 

by Inoue's group, where the Al=Te functionality was stabilized by N-heterocyclic carbenes and 

imine.4 The situation is relatively better placed with silicon as the telluration of the stable 

silylenes usually provides access to the silicon-tellurium doubly bound systems. This 

methodology has been extensively exploited by the groups of Kira,5 Driess,6-8 Tacke,9 So,10 

and Sen11 to prepare a range of Si=Te double-bonded compounds. However, a compound with 

two Si=Te double bonds, commonly known as bis(silanetellurone), is not reported in the 

literature. Even from a much broader perspective, bis(silanechalcogenones) are still very rare 

(Chart 2A.1). The groups of Müller and West reported the first bis(silanechalcogenones), a 

novel bis(silaneselone) with two donor-supported Si=Se double bonds (2A.A).12 However, the 

synthetic route used in their work involved an essential but uncontrolled hydrolysis step. 

Subsequently, So et al. discovered an appropriate synthetic methodology to isolate a 

bis(silaneselone) (2A.B)13 through the oxidation of Roesky's inter-connected bis-silylene14 

with elemental selenium. However, the scope of this methodology is limited to only selenium, 

presumably due to the very low-yield of Roesky's bis-silylene. Nonetheless, this protocol 

shows that bis-silylenes can be the most appropriate precursors for the preparation of such 

compounds if they are isolated in good yields. In fact, Driess and co-workers recently reported 

the first bis(silanethione) (2A.C) from the ferrocene-derived bis-silylene.15 However, access to 
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bis(silanetellurone) has not been reported yet, presumably due to the intrinsic instability of the 

Si=Te bonds. With the increasing use of silicon tellurides (Si2Te2 and Si2Te3) as attractive 2-D 

materials in electronics16-18 and to understand their aggregation processes and chemical 

bonding, it is desirable to study their well-defined molecular structures. This work presents the 

preparation of the first bis(silanetellurone) (2A.2) by telluration of a stable 2,6-tert-butyl 

resorcinolate SiCSi pincer (2A.1);19 a methodology that is also suitable for sulfur (2A.3)  and 

selenium (2A.4). In fact, this is the first report where an entire series of heavier congeners of 

bis(silanechalcogenones) (2A.2-2A.4) were obtained from the same system. The nature of the 

double bond between silicon and chalcogens has been a subject of debate because their zwitter-

ionic form (Siẟ+-Chẟ-) also contributes to the overall structure, especially when the silicon atom 

is hyper-coordinated.7 A further impetus comes from the recent works by Lips, Müller and co-

workers.20-22 Hence, the nature of the double bond in 2A.2-2A.4 has been characterized not 

only by single-crystal X-ray studies but also solution state studies and theoretical 

investigations. What is even more interesting is the identification of a weak C-H∙∙∙S/Se/Te 

interaction in these systems. Unconventional hydrogen bonds with chalcogen atoms as 

hydrogen bond (HB) acceptors have recently been recognized through various spectroscopic 

techniques.23-28 

 

Chart 2A.1. Reported bis(silanechalcogenones). The Te analogue was not reported. 

2A.3 Results and Discussion. 

2A.3.1 Synthesis of 2A.2-2A.5. 

All experiments were conducted under an atmosphere of dry argon or vacuum using the 

standard Schlenk technique and in a dinitrogen-filled MBRAUN MB 150-G1 glovebox. 

MBRAUN solvent purification system MB SPS-800 purified the solvents used. Compound 

2A.1 has been prepared using the literature procedure.19 All other chemicals purchased from 

Sigma Aldrich and Alfa Aesar were used without further purification. 1H, 13C, and 29Si NMR 

spectra were recorded in CDCl3 and C6D6 using a Bruker Avance DRX500 spectrometer, and 
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were referenced to external SiMe4 and 77Se was referenced to external Me2Se. Melting points 

were measured in a sealed glass tube and were not corrected.  

2A.3.1.1 Preparation of 2A.2. A Schlenk flask charged with 2A.1 (0.470 g, 0.5 mmol) and 

tellurium powder (0.128 g, 1 mmol) was taken in 40 ml toluene and kept in stirring overnight. 

The greenish-yellow color solution was evaporated under reduced pressure, extracted in 50 ml 

DCM, and filtered off. Concentrating DCM to 2 ml and adding 4 ml n-Pentane produced single 

crystals at room temperature. Yield: 335 mg (56%). 1H NMR (400 MHz, C6D6, 298 K) ẟ 1.30 

(s, 36H, NCMe3), 1.70 (s, 18H, ArMe3), 6.82-6.99 (m, 8H, arom. H), 7.62 (s, 1H, arom. H), 

7.85-7.86 (m, 2H, arom. H), 8.52 (s, 1H, arom. H), 13C{1H} NMR (100.613 MHz, C6D6, 298 

K): ẟ 29.92 (ArC(CH3)3), 30.45 (NC(CH3)3), 33.77 (ArC(CH3)3), 54.58 (NC(CH3)3), 110.57, 

124.11, 126.62, 126.86, 129.17,129.56,131.88,149.93 (arom. C), 173.70 (NCN), 29Si{1H} 

NMR (79.49 MHz, C6D6, 298 K): δ -60.28 M.p. 151.7 oC HRMS: C44H66N4O2Si2Te2: m/z 

994.6365 Found m/z: 994.4080. 

2A.3.1.2 Preparation of 2A.3. A Schlenk flask charged with 2A.1 (0.470 g, 0.5 mmol) and 

elemental sulfur (0.032 g, 1 mmol) was taken with 40 ml toluene at room temperature. After 2 

h of stirring, all volatiles were evaporated under reduced pressure, and residue was extracted 

in DCM.  The solid white powder as 2A.3, obtained by evaporating DCM, was next taken for 

further experimental studies. Suitable crystals for X-ray crystallography were obtained from 

DCM and pentane mixture at 0 °C. Yield: 0.38 g (75.7%). 1H NMR (400 MHz, C6D6, 298 K) 

ẟ 1.25 (s, 36H, NCMe3), 1.74 (s, 18H, ArMe3) 6.81-7.00 (m, 8H, arom. H), 7.63 (s, 1H, arom. 

H), 7.93-7.95 (m, 2H, arom. H), 8.49 (s, 1H, arom. H), 13C{1H} NMR (100.613 MHz, C6D6, 

298 K): ẟ 29.86 (ArC(CH3)3), 30.20 (NC(CH3)3), 33.82 (ArC(CH3)3), 54.23(NC(CH3)3), 

111.36, 123.96, 128.13, 128.38, 12.98, 129.44, 131.48, 150.51 (arom. C), 174.67 (NCN), 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ -37.29. M.p. 180-186.2 oC HRMS: 

C44H66N4O2Si2S2 Calculated m/z: 802.4166; Found m/z: 802.4796. 

2A.3.1.3 Preparation of 2A.4.  A Schlenk flask charged with 2A.1 (0.470 g, 0.5 mmol) and 

elemental selenium (0.079 g, 1 mmol) was taken in 40 ml of toluene at room temperature. After 

5 h of stirring, all volatiles were removed under reduced pressure, and the remaining residue 

was extracted in DCM. After filtration, DCM was concentrated to 2 ml, and 4 ml of pentane 

was added and kept for crystallization at room temperature. The compound was obtained as a 

colorless crystal with a yield of 0.35 g (63.7%). 1H NMR (400 MHz, C6D6, 298 K) ẟ 1.27 (s, 

36H, NCMe3), 1.73 (s, 18H, ArMe3), 6.81-7.00 (m, 8H, arom. H), 7.62 (s, 1H, arom. H), 7.88-
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7.90 (m, 2H, arom. H), 8.55 (s, 1H, arom. H), 13C {1H} NMR (100.613 MHz, CDCl3, 298 K): 

ẟ 30.59 (ArC(CH3)3), 31.26 (NC(CH3)3), 34.40 (ArC(CH3)3), 55.33 (NC(CH3)3), 111.26, 

124.76, 127.11, 129.09, 129.24, 130.99, 132.12, 150.55 (arom. C), 176.02 (NCN), 29Si{1H} 

NMR (79.49 MHz, C6D6, 298 K): δ -38.04 77Se {1H} NMR (76.311 MHz, CDCl3, 298 K): δ -

514.44 M.p. 190 oC HRMS: C44H66N4O2Si2Se2: m/z 898.3055 Found m/z: 898.3105. 

2A.3.1.4 Preparation of 2A.5. A Schlenk flask with 2A.1 (0.470 g, 0.5 mmol) and Me3NO 

(0.0751 g, 1 mmol) were dissolved in 45 ml of toluene at 00C and kept for attaining room 

temperature slowly overnight. All volatiles were removed under reduced pressure, and the 

white powder was dissolved in n-hexane and filtered off. Single crystals suitable for X-ray 

crystallography were grown from n-hexane at room temperature. Yield: 0.4 g (73.38%). 1H 

NMR (400 MHz, CDCl3, 298 K) ẟ 1.02 (s, 72 H, NCMe3), 1.48 (s, 36 H, 2H, ArMe3), 7.03 (m, 

2 H, arom. H), 7.26-7.27 (m, 14H, arom. H), 7.31-7.33 (m, 6H, arom. H) 7.37 (s, 2 H, arom. 

H), 13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 30.57 (ArC(CH3)3), 30.66 (NC(CH3)3), 

33.55 (ArC(CH3)3), 52.43 (NC(CH3)3), 118.91, 124.48, 126.42, 127.17, 127.97, 129.28, 

133.75, 151.09 (arom. C) and 168.79 (NCN), 29Si{1H} NMR (79.49 MHz, CDCl3, 298K): δ -

114.09. M.p. 210 oC. HRMS. C88H132N8O8Si4: Calculated m/z 1540.9240; Found m/z 

1540.9460. 

2A.3.2 Structural elucidation of 2A.2-2A.4. 

The synthesis of the bis(silanetellurone), 2A.2 starts with the previously reported 2,6-tert-butyl 

resorcinolate SiCSi pincer (2A.1).19 The addition of two equivalents of tellurium to 2A.1 in 

toluene afforded the desired bis(silanetellurone), 2A.2 in 56% yield via oxidative addition of 

the two Si(II) centers in 2A.1 (Scheme 2A.1).  

 

Scheme 2A.1. Syntheses of 2A.2-2A.4. 

The formation of 2A.2 was indicated by the appearance of new resonance in the 29Si 

NMR spectrum at ẟ -60.3 ppm, which is significantly upfield shifted than that of 2A.1 (ẟ -24 

ppm). 2A.2 crystallizes in the monoclinic P21/c space group, where both the silicon atoms 
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exhibit distorted tetrahedral geometry (Figure 2A.1). The Si=Te bond distances are 2.341(2) 

and 2.332(2) Å, which are bit shorter than the previously reported Si=Te double-bonded 

compounds featuring tetra-coordinate Si atoms, such as Driess' 

[HC(CMeNAr){C(═CH2)NAr}Si(NHC)═Te] (2.383(2) Å),6-8 So's 

[PhC(NtBu)2SiN{(SiMe3)2}═Te] (2.3720(15) Å),10 Sen's [PhC(NtBu)2SiSi{(SiMe3)3}═Te] 

(2.3723(8) Å),11 but shorter than typical Si‒Te single bonds (< 2.52 Å). Interestingly, the Si=Te 

bond lengths in 2A.2 are longer than Kira's three-coordinate Si═Te bond [2.3210(6) Å],5 but 

shorter than Tacke's five-coordinate Si═Te bonds [2.4017(6) Å],9 implying that the increase in 

the coordination number of Si leads to the decrease the double bond character.29 

 

Figure 2A.1. The molecular structure of 2A.2 (ellipsoids are shown at the probability level of 

50%). Tert-butyl groups attached to nitrogens (N1, N2, N3, and N4) and hydrogen atoms are 

omitted for clarity. Selected bond lengths (Å):  O1-Si03 1.622(3), Te2-Si03 2.341(2), N3-Si03 

1.814(4), N4-Si03 1.802(4), O2-Si04 1.633(3), Te1-Si04 2.332(2), Si04-N1 1.819(4), Si04-N2 

1.786(4), and bond angles (°): Te2-Si03-N3 118.8(1), Te2-Si03-O1 115.7(1), Te2-Si03 N4 

119.7(1), O1-Si03-N4 111.9(2), N3-Si03-N4 72.3(2), Te1-Si04-O2 123.5(1), Te1-Si04-N2 

120.5(1), Te1-Si04-N1 117.2(1), O2-Si04-N1 108.6(2), N2-Si04-N1 72.3(2). 

As bis-(silanethione) and –(silaneselenone) have already been reported (Chart 2A.1), 

we realized it would be useful to prepare analogues of 2A.2 with these elements and compare 

them to 2A.A-2A.C. To this end, 2A.1 can be treated with two equivalents of sulfur or selenium 

to afford similar oxidative addition products, 2A.3 and 2A.4, respectively. The 29Si NMR 
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spectra for 2A.3 and 2A.4 show singlet resonances at ẟ -34.21 and -35.27 ppm, respectively, 

which are downfield than that in 2A.2, reflecting the gradual upfield shift of 29Si NMR 

resonance with the decreasing electronegativity of the chalcogens down the group from sulfur 

to tellurium.11 The 29Si NMR resonance of 2A.3 is upfield than that in 2A.C (12.1 ppm) due to 

the replacement of the σ-donating ferrocenyl substituent with the π-donating resorcinolate 

moiety. 2A.3 crystallizes in the monoclinic C2/c space group (Figure 2A.2) featuring two Si=S 

fragments with Si-S bond lengths of 1.968(2) and 1.978(2) Å, consistent with those in 2A.C 

(1.9867(13) and 1.9858(13) Å)15 and other related silanethiones with tetra-coordinate silicon 

atoms, such as Si(S)N(SiMe3)2:1.987(8) Å,30 {PhC(NtBu)2}Si(S)Si(SiMe3)3:1.9996(6) Å,11 

{PhC(NtBu)2}Si(S)Cl:2.079(6) Å,13 however, marginally longer than silanethiones reported by 

Tokitoh (1.948(4) Å)31 or Kira (1.9575(7) Å),5 which feature tri-coordinated silicon atoms. 

 

Figure 2A.2. The molecular structure of 2A.3 (ellipsoids are shown at the probability level of 

50%). tert-butyl groups and hydrogen atoms are omitted for clarity. Selected bond lengths (Å): 

S2-Si2 1.978(2), Si1-S1 1.968(2), O1-Si2 1.605(3), O2-Si1 1.620(3), Si2-N4 1.807(3), Si2-N3 

1.801(4), Si1-N1 1.817(4), Si1-N2 1.797(3) and bond angles (°): S2-Si2-O1 113.0(1), S2-Si2-N3 

121.3(1), S2-Si2-N4 119.5(1), O1-Si2-N4 112.7(2), N3-Si2-N4 72.4(2), S1-Si1-O2 122.9(1), S1-

Si1-N1 121.5(1), S1-Si1-N2 121.5(1), O2-Si1-N2 101.4(2), N1-Si1-N2 72.6(2). 

2A.4 crystallizes in the triclinic P-1 space group (Figure 2A.3). The Si=Se bond lengths 

in 2A.4 [Si1-Se1: 2.098(1) Si2-Se2: 2.116(1) Å] compare favorably with those in 2A.A 

(2.153(1) and 2.156(1) Å),12 2A.B (2.1346(16) Å),13 and other amidinate based Si=Se doubly 
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bound compounds, {PhC(NtBu)2}Si(Se)N(SiMe3)2: 2.136(9) Å,23-

28{PhC(NtBu)2}Si(Se)Si(SiMe3)3: 2.139(4) Å.11 

 

Figure 2A.3. The molecular structure of 2A.4 (ellipsoids are shown at the probability level of 

50%). tert-butyl groups attached to nitrogens (N1, N2, N3, and N4) and hydrogen atoms are 

omitted for clarity. Selected bond lengths (Å): Si1-N1 1.811(3), Si1-N2 1.804(3), Si1-Se1 2.098(1), 

Si1-O1 1.617(2), Si2-N3 1.809(3), Si2-N4 1.807(3), Si2-Se2 2.116(1), Si2-O2 1.601(2) and bond 

angles (°): N4-Si2-N3 72.4(1), N4-Si2-Se2 118.7(1), O2-Si2-N3 112.8(1), O2-Si2-Se2 112.9(1), 

N2-Si1-N1 72.3(1), O1-Si1-Se1 122.8(1), N1-Si1-Se1 121.5(1), N2-Si1-O1 101.6(1). 

We have also calculated the percentage bond shortening of 2A.2-2A.4 from their 

respective single bonds (Table 2A.1) using a methodology shown by Iwamoto and Kira.5 The 

percent bond shortening among 2A.2-2A.4 decreases from sulfur to tellurium, indicating the 

weakness of Si=E double bonds in the same order.  

Table 2A.1. Comparison of shortening of the bond (%Δdb), which is calculated as follows  

%Δdb =[1 - (Si=E double bond length)/(Si-E single-bond length) ]•100%.5 

Compound Si-E (Å) Si=E (Å) %Δdb 

2A.2 2.52 2.350 (av) 6.72 

2A.3 2.27 1.970(av) 7.94 

2A.4 2.14 2.107(av) 7.18 
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2A.3.3 Detection of C-H···Chalcogen (Ch) interaction and solution state confirmation.  

While elucidating the molecular structures of 2A.2-2A.4, we observe that they exhibit C-H∙∙∙Ch 

(Ch=S, Se, and Te) interaction, with resorcinolate C-H (Case-I) and benzamidinate C-H (Case-

II) (Figure 2A.4). It should be noted here that there is a modicum of precedence for C-H∙∙∙Se 

interactions32-34 and only one report for C-H∙∙∙Te interaction,35 which was predicted based on 

short contacts in the crystal structure. The low electronegativity of tellurium has been ascribed 

to the paucity of C-H∙∙∙Te interaction.36 Recently, there has been an increased interest in 

understanding C-H∙∙∙Te interactions that could be exploited for applications in crystal 

engineering, superconductivity, gas capture, and field-effect transistor studies.37  

 

Figure 2A.4. The molecular structures of 2A.3 and 2A.4 showing intramolecular C-H∙∙∙Ch 

interactions. C-H∙∙∙Ch interaction distances (Å) (a) H15∙∙∙S1 2.971, H4∙∙∙S1 2.768; (b) 

H21∙∙∙Se1 3.027, H36∙∙∙Se1 2.806, and C-H∙∙∙Ch angles (°): (a) C15-H15-S1 136.89, C4-H4-

S1 137.53; (b) C21-H21-Se1 138.59, C36-H36-Se1 138.68.  

2A.2 has a distance of 3.133 Å between H1 and Te1 (Case-I), falling shorter than the 

sum of their van der Waals radii (3.260 Å), and forms an angle of 132.7° between H1-C1 and 

Te1 (Figure 2A.5). Of note, the distance between H24 (benzamidinate) and Te1 (Case-II) 

(3.272 Å) (Figure 2A.5) is larger than the sum of their van der Waals radii by 0.011 Å. Thus, 

Case-II seems to be very weak. We have also found the presence of two identical intermolecular 

C-H∙∙∙Te interactions in the molecular structure of 2A.2, which has a distance of 3.192 Å 

between the H atom of the tert-butyl group of one moiety and the tellurium atom of another 

moiety and C-H-Te of 160.50 (Figure 2A.5). 
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Figure 2A.5. Crystal packing of 2A.2 showing inter and intramolecular C-H∙∙∙Te interactions. 

A difference Fourier map38 (F0-Fc) around carbon atoms where hydrogens have 

interacted with Te atoms has been generated in support of the hydrogen positions for complex 

2A.2 (Figures 2A.6). Interestingly here, the intermolecular C-H∙∙∙Te interaction features sp3 

hybridized C-H bond as acceptor, which is least basic as compared to sp2 and sp hybridized C-

H bond.39 

 

Figure 2A.6. Difference Fourier map (Fo-Fc) of 2A.2, (i) One aromatic hydrogen can be seen 

near to C1 (red color), which belongs to C1-H1∙∙∙Te1, intramolecular interaction; (ii) 

Hydrogens of the methyl group can be seen around C15 (C15-H15∙∙∙Te1 intermolecular 

interaction). 

After observing the inter and intramolecular C-H∙∙∙Te interactions in this work, we 

remained curious about their presence in the previously reported silanetellurones. We have 

found a very short C-H∙∙∙Te distance of 2.561 Å present in NHC-stabilized silanetellurone6 and 

3.052 Å in silanoic telluroester7 (Chart 2A.2 and Table 2A.2) in their respective molecular 

structures, which had been unaddressed in the works reported by Driess and co-workers.6, 7 
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Therefore, it can be stated that accumulating abundant negative charge to electropositive 

tellurium can be turned into a subtle hydrogen bond donor in terms of delocalization of charges 

and thus further validate their occurrence.  

 

Chart 2A.2. Presence of C-H∙∙∙Te interactions in previously reported NHC stabilized 

silanetellurone (2A.I) and silanoic telluroester (2A.II), which remained unaddressed and only 

reported C-H∙∙∙Te interaction (2A.III) based on short contacts from crystal structure. 

Table 2A.2. Comparison of the structural parameters of the C-H∙∙∙Te interactions in 2A.I-

2A.III and 2A.2 

C-H∙∙∙Te interaction Intramolecular Intermolecular 

 C-H∙∙∙Te (Å) C-H∙∙∙Te (
0
) C-H∙∙∙Te (Å) C-H∙∙∙Te (

0
) 

2A.I 2.561 154.41 3.013 147.08 

2A.II 3.052 103.63 not present not present 

2A.III not present not present 

2.90 

2.67 

2.84 

151 

169 

158 

2A.2 3.133 132.71 3.192 160.54 

Apart from the observation of the C-H∙∙∙Te interaction in the structure of 2A.2, we also 

checked the Te∙∙∙X (X= N and O) distances (Table 2A.3) to verify the presence of any pnictogen 
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and chalcogen interactions present there. Although these separations were found to be well 

considering the non-covalent interaction range for Te∙∙∙X, further NBO and QTAIM analyses 

do not support the presence of these interactions either in the crystal structure or the gas phase 

optimized structure of 2A.2. 

Table 2A.3. Selected bond length of 2A.2 (sum of the vdW radii of Te and N is 3.61 Å while 

the same of Te and O is 3.58 Å) 

Analogous C-H∙∙∙S/Se interactions are also observed in 2A.3 and 2A.4. The H15 and 

H4 of 2A.3 are close to the sulfur atom at distances 2.971 and 2.768 Å, respectively, which are 

shorter than the sum of their van der Waals radii (3.00 Å). The angles S1-H15-C15 (136.8°) 

and S1-H4-C4 (137.5°) indicate a weak interaction between C-H and S atom. In 2A.4, the 

H21∙∙∙Se1 (Case-I) and H36∙∙∙Se1 distances (Case-II) are 3.027 and 2.806 Å, respectively, 

which are shorter than their sum of van der Waals radii (3.10 Å) and thus in accordance with 

the C-H∙∙∙Se hydrogen bond reported by the group of Tomoda (H∙∙∙Se = 2.92 Å)33 but longer 

than the H∙∙∙Se hydrogen bond reported by Bertrand and co-workers (H∙∙∙Se = 2.64, 2.54 Å, 

respectively).34 

The variable temperature (VT) 1H NMR was performed in Benzene-d6 (C6D6) in the 

288-315 K range using tetramethylsilane (TMS) as an internal standard. Compound 2A.2 

shows intra- and intermolecular interactions, whereas compounds 2A.3 and 2A.4 can only form 

intramolecular ones. The chemical shift of the corresponding C-H∙∙∙Te bound proton (marked 

as Ha) got upfielded as the temperature was raised from 288 to 315K for each case. The natural 

logarithm of chemical shifts (ln ẟ) is correlated linearly with the inverse of temperature (1/T) 

within a given temperature range. This can be easily correlated with the Arrhenius-type 

equation with slope A.4a The slope of the ln ẟ versus 1/T plot denotes energy changes ∆E of 

the C-H∙∙∙Ch interaction at a given temperature range and can be calculated from the slope (A) 

of equation (1) times the universal gas constant (R).  

ln (ẟ) = 
𝐴

𝑇
+ 𝐵……………………………..equation (1) 

Interactions Bond length (Å) 

Te1∙∙∙O2 3.508(4) 

Te2∙∙∙O1 3.378(4) 

Te2∙∙∙N3 3.587(5) 

Te1∙∙∙N1 3.552(5) 
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S Se Te 

Slope 22.1056 19.1953 18.109 

Intercept 15.8827 15.8968 15.897 

 

 

Figure 2A.7. Variable temperature (VT) 1H NMR spectrum of 2A.2 (E = Te). 

To prove that these interactions are not arising due to the crystal lattice forces, we have 

systematically studied 1H NMR with a temperature variation, as Boltzmann's average of the 

chemical shifts can be correlated linearly with the theoretical binding energy of the hydrogen 

bond.40 The 1H NMR of Ha appears at ẟ 7.87 ppm for 2A.1, whereupon after complexation, 

this proton comes at ẟ 8.52, 8.49, and 8.54 ppm in C6D6 at ambient temperature for 2A.2 (Figure 

2A.7), 2A.3, and 2A.4 (Figures 2A.8 and 2A.9 for VT NMR spectra of 2A.3 and 2A.4), 

respectively. The prominent gradual upfield shift for Ha for 2A.2 concerning Hb (which is 

constant) in the VT NMR indicates its hydrogen-bonded nature. Our attempts also dealt with 

observing the hydrogen-bonded methyl protons of the tert-butyl group of the benzamidinate 

ring, which is responsible for the intermolecular CH∙∙∙Te interaction. Due to the fluxional 

behavior (fast exchange) of the corresponding protons, they remained undetectable in the given 

temperature range (288 to 315 K).  
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Figure 2A.8. 1H VT NMR of complex 2A.3. 

 

Figure 2A.9. 1H VT NMR of complex 2A.4. 

A linear correlation plot with the natural logarithm of (resorcinolate) proton (Ha) 

chemical shift (ln ẟ) with the inverse of the temperature (1/T) (288 to 315 K) with the overall 

shift of 0.04 ppm is given in Figure 2A.10. 
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Figure 2A.10. The plot of ln (δ*10^6) vs. 1/T (10-3K-1) and comparison of slope (inset). 

  

Figure 2A.11. Correlation plot for ΔE and slope A obtained from Figure 2A.10. 

We also recorded 1H NMR for complex 2A.2 at 325 K; this gave ẟ 8.474 ppm for Ha, 

but the chemical shift for Hb was found to be constant (Figure 2A.7). Unlike the "strong" 

hydrogen bond, the difference is smaller due to its weak nature and well agreed with weak C-

H∙∙∙O interaction, as documented by Pulay and co-workers in 2003.41 This comes in line with 

the Arrhenius-like equation, giving slopes of 18.109, 22.106, and 19.195 for 2A.2, 2A.3, and 

2A.4, respectively, and we have plotted the change in the interaction energy (∆E) with slope 
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(A) (Figure 2A.11), indicating that the C-H∙∙∙Ch interaction is relatively the strongest for C-

H∙∙∙S case (inset of Figure 2A.10). This observation corresponds to only Case-I interaction as 

we could not detect the particular hydrogen for Case-II interaction in 1H NMR due to the 

overlapping of the peaks for phenyl protons. We have obtained the 125Te and 77Se NMR for 

complexes 2A.2 and 2A.4 (Figures 2A.A.4 and 2A.A.12), respectively. The 77Se NMR for 2A.4 

comes at -514 ppm, and 125Te for 2A.2 comes at -1242.44 ppm as a sharp singlet. The high 

field chemical shift of the Te atom indicates the contribution from the (Siẟ+-Teẟ-) bonding 

situation as suggested by the groups of Lips and So.10, 20 A comparison of the 125Te NMR of 

related Si=Te compounds is given in Table 2A.4. It is also correlated with 2A.Ib6 and 2A.II7 

in Table 2A.4 that despite having a very short distance between C-H···Te in both the compounds, 

a singlet peak was observed at room temperature for each case and could be attributed to space 

separation. Unlike downfield chemical shifts of a few reported silanechalcogenones,42, 43 the 

upfield chemical shift for both 2A.2 and 2A.4 indicates higher electronic surroundings near the 

nuclei owing to the presence of lone-pairs (p-type) around the chalcogen center.  

Table 2A.4. Comparison of 125Te chemical shift for complexes 2A.I-2A.III' and 2A.2 

Complexes                     
  

 

      

125Te  

(ẟ in ppm) 
-1010.4 -982.5 

-1076.7 and 

     -1105.5 
-1093 -1242.4 

We have also recorded proton (1H) coupled 125Te and 77Se NMR for 2A.2 and 2A.4 at 

-53 °C and -50oC, respectively, in CDCl3, which showed a broadening of spectrum for both 

compounds (Figures 2A.A.5 and 2A.A.13). For compound 2A.2, we noticed the splitting of 

125Te signal, which might be due to the strengthening of 125Te∙∙∙1H interaction at a lower 

temperature. However, no resolved J-coupling was observed in either of the 125Te spectra.  The 

splitting is unclear, and it may occur due to the small coupling because of very weak interaction, 

which may be hidden within the signal broadening. Therefore, we refrained from discussing 

any resolved spin-spin coupling for both cases.30 

2A.3.4 Theoretical Studies. Ground state geometry optimization of the complexes 2A.2-2A.4 

and (2A.2)2 were performed with tight convergence criteria and ultrafine grid at the B3LYP-

2A.II 2A.III' 2A.Ia 2A.2 2A.Ib 



 

70 
 

Chapter 2A 

Moushakhi Ghosh 

D3/def2-TZVPP level using the Gaussian 09 program package.44 Various theoretical 

approaches, such as natural bond orbital (NBO), Wiberg bond index (WBI), quantum theory 

of atom in molecules (QTAIM), and non-covalent interaction (NCI) index analyses were 

performed to validate the bonding situation in 2A.2-2A.4 and (2A.2)2 (dimer of 2A.2).45-48 The 

optimized structures of these complexes are denoted as 2A.2m-2A.4m (Figure 2A.12) and 

(2A.2m)2 (Figure 2A.13) are confirmed to be energy minima from vibrational frequency 

calculations. Second-order perturbative energies [E(2)] for various interactions, i.e., C-H∙∙∙Ch 

interactions, were calculated from the NBO analysis using the NBO6.0 program package.46 It 

is found that the C-H∙∙∙Te, C-H∙∙∙S, C-H∙∙∙Se non-bonded distances in the optimized gas-phase 

structures 2A.2m-2A.4m and (2A.2m)2 (Figures 2A.12 and 2A.13) are similarly short, as were 

observed in the crystal structures. 

 

Figure 2A.12.  Optimized gas-phase geometries of the complexes 2A.2-2A.4 named as 2A.2m-

2A.4m, respectively. 

 

Figure 2A.13.  Optimized gas-phase geometries of the dimer of the complex 2A.2 named as 

(2A.2m)2. 
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As the hydrogen positions in the X-ray crystal structures cannot be determined 

accurately, we have optimized only the hydrogen atoms of the complexes 2A.2-2A.4 and 

(2A.2)2, keeping all other atoms fixed in their respective positions of the crystal structures. 

Tables 2A.5 and 2A.6 present a comparison of the structural parameters of the complexes 2A.2-

2A.4 and (2A.2)2 obtained from their crystal structures with unoptimized hydrogen atoms, 

crystal structures with optimized hydrogen atoms 2A.2mʹ-2A.4mʹ and (2A.2mʹ)2, and gas-

phase structures with full optimization 2A.2m-2A.4m and (2A.2m)2. It is evident that the 

structural parameters of the three complexes obtained from the crystal structures are not very 

different from those obtained from the fully optimized or partially optimized crystal structures. 

Interestingly, the crystal structure of complex 2A.2, with the hydrogen positions optimized, 

shows reasonable short contact for both the Case-I and Case-II types C-H∙∙∙Te interactions, 

although the crystal structure shows only the Case-I interaction. It is important to mention that 

we have performed the NBO and AIM calculations on the crystal structures with optimized 

hydrogens apart from the gas-phase structures. 

Table 2A.5. Structural parameters and E(2) values (kcal/mol) of C-H∙∙∙Ch interaction of the 

complexes in the crystal structures (2A.2-2A.4), crystal structures with optimized hydrogens 

(2A.2mʹ-2A.4mʹ), and gas-phase optimized structures (2A.2m-2A.4m) 
 

Crystal structures Crystal structures with 

optimized hydrogens 

Gas-phase optimized 

structures 
 

case-I case-II case-I case-II case-I case-II 

Complex 2A.2       

dC-H∙∙∙Te (Å) 3.133 3.272 3.054 3.137 3.278 3.043 

C-H-Te () 132.7 153.5 130.3 155.2 132.1 148.1 

E(2) 0.62 0.76 1.37 1.95 0.61 1.96 

Complex 2A.3       

dC-H∙∙∙S (Å) 2.971 2.768 2.875 2.643 2.941 2.695 

C-H-S () 136.9 137.5 135.4 138.8 130.7 152.0 

E(2) 0.50 1.05 1.16 2.76 0.68 2.57 

Complex 2A.4       

dC-H∙∙∙Se (Å) 3.029 2.813 2.930 2.693 3.065 2.823 

C-H-Se () 138.7 138.5 137.3 139.2 131.3 150.6 

E(2) 0.63 1.36 1.46 3.41 0.68 2.30 

dC-H∙∙∙Te, dC-H∙∙∙S, and dC-H∙∙∙Se stand for corresponding distances. 
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Table 2A.6. Structural parameters and E(2) values (kcal/mol) of intermolecular C-H∙∙∙Ch 

interactions in the dimer of complex 2A.2 in the crystal structure (2A.2)2, crystal structure with 

optimized hydrogen atoms (2A.2mʹ)2, gas-phase optimized structure (2A.2m)2 
 

Crystal 

structures 

Crystal structures with 

optimized hydrogens 

Gas-phase optimized 

structures 

Dimer of Complex 2A.2   

dC-H∙∙∙Te (Å) 3.192 3.109 3.113 

C-H-Te () 160.6 156.3 162.7 

E(2) 0.68 1.20 1.93 

dC-H∙∙∙Te stands for corresponding distance. 

 

Figure 2A.14. NBO overlaps for the case-I and case-II interactions with E(2) values in the 

crystal structures with optimized hydrogens (2A.2mʹ-2A.4mʹ) and gas-phase optimized 

structures (2A.2m-2A.4m) of the complexes 2A.2-2A.4. 

As the present work deals with the C-H∙∙∙Te interaction, we are engrossing our analysis 

primarily on compound 2A.2. NBO analysis shows an overlap between the lone-pair orbital of 
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the Te atom and the σ* orbital of the C-H bond for the Case-I and Case-II interactions in the 

gas-phase structure 2A.2m (Figure 2A.14). It is apparent that the E(2) value for the Case-II (1.96 

kcal/mol) is larger than that for the Case-I (0.61 kcal/mol) in 2A.2m. The same trend in the E(2) 

value has been found for the Case-I (1.35 kcal/mol) and Case-II (1.88 kcal/mol) interactions in 

the crystal structure (2A.2mʹ) of 2A.2 (Figure 2A.14). The E(2) value found for the 

intermolecular C-H∙∙∙Te interaction in (2A.2m)2 is 1.93 kcal/mol.  NBO overlap for the Case-

I and Case-II interactions in the gas-phase optimized structures (2A.2m-2A.4m) and crystal 

structures with optimized hydrogens (2A.2mʹ-2A.4mʹ) of the complexes are shown in Figure 

2A.14. It is noteworthy that the E(2) values for the C-H∙∙∙Te, C-H∙∙∙S, and C-H∙∙∙Se interactions 

in the gas-phase structures (2A.2m-2A.4m) of the complexes are not very much different from 

each other. The WBI, Si=Ch charge separation values for the Si=Ch (Ch = S, Se, and Te) bonds, 

bond-length of Si-Ch bond in the gas phase and crystal structures of the complexes 2A.2-2A.4 

have been provided in Table 2A.7. The WBI values for the C-H∙∙∙Te bound Si-Te and free Si-

Te in the gas-phase structure (2A.2m) of 2A.2 are 1.551 and 1.570, respectively (Table 2A.7 

for 2A.3 and 2A.4). Further, the higher charge separation (∆q) in the Si-Te1 (2.312 au) 

compared to that in the Si-Te2 (2.278 a.u.) also implies that the former has more of Siẟ+-Teẟ- 

character than the latter one. Further, hyperconjugation involving delocalization of the electron 

density from the Te lone-pair orbital to the σ* orbital of the Si-O and Si-N bond is notably 

absent in 2A.2m'-2A.4m' and 2A.2m-2A.4m. However, hyperconjugation from the O and N 

lone-pair (p-type) orbitals to the σ* orbital of the Si-Ch bond is present in 2A.2m'-2A.4m' and 

2A.2m-2A.4m (Table 2A.8). 

Table 2A.7. WBI of Si=Ch (Ch = S, Se, Te) bond, charges on Si (qSi) and Ch (qch) atoms, 

charge separation on Si=Ch (∆qS=Ch), and bond length of Si=Ch (r, Å) bond in the crystal 

structures with optimized hydrogens (2A.2mʹ-2A.4mʹ) and gas-phase optimized structures 

(2A.2m-2A.4m) of the complexes 2A.2-2A.4 
 

Crystal structures with optimized hydrogens Gas-phase optimized structures 
 

Si1=Ch1 Si2=Ch2 Si1=Ch1 Si2=Ch2 

Complex 2A.2    

WBI 1.524 1.549 1.551 1.570 

qTe -0.632 -0.622 -0.611 -0.597 

qSi 1.726 1.704 1.701 1.682 

∆qTe=Si 2.358 2.326 2.312 2.279 

rTe=Si 2.332 2.341 2.346 2.347 
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Complex 2A.3    

WBI 1.479 1.497 1.505 1.541 

qS -0.868 -0.842 -0.847 -0.824 

qSi 1.908 1.883 1.894 1.865 

∆qS=Si 2.776 2.725 2.741 2.689 

rS=Si 1.968 1.978 2.119 2.118 

Complex 2A.4    

WBI 1.514 1.522 1.542 1.573 

qSe -0.780 -0.760 -0.753 -0.732 

qSi 1.836 1.814 1.816 1.790 

∆qSe=Si 2.616 2.574 2.569 2.522 

rSe=Si 2.100 2.115 1.975 1.973 

qCh and qSi stand for charges on chalcogen (S, Se, and Te) and Si atoms, respectively. Si1=Ch1 

is having C-H∙∙∙Ch interaction, Si2=Ch2 is free from C-H…Ch interaction. 

Table 2A.8. E(2) values (kcal/mol) for hyperconjugation from nitrogen/oxygen lone-pair orbital 

to σ* orbital of Si-Ch bond in the crystal structures with optimized hydrogen (2A.2m'-2A.4m') 

and gas-phase optimized structures (2A.2m-2A.4m) 

 n(N)→σ*(Si-Ch) n(O)→σ*(Si-Ch) 

 free arm C-H∙∙∙Ch bound arm free arm C-H∙∙∙Ch bound arm 

crystal structures with optimized hydrogen   

2A.2m' 6.81 2.15 5.28 8.60 

2A.3m' 5.84 6.09 5.96 6.62 

2A.4m' 7.34 6.80 6.10 6.70 

gas-phase optimized structures   

2A.2m 6.05 6.09 5.02 6.41 

2A.3m 6.01 6.00 5.07 6.53 

2A.4m 6.71 6.61 5.19 6.53 

Si-Te bond is better visualized as Siδ+-Teδ- (charge-separated species) rather than Si=Te 

bond. Natural resonance theory (NRT)49 was performed to understand the partial double bond 

character of the Si-Te bond. We tried to perform an NRT calculation for 2A.2m but failed after 

several attempts. We then tried to perform NRT by substituting all tert-butyl groups by methyl 

group to speed up the calculation, as handling 120 atoms by NRT is a potential challenge at 
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such a large basis set, i.e., def2-TZVPP. Then, we made a model compound 2A.2mmodel by 

substituting the tert-butyl group with a methyl group and focussing the resonance on the 4-

membered ring (amidinate) and chalcogen atoms. We further optimized 2A.2mmodel to confirm 

that the geometrical parameters do not differ more than 1% from the original, optimized gas-

phase structure 2A.2m. We have found that the Siẟ+-Teẟ- structure dominates over the Si=Te 

structure of the model compound (Figure 2A.15).21, 22 The NRT calculation reveals that the 

betaine form of the Si-Te bond is responsible for the C-H∙∙∙Te interaction.22, 34 

 

Figure 2A.15. Optimized structure of 2A.2mmodel and its leading resonance structure from 

NRT analysis. 

Various molecular orbitals (Figure 2A.16 for 2A.2m) were scrutinized to understand 

the bonding pictures of the complexes. The HOMO and HOMO–2 are the lone-pair orbitals on 

the two Te atoms, while the HOMO-1 and HOMO-3 are the π-type bonding29 orbitals between 

Si and Te.  

 

Figure 2A.16. Various MOs of 2A.2m complex showing lone-pair orbitals on the Te atom, π-

type bonding, and σ-bonding orbitals on the Si=Te bonds of both arms.  
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The MOs of the 2A.3m and 2A.4m complexes are provided in Figures 2A.17 and 

2A.18, respectively. Each of the HOMO/ HOMO-2 shows the Te lone-pair orbitals, and 

HOMO-1/HOMO-3 shows the π-type bonding orbitals in Figure 2A.16. Si-Ch bond is a single 

bond linkage and can be best visualized as Siẟ+-Chẟ- which has a partial double bond character. 

 

Figure 2A.17. Various MOs of 2A.3m complex showing lone-pair orbitals on the S atom, π-

type bonding, and σ-bonding orbitals on the Si=S bonds of both arms.  

 

Figure 2A.18. Various MOs of 2A.4m complex showing lone-pair orbitals on the Se atom, π-

type bonding, and σ-bonding orbitals on the Si=Se bonds of both arms.  

NBO deletion analysis was also performed for 2A.2m-2A.4m and (2A.2m)2 to get a 

deeper insight into the orbitals involved in the C-H∙∙∙Ch interactions. It is intriguing to note that 
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the occupancy of the σ* orbital of the C-H bond decreases while that of the lone-pair (n) orbitals 

of the chalcogen atoms increases after the deletion the C-H∙∙∙Ch interaction in all of the 

complexes (Table 2A.9). Thus, the delocalization of the electron density from the Ch lone-pair 

orbitals to the σ* of the C-H bond due to the presence of the C-H∙∙∙Ch interaction is re-

confirmed. 

Table 2A.9. Occupancy of the lone-pair orbital (np) of the chalcogen atoms (Ch = S, Se, Te) 

and σ* orbital of the C-H bond on deleting case-I and case-II interactions present in the gas-

phase optimized structures (2A.2m-2A.4m) of the complexes 2A.2-2A.4 calculated by NBO 

deletion analysis 

 Occupancy of orbitals after deletion of interactions  

None deleted case-I deleted case-II deleted 

Complex 2A.2m    

Lone-pair orbital (np) of Te atom 1.798 1.801 1.805 

𝛔𝐂−𝐇
∗  of case-I 0.015 0.012 0.014 

𝛔𝐂−𝐇
∗  of case-II 0.022 0.022 0.014 

Complex 2A.3m    

Lone-pair orbital (np) of S atom 1.798 1.800 1.802 

𝛔𝐂−𝐇
∗  of case-I 0.015 0.012 0.015 

𝛔𝐂−𝐇
∗  of case-II 0.021 0.021 0.013 

Complex 2A.4m    

Lone-pair orbital (np) of Se atom 1.796 1.798 1.801 

𝛔𝐂−𝐇
∗  of case-I 0.015 0.012 0.015 

𝛔𝐂−𝐇
∗  of case-II 0.022 0.022 0.014 

Complex (2A.2m)2    

Lone-pair orbital (np) of Te atom 1.806 1.807 

𝛔𝐂−𝐇
∗  0.012 0.007 

Finally, we have performed the topological analysis of electron density in the gas-phase 

[2A.2m-2A.4m and (2A.2)2] as well as crystal structures [2A.2mʹ-2A.4mʹ and (2A.2mʹ)2] of 

the complexes using QTAIM analysis to analyze the nature of the bonding in the C-H∙∙∙Ch 

interactions. QTAIM analysis has been carried out using Multiwfn software.45 ρ(r) denotes the 

electron density at the bond-critical point (BCP) of the C-H∙∙∙Te interaction, whereas λ2 is the 

second eigenvalue of the electron density Hessian (second-derivative) matrix. λ2 tells about the 
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type of interaction present in molecular systems. λ2<0 and λ2>0 correspond to the attractive 

and repulsive interaction.45 Molecular graph and contour plots for 2A.2m-2A.4m and (2A.2m)2 

are given in Figure 2A.19 and Figure 2A.20, respectively.50 

 

Figure 2A.19. Molecular graphs and contour plots of the ∇2ρ(r) in the C-H-Ch plane for the 

case-I and case-II interactions in the gas-phase optimized structures (2A.2m-2A.4m) of the 

complexes 2A.2-2A.4 calculated from QTAIM analysis. 

 

Figure 2A.20. Molecular graph and Contour plot of the ∇2ρ(r) in the C-H-Te plane for the 

intermolecular interactions in the gas-phase optimized structures (2A.2m)2 of the complexes 

(2A.2)2 calculated from QTAIM analysis. For brevity, only the BCPs (marked with the red 

circle) for the C-H∙∙∙Te intermolecular interactions are shown in the molecular graphs. In the 

contour plots, the small blue circles represent bond critical points (BCP) (marked with the red 

circle), while the red solid and blue dotted lines indicate regions with ∇2ρ(r) <0 and ∇2ρ(r)> 0, 

respectively. 
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The results obtained from the AIM analysis establish that C-H∙∙∙Te is a weak 

interaction. Detailed results of the AIM analysis for the gas-phase and crystal structures of 

2A.2-2A.4 and (2A.2)2 are provided in Table 2A.10, respectively. The strength of the C-H∙∙∙Ch 

interaction is also calculated from the potential energy density [V(r)] at the BCP of C-H∙∙∙Ch 

interaction obtained from the QTAIM calculation (Table 2A.10).  

Table 2A.10. ρ(r), λ2, and strength of C-H∙∙∙Ch interaction (E, kcal/mol) calculated from V(r) 

at the BCP of case-I and case-II in the crystal structures with optimized hydrogen atoms 

[2A.2mʹ-2A.4mʹ and (2A.2mʹ)2] and gas-phase optimized structures [2A.2m-2A.4m and 

(2A.2m)2] of the complexes 2A.2-2A.4 and (2A.2)2 

 Crystal structures with optimized 

hydrogen 

Gas-phase optimized structures 

 case-I case-II case-I case-II 

Complex 2A.2     

ρ 0.010 0.008 0.007 0.010 

λ2 -0.004 -0.005 -0.002 -0.006 

E 1.39 1.02 0.92 1.24 

Complex 2A.3     

ρ 0.009 0.012 0.009 0.012 

λ2 -0.005 -0.010 -0.004 -0.009 

E 1.42 1.94 1.28 1.80 

Complex 2A.4     

ρ 0.010 0.013 0.008 0.011 

λ2 -0.005 -0.010 -0.003 -0.008 

E 1.44 2.01 1.16 1.59 

Dimer of complex (2A.2)2    

ρ 0.007 0.008 

λ2 -0.004 -0.005 

E 0.90 1.05 

Moreover, we have performed NCI analysis47, 48 using Multiwfn software45 to visualize 

the presence of C-H∙∙∙Ch interactions in the forms of NCI isosurfaces. NCI isosurface for 

complexes 2A.2m-2A.4m are given in Figure 2A.21. The NCI plots clearly indicate the 

presence of the C-H∙∙∙Ch interactions in all three complexes.  
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Figure 2A.21. NCI plot for the C-H∙∙∙Ch interaction in 2A.2m-2A.4m. Isosurface corresponds 

to C-H∙∙∙Ch interaction is marked by red-colored circles. Gradient isosurface following blue-

green-red color scheme over the range of -0.05 < Sign (λ2)ρ(r) < +0.05, where blue, green, and 

red color denote very strong attraction, weak interaction, and strong repulsion, respectively. 

Electrostatic potential mapping for 2A.2m-2A.4m (Figure 2A.22) shows that the 

negative charge cloud on chalcogen atoms decreases in the order of S>Se>Te, which is in line 

with the strength of the C-H∙∙∙Ch (S, Se, and Te) interaction found in this work.  

 

Figure 2A.22. Electrostatic potential maps for 2A.2m-2A.4m plotted over the range of -0.005 

a.u. (red) to +0.2 a.u. (blue). The isosurface is drawn at 0.03 a.u.  

2A.3.5 Reaction with oxygen donor. About a century ago, Kipping tried to isolate "silanone" 

but obtained a polymeric siloxane.51 In 1998, Tokitoh et al. showed that the enhanced reactivity 

of a putative Si=O is a result of high energy σ- and π-orbital, i.e., unfavorable overlapping 

between pπ(Si) and pπ(O).32-34 The higher polarity of a Siẟ+-Oẟ- bond than that of the heavier 

chalcogen analogues comprise of Siẟ+-Chẟ- bonds, and that can be attributed to the rapid head-

to-tail oligomerization process to generate σ bonded siloxane52 thus resulting in the isolation 

of "silanone," most desirable compound in main group chemistry for a long time until when 

Kato et al. reported the free Si=O in 201753 which paved the way for more results to flourish 

in.54 We wanted to use compound 2A.1 in this aspect; for that, we carried out the reaction of 

2A.1 with trimethyl N-oxide, but contrary to our expectation, we obtained an unusual 
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dimerized product 2A.5 with two siloxane moieties (Scheme 2A.2). The 1H NMR of the same 

shows two sets of singlet at ẟ 1.02 and 1.48 ppm for tBu groups of resorcinolate moiety and 

amidinate backbone, respectively, which are shifted upfield than those of 2A.1 (ẟ 1.24 and 1.74 

ppm). The 29Si NMR shows a sharp singlet at ẟ -114.09 ppm, which is comparable with the 

penta-coordinated Si atoms.55-58 

 

Scheme 2A.2. Synthesis of complex 2A.5. 

Compound 2A.5 crystallizes in the monoclinic space group C2/c. The molecular 

structure of 2A.5 is shown in Figure 2A.23. Each silicon center is five coordinated with two 

four-membered Si2O2 rings, attaining a distorted trigonal bi-pyramidal geometry. Two types of 

Si-N bonds are present, i.e., N2-Si1 1.948(3) and N1-Si1 1.830(3) Å and three types of Si-O 

bonds, which are Si1-O3 1.656(3), Si1-O1 1.677(3) and Si1-O2 1.710(3) Å. The penta-

coordinated silicon center is differently substituted at axial and equatorial positions. While 

axial positions are occupied by one nitrogen (N2) of benzamidinate moiety and other being 

oxygen (O2) of siloxane (Si2O2) moiety with O2-Si1-N2 angle of 164.3(1), equatorial 

positions are held by nitrogens (N1) of benzamidinate ring, oxygen (O1) from siloxane (Si2O2) 

moiety and another oxygen (O3) from resorcinolate moiety, respectively. The angles at 

equatorial positions are as follows O3-Si1-O1 124.7(1) O1-Si1-N1 120.2(1) and O3-Si1-N1 

112.5(1). These differences in bond lengths and bond angles are indicative of its plausible 

distorted geometry.  The Si1···Si2 distance in 2A.5 is 2.490(2) Å, which is 0.14 Å longer than 

the normal Si-Si σ bond (2.35 Å), and the O1···O2 distance is 2.281(3) Å. Due to the presence 

of the nitrogen atoms, the electron density is shifted towards the amidinate ligands, leading to 

the increase in the Si···Si distances. So, the rings can be best described as featuring four 

equivalent localized Si-O σ-bonds,11, 41 which is in accordance with the modified neglect of 

diatomic overlap (MNDO)59 calculations (a semi-empirical method used in quantum chemical 

calculations, limited mainly to second-row elements of the periodic table) on the parent 

cyclodisiloxane, H4Si2O2.
60 
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Figure 2A.23. The molecular structure of 2A.5 (ellipsoids are shown at the probability level 

of 50%). Tert-butyl groups and hydrogen atoms are omitted for clarity. Selected bond lengths 

(Å):  N2-Si1 1.948(3), N1-Si1 1.830(3), Si1-O3 1.656(3), Si1-O1 1.677(3), Si1-O2 1.710(3), 

O4-Si2 1.651(3), O2-Si2 1.667(3), O1-Si2 1.713(3), N3-Si2 1.835 (3), N4-Si2 1.938 (3) and 

bond angles (°): O3-Si1-O2 102.9(1), N2-Si1-N1 68.4(1), N1-Si1-O2 99.3(1), N2-Si1-O3 

91.1(1), O4-Si2-N4 89.2(1), O4-Si2-O2 128.3(1), N3-Si2-N4 69.3(1), N3-Si2-O1 101.9(1), 

O1-Si2-O2 84.9(1). 

2A.4 Conclusion. 

In summary, a systematic study of the synthesis, structure, and spectroscopic properties of a 

series of bis(silanechalcogenones) [2A.2 (Te), 2A.3 (S), and 2A.4 (Se)] has been reported 

through the oxidative addition of a spacer based bis-silylene (2A.1) with the respective 

chalcogens. Among them, 2A.2 is the first compound featuring two Si=Te double bonds. The 

Si=Ch bond lengths, NMR spectroscopic data, and theoretical calculations demonstrate that 

the character of the Si–Ch bonds in 2A.2–2A.4 are intermediate between a Si=Ch double bond 

and a strongly delocalized Siẟ+-Teẟ- single bond. It is of note here that the presence of the double 

bond in 2A.2–2A.4 is deduced from geometrical features obtained from the structural studies. 

Topological analysis of the experimentally determined charge density of these bonds will be a 

more realistic tool for elucidating the nature of the bonding. The analogous reaction with 

trimethyl N-oxide did not lead to the desired bis(silanone), but a cyclodisiloxane derivative 

(2A.5) was formed, arising from the dimerization of the putative Si=O double bond. The C-

H∙∙∙Ch interactions were delineated experimentally by the downfield shift in the corresponding 

1H, VT-NMR, NBO, NCI index calculations, and QTAIM analysis. Perhaps this work will 

promote further investigation into chalcogen-centered hydrogen bonding interactions, 

specifically, C–H∙∙∙Te in small molecules, which are very rare in the literature.
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Adapted from: M. Ghosh, P. Panwaria, S. Tothadi, and S. Khan*, Facile Access to SiNSi 

Pincer Based Bis-silylene Co-ordinated Group 13 Cations. (Manuscript under revision). 
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2B.1 Objective of this work. 

We isolated pyridine functionalized SiNSi pincer-based bis-silylene ligand (2B.1) and explored 

its reactivities towards various halide precursors (X= Br and I) of group 13 elements (M = Al, 

Ga, and In). These gave us straightforward access to the SiNSi pincer coordinated group 13 

cations (2B.2-2B.7). The complexes are duly characterized by single-crystal X-ray diffraction 

studies, multinuclear nuclear magnetic resonance (1H, 13C, and 29Si) spectroscopy, and HRMS. 

Their electronic properties were further analyzed with the help of quantum chemical 

calculations.  

2B.2 Introduction. 

NHSis with two lone-pairs and vacant p-orbital can act as both electrophilic and nucleophilic 

in nature.61-64 NHSis proved potential σ-donor ligand backbones for stabilizing electron-

deficient reactive main group species and small molecule activation.65-70  NHSi generally 

donates its pair of electrons to the Lewis acid to form the Lewis acid-base adducts.71, 72 

Exploration of reactivity of NHSi towards group 13 elements started in 1996 by Denk and co-

workers where they used West's silylene to form an adduct with tris(pentafluorophenyl) borane 

[B(C6F5)3].
73 Braunschweig, Roesky, Iwamoto, So, Driess, Sen, and co-workers later isolated 

several NHSi-coordinated low valent boron species.74-85 Roesky and co-workers also isolated 

NHSi stabilized boron radical and its corresponding cation by reacting benzamidinato-chloro 

silylene and dibromoarylborane in the presence of potassium graphite.86, 87 Handful NHSi 

coordinated Al and Ga complexes are isolated by the groups of Tacke, Roesky, Radius, 

Alridge, Driess, and co-workers.88-96 Only two examples prevail for NHSi bound In(III) 

compounds by Jutzi and Sen co-workers.97, 98 The scarcity of the successful isolation of heavier 

group 13 complexes bespeaks the need for further investigation in this direction. The oxidation 

states of +I and +III are the most prevalent because all elements (M= B, Al, Ga, In, and Tl) of 

group 13 have a ns2np1 electron configuration in the valence shell in the ground state. 

Nevertheless, group 13 metals—aside from thallium—are more stable in the +III oxidation 

state. The transition metal-like amphiphilicity of these elements in cationic form makes them 

more attractive.99-103 Owing to their electrical properties and importance in improving catalytic 

performance when used as catalysts, the Lewis acidic main group cations are of great 

interest.104-109 Zhao, Mo, and co-workers recently reported 1, 8, 10, 9-triazaboradecalin-based 

bis-silylene and isolated univalent antimony and bismuth cations.110 However, the utilization 

of NHSis for isolating heavier group 13 cations remained unexplored. We stayed motivated to 

fill this gap because of our recent interest in studying the Lewis acid cations (Chart 2B.1).111 
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Functionalized pyridyl motifs have recently been used in isolating group 13 species.112, 113 The 

conformational rigidity of bis(trimethylsilyl) pyridine-2,6-diamine, with a properly placed 

donor N-atom, aids the ligand motif in stabilizing the reactive species.114 Thus, we isolated 

bis(trimethylsilyl) pyridine-2,6-diamide-based bis-silylene (2B.1) and probed them for the 

reaction with halide precursors of group 13 elements. These afforded SiNSi stabilized trivalent 

cations via halide displacement reactions. This reactivity is reminiscent of previously observed 

bis-NHC-coordinated Al and Ga cations.115 However, we could isolate a series of SiNSi pincer-

based bis-silylene coordinated group 13 cations (2B.2-2B.7) in moderate to good yield 

straightforwardly without using any further halogen abstracting agent in the latter steps. This 

chapter justifies the need for a further quest into NHSis to isolate more elusive main group 

cations and investigate their catalytic activity. 

 

Chart 2B.1. General overview of the present work in the context of the previous work by 

Driess and co-workers.115 

2B.3 Results and Discussion. 

2B.3.1 Synthesis of 2B.1-2B.8. 

1H, 13C, 29Si, and 19F NMR spectra were measured in CDCl3, C6D6 using a 400 MHz NMR 

spectrometer, “Bruker Avance DRX500”; chemical shifts (δ) are expressed in ppm referenced 

to external SiMe4 (tetramethylsilane, TMS), using the residual solvent as internal standard 

(CDCl3: 
1H, 7.26 ppm and 13C, 77.16 ppm; C6D6: 

1H, 7.16 ppm and 13C, 128.06 ppm). Coupling 

constants are expressed in hertz. Individual peaks are reported as multiplicities (s = singlet, d 

= doublet, dd = doublet of doublet, t = triplet, q = quartet, m = multiplet, integration, coupling 

constants are given in Hz. Melting points were measured in a sealed glass tube and were not 

corrected. LSiCl (L= PhC(NtBu)2) and N2,N6-bis(trimethylsilyl)pyridine-2,6-diamine have 

been prepared as per the literature procedure.116, 117 
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2B.3.1.1 Preparation of 2B.1. N2,N6-bis(trimethylsilyl)pyridine-2,6-diamine (862 mg, 3.40 

mmol) was taken in 30 ml anhydrous diethyl ether. n-BuLi in hexane (2.72 ml, 2.5 M) was 

added into the solution at -78oC and warmed to room temperature slowly. An ethereal solution 

of LSiCl (2 g, 6.80 mmol) was added in the flask containing deprotonated N2,N6-

bis(trimethylsilyl)pyridine-2,6-diamine at -78oC mL of toluene. After overnight stirring at 

room temperature, LiCl was precipitated from the reaction mixture and filtered off. The volume 

was reduced to 5 mL, and the mixture was kept at -30°C. The colorless crystals suitable for X-

ray analysis were obtained. Yield: 2 g (77%). Mp: 196 °C. 1H NMR (400 MHz, C6D6, 298 K): 

δ 7.59 (t, J = 7.8 Hz, 1H, aromatic C-H), 7.43 (d, J = 7.4 Hz, 2H, aromatic C-H), 7.10 – 7.02 

(m, 2H, aromatic C-H), 7.02 – 6.95 (m, 8H, aromatic C-H), 6.89 (t, J = 7.2 Hz, 2H, aromatic 

C-H), 1.12 (s, 36H, {N-C(CH3)3}), 0.90 (s, 18H, Si-CH3) ; 13C{1H} NMR (100.613 MHz, 

C6D6, 298 K): δ 160.67 (NCN), 159.64 (aromatic C), 135.86 (aromatic C), 134.44 (aromatic 

C), 129.64 (aromatic C), 129.23 (aromatic C), 108.94 (aromatic C), 53.16 [C(CH3)3], 31.52 

[C(CH3)3], 4.27 [-Si(CH3)3]; 
29Si{1H} NMR (79.495 MHz, C6D6, 298 K): δ 5.4 

[{LSiN(SiMe3)}2C5H3N], -17.6 [{LSiN(SiMe3)}2C5H3N] ppm; HRMS: Calculated for 

[C41H67N7Si4]: m/z 769.4535. Found m/z 769.3762 [M]+  

2B.3.1.2 Preparation of 2B.2. 2B.1 (155, 0.25 mmol) and AlI3 (51 mg,0.125 mmol) were taken 

in a flask, and 40 mL of toluene was added to the reaction mixture. After overnight stirring at 

room temperature in the dark, toluene was evaporated to dryness, and 40 mL of DCM was 

added and filtered off. The colorless crystals suitable for X-ray analysis were obtained from a 

dichloro-methane and toluene mixture after 1 day at room temperature. Yield: 220 mg (75 %). 

Mp: 207 °C. 1H NMR (400 MHz, CDCl3, 298 K): δ 7.78 – 7.68 (m, 3H, aromatic C-H), 7.66 – 

7.51 (m, 7H, aromatic C-H), 7.41 (d, J = 7.0 Hz, 2H, aromatic C-H), 6.81 (d, J = 8.1 Hz, 2H), 

1.35 (s, 36H, {N-C(CH3)3}), 0.57 (s, 18H, Si-CH3); 
13C{1H} NMR (100.613 MHz, CDCl3, 298 

K): δ  176.00 (NCN), 158.97 (aromatic C), 142.56 (aromatic C), 132.02 (aromatic C), 128.95 

(aromatic C), 128.73 – 128.34 (aromatic C), 128.18 (aromatic C), 127.91 (aromatic C), 125.25 

(aromatic C), 110.83 (aromatic C), 56.55 [C(CH3)3], 55.64 [C(CH3)3], 32.21 [C(CH3)3], 31.99 

[C(CH3)3], 2.17 [-Si(CH3)3]; 
29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 12.7 

[{LSiN(SiMe3)}2C5H3N], -20.5 [{LSiN(SiMe3)}2C5H3N] ppm; HRMS: Calculated for 

[C41H67N7Si4AlI2]
 +: m/z 1050.2435. Found m/z 1050.2123 [M]+ 

2B.3.1.3 Preparation of 2B.3. 2B.1 (155, 0.25 mmol) and GaBr3 (39 mg,0.125 mmol) were 

taken in a flask, and 40 mL of toluene was added to the reaction mixture. After overnight 
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stirring at room temperature in the dark, toluene was evaporated to dryness, and 40 mL of DCM 

was added and filtered off. The colorless crystals suitable for X-ray analysis were obtained 

from a dichloro-methane and toluene mixture after 1 day at room temperature. Yield: 200 mg 

(74 %). Mp: 163 °C. 1H NMR (400 MHz, CDCl3, 298 K): δ 7.74 (d, J = 7.5 Hz, 2H, aromatic 

C-H), 7.69 – 7.51 (m, 10H, aromatic C-H), 6.88 (d, J = 8.1 Hz, 2H, aromatic C-H), 1.38 (s, 

36H, {N-C(CH3)3}), 0.60 (s, 18H, Si-CH3); 
13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 

176.71 (NCN), 157.18 (aromatic C), 141.65 (aromatic C), 132.26 (aromatic C), 129.08 

(aromatic C), 128.69 (aromatic C), 128.33 (aromatic C), 128.07 (aromatic C), 111.88 (aromatic 

C), 56.35 [C(CH3)3], 31.99 [C(CH3)3], 2.22 [-Si(CH3)3]; 
29Si{1H} NMR (79.495 MHz, CDCl3, 

298 K): δ 12.8 [{LSiN(SiMe3)}2C5H3N], -16.8 [{LSiN(SiMe3)}2C5H3N]  ppm; HRMS: 

Calculated for [C41H67N7Si4GaBr2]
+: m/z 998.2132. Found m/z 997.3176 [M-1]+ 

2B.3.1.4 Preparation of 2B.4. 2B.1 (155 mg, 0.25 mmol) and GaI3 (56 mg,0.125 mmol) were 

taken in a flask, and 40 mL of toluene was added to the reaction mixture. After overnight 

stirring at room temperature in the dark, toluene was evaporated to dryness, and 40 mL of DCM 

was added and filtered off. The colorless crystals suitable for X-ray analysis were obtained 

from a dichloro-methane and toluene mixture after 1 day at room temperature. Yield: 250 mg 

(82 %). Mp: 199 °C. 1H NMR (400 MHz, CDCl3, 298 K): δ 7.89 (d, J = 7.6 Hz, 2H, aromatic 

C-H), 7.62 (ddd, J = 23.4, 15.5, 8.7 Hz, 10H, aromatic C-H), 6.92 (d, J = 8.1 Hz, 2H, aromatic 

C-H), 1.40 (d, J = 7.4 Hz, 36H, {N-C(CH3)3}), 0.60 (s, 18H, Si-CH3); 
13C{1H} NMR (100.613 

MHz, CDCl3, 298 K): 176.38 (NCN), 156.85 (aromatic C), 141.32 (aromatic C), 131.94 

(aromatic C), 129.12 (aromatic C), 128.76 (aromatic C), 128.54 – 127.55 (aromatic C), 125.07 

(aromatic C), 111.55 (aromatic C), 56.38 [C(CH3)3], 31.66 [C(CH3)3], 1.90 [-Si(CH3)3]; 

29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 12.7 [{LSiN(SiMe3)}2C5H3N], -23.3 

[{LSiN(SiMe3)}2C5H3N]  ppm; HRMS: Calculated for [C41H67N7Si4GaI2]
+: m/z 1092.1875. 

Found m/z 1131.1696 [M+K]+ 

2B.3.1.5 Preparation of 2B.5. 2B.4 (305 mg, 0.25 mmol) and GaBr3 (78 mg,0.25 mmol) were 

taken in a flask, and 40 mL of DCM was added to the reaction mixture. After overnight stirring 

at room temperature in the dark, the solution was filtered off. The colorless crystals suitable 

for X-ray analysis were obtained from a mixture of chloroform and toluene after 2 days at room 

temperature. Mp: 202°C.  

2B.3.1.6 Preparation of 2B.6. 2B.1 (155 mg, 0.25 mmol) and InBr3 (43 mg,0.125 mmol) were 

taken in a flask, and 40 mL of toluene was added to the reaction mixture. After overnight 
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stirring at room temperature in the dark, toluene was evaporated to dryness, and 40 mL of DCM 

was added and filtered off. The colorless crystals suitable for X-ray analysis were obtained 

from a dichloro-methane and toluene mixture after 1 day at room temperature. Yield: 180 mg 

(65 %). Mp: 177 °C. 1H NMR (400 MHz, CDCl3, 298 K): δ 7.71 (d, J = 8.0 Hz, 1H, aromatic 

C-H), 7.67 – 7.52 (m, 10H, aromatic C-H), 7.43 – 7.38 (m, 2H, aromatic C-H), 6.98 (d, J = 8.0 

Hz, 2H, aromatic C-H), 1.39 (s, 36H, {N-C(CH3)3), 0.55 (s, 18H, Si-CH3); 
13C{1H} NMR 

(100.613 MHz, CDCl3, 298 K): δ 175.97 (NCN), 157.55 (aromatic C), 141.82 (aromatic C), 

132.35 (aromatic C), 129.66 (aromatic C), 129.00 (aromatic C), 128.55 (aromatic C), 128.50 – 

128.01 (aromatic C), 114.68 (aromatic C), 56.47 [C(CH3)3], 31.99 [C(CH3)3], 2.22 [-Si(CH3)]; 

29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 14.1 [{LSiN(SiMe3)}2C5H3N], -7.6 

[{LSiN(SiMe3)}2C5H3N]  ppm ; HRMS: Calculated for [C41H67N7Si4InBr3]: m/z 1123.1915. 

Found m/z 1123.1915 [M]+ 

2B.3.1.7 Preparation of 2B.7. 2B.1 (155 mg, 0.25 mmol) and InI3 (60.5 mg,0.125 mmol) were 

taken in a flask, and 40 mL of toluene was added to the reaction mixture. After overnight 

stirring at room temperature in the dark, toluene was evaporated to dryness, and 40 mL of DCM 

was added and filtered off. The colorless crystals suitable for X-ray analysis were obtained 

from a dichloro-methane and toluene mixture after 1 day at room temperature. Yield: 220 mg 

(69 %). Mp: 156 °C. 1H NMR (400 MHz, CDCl3, 298 K): δ 7.73 (s, 1H, aromatic C-H), 7.70 

– 7.54 (m, 10H, aromatic C-H), 7.01 (d, J = 8.0 Hz, 2H, aromatic C-H), 1.41 (d, J = 7.6 Hz, 

36H, {N-C(CH3)3}), 0.56 (s, 18H, Si-CH3); 
13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 

176.12 (NCN), 167.01 (aromatic C), 157.58 (aromatic C), 141.92 (aromatic C), 132.40 

(aromatic C), 129.45 (aromatic C), 129.16 (aromatic C), 128.90 (aromatic C), 128.57 (aromatic 

C), 128.33 (aromatic C), 128.12 (aromatic C), 114.75 (aromatic C), 57.43 [C(CH3)3], 32.39 

[C(CH3)3], 2.36 [-Si(CH3)3]; 
29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 13.7 

[{LSiN(SiMe3)}2C5H3N], -14.2 [{LSiN(SiMe3)}2C5H3N]  ppm; HRMS: Calculated for 

[C41H67N7Si4InI3] : m/z 1265.0698. Found m/z 1265.1403 [M]+ 

2B.3.1.8 Preparation of 2B.8. 2B.1 (155 mg, 0.25 mmol) and BBr3 (12 µL,0.125 mmol) were 

taken in a flask, and 40 mL of toluene was added to the reaction mixture. After overnight 

stirring at room temperature in the dark, toluene was evaporated to dryness, and 40 mL of DCM 

was added and filtered off. The colorless crystals suitable for X-ray analysis were obtained 

from a dichloro-methane and toluene mixture after 1 day at room temperature. Yield: 240 mg 

(75 %). Mp: 256 °C. 11B{1H} (128.387 MHz, CDCl3, 298 K): δ -24.2 ppm 29Si{1H} NMR 



 

90 
 

Chapter 2B 

Moushakhi Ghosh 

(79.495 MHz, CDCl3, 298 K): δ 27.5 [{LSiN(SiMe3)}2C5H3N] and 12.6 

[{LSiN(SiMe3)}2C5H3N]. 

We began our investigation by isolating bis(trimethylsilyl) pyridine-2,6-diamide-based 

bis-silylene. To accomplish this, we performed the deprotonation of the N-H functionality of 

bis(trimethylsilyl) pyridine-2,6-diamine with n-BuLi (2.4 equiv.) in diethyl ether at -78oC and 

gradually raised the reaction mixture to room temperature. The addition of 2 equiv. of 

[PhC(NtBu)2SiCl] resulted in compound 2B.1 as an off-white crystalline solid with a 75% 

yield. (Scheme 2B.1). The 29Si{1H} NMR shows two sharp peaks at δ 5.9 and 17.6 ppm, which 

denotes the -SiMe3 and Si(II) center, respectively. The chemical shift of the Si(II) center is 

upfield shifted than the previously isolated bis-silylenes 2B.A-2B.D (Chart 2B.2)118-121 and 

comparable to 2B.E,122 denoting its stronger electron ability than 2B.D121 due to the presence 

of electron-donating -SiMe3 group. Although 29Si{1H} NMR for compound 2B.1 is downfield 

shifted than 2B.F110 and 2B.G19 (Chart 2B.2).  

 

Scheme 2B.1. Synthesis of compound 2B.1.  

 

Figure 2B.1. Molecular structure of 2B.1. Anisotropic displacement parameters are depicted 

at the 50% probability level. H atoms are omitted for clarity.   



 

91 
 

Chapter 2B 

Moushakhi Ghosh 

 

Chart 2B.2. Comparison of σ-donating strength of isolated bis-silylene systems from 29Si{1H} 

NMR.123 

Compound 2B.1 crystallizes in the triclinic P-1 space group (Figure 2B.1). The silicon 

(II) center of 2B.1 possesses three coordination and a trigonal-pyramidal geometry with a lone-

pair at the apical position. The molecular structure reveals that one rotational conformer in the 

crystal lattice.124-126 In the molecular structure 2B.1, the two silylene subunits point away from 

the pyridine moiety. However, the rotational ability of compound 2B.1 in solution aids in its 

pincer-like coordination. Although the molecular structure established its formation, poor 

crystal quality refrained us from discussing its metrical parameters.  

 

Scheme 2B.2. Reactivity of compound 2B.1 towards the group 13 halide precursors.  

As already discussed, we were interested in understanding the reactivity patterns of 

SiNSi pincer ligand 2B.1 towards the group 13 Lewis acids owing to our infant stride towards 

Si(II) donors stabilized group 13 and 15 elements.89 The silylene-aluminum complexes 
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compared to silyene-boron compounds, are still scarce.88, 90-92, 94 Only four examples of 

silylenes that coordinate Al(III) halide complexes are known (Chart 2B.3, 2B.I-2B.VI).88, 89, 93 

Seeing the paucity of this particular domain, we targeted compound 2B.1, especially towards 

halide precursors, as they are extremely moisture sensitive. This is one of the synthetic barriers 

that have a significant impact on catalytic efficiency when they are used as a catalyst. 

 

Chart 2B.3. Reported examples of NHSi coordinated Al(III) halide complexes.  

We treated compound 2B.1 with AlI3 in toluene at room temperature (Scheme 2B.2). 

After stirring the reaction mixture overnight, we obtained an oily residue, which was then 

treated with DCM. This afforded complex 2B.2 in 65% yield as a white crystalline solid. The 

18 protons for the -SiMe3 group resonate at δ 0.57 ppm, whereas tert-butyl protons show singlet 

at δ 1.35 ppm. The 29Si{1H} NMR shows a sharp singlet at δ 12.7 ppm and a broad peak at δ -

20.5 ppm for -SiMe3 and Si(II) centers, respectively. The chemical shift for Si(II) is downfield 

shifted than 2B.III (δ -12.6 ppm), 2B.IV( δ -17.9 ppm), 2B.V (δ 54.4, 47.8 ppm), and 2B.VI 

(δ 54.4, 47.8 ppm).  

 

Figure 2B.2. Molecular structure of 2B.2. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety and H atoms are omitted for clarity. Selected bond 

distances (Å) and angles (deg): Si3-Al1 2.404(1), Si2-Al1 2.404(1), Al1-I1 2.6522(9), Al1-I2 
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2.588(1), Al1-N4 2.320(2), N5-Si3 1.734(2), N3-Si2 1.732(2), Si3-N6 1.809(3), Si3-N7 

1.804(2), Si2-N2 1.804(3), Si2-N1 1.825(3), N5-Si4  1.794(2), N3-Si1 1.806(2) Al1-I3 9.076 

(2) and N4-Al1-I2 89.38(6), N4-Al1-I1 161.82(7), N4-Al1-Si2 75.09(7), I1-Al1-Si2 101.99(4), 

Si3-Al1-I1 98.38(4), Si3-Al1-I2 105.37(4), N4-Al1-Si3 74.46(7), N5-Si3-Al1 106.06(9), N5-

Si3-N7 116.7(1), N5-Si3-Al1 106.06(9), N6-Si3-Al1 122.53(9), N7-Si3-N6 72.6(1), N3-Si2-

Al1 104.10(9), N3-Si2-N1 119.4(1), N3-Si2-N2 116.4(1), N2-Si2-Al1 123.65(9), N2-Si2-N1 

72.2(1).  

Complex 2B.2 crystallizes in the triclinic P-1 space group with one molecule and three 

DCM molecules (Figure 2B.2). According to the molecular structure, the Al(III) center has five 

coordinations: two from the silylene center, two from the iodide center, and one from the 

pyridyl nitrogen atom, resulting in a distorted square pyramidal geometry. The penta 

coordinated Al(III) center is differently substituted where one of the Si(II) and pyridyl N 

centers attain angles N4-Al1-Si2 75.09(7) and N4-Al1-I2 89.38(6)o. Other substituents, on the 

other hand, attain bond angles as follows: Si3-Al1-I1 98.38(4), I1-Al1-Si2 101.99(4), and Si3-

Al1-I2 105.37(4). The two Si-Al bond lengths are identical 2.404(1) Å which are shorter than 

2B.I [2.4509(8) Å], 2B.II [2.4988(14) Å], 2B.III [ 2.4675(9) Å], 2B.IV [2.463(4) Å], 2B.V 

[2.5413(9) Å], and 2B.VI [2.5505(9) Å]. It is noteworthy that Al(III) possesses the pyridyl N-

donation because of its enhanced Lewis acidity. The Al1-N4 bond length is 2.320(2) Å which 

is significantly longer than the N donor stabilized Al(III) cations, [Al(2-

C(SiMe3)2C5H4N)2][AlCl4] [1.91(2) Å],127 (Pytsi)AlMe]+[MeB(C6F5)3]
-

[(Pytsi)C(SiMe3)2SiMe2(2-C5H4N)] [1.9485(18) Å].128, 129 When we tried the same reaction 

with AlBr3, we found an insoluble oily residue that could not be further characterized. Moving 

to the next element down the group, we treated compound 2B.1 with 0.5 equivalent GaX3 (X= 

Br and I) in toluene at room temperature overnight (Scheme 2B.2). After a few hours of stirring, 

we observed white precipitation in the reaction mixture. Upon extracting the white residue in 

DCM, we obtained complexes 2B.3 and 2B.4 in analytically pure form with 60 and 70 % yield, 

respectively. After recrystallization, both compounds become insoluble in non-polar solvent 

mediums like toluene and readily soluble in polar solvent mediums like DCM and THF. 

Previously, there are few examples of differently functionalized benzamidinato silylene-based 

Ga(III) complexes by Driess, Roesky, and co-workers (Chart 2B.4).88, 93, 95, 96 Nevertheless, 

complexes 2B.3 and 2B.4 are the first examples of chelating bis-silylene coordinated cationic 

Ga(III) complexes. The 18 protons of the -SiMe3 group resonate at δ 0.60 ppm for both 

complexes, whereas the tert-butyl protons of benzamidinate moiety resonate at δ 1.38 and 1.41 
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ppm for complex 2B.3 and 2B.4, respectively. The 29Si{1H} NMR shows two signals at δ 12.8 

and -16.8 ppm, whereas 12.6 and -23.2 ppm for -SiMe3 and Si(II) center for complexes 2B.3 

and 2B.4, respectively. The chemical shift for Si(II) center for complexes 2B.3 and 2B.4 are 

downfield shifted than previously reported NHSi coordinated Ga(III) halide complexes (Chart 

2B.4), 2B.VII (δ 129.8 ppm),95 2B.VIII (δ 11.3 ppm),88 2B.IX (δ 1.5 ppm),96 2B.X (δ 54.7, 

41.1 ppm),93 suggesting electron richness of Si(II) centers in complex 2B.3 and 2B.4.  

 

Chart 2B.4. Reported examples of NHSi coordinated Ga(III) halide complexes.  

Complex 2B.3 crystallized in the triclinic P-1 space group (Figure 2B.3); the molecular 

structure establishes that complex 2B.3 is an ion pair with a bromide counter anion. The 

asymmetric unit contains one molecule with one unit of DCM. The Ga(III) center is 

tetracoordinated, where two silylenes and two bromide atoms coordinate the Ga center. The 

Ga center adopts a distorted tetrahedral geometry. The two bond lengths, Si2-Ga1 2.3882(7) 

and Si3-Ga1 2.3709(8) Å, which are in line with complex 2B.VII [2.3904(6) Å], 2B.VIII [ 

2.3904(6) Å] and longer than 2B.IX [2.4162(12)–2.4292(12) Å], 2B.X [ 2.4910(7) Å]. 

However, the Si-Ga bonds in complex 2B.3 are significantly longer than the Ga-C bond, 

observed in the [{(bisNHC)GaCl2}
+Cl-] [2.000(4), 2.006(3) Å], (bisNHC = bis(N-Dipp-

imidazole-2-ylidene)methylene).115 The Ga center is separated from its counter bromide anion 

by a distance of 7.564(2) Å.  
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Figure 2B.3. Molecular structure of 2B.3. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety and H atoms are omitted for clarity. Selected bond 

distances (Å) and angles (deg): Si2-Ga1 2.3882(7), Si3-Ga1 2.3709(8), Ga1-Br1 2.4165(5), 

Ga1-Br2 2.4102(5), N2-Si2 1.818(2), N1-Si2 1.804(2), N6-Si3 1.799(2), N7-Si3 1.818(2), N3-

Si2 1.725(1), N5-Si3 1.725(2), N5-Si4 1.795(2), N3-Si1 1.798(2) Ga1-Br3 7.564(2) and Br2-

Ga1-Br1 112.00(2), Br2-Ga1-Si3 99.96(2), Br1-Ga1-Si3 105.17(2), N3-Si2-Ga1 114.15(7), 

N3-Si2-N2 117.08(9), N1-Si2-Ga1 118.42(7), N2-Si2-N1 72.30(9), N5-Si3-Ga1 112.63(7), 

N5-Si3-N7 118.2(1), N6-Si3-Ga1 117.54(7), N6-Si3-N7 72.42(9). 

Our attempt to grow better-quality single crystals for complex 2B.4 was unsuccessful. 

However, we could unambiguously establish the molecular structure of complex 2B.4 (Figure 

2B.4). The literature precedence shows monodentate NHC coordinated Ga(III) cations have 

been utilized in the Lewis acid-mediated homogeneous catalysis.105, 130-132 Similarly, catalytic 

activities with complexes 2B.3-2B.4 could be apprehended in the near future. Continuing 

previous reactivities, we treated complex 2B.4 with another equivalent of GaBr3 in a toluene 

chloroform mixture at room temperature (Scheme 2B.3). This afforded complex 2B.5 with a 

30% yield with a mixture of complex 2B.4. The additional GaBr3 reacts with the iodide counter 

anion to produce GaBr3I
- as the counter anion. The poor solubility of this compound restricted 

us to measure its NMR. 

 

Figure 2B.4. Molecular structure of complex 2B.4. 
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Scheme 2B.3. Reactivity of compound 2B.4 in the presence of the Lewis acidic GaBr3.  

The molecular structure suggests that complex 2B.5 is crystallized in the monoclinic 

P21/c space group (Figure 2B.5). Complex 2B.5 contains two different types of Ga(III) centers. 

The SiNSi pincer bound Ga center adopts a distorted tetrahedral geometry with Si-Ga bond 

lengths in the range of 2.390(2)-2.412(2) Å, which are in the range of Si-Ga bond lengths 

observed in the complex 2B.VII and 2B.VIII by Roesky and co-workers. The Ga center in the 

anion counterpart also adopts distorted tetrahedral geometry. The Ga2-I1 bond is shorter 

[2.435(1) Å] than the bis-silylene bound Ga-I bonds [Ga1-I3 2.460(2), Ga1-I2 2.475(1) Å], 

which could be attributed to the Lewis acidic nature of Ga towards electronegative iodide atom.  

 

Figure 2B.5. Molecular structure of 2B.5. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety, anion, and H atoms are omitted for clarity. 

Selected bond distances (Å) and angles (deg): Ga1-I3 2.460(2), Ga1-I2 2.475(1), Si2-Ga1 

2.412(2), Si1-Ga1 2.390(2), N3-Si2 1.721(7), Si2-N7 1.820(9), Si2-N6 1.822(7), N3-Si4 

1.796(6), N1-Si3 1.784(7), N1-Si1 1.731(7), Si1-N5 1.811(8), Si1-N4 1.812(6), Ga2-I1 

2.435(1), Ga2-Br2 2.348(1), Ga2-Br4 2.363(2), Ga2-Br3 2.410(1), Ga1-Ga2 16.171(2) and I2-

Ga1-I3 108.30(5), Si2-Ga1-I3 105.83(7), Si2-Ga1-I2 106.00(6), N1-Si1-Ga1 114.3(2), N1-Si1-

N4 116.2(3), N5-Si1-Ga1 115.2(2), N5-Si1-N4 72.6(3), N3-Si2-N6 114.5(3), N7-Si2-Ga1 

120.0(3), N3-Si2-Ga1 113.5(2), N6-Si2-N7 72.7(3), I1-Ga2-Br3 111.95(5), Br3-Ga2-Br4 

107.40(5), Br4-Ga2-Br2 109.43(5), I1-Ga2-Br2 108.44(5). 

Only two reports exist where NHSis have been explored for exploring coordination 

behavior with In(III) precursors (Chart 2B.5).97, 98 Jutzi and co-workers showed the reaction of 

decamethylsilicocene with InMe3, which resulted in [Cp*2Si(Me)]2InMe (2B.XI) by insertion 

reaction instead of NHSi-In(III) adduct.97 Sen and co-workers recently reported a Lewis acid-

base adduct of [PhC(NtBu)2SiN(SiMe3)2] with InX3 (X= Cl and Br) (2B.XII-2B.XIII).98 After 
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the successful isolation of several SiNSi coordinated Al(III) and Ga(III) cations, we remained 

curious to probe compound 2B.1 with halide precursors of In(III) to isolate chelating bis-

silylene coordinated In(III) cations, which are hitherto unknown. We treated 2B.1 with InX3 

(X= Br and I) in toluene at room temperature (Scheme 2B.4). As the reaction proceeded, white 

precipitation occurred, which was treated with DCM. Single crystals of complexes 2B.6 and 

2B.7 were grown from toluene and DCM mixture at room temperature. 1H NMR for both 

complexes shows sharp singlets at δ 0.55 and 0.56 ppm for 18 protons of the -SiMe3 group for 

complex 2B.6 and 2B.7, respectively. The tert-butyl groups of benzamidinate moiety resonate 

at δ 1.39 and 1.42 ppm for complexes 2B.6 and 2B.7, respectively. The 29Si{1H} NMR for 

complexes 2B.6 and 2B.7 show two peaks. The sharp peaks at δ 14.1 and 13.7 ppm for 2B.6 

and 2B.7 denote the -SiMe3 center, whereas the broad peak at δ -7.6 and -14.2 ppm for 2B.6 

and 2B.7 indicate the Si(II) center. The chemical shift for Si(II) centers in complex 2B.6 and 

2B.7, coordinated to cationic In(III) center, are downfield shifted than complex 2B.XI (δ 20.6 

ppm) and upfield shifted than 2B.XII (29Si CP/MAS δ -54.4 to -84.3 ppm), 2B.XIII (29Si 

CP/MAS δ -31.7 ppm). 

 

Scheme 2B.4. Reactivity of compound 2B.1 towards the halide precursors of In(III).  

 

Chart 2B.5. Reported examples of NHSi coordinated In(III) complexes. 

Complexes 2B.6 and 2B.7 crystallize in the triclinic P-1 space group shown in Figures 

2B.6 and 2B.7, respectively. The tetra-coordinated In(III) center adopts slightly distorted 

tetrahedral geometry in both complexes. The Si-In bond lengths in complex 2B.6 are Si1-In1 
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2.540(4) and Si2-In1 2.541(5) Å in complex 7, Si2-In1 2.584(3) and Si4-In1 2.577(3) Å. The 

Si-In bond lengths are in accordance with complex 2B.XII and 2B.XIII, which are 2.5804(5) 

and 2.5840(12) Å, respectively. The Si-In bond lengths in 2B.6 are substantially longer than 

the In-C bond in IDip (1,3-bis(2,6-diisopropylphenyl) imidazol-2-ylidene) coordinated InBr2
+ 

complex [2.178(2) Å] reported by Gondon and co-workers. The average In-X bond lengths are 

2.568 (for 2B.6) and 2.763 (for 7) Å. In 2B.6, the In-Br average bond distance is marginally 

longer than the 2B.XII (2.5206 Å) but significantly longer than the IDip coordinated InBr2
+ 

complex.133  

 

Figure 2B.6. Molecular structure of 2B.6. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety and H atoms are omitted for clarity. Selected bond 

distances (Å) and angles (deg): Si1-In1 2.540(4), In1-Si2 2.541(4), In1-Br1 2.561(2), In1-Br2 

2.574(2), Si1-N4 1.80(1), Si1-N5 1.84(2), Si1-N2 1.72(1), Si2-N3 1.71(1), Si2-N6 1.77(2), 

Si2-N7  1.81(1) and Si1-In1-Br1 102.8(1), Si1-In1-Br2 108.0(1), Br2-In1-Si2 106.6(1), Br1-

In1-Si2 102.8(1), N2-Si1-N5 117.4(7), N2-Si1-In1 112.6(5), N4-Si1-In1 117.8(5), N4-Si1-

N5 72.6(6).  
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Figure 2B.7. Molecular structure of 2B.7. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety, disordered anion, and H atoms are omitted for 

clarity. Selected bond distances (Å) and angles (deg): I1-In1 2.772(1), In1-I2 2.754(1), Si4-In1 

2.577(3), Si2-In1 2.584(3), N7-Si4 1.814(8), N6-Si4 1.798(9), N2-Si2 1.72(1), N3-Si4 1.73(1), 

N2-Si1 1.80(1), N3-Si3 1.79(1) and I1-In1-I2 108.82(4), I1-In1-Si2 101.21(7), I2-In1-Si2 

110.13(7), N3-Si4-N7 116.0(4), N3-Si4-In1 111.7(3), N7-Si4-N6 71.4(4), N6-Si4-In1 

117.0(3), N2-Si2-In1 112.1(3), N5-Si2-N4 72.1(4), N5-Si2-In1 118.4(3), N2-Si2-N4 116.1(4).  

Braunschweig and co-workers have shown reactivity of B-Cl moiety with West's 

silylene, which underwent oxidative addition at the Si(II) center to form a six-membered 

C2BN2Si-cycle.134 Similar reactivities were also observed by So and Roesky and co-workers 

when they treated PhBCl2 with the Si(I) center of the amidinate-supported silicon(I) dimer, 

which is followed by the ring expansion and LSiCl or LSiMes (L = PhC(NtBu)2, Mes = 2,4,6-

Me3C6H2) with RBX2 (R= Ph, Mes, N(SiMe3)2; X = Cl and Br), respectively.77, 135 Apart from 

these, Mo, So and co-workers utilized BBr3 with carborane-based bis-silylene and monodentate 

silylene for stabilizing substituted borylene.84, 85, 136 Seeing the diverse reactivity patterns, 

lastly, we treated compound 2B.1 with BBr3 in toluene at room temperature (Scheme 2B.5) to 

afford complex 2B.8. Unlike the LSiCl or LSiMes stabilized organo boron complexes, which 

readily undergo ring expansion, the complex forms a Si(II)→B adduct.77 

 

Scheme 2B.5. Reactivity of compound 2B.1 with boron tribromide. 

The 29Si{1H} NMR of the reaction mixture shows two sharp peaks at δ 27.5 and 12.6 

ppm. The former denotes the Si(II) center, where the sharp singlet at 12.6 ppm indicates the -

SiMe3 group. Because of the low yield and rapid decomposition, we could not perform the 1H 

and 13C NMR of the pure product. The molecular structure of 2B.8 (Figure 2B.8) reveals that 

it crystallizes in a monoclinic C2/c space group with one molecule. It shows that the two 

silylene moieties coordinate independently to the B(III) center, unlike complexes 2B.2-2B.7. 

It might be due to the larger bite angle of the silylene unit with respect to the small B(III) nuclei. 

Each B(III) center is tetra-coordinated and displays a distorted tetrahedral geometry. The 
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molecular structure shows that complex 2B.8 possesses a C2v symmetry, passing through the 

pyridine ring. The Si-B bond length is 2.020(8) Å, which is in accordance with the previously 

reported [PhC(NtBu)2Si]BPhCl2 [2.0369(19) Å] but marginally longer than the silylene borane 

complex [2.019(3) Å].134 This established that the Si-B bond is coordination in nature. 

Complex 2B.8 is of special interest as it could be an effective platform for SiNSi pincer-

stabilized diborene formation.137, 138 

 

Figure 2B.8. Molecular structure of 2B.8. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety, anion, and H atoms are omitted for clarity. 

Selected bond distances (Å) and angles (deg): Si2-B1 2.020(8), B1-Br2 2.013(8), B1-Br1 

2.006(9), B1-Br3 2.040(8), N1-Si2 1.731(5), Si2-N2 1.801(6), Si2-N3 1.807(5), Si1-N1 

1.833(5) and Si2-B1-Br3 106.1(4), Si2-B1-Br1 110.8(4), Br3-B1-Br2 108.8(4), Br2-B1-Br1 

109.1(4), N1-Si2-N3 112.1(2), N1-Si2-B1 119.5(3), N2-Si2-B1 113.2(3), N3-Si2-N2 72.9(2). 

2B.3.2 Quantum chemical calculations. 

Ground state geometries of various complexes were optimized at the B3LYP-D3(BJ)/def2-

TZVPP level by taking crystal structures as initial coordinates. Optimized geometries of these 

complexes (Figure 2B.9) showed a resemblance with their respective crystal structures. FMO 

analysis was performed to obtain insights into the bonding situations of various complexes. 

WBI values depicting bond order, natural charges, and E(2) values for the various 

delocalizations have been calculated using the NBO3.1 program. The lone-pairs corresponding 

to the silicon atoms of the silylene moiety of compound 2B.1 can be visualized in HOMO and 

HOMO-1, showing the higher nucleophilic nature of silylene moiety. HOMO-2 significantly 

contributes from the σ-orbital of the Si-NTMS bond and the π-orbital of the pyridyl ring. HOMO-

3 and HOMO-5 are localized over the pyridyl, amidinato, and TMS-bound nitrogen lone-pairs, 

whereas HOMO-4 is constituted from the amidinato nitrogen lone-pairs (Figure 2B.10). 



 

101 
 

Chapter 2B 

Moushakhi Ghosh 

However, pyridyl nitrogen lone-pair can be found over the HOMO-6, showing its relative 

stability over the silylene lone-pairs. LUMO is situated over the phenyl ring of the 

benzamidinato moiety of the compound 2B.1. Natural charges of 1.136 was found to be present 

at both the silylene silicon atoms of NHSi groups. The occupancy of TMS-bound nitrogen lone-

pair (1.772) is found to be less as compared to the pyridyl nitrogen lone-pair (1.885) due to the 

hyperconjugative interactions [n(N1)→σ*(Si2-N2/3)] in the former one. 

 

Figure 2B.9. Ground state optimized geometries of various complexes at the B3LYP-

D3(BJ)/def2-TZVP level. 

 

Figure 2B.10. Relevant MOs of compound 2B.1 with their energies (in eV) provided in 

parentheses. 

The lone-pairs of the anionic iodine atom in complex 2B.2 can be observed on HOMO, 

HOMO-1, and HOMO-2, whereas HOMO-3 is constituted from the TMS-bound nitrogen lone-

pair and π-orbital of the pyridine ring (Figure 2B.11). The σ bond of Si(II)→Al(III) can be 
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visualized in HOMO-4 and HOMO-5, along with the contribution from the lone-pairs of the 

Al(III)-bound iodide moieties. LUMO is concentrated over one of the benzamidinato groups. 

LUMO+1 contributes from the Al(III) center along with the contribution from the pyridyl ring 

and nitrogen of amidinato moieties. The WBI values of 0.785 and 0.754 for the Si2-Al1 and 

Si3-Al1 show a coordinative bonding nature for Si(II)→Al(III). It is further corroborated by 

the dispersion of the positive charge of the Al(III) center (0.578) towards the Si(II) centers 

(1.536 and 1.521). The electron density of the silicon atoms of the NHSi group of complex 2 

delocalizes into the σ* orbital of the Al1-I1 bond, which is predominantly localized over the 

Al(III) center, with E(2) values of the 12.59 and 10.53 kcal/mol. The WBI value of 0.096 for 

N4-Al1 confirms the weak N→Al(III) dative bonding situation compared to the Si(II)→Al(III). 

Hence, the donation from the pyridyl nitrogen to the σ* orbital of the Al1-I1 bond was also 

checked and found to be 7.74 kcal/mol. 

 

Figure 2B.11. Relevant molecular orbitals of complex 2B.2 with their energies (in eV) 

provided in parentheses. 

 

Figure 2B.12: Orbital overlaps for various donor-acceptor interactions in complex 2B.2 with 

their E(2) values. Anionic counterparts have not been shown for brevity. 
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Similar to complex 2B.2, HOMO, HOMO-1, and HOMO-2 show contributions from 

the lone-pairs of the anionic bromide and iodide atoms in complex 2B.3 and 2B.4, respectively 

(Figure 2B.13). HOMO-3 in complex 2B.3 is constituted from the TMS-bound nitrogen lone-

pair and π-orbital of the pyridyl ring, whereas HOMO-3 in complex 2B.4 shows the 

contribution from the Si(II)→Ga(III) bonds along with the contribution from the lone-pair 

orbital of the Ga(III)-bound iodide moieties. The σ-orbital of both the Si(II)→Ga(III) bonds 

can be visualized in HOMO-4 along with the contribution from the lone-pairs of Ga(III)-bound 

halide moieties in complex 2B.3 and 2B.4. However, HOMO-5 shows the delocalized electron 

density over the Si(II)→Ga(III)←Si(II) with a contribution from the lone-pairs of pyridyl 

nitrogen and halide moieties in complexes 2B.3 and 2B.4. LUMO in complexes 2B.3 and 2B.4 

shows the presence of discrete electron density over the amidinato rings and pyridine rings 

with an electron density at Ga(III) center. 

 

Figure 2B.13. Relevant molecular orbitals of a) complex 2B.3 and b) complex 2B.4 with their 

energies (in eV) provided in parentheses. 
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WBI of 0.817 and 0.816 for the Si1-Ga1 and Si2-Ga1 for complex 2B.3 and WBI of 

0.819 and 0.818 for the Si1-Ga1 and Si2-Ga1 for complex 2B.4. The positive charge of the 

Ga(III) center (0.512) towards the Si(II) centers (1.645 and 1.641) in complex 2B.3 and Ga(III) 

center (0.216) towards the Si(II) centers (1.654 and 1.651) in complex 2B.4 is dispersed 

indicating the coordinate bonding. The electron density of lone-pair on the silicon atoms of the 

NHSi group for complex 2B.3 delocalizes into the σ* orbital of the Ga1-Br2 bond, which is 

predominantly localized over Ga(III) center, with E(2) values of the 15.45 kcal/mol. On the 

contrary, the electron density of lone-pair on both the silicon atoms of the NHSi group for 

complex 2B.4 delocalizes into the σ* orbital of the Ga1-I1 bond with E(2) values of the 12.59 

and 12.46 kcal/mol. In complex 2B.3, pyridyl nitrogen lone-pair electron density delocalizes 

into the lone-vacant orbital of Ga(III) center with an E(2) value of 10.47 kcal/mol. In contrast, 

pyridyl nitrogen lone-pair electron density delocalizes into the σ* orbital of the Ga1-I2 with an 

E(2) value of 4.31 kcal/mol. 

 

Figure 2B.14. Orbital overlaps for various donor-acceptor interactions in a) complex 2B.3 and 

b) complex 2B.4 with their E(2) values. Anionic counterparts have not been shown for brevity. 

HOMO and HOMO-1 of complexes 2B.6 and 2B.7 are constituted from the lone-pair 

orbital of the In(III)-bound halide moieties along with the contribution from the Si(II)→In(III) 

bonds (Figure 2B.15). Also, there is a contribution from the π-orbital of the pyridyl ring in 

HOMO of 2B.6 and 2B.7 and HOMO-1 of complex 2B.6. HOMO-2 of the complex 2B.6 shows 
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a contribution of the delocalized electron density over the Si(II)→Ga(III)←Si(II) with a 

contribution of the lone-pair of pyridyl nitrogen and bromide moieties. On the other hand, 

LUMO in complexes 2B.6 and 2B.7 shows the presence of electron density over the 

benzamidinato with an electron density at the In(III) center. WBI value of 0.788 for both the 

Si2-In1 and Si4-In1 in complex 2B.7 shows coordinate bonding for Si(II)→In(III). Dispersal 

of the positive charge of the In(III) center (0.439) towards the Si(II) centers (1.605 and 1.603) 

also indicates the coordinate behavior. The lone-pair electron density of both the silicon atoms 

of the NHSi group delocalizes into the σ* orbital of the In1-I2 bond (predominantly localized 

over the In(III) center) with E(2) values of the 25.57 and 27.60 kcal/mol. The electron density 

of the pyridyl nitrogen lone-pair also delocalized into the σ* orbital of the In1-I2 bond with an 

E(2) value of 3.83 kcal/mol. The weaker N→In(III) dative bonding situation was also depicted 

from the lower WBI value of 0.057. 

 

Figure 2B.15. Relevant molecular orbitals of a) complex 2B.6 and b) complex 2B.7 with their 

energies (in eV) provided in parentheses. 

 

Figure 2B.16. Orbital overlaps for various donor-acceptor interactions in complex 2B.7 with 

their E(2) values. 
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Table 2B.1. WBI and natural charges of various complexes 

 
 

 
WBI Natural charge 

Si1-E Si2-E N3-E Si1 Si2 E 

Complex 2B.1 - - - 1.136 1.136 - 

Complex 2B.2 0.754 0.785 0.096 1.521 1.536 0.578 

Complex 2B.3 0.817 0.816 0.066 1.645 1.641 0.512 

Complex 2B.4 0.818 0.819 0.050 1.651 1.654 0.216 

Complex 2B.6 0.789 0.789 0.056 1.597 1.595 0.631 

Complex 2B.7 0.788 0.788 0.057 1.605 1.603 0.439 

Complex 2B.8 0.879 0.879 - 2.097 2.097 -0.566 

2B.4 Conclusion 

In summary, we have prepared and characterized the first bis-silylene stabilized cationic 

complexes of Al (2B.2), Ga (2B.3-2B.5), In (2B.6-2B.7) by the reactions of 

[{PhC(NtBu)2Si}2{N(SiMe3)}2C5H3] (2B.1) with AlI3, GaBr3, GaI3, InBr3, and InI3, 

respectively. The systematic study has been extended to prepare the first NHSi-based Lewis 

acid cations. Single crystal X-ray diffraction studies authenticated all the complexes. This study 

reveals the future potentials of SiNSi-based pincer ligands for taming reactive main group 

species with unusual oxidation states. On the other hand, because of their electron-deficient 

nature, they might be excellent alternatives to the available Lewis acid catalysts.   
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2C.1 Objective of this work. 

This part discusses the synthesis and characterization of a new carbazole substituted 

amidinatosilylene (2C.1) and its coinage metal complexes 2C.3-2C.8. Before the complexation 

reactions, we prepared [PhC(NtBu)2Si(Cbz)→Co(CO)Cp] complex (2C.2) to estimate the σ-

donating strength of the newly synthesized silylene 2C.1.  Further, several commonly available 

coinage metal salts were utilized for the complexation reactions with 2C.1, which afforded 

complexes 2C.3-2C.8. The solid-state structures of 2C.1-2C.8 have been validated by single-

crystal X-ray diffraction studies, NMR spectroscopy, and mass spectroscopy. DFT studies were 

also performed to understand the bonding scenario of 2C.1 and 2C.3-2C.7. Of note, 2C.1 

consists HOMO on its carbazolide moiety, and HOMO-1 features the silylene character. We 

also compared the HOMO-LUMO gap of 2C.1 with other amidinato silylenes having different 

N-substitutions. 

2C.2 Introduction. 

Recent decades have witnessed tremendous growth in the area of silylene chemistry.61, 66, 123, 

139-143 Ever since Roesky and co-workers reported the facile synthesis of the three-coordinate 

benzamidinato silylene 2C.A, the derivatization of the silylene with various functionalities has 

become more accessible.116, 144 To date, many variations of benzamidinato silylenes have been 

reported.11, 72, 124, 125, 145-147 It is evident from the literature that changing the substituent at the 

Si(II) center of 2C.A will directly influence the HOMO-LUMO energy gap11 and hence the σ-

donating ability. Among other N-donor variants, our group has explored 

[PhC(NtBu)2Si{N(TMS)2}] to isolate unique cationic copper(I)∙∙∙ɳ6-arene (arene = benzene, 

hexamethylbenzene) complexes.148 Subsequently, these complexes were utilized as efficient 

catalysts in CuAAC reactions.149 However, a close look at the literature reveals very few 

monodentate N-donor substituted silylenes. Although benzamidinato silylene ligated coinage 

metal complexes have been isolated over the years, they are still in their early stages.88, 148-159 

This encouraged us to synthesize a new N-donor substituted three-coordinate benzamidinato 

silylene and compare the HOMO-LUMO gap and coordination properties with the reported 

analogues. For this purpose, we choose tricyclic carbazole (Cbz) as an N-donor precursor as it 

is the main structural moiety of many biologically active compounds, and it has found versatile 

applications in synthesizing dyes and pigments.160 In this study, we have synthesized a 

carbazolideamidinato silylene (2C.1), where Cbz can provide a rigid scaffold around the Si(II) 

center.  Moreover, two coplanar aryl rings are expected to reduce π-donation from the p-orbital 

of the N-atom of Cbz to the Si(II) center. Following the synthesis of 2C.1, we further 
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investigated its σ-donating ability by isolating a carbonyl complex 

[PhC(NtBu)2Si(Cbz)Co(Cp)CO] (2C.2) via the reaction of 

cyclopentadienylcobalt(I)dicarbonyl [CpCo(CO)2] with 2C.1. Further, 2C.1 was treated with 

many group 11 metal precursors to generate several Si(II)→coinage metal complexes (2C.3-

2C.8). These findings intend to elaborate the substituent effect in benzamidinato silylene 

towards the coinage metal complexes. 

2C.3 Results and Discussion. 

2C.3.1 Synthesis of 2C.1-2C.8. 

[PhC(NtBu)2SiCl]  (LSiCl) was prepared by following the literature procedure.116 1H, 13C, 29Si, 

and 19F NMR spectra were recorded with the Bruker 400 MHz spectrometer, using CDCl3 and 

C6D6 as a solvent with an external standard (SiMe4 for 1H, 13C, and 29Si and CHF3 for 19F).  

2C.3.1.1 Preparation of 2C.1. LSiCl (2 g, 6.78 mmol) and LiCbz (1.172 g, 6.78 mmol) were 

taken in 60 mL toluene. After overnight stirring at room temperature, LiCl was precipitated 

from the reaction mixture and filtered off. The volume was reduced to 5 mL and kept at -30 °C. 

The colorless crystals suitable for X-ray analysis were observed. Yield: 2.19 g (76.6 %). Mp: 

178oC. 1H NMR (400 MHz, C6D6, 298 K): δ 0.98 (s, 18H, CMe3), 7.27-7.60 (m, 8H, Ph), 8.04-

8.17 (m, 3H, Ph), 9.02-9.04 (d, 1H, Ph) ppm. 13C{1H} NMR (100.613 MHz, C6D6, 298 K): δ 

30.75 (CMe3), 53.28 (CMe3), 113.68, 114.63, 119.56, 119.65, 119.89, 120.19, 124.71, 125.48, 

128.88, 129.58, 133.54, 147.96, 145.96 (Ph-C), 161.21 (NCN) ppm. 29Si{1H} NMR (79.495 

MHz, C6D6, 298 K): δ -24.81 ppm. HRMS: Calculated for [C27H31N3Si]: m/z 425.2287. Found 

m/z 425.2026 [M]+. 

2C.3.1.2 Preparation of 2C.2. 2C.1 (0.213 g, 0.5 mmol) was charged in a flask with 40 ml 

toluene where CpCo(CO)2 (0.5 ml, 0.5 mmol, 1 M solution in toluene) was added at 0 oC. After 

overnight stirring at room temperature, the reaction mixture was filtered off and concentrated 

to 3 ml. 2C.2 was crystallized as red crystals at room temperature. Yield: 225 mg (77.98 %). 

Mp: 227.7oC. 1H NMR (400 MHz, CDCl3, 298 K): δ 1.05 (s, 18H, CMe3), 4.93 (s, 5H, C5H5), 

6.58-6.97 (m, 3H, aromatic CH), 7.28-7.52 (m, 6H, aromatic CH), 8.08 (br, 2H, aromatic CH), 

8.43 (m, 1H, aromatic CH), 9.96 (s, 1H, aromatic CH) ppm. 13C{1H} NMR (100.613 MHz, 

C6D6, 298 K): δ 30.50 (CMe3), 54.53 (CMe3), 82.50 (C5H5) 114.9, 117.80, 119.39, 120.30, 

124.54, 127.94, 127.99, 128.04, 128.07, 130.20, 131.36, (Ph-C), 170.56 (NCN), 207.23 (CO) 

ppm. 29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 49.73 ppm. HRMS: Calculated for 

[C33H36N3OSiCo]: m/z 577.2748. Found m/z 549.3146 ([M-CO]+). 



 

111 
 

Chapter 2C 

Moushakhi Ghosh 

2C.3.1.3 Preparation of 2C.3. 2C.1 (0.106 g, 0.25 mmol) and AuCl.SMe2 (0.0736 g, 0.25 

mmol) were taken in a flask, and 40 ml toluene was added to the reaction mixture. After 

overnight stirring at room temperature in the dark, toluene was evaporated to dryness, and 40 

ml DCM was added and filtered off. The colorless crystals suitable for X-ray analysis were 

obtained from a DCM and n-pentane mixture after one day at room temperature. Yield: 110 mg 

(66.85 %). Mp: 255.4oC 1H NMR (400 MHz, CDCl3, 298 K): δ 1.09 (s, 18H, CMe3), 7.16-7.18 

(m, 2H, aromatic CH), 7.33-7.36(m, 2H, aromatic CH), 7.38-7.42 (m, 2H, aromatic CH), 7.45-

7.49 (m, 2H, aromatic CH), 8.02-8.04 (d, 2H, aromatic CH), 10.49 (s, 2H, aromatic CH) ppm. 

13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 31.05 (CMe3), 56.19 (CMe3), 110.17, 119.42, 

120.36, 123.38, 125.85, 128.28, 129.48, 132.07, 139.58, 167.13 (NCN) ppm. 29Si{1H} NMR 

(79.495 MHz, CDCl3, 298 K): δ 9.060 ppm. HRMS: Calculated for [C27H31N3SiAuCl]: m/z 

657.1641. Found m/z 656.4276 ([M-1]+). 

2C.3.1.4 Preparation of 2C.4. 2C.1 (0.213 g, 0.50 mmol) and CuBr / CuBr2 (0.0717 g, 0.50 

mmol) / (0.112 g, 0.5 mmol) were taken in a flask and 40 ml toluene was added to the reaction 

mixture. After overnight stirring at room temperature, the reaction mixture was filtered off, and 

toluene was concentrated. The colorless crystals suitable for X-ray analysis were obtained from 

DCM and n-pentane mixture after one day at 0oC. Yield: 227 mg (80 %). Mp: 197.3oC. 1H 

NMR (400 MHz, CDCl3, 298 K): δ 1.19 (s, 36H, CMe3), 7.20-7.33 (m, 3H, aromatic CH), 

7.43-7.63 (m, 17H, aromatic CH), 8.04-8.10 (m, 3H, aromatic CH), 9.62 (s, 3H, aromatic CH) 

ppm. 13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 31.06 (CMe3), 54.67 (CMe3), 114.63, 

115.11, 119.43, 120.12, 120.55, 125.32, 126.19, 126.98, 127.96, 128.31, 128.37, 129.56, 

130.98, 131.31, 132.26, 144.26, 145.47, 170.20(NCN) ppm. 29Si{1H} NMR (79.495 MHz, 

CDCl3, 298 K): δ -0.72 ppm. HRMS: Calculated for [C54H62N6Si2Cu2Br2]: m/z 1134.1533. 

Found m/z 1157.1426 ([M+Na]+). 

2C.3.1.5 Preparation of 2C.5. 2C.1 (0.213 g, 0.50 mmol) and CuI (0.191 g, 1 mmol) were 

taken in a flask. 40 ml toluene and 5 ml THF were added to the reaction mixture. After 

overnight stirring at room temperature, the reaction mixture was filtered off. The colorless 

crystals suitable for X-ray analysis were obtained at -30oC after 4 days. Yield: 300 mg (57.5 

%). Mp: 177.2oC. 1H NMR (400 MHz, CDCl3, 298 K): δ 1.17 (s, 36H, CMe3), 7.23-7.28 (m, 

3H, aromatic CH), 7.38-7.53 (m, 10H, aromatic CH), 7.63-7.97 (m, 5H, aromatic CH), 8.03-

8.05 (d, 4H, aromatic CH), 8.29 (m, 2H, aromatic CH) 8.76 (m, 2H, aromatic CH) ppm. 

13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 30.23 (CMe3), 53.34 (CMe3), 113.69, 113.98, 
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117.99, 118.91, 118.97, 119.24, 123.98, 124.27, 126.63, 126.84, 127.20, 127.50, 128.01, 

129.63, 143.56, 144.55, 169.14 (NCN) ppm. 29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 

5.01 ppm. HRMS: Calculated for [C54H62N6Si2CuI]: m/z 1040.2915. Found m/z 1040.1088 

([M]+). 

2C.3.1.6 Preparation of 2C.6. 2C.1 (0.213 g, 0.50 mmol) and CuOTF.toluene (0.259 g, 0.5 

mmol) were taken in a flask, and 40 ml toluene was added to the reaction mixture. After 

overnight stirring at room temperature, 20 ml DCM was added additionally due to poor 

solubility and was filtered off. The colourless crystals suitable for X-ray analysis were obtained 

from a DCM and toluene mixture at 0 oC. Yield: 252.5 mg (77.57 %). Mp: 205.0oC. 1H NMR 

(400 MHz, CDCl3, 298 K): δ 1.12 (s, 36H, CMe3), 7.32-7.34 (m, 2H, aromatic CH), 7.42-7.50 

(m, 7H, aromatic CH), 7.54-7.56 (m, 4H, aromatic CH), 7.59-7.62 (m, 3H, aromatic CH), 7.67-

7.70 (d, 3H, aromatic CH), 8.02-8.08 (m, 5H, aromatic CH), 8.58-8.60 (d, 2H, aromatic CH) 

ppm. 13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 30.95 (CMe3), 55.05 (CMe3), 113.71, 

120.02, 120.44, 121.38, 127.50, 128.25-128.97 (m, CF3), 131.58, 143.53, 144.63, 172.58 

(NCN) ppm. 29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 0.13 ppm. 19F{1H} NMR (376.49 

MHz, CDCl3, 298 K): δ – 77.29 ppm.  HRMS: Calculated for [C56H62N6O6S2F6Si2Cu2]: m/z 

1274.2207. Found m/z 1275.2217 [M+H]+. 

2C.3.1.7 Preparation of 2C.7. 2C.1 (0.213 g, 0.5 mmol) and AgBr (0.094 g, 0.5 mmol) were 

charged in a flask with 40 ml toluene. After overnight stirring at room temperature in dark 

conditions, the reaction mixture was filtered off and concentrated. The colorless crystals 

suitable for X-ray analysis were obtained from a toluene and n-pentane mixture at room 

temperature. Yield: 221 mg (72 %). Mp: 238oC. 1H NMR (400 MHz, CDCl3, 298 K): δ 1.20 

(s, 36H, CMe3), 7.31-7.34(m, 3H, aromatic CH), 7.50-7.67 (m, 11H, aromatic CH), 7.67-7.68 

(m, 2H, aromatic CH), 7.82-7.84 (m, 4H, aromatic CH), 8.02-8.10 (m, 4H, aromatic CH), 9.13-

9.15 (m, 2H, aromatic CH) ppm. 13C{1H} NMR (100.613 MHz, CDCl3, 298 K): δ 30.01 

(CMe3), 53.72 (CMe3), 113.03, 113.80, 118.38, 119.06, 124.25, 125.36, 125.75, 126.79, 127.17, 

127.52, 127.62, 127.98, 129.88, 129.99, 136.76, 143.01, 144.01, 168.66 (NCN) ppm. 29Si{1H} 

NMR (79.495 MHz, CDCl3, 298 K): δ 4.36 ppm. HRMS: Calculated for [C54H62N6Si2Ag2Br2]: 

m/z 1222.1043. Found m/z 1222.1062 ([M]+). 

2C.3.1.8 Preparation of 2C.8. 2C.1 (0.213 g, 0.5 mmol) and AgI (0.117 g, 0.5 mmol) were 

charged in a flask with 40 ml toluene. After overnight stirring at room temperature in dark 

conditions, the reaction mixture was filtered off and evaporated to dryness. The colorless 



 

113 
 

Chapter 2C 

Moushakhi Ghosh 

crystals suitable for X-ray analysis were obtained from a DCM and n-pentane mixture at room 

temperature. Yield: 200 mg (60 %). M.p: 252.4oC. 1H NMR (400 MHz, CDCl3 298 K): δ 1.11 

(s, 72H, CMe3), 7.14-7.24 (m, 10H, aromatic CH), 7.36-7.58 (m, 21H, aromatic CH), 7.72-7.74 

(m, 4H, aromatic CH), 7.85-7.87 (d, 4H, aromatic CH), 7.91-7.93 (d, 4H, aromatic CH), 7.98-

8.00 (d, 5H, aromatic CH), 9.03-9.05 (d, 4H, aromatic CH) ppm. 13C{1H} NMR (100.613 MHz, 

CDCl3, 298 K): δ 310.12 (CMe3), 53.71 (CMe3), 113.22, 114.45, 118.24, 119.03, 119.54, 

119.65, 124.12, 125.05, 125.40, 125.88, 126.66, 127.05, 127.61, 128.63, 129.85, 130.18, 

143.16, 144.21, 168.28 (NCN) ppm. 29Si{1H} NMR (79.495 MHz, CDCl3, 298 K): δ 2.69 ppm.  

The reaction of [PhC(NtBu)2SiCl] (2C.A) with lithium carbazolide (LiCbz) (Scheme 

2C.1) at room temperature afforded the Cbz substituted benzamidinato silylene (2C.1) in 76 % 

yield as a pale yellow crystalline solid. The 29Si NMR spectrum of 2C.1 displays a chemical 

shift at δ -24.81 ppm, which is comparable to the pincer-based bis-silylene (δ -24 ppm)19 but 

upfield shifted as compared to any of the N-donor moiety attached benzamidinato silylene 

reported to date (Chart 2C.1).124 

 

Scheme 2C.1. Synthesis of Cbz substituted benzamidinato silylene (2C.1). 

Chart 2C.1. 29Si NMR chemical shift in C6D6 (δ in ppm) of various N-donor substituted 

benzamidinato silylenes [{PhC(NtBu)2}Si(NR2)].  

-NR2 NMe2 NiPr2 NPh2 NCy2 N(TMS)2 Cbz 

δ -2.7 -6.5 -20.5 -5.8 -8.1 -24.8 

Compound 2C.1 crystallizes in the triclinic P-1 space group (Figure 2C.1). The silicon 

center of 2C.1 possesses three coordination and a trigonal-pyramidal geometry with a lone-pair 

at the apical position. The Si1-N1 bond length in 2C.1 is 1.813 Å, whereas the other two Si1-

N2 and Si1-N3 bond lengths are 1.860 Å and 1.876 Å, respectively. The Si1-N1 bond of 2C.1 

is longer than the typical Si-N bond reported for various N-donor attached benzamidinato 

silylenes,124 1.769 Å [PhC(NtBu)2Si{N(TMS)2}], 1.724 Å [PhC(NtBu)2Si{N(Me)2}], 1.7432 
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Å, [PhC(NtBu)2Si{N(Cy)2}], 1.7434 Å [PhC(NtBu)2Si{N(iPr)2}], 1.782 Å 

[PhC(NtBu)2Si{N(Me)Py}].125 

 

Figure 2C.1. Molecular structure of 2C.1. Anisotropic displacement parameters are depicted 

at the 50 % probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (o): Si1-N1 1.813(2), Si1-N3 1.876(1), Si1-N2 1.860(2) and N3-Si1-N2 69.37(8), N3-

Si1-N1 102.77(8), N1-Si1-N2 101.41(8). 

After isolating 2C.1 in the pure form, we intended to investigate its σ donation ability. 

Despite the precedence of good numbers of isolated silylenes, the comparison of their donor 

strength remained absent until recently. Radius and co-workers have isolated a few transition 

metal carbonyl complexes of five-membered NHSi and elaborately discussed their donation 

strength with the corresponding NHCs and phosphines.161 Very recently, Nakata and co-

workers employed Tolman’s electronic parameter to estimate the donor strength of an imino-

phosphonamido-chlorosilylene.162, 163 Our group, also in a recent development, has put forward 

this idea to understand the role of ligand donation towards the glycosidation reaction.153, 157 

Accordingly, the reaction of 2C.1 with CpCo(CO)2 leads to the formation of 2C.2 with the 

elimination of CO (Scheme 2C.2). The 29Si NMR spectrum of 2C.2 shows a sharp peak at δ 

49.73 ppm, which is upfield shifted than the previously reported complexes 

[PhC(NtBu)2Si{N(TMS)2}Co(Cp)CO] (2C.B) (δ 50.64 ppm) and 

[PhC{(NtBu)2}Si(Cl)Co(Cp)CO] (2C.C) (δ 54.71 ppm)157, 164 

 

Scheme 2C.2. Reaction of 2C.1 with CpCo(CO)2 and AuCl∙SMe2. 
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Compound 2C.2 crystallizes in the monoclinic P21/n space group (Figure 2C.2). Tetra-

coordinated Si center of 2C.2 attains a distorted tetrahedral geometry where the Co atom is 

attached to a carbonyl group, Cp group in ɳ5 fashion, and a silicon center comprised of 

benzamidinato backbone. The Si1-Co1 bond length in 2C.2 is 2.1437(7) Å, which is longer 

than those in [PhC{(NtBu)2}SiClCo(Cp)CO] (2C.C) [2.1143(4) Å] and shorter than our 

[PhC(NtBu)2Si{N(TMS)2}Co(Cp)CO] (2C.B)  [2.172(3) Å]. The Co-CO bond length in 2C.2 

is [1.694(3) Å] which is comparable to 2C.C164 [1.6985(14) Å] but marginally shorter than 

2C.B157 [1.686(9) Å]. The IR stretching frequency of CO appears at 1894 cm-1 (Figure 2C.3). 

This stretching frequency of 2C.2 is lower than 2C.C (1968 cm-1) but slightly higher than 2C.B 

(1873 cm-1) (Chart 2C.2). From this, it can be understood that the σ donation ability follows -

N(TMS)2 > -Cbz > -Cl trend when attached to the benzamidinato silylene moiety. 

 

Figure 2C.2. Molecular structure of 2C.2. Anisotropic displacement parameters are depicted 

at the 50 % probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (o): Si1-Co1 2.1437(7), Co1-C1 1.694(3), Si1-N3 1.780(2), Si1-N1 1.831(2), Si1-N2 

1.853(2), Co1-C3 2.097(3), Co1-C4 2.047(3), Co1-C5 2.098(3), Co1-C2 2.110(3), Co1-C6 

2.089(3) and C1-Co1-Si1 86.3(1), O1-C1-Co1 178.0(2), Co1-Si1-N3 120.39(7), Co1-Si1-N1 

122.89(7), N3-Si1-N2 109.86(9), N2-Si1-N1 70.76(9). 

 

Chart 2C.2. IR stretching frequency of CO in 2C.2 and the reported complexes. 
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Figure 2C.3. IR spectra of complex 2C.2. 

Next, we wanted to explore the coordination behavior of 2C.1, and for that purpose, we 

reacted 2C.1 with several group 11 metal precursors. To start with, the equivalent reaction of 

2C.1 with AuCl∙SMe2 produced the complex 2C.3 (Scheme 2C.2). The 29Si NMR spectrum of 

2C.3 shows a peak at 9.0 ppm, which is comparatively downfield shifted than the previously 

reported [PhC(NtBu)2Si{N(TMS)2}AuCl] (δ 8.76 ppm)154 and upfield shifted than [PhC 

(NtBu)2Si{N(PPh2)(2,6-iPr2C6H3)}AuCl] (δ 24.73 ppm).155 2C.3 crystalizes in a monoclinic 

C2/c space group (Figure 2C.4). The four coordinated silicon center in 2C.3 attains a distorted 

tetrahedral geometry with the Si1-Au1 bond length of 2.242(2) Å, which is comparable to those 

in [PhC(NtBu)2Si{N(PPh2)(2,6-iPr2C6H3)}AuCl] [2.246(2) Å] and shorter than 

[PhC(NtBu)2Si{N(TMS)2}AuCl] [2.265(1) Å]. The Si-Au bond length is also in accordance 

with the theoretically predicted Si(II)–Au(I) bond length (2.227 Å).165 The Si1-Au1-Cl1 bond 

angle for 2C.3, is 176.93(6)o and this is shorter from the linearity as 

[PhC(NtBu)2Si{N(PPh2)(2,6-iPr2C6H3)}AuCl] and [PhC(NtBu)2Si{N(TMS)2}AuCl] show Si-

Au-Cl bond angle of 177.39o and 179.47(3)o, respectively. 
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Figure 2C.4. Molecular structure of 2C.3. Anisotropic displacement parameters are depicted 

at the 50 % probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (o): Si1-Au1 2.242(2), Au1-Cl1 2.333(2), N2-Si1 1.816(7), N1-Si1 1.815(6), N3-Si1 

1.760(6) and Si1-Au1-Cl1 176.93(6), Au1-Si1-N2 116.5(2), N2-Si1-N1 72.1(3), N1-Si1-N3 

108.9(3), Au1-Si1-N3 120.0(2). 

Further, with the aid of 2C.3, the steric bulk of compound 2C.1 is also calculated. The 

%Vbur (percent buried volume) of 2C.1 was found to be 59, which is comparatively less bulky 

than the PhC(NtBu)2Si{N(TMS)2} (%Vbur = 63.5) (Figure 2C.5).24 This difference in %Vbur 

upon substitution also discloses the substitution effect on the steric properties of the Si(II) 

center, which could be beneficial in designing catalytic reactions. 

 

Figure 2C.5. Steric map of complex 2C.1. 

In continuation to the previous reaction, 2C.1 was further treated with CuBr to afford a 

dimeric complex 2C.4 (Scheme 2C.3). The 29Si NMR of 2C.4 shows a peak at ẟ -0.72 ppm, 

which is upfield shifted as compared to [PhC(NtBu)2Si{N(TMS)2}CuBr]2 (δ 5.72 ppm).153 

Compound 2C.4 crystallizes in triclinic P-1 space group (Figure 2C.6). This is iso-structural 

to our previously reported [PhC(NtBu)2Si{N(TMS)2}CuBr]2. The Si1-Cu1 and Si2-Cu2 bond 

lengths (2.203(2) and 2.212(2) Å) in 2C.4 are shorter than those in 

[PhC(NtBu)2Si{N(TMS)2}CuBr]2 (2.243(3) Å and 2.250(3) Å).23 After the reaction with Cu(I) 

halide salt, we intended to see the coordination behavior of 2C.1 towards Cu(II) halide salt. To 

our surprise, the reaction of 2C.1 with CuBr2 led to the formation of 2C.4 along with the side 

product [PhC(NtBu)2Si(Cbz)Br2]. This reaction behavior is presumably due to the halophilic 

nature of the silylene.161 
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Scheme 2C.3. Synthesis of 2C.4 via the reaction of 2C.1 with CuBr2. 

 

Figure 2C.6. Molecular structure of 2C.4. Anisotropic displacement parameters are depicted 

at the 50 % probability level. H atoms and the non-coordinating solvent molecule are omitted 

for clarity. Selected bond distances (Å) and angles (o): Si2-Cu2 2.212(2), Cu2-Br2 2.4444(9), 

Cu2-Br1 2.422(1), Br1-Cu1 2.4250(8), Cu1-Si1 2.203(2), Si2-N6 1.780(5), Si1-N3 1.776(4), 

Si1-N2 1.832(4), Si1-N1 1.838(6), Si2-N5 1.821(4), Si2-N4 1.839(5) and Si2-Cu2-Br2 

126.11(5), Br1-Cu2-Br2 96.69(3), Br1-Cu2-Si2 136.70(5), N6-Si2-Cu2 124.5(2), Cu2-Si2-N4 

120.1(2), N6-Si2-N4 106.7(2), N5-Si2-N4 71.2(2), Br2-Cu1-Br1 97.30(3), Br2-Cu1-Si1 

132.67(5), Si1-Cu1-Br1 129.97(5), Cu1-Si1-N3 122.4(2), Cu1-Si1-N1 119.7(2), N1-Si1-N2 

71.2(2), N2-Si1-N3 103.7(2). 

The formation of 2C.5 was serendipitous as we intended to see the complexation of 

2C.1 with CuSPh, and for the preparation of CuSPh, we used CuI and LiSPh. Assuming the 

generation of CuSPh in situ, we added an equivalent amount of 2C.1 in the reaction mixture. 

However, X-ray data revealed the formation of 2C.5 where the Cu(I) center is coordinated to 

two molecules of 2C.1 (Figure 2C.7). The 29Si NMR spectrum of 2C.5 shows a singlet at δ 
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5.01 ppm. 2C.5 is a structurally unique complex due to the coordination of two molecules of 

2C.1 to the one copper(I) center. There are only a few examples of similar coordination of 

copper(I) with NHCs in the literature.166, 167 The Cu center adopts a distorted trigonal geometry 

in 2C.5, where Cu and I atoms are located at the crystallographic axis of rotation (Figure 2C.7). 

The silylene moieties are twisted out of the plane, which makes the structure look like a 

propeller. The Cu1-I1 bond length in 2C.5 is 2.604(1) Å, which is in accordance with the 

similar Cu-I bond observed with NHCs.167  

 

Figure 2C.7. Molecular structure of 2C.5. Anisotropic displacement parameters are depicted 

at the 50 % probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (o): Si2-Cu1 2.270(1), Si1-Cu1 2.295(1), Cu1-I1 2.604(1), Si2-N6 1.772(4), Si2-N5 

1.830(5), Si2-N4 1.843(4), Si1-N3 1.776(4), Si1-N1 1.839(4), Si1-N2 1.831(5) and I1-Cu1-

Si2 114.45(4), I1-Cu1-Si1 107.34(4), Si2-Cu1-Si1 138.12(6), Cu1-Si2-N6 116.2(2), Cu1-Si2-

N5 122.2(1), N6-Si2-N4 104.8(2), N5-Si2-N4 70.8(2), Cu1-Si1-N3 130.6(1), N3-Si1-N2 

105.2(2), N1-Si1-N2 71.0(2), Cu1-Si1-N1 111.1(1). 

To standardize the synthetic protocol for 2C.5, we then performed a reaction of 2C.1 

with 0.5 equivalent of CuI, which resulted in the clean formation of 2C.5 (Scheme 2C.4). Our 

attempts to isolate silylene-CuSPh remained unsuccessful due to the poor solubility of CuSPh 

in toluene, THF, and diethyl ether. Nevertheless, we targeted cationic copper(I) precursor 

[CuOTf.toluene complex] to explore other coordination behavior of 2C.1. The reaction of 2C.1 

with CuOTf.toluene in 1:1 ratio afforded a dimeric complex 2C.6 (Scheme 2C.4). The 29Si 

NMR spectrum of 2C.6 displays a singlet at δ -0.13 ppm, which is downfield shifted as 

compared to 2C.1. The 19F NMR spectrum shows a sharp singlet at δ -77.29 ppm. 2C.6 

crystallizes in monoclinic P21/c space group (Figure 2C.8).  
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Scheme 2C.4. Syntheses of 2C.5-2C.8. 

 

Figure 2C.8. Molecular structure of 2C.6. Anisotropic displacement parameters are depicted 

at the 50% probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (o): Si1-Cu1 2.186(1), Si1-N1 1.764(3), Si1-N3 1.821(3), Si1-N2 1.837(3), Cu1-O1 

2.109(2), S1-O1 1.454(3), S1-O3 1.428(3), S1-O2 1.459(3) and O1-Cu1-Si1 128.92(8), O1-
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Cu1-O2 89.5(1), O2-Cu1-Si1 140.51(9), Cu1-Si1-N1 124.0(1), Cu1-Si1-N3 117.4(1), Cu1-

Si1-N2 119.5(1), N1-Si1-N2 106.7(1). 

The molecular structure of 2C.6 reveals the formation of a unique eight-membered 

heteroatomic Cu2S2O4 ring, where the copper center is ligated to the silylene moiety. Our group 

in 2015 reported a silver analogue [PhC(NtBu)2Si{N(TMS)2}]2Ag2(OTf)2 of 2C.6,154 where 

the molecule consists of a four-membered Ag2O2 core, unlike 2C.6. It possesses an inversion 

center passing through the middle of the eight-membered ring. The Si1-Cu1 bond length of 

2C.6 is 2.186(1) Å, which is shorter than Iwamoto’s cationic Si-Cu complex168 [2.268 Å] but 

comparable to that of heteroleptic NHSi-Cu cationic complexes, reported by Driess and co-

workers in 2014.150, 151 Although, in a recent development, our group has isolated a few 

benzamidinato silylenes coordinated cationic silver(I) complexes and explored them in three-

component A3 coupling reaction,158 the structural validation of silver(I) halide complex with 

benzamidinato silylene is still missing. We employed 2C.1 to react with AgBr and AgI in 

equivalent amounts. Treatment of 2C.1 with AgBr led to the dimeric compound 2C.7 (Scheme 

2C.3). The 29Si NMR spectrum of 2C.7 shows a peak at ẟ 4.36 ppm. 2C.7 crystallizes in the 

monoclinic P21/n space group (Figure 2C.9). The Si center in 2C.7 adopts a distorted 

tetrahedral geometry with Si1-Ag1 bond length of 2.3462 Å, which matches well with the 

reported Si(II)-Ag bond in [PhC(NtBu)2Si{N(TMS)2}]2Ag2(OTf)2 (2.337(2) and 2.346(2)). 

 

Figure 2C.9. Molecular structure of 2C.7. Anisotropic displacement parameters are depicted 

at the 50 % probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (o): Si1-Ag1 2.3508(9), Ag1-Br1 2.5296(7), Ag1-Br1 2.8864(8), Si1-N2 1.826(2), Si1-

N1 1.830(2), Si1-N3 1.759(2), and Si1-Ag1-Br1 157.85(2), Br1-Ag1-Br1 97.40(1), Br1-Ag1-

Si1 104.31(2), Ag1-Si1-N3 125.87(7), Ag1-Si1-N2 113.62(6), N3-Si1-N1 107.72(9), N1-Si1-

N2 71.29(8).  
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The reaction of 2C.1 with AgI produces a unique stair-step tetrameric complex 2C.8 

(Scheme 2C.4). The 29Si NMR chemical shift at δ 2.69 ppm indicates the coordination of Si to 

Ag(I) center. Complex 2C.8 crystallizes in the triclinic P-1 space group with three molecules 

of DCM (Figure 2C.10). Due to the larger size of iodide, two Ag2I2 moieties fused to release 

structural strain, and each silver(I) center is ligated with a silylene moiety.  This coordination 

fashion is commonly observed in various phosphine ligated-silver(I) complexes,169 but never 

realized with a silylene molecule. The formation of a multinuclear complex (2C.8) by the 

reaction of NHSi and AgI can be attributed to the less bulky nature of 2C.1, which is also 

supported by the %Vbur data (%Vbur(2C.1) = 59; %Vbur(PhC(NtBu)2Si{N(TMS)2}) = 63.5). 

Additionally, we assume that the bridging ability of the iodide also plays an important role in 

this multinuclear core. The same observation is made for the complexation reaction of various 

phosphines with different silver(I) halides.170 The Si1-Ag1 and Si2-Ag1 bond lengths in 2C.8 

are 2.3865(9) and 2.409(1) Å, respectively, which are slightly longer than 7. The Ag atoms in 

complex 2C.8 are arranged in a rectangular array with Ag•••Ag distances of 3.305 Å and 3.385 

Å, which are marginally close to the borderline limit of argentophilic interaction (3.44 Å, the 

sum of van der Waal radii of two silver atoms).171 

 

 

Figure 2C.10. Molecular structure of 2C.8. Anisotropic displacement parameters are depicted 

at the 50% probability level. H atoms, tert-butyl groups at N1, N2, N4, N5, and the 

noncoordinating solvent molecule are omitted for clarity. Selected bond distances (Å) and 
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angles (o): Si1-Ag1 2.3865(9), Ag1-I1 2.7648(5), Ag1-I2 2.7804(5), I1-Ag2 2.9498(5), Ag2-I2 

2.8874(6), Ag2-Si2 2.409(1), Si1-N3 1.759(3), N2-Si1 1.822(3), Si1-N1 1.829(4), Si2-N6 

1.778(3), Si2-N4 1.830(3), Si2-N5 1.838(4) and Si1-Ag1-I1 118.04(3), Si1-Ag1-I2 131.82(3), 

I1-Ag1-I2 109.43(1), Ag1-I2-Ag2 71.31(1), I1-Ag2-I2 101.69(1), Ag1-Si1-N3 127.5(1), N3-

Si1-N1 109.1(2), Ag1-Si1-N1 110.8(1). 

DFT calculations were performed at the B3LYP-D3/def2-TZVPP level. The HOMO-1 

(-5.5157 eV) is present on the silylene part of 2C.1, whereas LUMO (-1.2349 eV) is spread 

over the amidinate ring (Figure 2C.11). The HOMO-LUMO gap in 2C.1 was found to be 4.28 

eV and compared with other N-donor substituted silylenes. This energy gap of 2C.1 is 

comparable to that of Roesky’s chlorosilylene (4.32 eV).116 It is evident that aryl rings at N-

center (such as phenyl and carbazolide) contribute more to the HOMO, thus making it more 

energetically stable and increasing the HOMO-LUMO gap. The optimized geometries of 2C.3-

2C.6 are akin to their experimentally obtained geometries (Figure 2C.12).  

 

Figure 2C.11. DFT derived surface diagrams of HOMO and LUMOs for several N-donor 

substituted benzamidinato silylenes. For –Cbz substitution, HOMO-1 is considered. 

 

Figure 2C.12. Optimized geometries of 2C.3-2C.7. 
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Figure 2C.13. DFT derived surface diagrams of relevant MOs of 2C.3-2C.7 (isosurface value 

= 0.03). Hydrogens are omitted for clarity. 

The relevant MOs of complexes 2C.3-2C.7 are mentioned in Figure 2C.13. The HOMO 

(-6.0654 eV) in 2C.3 is mainly located on the carbazolide moiety, and the HOMO-2 (-6.43005 

eV) is associated with the Au-Cl bond. The LUMO (-1.6300 eV) is largely associated with the 

amidinate ring of complex 2C.3. The HOMOs of 2C.4 (-5.1674 eV) majorly consists of the 
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Si→Cu dative bond, whereas HOMO-2 (-5.7443 eV) is located at the carbazolide aromatic ring 

(Figure 2C.13). The LUMO of 2C.4 (-1.5864 eV) is located on the phenyl ring of the amidinato 

ligand. HOMO (-5.1538 eV) of complex 2C.5 is located on Si(II)→Cu-I bond, while LUMO 

(-1.1864 eV) is spread over the amidinate ring. For 2C.6, the HOMO (-5.7879 eV) is on the 

carbazolide aromatic ring, but HOMO-4 (-6.0926 eV) has the contribution of Si(II)→Cu dative 

bond. It is interesting here to note that LUMO (-1.1946 eV) of 2C.6 is located on the amidinate 

ring despite the presence of the Lewis acidic triflate group. In the case of complex 2C.7, 

HOMO (-5.7824 eV) is present on Si(II)→Ag-Br bond while LUMO (-1.3823 eV) is spread 

over the amidinate ring, denoting possible d-p backbonding. We further recorded the UV-Vis 

spectra of the complexes 2C.1, 2C.3-2C.7 to see the HOMO-LUMO transitions (Figure 2C.14 

and Tables 2C.1-2C.2) and calculated the HOMO-LUMO gaps. The absorption spectrums 

show only π→π* transitions (ranging from 290 to 330 nm) for carbazolide moiety and are in 

accordance with the previously reported carbazolide-based systems.172, 173 The spectrums 

showed vibrational features. We observed some scattering effects in the absorption spectra of 

2C.3, 2C.6, and 2C.7 due to insoluble metal particle suspension. The HOMO-LUMO gaps 

have been calculated taking the right most transition into account.174 It was observed that the 

experimentally obtained HOMO-LUMO gaps follow the same trend as the theoretically 

calculated ones (Table 2C.2). 

 

Figure 2C.14. Absorption spectra of 2C.1 (top) (in toluene) and 2C.3-2C.7 (in DCM) with 

3µM compound concentration.  

Table 2C.1. The observed UV-Visible peaks for 2C.1 and 2C.3-2C.7 

Complexes Peak wavelength (nm) 

2C.1 334, 321, 310, 294 

2C.3 306, 293 
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2C.4 327, 314, 292 

2C.5 303, 294 

2C.6 321, 311, 292, 269, 262 

2C.7 322, 310, 292, 282 

Table 2C.2. Calculated and observed HOMO-LUMO energies and gaps for 2C.1, 2C.3-2C.7 

Complexes HOMO LUMO E (eV) 

(Calc.) 

λ (nm) 

(Calc.) 

λ (nm) 

(Obs.) 

E (eV) 

(Obs.) 

2C.1 

2C.3 

-5.46 

-6.06 

-1.23 

-1.63 

4.28 

4.42 

290 

280 

334 

306 

3.71 

4.06 

2C.4 -5.16 -1.58 3.58 346 327 3.79 

2C.5 -5.15 -1.18 3.96 313 303 4.10 

2C.6 -5.78 -1.19 4.59 269 321      3.87 

2C.7 -5.78 -1.38 4.40 282 322 3.85 

2C.4 Conclusion. 

We have synthesized a new carbazolide substituted benzamidinato silylene 2C.1 and employed 

it to isolate several silylene-supported group 11 metal complexes. The DFT studies revealed 

the HOMO and LUMO gap of 2C.1 to be 4.28 eV, which is comparable to 2C.A. However, the 

donation ability of 2C.1 was found to be better than 2C.A as per the IR stretching frequency of 

the CO group of the respective cobalt carbonyl complexes, which is further supported by the 

higher HOMO of 2C.1 (-5.45 eV) than that of 2C.A (-5.53 eV). The σ-donation strength of a 

ligand depends upon various electronic factors, which are regulated by the substituent attached 

to the ligand backbone. It is previously reported for NHCs that the +M effect of the -NHR 

group is higher than a halo (X= F, Cl, Br, and I)43 substituent, and as a result, the -NHR group 

increases the overall σ-donation of the ligand. In view of the aforementioned fact, 2C.1 should 

show a relatively stronger positive mesomeric effect (+M) effect but a lesser negative inductive 

effect (-I) as compared to 2C.A. Hence, the donation ability of 2C.1 is expected to be higher 

than 2C.A. Further, depending upon metal precursors, the coordination properties of 2C.1 

change as AgBr resulted in a dimeric Ag2Br2 core, whereas AgI led to a tetrameric Ag4I4 core. 

Cationic copper(I) triflate precursor upon reaction with 2C.1 afforded the complex 2C.6 with 

a unique Cu2S2O4 eight-membered ring. These findings will help design new NHSis, which 

can be utilized to explore more coinage metal complexes as they are potent enough to emerge 

as excellent catalysts in various organic transformations. 
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2D.1 Objective of this work. 

In this section, we have prepared [PhC{N(tBu)}2SiN(SiMe3)2] (2D.1) coordinated 

organocopper(I) complexes (2D.2 and 2D.3) and utilized them as a useful synthon for the aryl 

group transfer and cleavage of a variety of homolytic and heterolytic bonds. Complex 2D.2 

was used as a mesityl transfer reagent in the C–C cross-coupling reaction that led to the 

formation of the coupled products in excellent yields. Further, we have demonstrated the 

reaction of 2D.2 with compounds having B–B and Se–Se bonds, which led to the formation of 

dimeric µ-boryl bound Cu(I) complex (2D.8) and a new class of unprecedented NHSi-

supported copper-selenides (2D.10 and 2D.11). Finally, this new synthetic methodology 

smoothly afforded several elusive NHSi-copper amide complexes (2D.12-2D.16). Moreover, 

the reaction of 2D.1 with mesityl silver afforded a unique dinuclear NHSi-silver(I) complex 

(2D.4), which possesses a three-membered Ag2C ring supported by argentophilic interaction. 

We have also performed the DFT calculation to understand the bonding situation in all the 

isolated complexes. 

2D.2 Introduction. 

NHSis are now considered one of the formidable classes of neutral donor ligand systems 

as a higher congener of NHCs.61, 68, 123, 143, 175-179 Over the years, several NHSis have 

been isolated and utilized in stabilizing reactive main group species,66 coordinating 

transition metals for homogeneous catalysis,119, 180 and activating the small molecules.70, 

123, 181-183 The NHSi stabilized coinage metal complexes are comparatively less explored 

than the NHC ones, despite their superior catalytic activities in several organic 

transformations.67, 159, 184, 185 However, recent years have witnessed a sharp growth in 

isolating differently functionalized NHSi-coordinated coinage metal complexes and 

exploring their catalytic activities.126, 148, 153, 155, 158, 186-190 Given our interest in this 

field,126, 148, 153, 158, 186-188 we continue to be intrigued by the future possibilities of NHSi-

based coinage metal complexes as useful synthons beyond the coordination of coinage 

metal halides to encompass the broader range of synthetic possibilities. The 

coordination of NHSis with coinage metals having heteroatom functionalization 

remains uncharted territory. This underscores the need for innovative methods to unlock 

this unexplored facet of coordination chemistry with NHSis. Till date, many NHC-based 

copper(I) synthons have been isolated and studied for bond activation and homogeneous 

catalysis.191-199,200-203 One such complex is [Cu(IPr)(OtBu)], {IPr= 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene}, which has given access to plenty of important 



 

130 
 

Moushakhi Ghosh 

Chapter 2D 

compounds with various heteroatom bonding linkage.191-199, 204, 205 Very recently, Nolan 

and co-workers explored [Cu(IPr)(OC(H)(CF3)2)] as a versatile synthon for the 

activation of S–H, N–H, C–H, and P–H bonds.200 In this context, organocopper(I) 

reagents are a very reactive class of copper(I) species, often playing an essential role as 

a trans-metallation agent in many catalytic transformations.193, 206 Moreover, NHC-

based Cu(I) complexes with anionic C-donor atoms have already been explored for their 

catalytic application and functionalization reactions, e.g. formation of Cu-X bonds (-SR, 

-PR2, -OR, -NR2, etc.), intramolecular hydroalkoxylation of alkynes, CuAAC reaction 

and defluoro-borylation of fluoroalkenes, etc.207 This inspired us to isolate the NHSi-

based Cu(I)–aryl complexes (2D.2 and 2D.3), creating a platform for the further 

functionalization of the Cu–aryl bond (Chart 2D.1). Interestingly, a similar reaction with 

mesityl silver(I) afforded an NHSi-supported dinuclear Ag(I) complex (2D.4), which 

contains a three-membered Ag2C ring supported with argentophilic interaction (2D.4). 

The stability of the complex is unique because of the high level of angle strains and 

torsional strains of the thermodynamically unstable three-membered Ag2C ring. Sadighi 

and co-workers isolated a triangular [Ag2H]+ core stabilized by the 1,3-bis(2,6-

diisopropylphenyl)imidazolin-2-ylidene (SIDipp),208 but there is no precedence of such 

complex with NHSis till date.  

The first part demonstrates the reaction of organo-coinage metal precursors with 

benzamidinato silylene (2D.1) and the utility of the derived NHSi-based organocopper 

complex (2D.2) as an aryl transfer reagent, and the second part showcases the reactivities 

of 2D.2 towards homolytic and heterolytic bond cleavage reactions. With the aid of 

NHSi→Cu-mesityl complex (2D.2), we first attempted a mesityl group transfer reaction in a 

Pd-catalyzed C–C cross-coupling reaction, which afforded C–C coupled products in excellent 

yields with a low-catalyst loading as compared to the previously reported work of Uchiyama 

and co-workers.209 Hartwig and co-workers have proved that the generation of phosphine-

coordinated silver-aryl bonds during the Pd-catalyzed C–C coupling reaction enables the facile 

trans-metalation at the Pd center, which explains the excellent catalytic activity of 2D.2 as a 

mesityl transfer reagent in C-C coupling reaction.210 The feasibility of transferring sterically 

demanding mesityl group from 2D.2 to aryl halide with lower catalyst loading makes it an 

attractive alternative to other existing coupling counterparts (such as aryl boronic acid ester, 

aryl Grignard, and aryl zinc).211  
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Chart 2D.1. Overview of the present Chapter. 

In the second part of our work, we aimed at several homo- and heterolytic bond 

cleavage reactions with the NHSi-coordinated Cu(I) aryl complex. Sadighi and co-workers 

successfully isolated the first NHC (IPr and ICy = 1,3-dicyclohexylimidazol-2-ylidene) based 

Cu(I) boryl complexes [(IPr)Cu(Bpin), (ICy)Cu(Bpin)], which were found to be catalytically 

active for the reduction of CO2 to CO.212-216 We were interested in isolating NHSi-Cu-boryl 

complexes from diboron bond cleavage as they are proposed to be the intermediates in 

borylation reactions.213-216 We thus attempted the reaction of 2D.2 with various diboron 

reagents, which furnished complexes 2D.6-2D.8 displaying unusual reaction patterns 

depending on the diboron reagents used.209 Complex 2D.7 shows a cocrystallized structure 

with weak C–H∙∙∙B  interactions, while 2D.8 consists of a Cu2B2 core. Unlike copper-boryl 

complexes, NHC/CAAC-supported chalcogenides are limited to a handful of examples,217-220 

and the isolation of an NHSi-coordinated copper chalcogenolate complex remains elusive. 

Similarly, carbene metal amide (CMA) complexes have gathered special attention recently due 

to their mesmerizing photophysical properties, and a wide variety of NHC/CAAC ligated 

metal-amide complexes have already been documented.221-226 Surprisingly, there is no report 

on NHSi-coordinated copper amide complexes either. Intrigued by the facts mentioned above, 

we treated complex 2D.2 with the compounds having Se–Se and N–H functionalities, which 

led to the formation of the first NHSi-copper arylselenogenolate complexes (2D.10 and 2D.11) 

and NHSi-based copper-amide complexes (2D.12-2D.16). Our present study showcases the 

synthetic versatility and potential applications of the NHSi-Cu-aryl complex (2D.2) in catalysis 

and bond activations. 
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2D.3 Results and Discussion. 

2D.3.1 Synthesis and application of NHSi-Cu-Aryl complexes. 

1H, 13C, 29Si, and 19F NMR spectra were measured in CDCl3, C6D6 using a 400 MHz NMR 

spectrometer, “Bruker Avance DRX500”; chemical shifts () are expressed in ppm referenced 

to external SiMe4 (tetramethylsilane, TMS), 77Se was referenced to external Me2Se, using the 

residual solvent as internal standard (CDCl3: 
1H, 7.26 ppm and 13C, 77.16 ppm; C6D6: 

1H, 7.16 

ppm and 13C, 128.06 ppm). Melting points were measured in a sealed glass tube and were not 

corrected. Compounds 2D.1 and 2D.5 were prepared via previously reported procedures.116, 124 

According to the literature procedure, Mesityl copper, 2,4,6-triisopropylphenyl copper, and 

mesityl silver were also prepared.227-229 

2D.3.1.1 Preparation of 2D.2. A Schlenk flask charged with compound 2D.1 (210.42 mg, 0.5 

mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by the 

addition of toluene (20 ml) and kept in stirring overnight under an 

inert atmosphere of Argon (Ar). The greenish-yellow color 

solution was filtered and evaporated under reduced pressure. 

Yield: 250 mg (83%). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.32 (s, 

9H, Si-CH3), 0.70 (s, 9H, Si-CH3), 1.17 (s, 18H, {N-C(CH3)3}, 2.44 (s, 3H, p-CH3), 3.06 (s, 

6H, o-CH3), 6.85-7.03 (m, 5H, arom. H), 7.14 (d, 2H, arom. H) ppm; 13C{1H} NMR (100.613 

MHz, C6D6, 298 K): ẟ 4.82 (Si-CH3), 5.98 (Si-CH3), 21.78 (mesityl CH3), 29.86 (mesityl CH3), 

31.80 {N-C(CH3)3}, 54.36 {N-C(CH3)3}, 125.16, 130.29, 132.03, 133.40, 146.66 (arom. C), 

165.93, 167.16 (NCN) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 5.28 [-N(SiMe3)2], 

5.33 [-N(SiMe3)2], 6.5 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) for [C30H52CuN3Si3] cacld. 

601.2765; found 601.2748 [M+].  

2D.3.1.2 Preparation of 2D.3. A Schlenk flask charged with compound 2D.1 (210.42 mg, 0.5 

mmol) and 2,4,6-triisopropylphenyl copper (133.45 mg, 0.5 

mmol) followed by the addition of toluene (20 ml) and kept in 

stirring overnight under an inert atmosphere of Argon (Ar). The 

greenish-yellow color solution was filtered and evaporated under 

reduced pressure. Yield: 300 mg (87.2 %). 1H NMR (400 MHz, 

C6D6, 298 K) ẟ 0.24 (s, 9H, Si-CH3), 0.60 (s, 9H, Si-CH3), 1.10 (s, 18H, {N-C(CH3)3}), 1.38 

(s, 6H, p-CHCH3), 1.57 (s, 12H, o-CHCH3), 2.97 (sept, 1H, p-CHCH3), 3.74 (sept, 2H, o-

CHCH3), 6.80 (m, 3H, Ar-H), 6.93 (m, 1H, Ar-H), 7.06 (m, 3H, Ar-H) ppm; 13C{1H} NMR 
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(100.613 MHz, C6D6, 298 K): ẟ 4.93 (Si-CH3), 5.96 (Si-CH3), 24.46 {-CH(CH3)2}, 26.42 {-

CH(CH3)2}, 31.81 {N-C(CH3)3}, 35.37 {N-C(CH3)3}, 42.23 {C-(CH3)2}, 54.41 {N-C(CH3)3}, 

118.71, 122.43, 125.70, 129.34, 130.38, 132.10, 145.40, 158.52, (arom. C), 165.65, 166.84 

(NCN) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 4.9 [-N(SiMe3)2], 5.4 [-N(SiMe3)2], 

6.6 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) for [C36H64CuN3Si3] cacld. 685.3704; found 

708.1825 [M+Na]+. M.p. 178.0 °C. 

2D.3.1.3 Preparation of 2D.4. A Schlenk flask charged with compound 2D.1 (210.42 mg, 0.5 

mmol) and mesityl silver (113.53 mg, 0.5 mmol) followed by 

the addition of toluene (20 ml) and kept in stirring overnight 

under an inert atmosphere of Argon (Ar). The resultant 

solution was filtered and evaporated under reduced pressure, 

which afforded single crystals at room temperature. Yield: 350 

mg (80 %). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.31 (s, 9H, Si-CH3), 0.66 (s, 9H, Si-CH3), 

1.16 (s, 18H, {N-C(CH3)3}), 2.45 (s, 3H, o-CH3), 3.02 (s, 6H, p-CH3), 6.88 (m, 3H, arom. H), 

7.00 (d, 1H, arom. H), 7.12 (d, 1H, arom. H), 7.21 (s, 2H, arom. H) ppm; 13C{1H} NMR 

(100.613 MHz, C6D6, 298 K): ẟ 4.89 (Si-CH3), 5.92 (Si-CH3), 14.35 (Mes-CH3), 21.75 (mesityl 

CH3), 23.06 (mesityl CH3), 31.86 (N-CCH3), 54.48 {N-C(CH3)3}, 125.11, 130.35, 131.98, 

133.40, 146.16 (arom. C), 166.18 (NCN) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 

6.2 [-N(SiMe3)2], 6.3 [-N(SiMe3)2], 6.9 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) for 

[C39H63Ag2N3Si3] cacld. 871.2432; found 872.2076 [M+H]+. M.p. 212.5 °C. 

2D.3.1.4 Preparation of 2D.5. A Schlenk flask charged with LSiCl (189.32 mg, 0.5 mmol) 

and mesityl copper (91.37 mg, 0.5 mmol) was taken 

in 20 ml toluene and kept in stirring overnight under 

an inert atmosphere of Argon (Ar). The greenish-

yellow solution was evaporated under reduced 

pressure, extracted in 20 ml DCM and filtered off. Concentrating DCM to 2 ml and adding 4 

ml n-Pentane produced single crystals at room temperature. Yield: 410 mg (86 %). 1H NMR 

(400 MHz, C6D6, 298 K) ẟ 1.16 (s, 18H, {N-C(CH3)3}), 2.23 (s, 3H, mesityl-CH3), 2.54 (s, 3H, 

mesityl-CH3), 3.13 (s, 3H, mesityl-CH3), 6.78-6.82 (m, 2H, Ar-H), 7.38-7.42 (m, 2H, Ar-H), 

7.51 (m, 3H, Ar-H) ppm; 13C{1H} NMR (100.613 MHz, C6D6, 298 K): ẟ 20.36 (N-CCH3), 

21.17 (mesityl CH3), 27.34 (mesityl CH3), 31.26 (N-CCH3), 54.41 {N-C(CH3)3}, 127.64, 

127.94,128.27, 129.61, 130.07, 130.87, 131.69, 141.08, 145.15, 147.52, 167.07 (NCN) ppm; 
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29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ  32.7 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) 

for [C48H68Cl2Cu2N4Si2] cacld. 952.2952; found 953.1852 [M+H]+. M.p. 279.6 °C. 

2D.3.1.5 Preparation of 2D.6. A Schlenk flask charged with compound 2D.1 (210.42 mg, 0.5 

mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by 

the addition of toluene (20 ml) and kept in stirring for 4 h. 

Bpin-Bdan230  (146.98 mg, 0.5 mmol) were added to the 

solution and kept in stirring overnight under an inert 

atmosphere of Argon (Ar). The brown-colored solution was 

filtered off and concentrated to 2 ml to obtain single crystals at room temperature. Yield: 127 

mg (35 %). HRMS (ESI, CH3CN) (m/z) for [C33H65BCuN3O4Si3] cacld. 725.3672; found 

726.1791 [M+H]+. M.p. 209.9 °C. 

2D.3.1.6 Preparation of 2D.7. A Schlenk flask charged with compound 2D.1 (210.42 mg, 0.5 

mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by the addition of toluene (20 ml) 

and kept in stirring for 4 h. Bpin-Bpin (127mg, 0.5 mmol) was added to the solution and kept 

in stirring overnight under an inert atmosphere of Argon (Ar). 

The dark red-colored solution was filtered off and concentrated 

to 2 ml to obtain single crystals at room temperature. Yield: 171 

mg (40 %). 1H NMR (400 MHz, C6D6, 298 K): ẟ 0.45 (s, 9H, 

Si-CH3), 0.65 (s, 9H, Si-CH3), 1.15 (s, 18H, {N-C(CH3)3}), 1.24 

(s, 24H, -CH3) 2.15 (s, 3H, p-CH3), 2.55 (s, 6H, o-CH3), 6.94-

6.97 (m, 5H, arom. H), 7.28 (d, 2H, arom. H) ppm; 13C{1H} NMR (100.613 MHz, C6D6, 298 

K): ẟ 4.05 (Si-CH3), 4.56 (Si-CH3), 21.63 (mesityl CH3), 23.83 (mesityl CH3), 23.97 (-CH3 of 

pinB-pinB) 30.96 {N-C(CH3)3}, 52.55 {N-C(CH3)3}, 82.01 {-C(CH3)2 of pinB-pinB} 123.97, 

128.11, 128.60, 133.64, 137.85, 141.83, 145.45, 155.70, (arom. C) ppm 29Si{1H} NMR (79.49 

MHz, C6D6, 298 K): δ 3.7 [-N(SiMe3)2], 2.8 [-N(SiMe3)2], -8.1 (Si-Cu); 11B {1H} NMR (C6D6, 

298 K, 128 MHz): δ 32.8 (pinB-Bpin) ppm.  HRMS (ESI, CH3CN) (m/z) for 

[C42H76B2CuN3O4Si3] cacld. 855.4625; found 855.4675 [M]+. 

2D.3.1.7 Preparation of 2D.9. A Schlenk flask charged with compound 2D.1 (210.42 mg, 0.5 

mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by the addition of toluene (20 ml) 

and kept in stirring for 4 h. Bis(catecholato)diboron (B2Cat2) (127mg, 0.5 mmol) was added to 

the solution and kept in stirring overnight under an inert atmosphere of Argon (Ar). The dark 

red-colored solution was filtered off and concentrated to 2 ml to obtain single crystals at room 
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temperature. The spectroscopic data is in accordance to the previously reported literature.231 

For 2D.8; 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.34 (s, 9H, Si-CH3), 0.74 (s, 9H, Si-CH3), 1.11 

(s, 18H, {N-C(CH3)3}), 6.92 (m, 4H, Ar-H), 7.02 (m, 3H, Ar-H), 7.33 (m, 2H, Ar-H) ppm; 

13C{1H} NMR (100.613 MHz, C6D6, 298 K):  ẟ 5.04 (Si-

CH3), 6.73 (Si-CH3), 31.93 {N-C(CH3)3}, 54.93 {N-

C(CH3)3}, 122.95, 125.70, 128.57, 129.34, 131.72 (Ar-C), 

153.15 (NCN) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 

298 K): δ 3.7 [-N(SiMe3)2], 2.8 [-N(SiMe3)2], -8.1 (Si-Cu); 

11B {1H} NMR (C6D6, 298 K, 128 MHz): δ 15.26 (Cu-

BCat) ppm. HRMS (ESI, CH3CN) (m/z) for 

[C27H45N3CuBO2Si3] cacld. 601.2214; found 601.2728 

[M]+. For 2D.9; 1H NMR (400 MHz, C6D6, 298 K): ẟ 1H 

NMR (400 MHz, C6D6, 298 K) ẟ 2.11 (s, 3H, Mes-CH3), 2.55 (s, 6H, Mes-CH3), 6.78 (s, 2H, 

Ar-H), 6.84 (dd, 2H, Ar-H), 7.12 (dd, 2H, Ar-H) ppm; 13C{1H} NMR (100.613 MHz, C6D6, 

298 K): ẟ 21.35 (Mes-CH3), 23.26 (Mes-CH3), 109.01, 112.77, 118.23, 140.99, 145.10, 148.72 

(Ar-C) ppm; 11B {1H} NMR (C6D6, 298 K, 128 MHz): δ 15.26 (Mes-BCat) ppm. HRMS (ESI, 

CH3CN) (m/z) for [C15H15BO2] cacld. 238.1165; found 238.0554 [M]+. 

2D.3.1.8 Preparation of 2D.10. A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 

mmol) followed by addition of toluene (20 ml) and 

kept in stirring for 4 h. Diphenyl diselenide (Ph2Se2) 

(156.06 mg, 0.5 mmol) was added to the solution 

and kept in stirring overnight under inert 

atmosphere of Argon (Ar). The greenish-yellow color solution was filtered off and 

concentrated to 2 ml, and the addition of 4 ml n-pentane produced single crystals at room 

temperature. Yield: 255 mg (40 %). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.38 (s, 9H, Si-CH3), 

0.72 (s, 9H, Si-CH3), 1.23 (s, 18H, {N-C(CH3)3}), 6.93 (m, 3H, Ar-H), 7.03 (m, 1H, Ar-H), 

7.09 (s, 2H, Ar-H), 7.20 (m, 1H, Ar-H), 7.35 (d, 1H, Ar-H), 8.21 (s, 2H, Ar-H) ppm; 13C{1H} 

NMR (100.613 MHz, C6D6, 298 K): ẟ 5.29 (Si-CH3), 6.29 (Si-CH3), 31.72 {N-C(CH3)3}, 54.42 

{N-C(CH3)3}, 123.40, 127.53, 129.64, 129.86, 132.59, 136.76 (Ar-C), 166.12 (NCN) ppm; 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 4.4 [-N(SiMe3)2], 5.9 [-N(SiMe3)2], 5.9 (Si-Cu); 

77Se NMR (76.49 MHz, CDCl3, 298 K): δ 37.1 ppm. HRMS (ESI, CH3CN) (m/z) for 

[C54H92Cu2N6Se2Si6] cacld. 1278.2921; found 1279.2452 [M+H]+. M.p. 152.2 °C. 
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NMR details of mesityl(phenyl)selane: 1H NMR (400 MHz, CDCl3, 298 K): δ 2.33 (s, 3H, p-

CH3), 2.46 (s, 6H, o-CH3), 7.02 (m, 2H), 7.14 (m, 5H); 13C{1H} NMR 

(100.613 MHz, C6D6, 298 K): ẟ 21.20, 24.40, 125.48, 126.89, 128.56, 

128.99, 129.25, 133.60, 139.23, 143.78 ppm; 77Se NMR (76.49 MHz, 

CDCl3, 298 K): δ 290.4 ppm. HRMS (ESI, CH3CN) (m/z) for [C15H16Se] cacld. 276.0417; 

found 276.0455 [M]+. 

2D.3.1.9 Preparation of 2D.11. A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 

mmol) followed by the addition of toluene (20 ml) 

and kept in stirring for 4 h. Bis(2,4,6-

trimethylphenyl) diselenide (Mes2Se2) (198 mg, 

0.5 mmol) was added to the solution and kept in 

stirring overnight under inert atmosphere of Argon (Ar). The greenish-yellow color solution 

was filtered off and concentrated to 2 ml, this afforded single crystals at room temperature. 

Yield: 400 mg (69 %). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.25 (s, 9H, Si-CH3), 0.55 (s, 9H, 

Si-CH3), 1.07 (s, 18H, {N-C(CH3)3}), 2.23 (s, 3H, Mes-CH3), 3.10 (s, 6H, Mes-CH3), 6.86 (m, 

1H, Ar-H), 6.95 (m, 2H, Ar-H), 7.02 (s, 3H, Ar-H), 7.07 (s, 1H, Ar-H) ppm; 13C{1H} NMR 

(100.613 MHz, C6D6, 298 K): ẟ 4.85 (Si-CH3), 5.85 (Si-CH3), 21.14 (Mes-CH3), 28.85 (Mes-

CH3), 31.74 {N-C(CH3)3}, 54.47 {N-C(CH3)3}, 129.46, 130.24, 131.43, 142.23, 155.37 (Ar-

C), 167.02 (NCN) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 6.7 [-N(SiMe3)2], 5.3 [-

N(SiMe3)2], 3.2 (Si-Cu); 77Se NMR (76.49 MHz, CDCl3, 298 K): δ 230.4 ppm. M.p. 178°C. 

NMR details of dimesityl selane: 1H NMR (400 MHz, CDCl3, 298 K): δ: 2.23 (6H, s, CH3), 

2.25 (12H, s, CH3), 6.84 (4H, s, ArH) ppm; 13C NMR (100 MHz, 

CDCl3) δ: 20.96, 23.64, 125.46, 128.39, 129.20,141.50 ppm; 77Se 

NMR (76.49 MHz, CDCl3, 298 K): δ 334.3 ppm. HRMS (ESI, 

CH3CN) (m/z) for [C18H22Se] cacld. 318.0887; found 319.0959 

[M+H]+. M.p. <300oC. 

2D.3.1.10 Preparation of 2D.12. A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by the addition of toluene (20 

ml) and kept in stirring for 4 h.  Pyrrole (33.55 mg, 0.5 mmol) was added to the solution and 

kept in stirring overnight under an inert atmosphere of Argon (Ar). The resultant solution was 

filtered and evaporated under reduced pressure, which afforded single crystals at room 
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temperature. Yield: 190 mg (69 %). 1H NMR (400 MHz, C6D6, 298 

K) ẟ 0.25 (s, 9H, Si-CH3), 0.61 (s, 9H, Si-CH3), 1.05 (s, 18H, {N-

C(CH3)3}), 6.73 (m, 1H, Ar-H), 6.88 (m, 2H, Ar-H), 6.98 (m, 5H, 

Ar-H), 7.54 (m, 1H, Ar-H) ppm; 13C{1H} NMR (100.613 MHz, 

C6D6, 298 K): ẟ 4.65 (Si-CH3), 6.06 (Si-CH3), 31.78 (N-CCH3), 

54.63 {N-C(CH3)3}, 107.19, 125.69, 126.82, 129.33, 130.58, 131.31, 137.89, (Ar-C), 168.25 

(NCN) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 5.9 [-N(SiMe3)2], 6.7 [-N(SiMe3)2], 

7.6 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) for [C25H45CuN4Si3] cacld. 548.225; found 

549.2099 [M+H]+. M.p. 149.6 °C. 

2D.3.1.11 Preparation of 2D.13: A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by 

addition of toluene (20 ml) and kept in stirring for 4 h. 2-mesityl-

1H-pyrrole232 (92.56 mg, 0.5 mmol) was added to the solution and 

kept in stirring overnight under inert atmosphere of Argon (Ar). 

The resultant solution was filtered and evaporated under reduced 

pressure, which afforded single crystals at room temperature. Yield: 233 mg (70 %). 1H NMR 

(400 MHz, C6D6, 298 K) ẟ 0.50 (s, 9H, Si-CH3), 0.81 (s, 9H, Si-CH3), 1.24 (s, 18H, {N-

C(CH3)3}), 2.54 (s, 3H, Mes-CH3), 2.79 (s, 6H, Mes-CH3), 6.84 (m, 1H, Ar-H), 7.07 (d, 1H, 

Ar-H), 7.21(m, 2H, Ar-H), 7.27-7.42 (m, 5H, Ar-H), 7.75 (m, 1H, Ar-H) ppm; 13C{1H} NMR 

(100.613 MHz, C6D6, 298 K): ẟ 4.68 (Si-CH3), 5.95 (Si-CH3), 21.51 (Mes-CH3), 22.00 (Mes-

CH3), 31.72 ({N-C(CH3)3}), 54.47 {N-C(CH3)3}, 106.49, 107.94, 125.69, 127.15, 129.33, 

130.63, 131.41, 134.51, 137.49, 139.19 (Ar-C), 167.89 (NCN) ppm; 29Si{1H} NMR (79.49 

MHz, C6D6, 298 K): δ 5.9 [-N(SiMe3)2], 6.6 [-N(SiMe3)2], 7.4 (Si-Cu) ppm. HRMS (ESI, 

CH3CN) (m/z) for [C34H54CuN4Si3] cacld. 666.3031; found 665.1862 [M-H]-. M.p. 193.1 °C. 

2D.3.1.12 Preparation of 2D.14. A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed by 

the addition of toluene (20 ml) and kept in stirring for 4 h. Bis-

perfluoroarylamine233 (174.56 mg, 0.5 mmol) was added to the 

solution and kept in stirring overnight under an inert atmosphere 

of Argon (Ar). The resultant solution was filtered and evaporated 

under reduced pressure, which afforded single crystals at room 

temperature. Yield: 269 mg (65 %). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.23 (s, 9H, Si-CH3), 
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0.47 (s, 9H, Si-CH3), 1.05 (s, 18H, {N-C(CH3)3}), 6.91 (m, 3H, Ar-H), 7.06(m, 2H, Ar-H) 

ppm; 13C{1H} NMR (100.613 MHz, C6D6, 298 K): ẟ 4.74 (Si-CH3), 5.53 (Si-CH3), 31.51 {N-

C(CH3)3}, 54.66 {N-C(CH3)3}, 127.34, 130.70, 131.17, 168.59 (NCN) ppm; 19F {1H} (376 

MHz, C6D6, 298 K): ẟ -174.3, -167.1, -154.7 ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): 

δ 6.2 [-N(SiMe3)2], 7.1 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) for [C33H41CuF10N4Si3] cacld. 

830.1775; found 829.1780 [M-H]-. M.p. 211.7 °C. 

2D.3.1.13 Preparation of 2D.15. A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol) followed 

by the addition of toluene (20 ml) and kept in stirring for 4 h. 

N-mesitylpyridin-2-amine234 (106 mg, 0.5 mmol) was added to 

the solution and kept in stirring overnight under an inert 

atmosphere of Argon (Ar). The resultant solution was filtered 

and evaporated under reduced pressure, which afforded single crystals at room temperature. 

Yield: 190 mg (55 %). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.40 (s, 9H, Si-CH3), 0.72 (s, 9H, 

Si-CH3), 1.27 (s, 18H, {N-C(CH3)3}), 2.40 (s, 3H, p-CH3), 2.69 (s, 6H, o-CH3), 5.96 (d, 1H, 

Ar-H), 6.31 (m, 1H, Ar-H) 7.02-7.13 (m, 5H, Ar-H), 7.23-7.32 (m, 2H, Ar-H), 8.22 (d, 1H, Ar-

H) ppm; 13C{1H} NMR (100.613 MHz, C6D6, 298 K): ẟ 4.80 (Si-CH3), 5.82 (Si-CH3), 19.49 

(mesityl-CH3), 21.23 (mesityl-CH3), 31.74 {N-C(CH3)3}, 54.57 {N-C(CH3)3}, 104.81, 106.69, 

129.34, 130.33, 130.64, 132.11, 133.80, 137.11, 146.47, 148.00 (Ar-C), 167.13, 168.70 (NCN) 

ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 5.3 [-N(SiMe3)2], 6.4 [-N(SiMe3)2], 6.9 (Si-

Cu) ppm. HRMS (ESI, CH3CN) (m/z) for [C35H56CuN5Si3] cacld. 693.3139; found 692.1946 

[M-H]-. M.p. 216.1 °C. 

2D.3.1.14 Preparation of 2D.16. A Schlenk flask charged with compound 2D.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol) 

followed by the addition of toluene (20 ml) and kept in 

stirring for 4 h. N, N'-bis(2,6-

diisopropylphenyl)formimidamide235 (182.29 mg, 0.5 mmol) 

was added to the solution and kept in stirring overnight under 

inert atmosphere of Argon (Ar). The resultant solution was 

filtered and evaporated under reduced pressure, which afforded single crystals at room 

temperature. Yield: 253 mg (60 %) 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.28 (s, 9H, Si-CH3), 

0.50 (s, 9H, Si-CH3), 1.19 (s, 18H, {N-C(CH3)3}), 1.43 (d, 24H, iPr-CH3), 4.05 (sept, 4H, CH-
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CH3), 6.76 (m, 1H, Ar-H), 6.86 (m, 2H, Ar-H), 7.04(m, 1H, Ar-H), 7.19 (s, 1H, Ar-H), 7.28 

(d, 4H, Ar-H), 7.59 (d, 1H, Ar-H), 7.63 (s, 1H, Ar-H) ppm; 13C{1H} NMR (100.613 MHz, 

C6D6, 298 K): ẟ 4.94 (Si-CH3), 5.97 (Si-CH3), 24.47 {CH-(CH3)2}, 26.41 {CH-(CH3)2}, 31.82 

{N-C(CH3)3}, 42.21 {CH-(CH3)2}, 54.42 {N-C(CH3)3}, 118.68, 120.57, 122.42, 125.70, 

129.33, 130.41, 132.09, 135.45, 137.88, 145.35, 149.13, 158.51, (Ar-C), 165.67, 166.87 (NCN) 

ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 4.9 [-N(SiMe3)2], 5.4 [-N(SiMe3)2], 6.4 (Si-

Cu) ppm. HRMS (ESI, CH3CN) (m/z) for [C46H76CuN5Si3] cacld. 845.4705; found 868.4382 

[M+Na]+. M.p. 215.2 °C. 

2D.3.2 General procedure for C-C cross-coupling reactions with the conventional 

method. 

A 100 mL Schlenk tube charged with compound 2D.1 (210.42 mg, 0.50 mmol) and mesityl-

copper (91.37 mg, 0.50 mmol) followed by the addition of toluene (8 ml) and stirred for 30 

minutes at room temperature. 0.33 mmol of aryl halide was added to the solution, followed by 

adding 0.50 mmol of NaOtBu and 0.50 mol% Pd(dba)2. The reaction mixture was then stirred 

for 16 h at 110 °C under the Argon (Ar) atmosphere. After 16 h, the reaction mixture was 

cooled to room temperature and extracted in n-hexane. The resulting solution was concentrated 

on a rota-evaporator and purified by column chromatography (n-hexane) to afford the expected 

product. All the C-C coupled products were characterized by NMR spectroscopy and HRMS. 

2D.3.2.1 2'-Methoxy-2,4,6-trimethyl-1,1'-biphenyl (2D.I). Compound 2D.I was prepared 

according to the general procedure; 1-iodo-2-methoxybenzene (44 mg, 21.67 

µL, 0.33 mmol) was used as aryl halide. The product was obtained as a 

colorless oil. Yield: 74 mg (99 %). 1H NMR (400 MHz, CDCl3): δ 1.99 (s, 

6H, o-CH3), 2.34 (s, 3H, p-CH3), 3.75 (s, 3H, -OCH3), 6.95 (s, 2H, aromatic 

C-H of mesityl), 7.03- 6.98 (m, 3H), 7.34 (m, 1H); 13C NMR (100.613 MHz, 

CDCl3): δ 156.84, 136.62, 135.41, 131.10, 129.62, 128.41, 128.05, 120.76, 55.55 21.28, 20.49. 

HRMS (ESI, CH3CN) (m/z) for [C16H18O] cacld. 226.1358; found 227.1447 [M+H]+. All 

spectral data are consistent with those previously reported.236 

2D.3.2.2 2,3',4,5',6-pentamethyl-1,1'-biphenyl (2D.II). Compound 2D.II was 

prepared according to the general procedure; 1-iodo-2-methoxybenzene (77.35 

mg, 48 µL, 0.33 mmol) was used as aryl halide. The product was obtained as a 

colorless oil. Yield: 54 mg (72.3%). 1H NMR (400 MHz, CDCl3): δ 2.07 (s, 6H, 

-CH3), 2.38 (s, 3H, p-CH3), 2.40 (s, 6H, o-CH3), 6.81 (s, 2H, aromatic C-H of 
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mesityl), 6.98 (m, 2H), 7.02 (s, 1H); 13C NMR (100.613 MHz, CDCl3): δ 141.12, 139.44, 

137.79, 136.37, 136.04, 128.08, 127.13, 125.25, 21.51, 21.14, 20.89. HRMS (ESI, CH3CN) 

(m/z) for [C17H20] cacld. 224.1565; found 225.1642 [M+H]+. All spectral data are consistent 

with those previously reported.237 

2D.3.2.3 2,4,6-trimethyl-1,1'-biphenyl (2D.III). Compound 2D.III was prepared according 

to the general procedure; iodobenzene (68 mg, 37.30 µL, 0.33 mmol) was used 

as aryl halide. The product was obtained as a colorless oil. Yield: 61.8 mg (94.45 

%). 1H NMR (400 MHz, CDCl3): δ 2.39 (s, 3H, o-CH3), 2.06 (s, 6H, p-CH3), 

7.00 (m, 2H), 7.21 (m, 2H), 7.37(m, 1H), 7.46 (m, 2H); 13C NMR (100.613 

MHz, CDCl3): δ 141.23, 139.20, 136.68, 136.10, 129.43, 128.49, 128.18, 

126.63, 21.16, 20.87. HRMS (ESI, CH3CN) (m/z) for [C15H17] cacld. 196.1252; found 

219.1714 [M+Na]+. All spectral data are consistent with those previously reported.238-240 

2D.3.2.4 1-mesityl naphthalene (2D.IV). Compound 2D.IV was prepared according to the 

general procedure; 1-iodo-2-methoxybenzene (84.7 mg, 48.6 µL, 0.33 mmol) 

was used as aryl halide. The product was obtained as a colorless oil. Yield: 

64.6 mg (79 %). 1H NMR (400 MHz, CDCl3): δ 1.95 (s, 6H, o-CH3), 2.46 (s, 

3H, p-CH3), 7.08 (s, 2H, aromatic C-H of mesityl), 7.33 (d, 1H), 7.43 (m, 2H), 

7.52 (t, 1H), 7.59 (t, 1H), 7.97-7.90 (dd, 2H); 13C NMR (100.613 MHz, 

CDCl3): δ 138.97, 136.99, 136.93, 136.88, 133.89, 132.13, 128.41, 128.20, 127.24, 

126.84,126.12 125.85, 125.62, 21.27, 20.43. HRMS (ESI, CH3CN) (m/z) for [C19H19] cacld. 

246.1409; found 247.1592 [M+H]+. All spectral data are consistent with previous reports.241 

2D.3.2.5 2-mesityl thiophene (2D.V). Compound 2D.V was prepared according to the general 

procedure; 2-iodothiophene (70.01 mg, 36.81 µL, 0.33 mmol) was used as aryl 

halide. The product was obtained as a colorless oil. Yield: 54.6 mg (80.96 %). 

1H NMR (400 MHz, CDCl3): δ 2.16 (s, 6H, o-CH3), 2.37 (s, 3H, p-CH3), 6.84 

(d, 1H), 6.98 (s, 2H, aromatic C-H of mesityl), 7.14 (s, 1H), 7.39 (d, 1H); 13C 

NMR (100.613 MHz, CDCl3): δ 141.63, 138.41, 137.92, 131.22, 128.22, 127.11, 

126.54, 125.37, 21.20, 20.81. HRMS (ESI, CH3CN) (m/z) for [C13H15S] cacld. 202.0816; found 

203.0887 [M+H]+. All spectral data are consistent with those previously reported.242, 243  

We began our journey by attempting the synthesis of NHSi-based copper amide 

complexes from a dimeric [PhC{N(tBu)}2SiN(SiMe3)2}2Cu2Cl2] (2D.A) complex (Scheme 
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2D.1), but the desired complex could not be isolated with the base abstraction method. We 

mostly observed the decomposition products. Then, we sought to change our synthetic 

methodology and aimed to utilize organocopper(I) compound as a Cu(I) source. We started our 

investigation by reacting bis-(trimethylsilyl) amide substituted benzamidinato silylene (2D.1) 

with mesityl copper (CuMes)228, 229, 244 in toluene at room temperature, which furnished 

complex 2D.2 (Scheme 2D.2) in 83% yield. 

 

Scheme 2D.1. Attempt to generate NHSi stabilized heteroatom functionalized copper(I) 

complexes from 2D.A. 

Complex 2D.2 shows two sharp peaks for the –SiMe3 groups at δ 5.28 and 5.33 ppm in 

benzene-d6
 and a broad peak at δ 6.5 ppm for the copper(I) coordinated silicon(II) center in the 

29Si{1H} NMR spectrum, respectively.245 Also, 1H NMR shows two singlets for the mesityl 

group at δ 2.44 for three protons and 3.66 ppm for six protons. Complex 2D.2 crystallizes in a 

monoclinic P21/c space group, where the Si(II) center adopts a distorted tetrahedral geometry 

(Figure 2D.1). The Si–Cu bond length is 2.2590(8) Å, which matches well with the previously 

reported carbazole substituted benzamidinato silylene stabilized dimeric Cu2Br2 complex,126 

but significantly longer than the predicted bond length for NHSi→Cu(I) complex by Frenking 

and co-workers.165 2D.2 features almost linear geometry around the copper(I) center featuring 

the bond angle Si1–Cu1–C1 of 173.28(6)o, which is in accordance with the previously reported 
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IMes (1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene) stabilized copper mesityl 

complex.246 Similarly, treatment of 2D.1 with 2,4,6-triisopropylphenyl copper (CuTrip) in 

toluene at room temperature produced 2D.3 in 87% yield (Scheme 2D.2). The 29Si{1H} NMR 

spectrum of 3 shows two sharp singlets at δ 4.9 and 5.4 ppm for the –SiMe3 groups and a broad 

peak at δ 6.6 ppm for Si–Cu. The Si–Cu bond length of 2D.3 (Figure 2D.1) is similar to the 

previously reported dimeric copper(I) halide complexes of 2D.1.247 The Si1–Cu1–C1 bond 

angle in 2D.3 is 170.72 (7)o, which is slightly deviated as compared to that in 2D.2 and the 

reason can be attributed to the bulkiness of the 2,4,6-triisopropylphenyl group.  

 

Scheme 2D.2. The reaction of compound 2D.1 with various organocopper compounds. 

 

Figure 2D.1. Molecular structure of complexes a) 2D.2 and b) 2D.3. Anisotropic displacement 

parameters are depicted at the 50% probability level. Solvent moiety and H atoms are omitted 

for clarity. Selected bond distances (Å) and angles (deg): for a) Si1–Cu1 2.2509(8), Cu1–C1 

1.946(2), Si1–N1 1.735(2), N1–Si2 1.758(2), N1–Si3 1.768(2), Si1–N2 1.845(2), Si1–N3 

1.852(2) and Si1–Cu1–C1 173.28(6), N1–Si1–Cu1 124.91(6), N1–Si1–N2 110.71(8), N2–Si1–

N3 70.49(7), N3–Si1–Cu1 109.99(5) and for b) Si1–Cu1 2.2407(8), Cu1–C1 1.937(2), N1–Si1 

1.861(2), N2–Si1 1.847(2), N3–Si1 1.736(2), N3–Si3 1.768(2), N3–Si2 1.753(2) and Si1–

Cu1–C1 170.72(7), N3–Si1–N1 113.42(9), N3–Si1–Cu1 124.77(7), N1–Si1–Cu1 108.56(7).   

In complex 2D.2 (Figure 2D.2), HOMO is primarily localized over the Cu d-orbital and 

the π-orbital of the mesityl group. Conversely, the electron density in HOMO-1 predominantly 

resides over the Cu(I)–Cipso bond, with a marginal distribution extending over the Si(II)→Cu 
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bond and the mesityl group. Notably, HOMO-3 is majorly localized over the Si(II)→Cu bond, 

exhibiting a minor dispersion over the Cu(I)–Cipso bond and the amidinate fragment. The 

HOMO of complex 2D.3 (Figure 2D.2) shows a predominant contribution from the Cu(I)–Cipso 

bond and a minor involvement from the Si(II)→Cu bond and the trip group. Conversely, 

HOMO-1 is localized over the Cu d-orbital and the π-orbital of the trip group. Intriguingly, 

unlike HOMO of 2D.2 and 2D.3, the electron density in HOMO-3 of both complexes exhibits 

analogous features. Important to note that the electron density on Cipso is more in complex 2D.3 

(35.94 %) in HOMO than in complex 2D.2 (26.72 %). However, the LUMO of both complexes 

is predominantly localized over the benzamidinato fragment. 

 

Figure 2D.2. MOs of complexes a) 2D.2 and b) 2D.3 calculated at the B3LYP-D3/def2TZVPP 

level. 

2D.3.3 Synthesis of NHSi-based silver aryl complex. 

Unlike organocopper(I) complexes, the chemistry of organosilver(I) complexes has not been 

explored much. There are very few examples of ligated silver(I)-mesityl moiety in the 

literature.248 After the successful isolation and interesting reactivity of the NHSi–Cu–mesityl 

complex (2D.2), we aimed to explore the NHSi–Ag–aryl complex. Upon reaction of compound 

2D.1 with mesityl silver229 in toluene at room temperature, an interesting μ-mesityl bound 

dimeric silver(I) complex (2D.4) was obtained (Scheme 2D.3). A broad peak at δ 6.9 ppm in 

29Si{1H} NMR spectrum of 2D.4 indicated the formation of the desired complex. Complex 

2D.4 crystallizes in the triclinic P-1 space group, featuring a 3c-2e electron bond involving the 

Cipso atom of the mesityl group with two silver atoms (Figure 2D.3), resulting in close proximity 

of Ag1–Ag2 (2.7453 (5) Å). The Ag1–Ag2 bond length of 2D.4 is much shorter than the sum 
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of the van der Waal radii (3.44 Å).171 The aryl group bound to coinage metal complexes often 

show μ-bonding in aggregated form to form a polynuclear complex (Figure 2D.3).249 

 

Scheme 2D.3. Reaction of 2D.1 with mesityl silver. 

 

Figure 2D.3. Molecular structure of 2D.4. Anisotropic displacement parameters are depicted 

at the 50% probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (deg): Si1–Ag1 2.3900(9), Ag1–Ag2 2.7453(5), Ag1–C10 2.215(3), C1–Ag2 2.106(3), 

C10–Ag2 2.211(3), N1–Si1 1.843(2), N2–Si1 1.844(2), Si1–N3 1.719(2), N3–Si2 1.770(2), 

N3–Si3 1.768(2) and Si1–Ag1-C10 178.85(7), Si1–Ag1–Ag2 127.28(2), Ag2–Ag1–C10 

51.60(7), C10–Ag2–Ag1 51.74(7), N2–Si1–N3 113.9(1), N1–Si1–N3 113.9(1), Ag1–Si1–N2 

109.64(7), N3–Si1–Ag1 126.42(8), N1–Si1–N2 70.53(9). 

The Si1–Ag1 bond length in 2D.4 is 2.3900(9) Å, which is similar to the carbazole-

substituted benzamidinato silylene coordinated tetrameric Ag4I4 complex.126  Kays and co-

workers reported an m-terphenyl group bound dimeric Ag2 core with Ag∙∙∙Ag distance 

2.6706(3) Å, which is shorter than the complex 2D.4.250 While the Ag1–C1 bond in 2D.4 is 

shorter (2.106 Å), the μ-bridged mesityl bound Ag atoms are longer (Ag1–C10 2.215(3) and 

Ag2–C10 2.211(3) Å) and form almost symmetrical bonds with the C10 atom. This is the first 

NHSi-supported three-membered Ag2C ring system. The HOMO of complex 2D.4 shows the 
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contribution over the delocalized mesityl–Ag–Cipso and d-orbital of Ag atom bonded to NHSi, 

whereas HOMO-1 shows the contribution over the localized mesityl–Ag–Cipso and d-orbital of 

Ag atom. HOMO-2 is localized over the mesityl group, whereas HOMO-3 is delocalized over 

the Si(II)→Ag2C ring connected to the µ-bridged mesityl group (Figure 2D.4). LUMO of this 

complex shows the contribution from the benzamidinato fragment.  

 

Figure 2D.4. MOs of complex 2D.4. 

NBO discloses the presence of argentophilic interaction in complex 2D.4 (Figure 2D.5). 

The E(2) value for the delocalization of electron density from the Ag(I) center to the σ* orbital 

of the Ag(I)–Si bond was 2.10 kcal/mol. However, the E(2) value for the Ag(I) center attached 

to the NHSi to the σ* orbital of the Ag(I)–Cipso bond was found to be 1.71 kcal/mol. The WBI 

of the Ag∙∙∙Ag bond was found to be 0.0719, which is in the range (0.022-0.094) of reported 

literature on argentophilic interaction.251-255 

 

Figure 2D.5. NBO orbital overlap with E(2) values for argentophilic interaction in 2D.4. 

2D.3.4 Reaction of organocopper towards benzamidinato chlorosilylene. 
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After isolating the organocopper complexes of 2D.1, we further probed the reactivity pattern 

of benzamidinato chlorosilylene.116 For that, we have treated benzamidinato chlorosilylene 

with the mesityl copper in a 1:1 molar ratio, which furnished complex 2D.5 via the σ-bond 

metathesis (Scheme 2D.4).256 The reaction proceeded through the σ-bond metathesis at the 

labile Si–Cl moiety, and the mesityl group migrated to the Si(II) center to form a dimeric 

Cu2Cl2 core. 

 

Scheme 2D.4. Synthesis of complex 2D.5. 

The peak at δ 32.4 ppm in 29Si{1H} NMR spectrum is highly deshielded than the 

previously reported dimeric copper(I) chloride of compound 2D.A,247 which might be due to 

the presence of the σ-donating mesityl group at the silicon(II) center. 2D.5 crystallizes in the 

monoclinic P21/n space group (Figure 2D.6) and is isostructural to the dimeric Cu2Cl2 complex 

of 2D.A.247 The silicon(II) center of 2D.5 attains a distorted tetrahedral geometry with the Si–

Cu bond length of 2.213(1) Å.247 The electron density at the HOMO of complex 2D.5 is 

localized over the Si(II)→Cu2Cl2←Si(II) moiety, whereas LUMO is localized over the 

benzamidinato part and along the Si(II)-mesityl group (Figure 2D.7). We attempted a similar 

reaction of 2,4,6-triisopropylphenyl copper227 with 2D.4, but no successful isolation of the 

desired complex could be made. 

 

Figure 2D.6. Molecular structure of 2D.5. Anisotropic displacement parameters are depicted 

at the 50% probability level. Disordered C atoms of tert-butyl, mesityl, phenyl moieties, and H 

atoms are omitted for clarity, and only asymmetric unit is shown. Selected bond distances (Å) 
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and angles (deg): Si1–Cu1 2.213(1), Cu1–Cl1 2.345(1), Si1–C16 1.899(5), Si1–N2 1.835(4), 

Si1–N1 1.842(4) and Si1–Cu1–Cl1 132.14(5), N2–Si1–N1 70.6(2), N2–Si1–Cu1 115.4(1), 

N1–Si1–C16 110.1(2), C16–Si1–Cu1 125.0(2).  

 

Figure 2D.7. MOs of complex 2D.5. 

 

Figure 2D.8: NBO orbital overlap with E(2) values for cuprophilic interaction in complex 2D.5. 

2D.3.5 Use of NHSi-copper mesityl complex as mesityl transfer agent in C–C coupling 

reaction. 

Over the years, the prodigious use of aryl boronic esters and aryl magnesium precursors has 

dominated the area of C–C cross-coupling reactions.257, 258 A recent report by Uchiyama and 

co-workers has shown the applicability of aryl copper in Pd-catalyzed C–C coupling with 

sterically demanding substrates.209 If this analogous Cu system can perform the metal-mediated 

bond-forming processes, then such transformations might be crucial to use as a platform for 

important catalytic reactions. There are only two reports where NHSis are used as ligands 

(catalysts 2D.A and 2D.B) (Chart 2D.2) for sp3-sp2 and sp2-sp2 C–C coupling reactions.122, 259 

Since we already had a well-characterized NHSi-Cu-Aryl system (2D.2), we utilized it as an 

efficient mesityl group transfer agent for Pd-catalyzed C–C coupling reactions with aryl iodides 

(Scheme 2D.5). The C–C coupling reactions with a few aryl iodides were carried out under the 

optimized conditions with the complex 2D.2 (Table 2D.1).  
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Chart 2D.2. Previous reports on C–C coupling reactions with NHSi as a ligand on the metal 

center. 

 

Scheme 2D.5. Pd catalyzed sp2-sp2 C–C coupling reaction using 2D.2 as a mesityl transfer 

reagent. *Isolated yields.  

Table 2D.1. Optimization of reaction conditions for C-C coupling reaction  

 

Entry Substrate Catalyst Base Mol % Time (h) Conversion 

Yield# (%) 

1 2D.2 - NaOtBu - 24 trace 

2 2D.2 Pd(dba)2 NaOtBu 0.1 24 60 

3 2D.2 Pd(dba)2 NaOtBu 0.5 24 <99 

4 2D.2 Pd(dba)2 NaOtBu 0.5 16 <99 

5 Mesityl Copper Pd(dba)2 NaOtBu 0.5 24 40 
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We also observed good to excellent product yields for the heteroaromatic (2D.IV) and 

fused aromatic (2D.V) systems (Scheme 2D.5). Using NHSi coordinated mesityl copper 

complex as an alternative to conventional aryl boronic esters provides lower Pd catalyst loading 

(0.5 mol%) than the conventional C–C coupling reactions.260 The Pd catalyst loading (5 mol%) 

for the C–C coupling reaction by Uchiyama and co-workers remains much higher with the use 

of additional ligand loading (up to 15 mol%) (Table 2D.2). The turnover number (TON) for 

the formation of compound 2D.I is observed 186 with our catalytic method, whereas it is 18.2 

by utilizing the method of Uchiyama and co-workers (Table 2D.2). Hence, our method utilizing 

2D.2 as a mesityl transfer reagent works much more efficiently than the method reported by 

Uchiyama and co-workers for the C–C cross-coupling reaction. This observation paves the way 

to explore more electron-donating ligand-coordinated organocopper compounds for important 

cross-coupling reactions. 

Table 2D.2: Pd catalyzed C–C coupling reaction using mesityl copper. 

 

Serial No. Pd-based Catalyst (mol%) Temperature (oC) Yield (%) TON 

1 5 80-140   91209 18.2 

This work 0.5 110 93 186 

2D.3.6 Reaction of 2D.2 towards homolytic and heterolytic bond cleavage. 

2D.3.6.1 Reaction of 2D.2 with diboron compounds (B–B bond). 

Various NHC and CAAC coordinated low-valent boron species have found application in 

optoelectronics.261-263 The coinage metal complexes of diborene and boron−boron triple-

bonded systems also showcased interesting photophysical behaviour.264, 265 Thus; we were 

interested in probing the reaction of 2D.2 with the diboron (B–B bond) reagents266, 267 in quest 

of homolytic bond cleavage.268 We have isolated an unusual complex 2D.6 serendipitously 

from the reaction of 2D.2 with pinacolato-1,8-diaminonaphthalenato diboron (Bpin-Bdan). The 

preparation of Bpin-Bdan (Scheme 2D.6) involves the elimination of pinacol as a side product. 

Due to the high boiling point of pinacol, it remained present along with Bpin-Bdan, which was 

confirmed by the 1H NMR spectrum.  

6 2D.2 Pd(dba)2 - 0.5 16 62 

7 2D.2 - - - 16 22 
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Scheme 2D.6. Preparation of Bpin-Bdan. 

We presume that during the reaction of complex 2D.2 with Bpin-Bdan, the interference 

of pinacol (Scheme 2D.7) leads to the formation of complex 2D.6 (Scheme 2D.8) with 

concomitant elimination of mesitylene and HBdan. Complex 2D.6 crystallizes in a monoclinic 

P21/c space group with a toluene molecule (Figure 2D.9). The molecular structure of 2D.6 

features a Si1–Cu1 bond length of 2.199(4) Å, which is longer than the SIMes (1,3-

dimesitylimidazolin-2-ylidene) coordinated Cu(I) oxalate complex.269 Our attempt to isolate 

the desired product with purified Bpin-Bdan was unsuccessful, possibly due to the instability 

of the formed complex at ambient temperature. 

 

Scheme 2D.7. Plausible mechanism of formation of complex 2D.6. 

 

Scheme 2D.8. Reactions of complex 2D.2 with diboron compounds. 
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Figure 2D.9. Molecular structure of 2D.6. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent molecule and H atoms are omitted for clarity. Selected 

bond distances (Å) and angles (deg): Si1–Cu1 2.199(4), Cu1–O2 2.022(8), Cu1–O1 2.180(7), 

B1–Cu1 2.69(2), Si1–N1 1.741(7), N1–Si3 1.774(9), N1–Si2 1.749(8), Si1–N3 1.838(9), Si1–

N2 1.856(9) and Si1–Cu1–O1 139.6(2), Si1–Cu1–O2 152.2(2), O1–Cu1–O2 67.8(3), O1–B1–

O2 101.4(9), O1–B1–O4 105(1), O2–B1–O3 104(1), O4–B1–O3 110(1). 

The copper(I) center adopts a distorted trigonal planar geometry with a smaller bite 

angle of O1–Cu1–O2 67.8(3)o. The Cu–O bond lengths in 2D.6 (Cu1–O2 2.022(8), Cu1–O1 

2.180(7) Å) are longer than those reported in the previously tri-coordinated Cu(I) oxalates with 

olefin and alkyne as coordinated ligands (1.987(1)-2.004(2) Å),270, 271 but in accordance with 

the SIMes coordinated Cu(I) oxalate complex.272, 273 HOMO of complex 2D.6 (Figure 2D.10) 

is spread over the pinacol fragment and d-orbital of Cu, whereas HOMO-1 exhibits a significant 

contribution from the Si(II)→Cu with a minor spread over the pinacol fragment and LUMO is 

localized over the benzamidinato part. Oxoborolate moiety of complex 2D.6 forms two 

O→Cu(I) donations with E(2) values of 13.45 and 14.59 kcal/mol.  

 

Figure 2D.10. MOs of complex 2D.6. 
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Figure 2D.11: NBO orbital overlap with E(2) values for donations from the oxygen center of 

oxyborolate moiety in complex 2D.6. 

The NHC-coordinated copper boryl complexes have been explored extensively as 

nucleophilic boron sources in copper-mediated borylation reactions.274 Thus, to probe complex 

2D.2 for the homolytic diboron bond cleavage, we performed a stoichiometric reaction of 

complex 2D.2 with bis(pinacolato)diboron (B2pin2) in toluene at room temperature. However, 

we obtained the single crystals of an unprecedented co-crystallized compound 2D.7 (Figure 

2D.12) instead of the B–B bond cleavage.  

 

Figure 2D.12. Molecular structure of 2D.7. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent molecule and H atoms are omitted for clarity. Selected 

bond distances (Å) and angles (deg): Si1-Cu1 2.246(2), Cu1-C1 1.939(6), Si1-N1 1.732(4), 

N1-Si3 1.755(5), N1-Si2 1.767(5), Si1-N3 1.848(4), Si1-N2 1.842(4), B2-B1 1.688(6), B2-O2 

1.354(7), B2-O1 1.365(6), B1-O3 1.368(6), B1-O4 1.360(6) and Si1-Cu1-C1 172.8(2), N3-

Si1-Cu1 113.9(1), N3-Si1-N2 70.3(2), N2-Si1-N1 113.0(2), Cu1-Si1-N1 122.2(2), O2-B2-O1 
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112.9(5), B1-B2-O2 125.5(5), O1-B2-B1 121.6(5), O3-B1-O4 112.6(4), O3-B1-B2 121.7(4), 

B2-B1-O4 125.6(4). 

The molecular structure of 2D.7 reveals that the two units are stabilized by several non-

covalent interactions, as seen from the Hirshfield analysis at 0.5 iso-surface. The Hirshfield 

analysis shows that the two units are stabilized via several C–H∙∙∙B and O∙∙∙H interactions—

two distinct, independent molecules are crystallized in the asymmetric unit (Figure 2D.13).  

 

Figure 2D.13. Hirshfield analysis of complex 2D.7. 

The Si1–Cu1 bond length in compound 2D.7 is found to be 2.246(2) Å, which is shorter 

than the Si–Cu bond in complex 2D.2. The Cu1–C1 bond [1.939(6)] Å of 2D.7 is marginally 

shorter than the Cu–C bond [1.946(2)] in the complex 2D.2. Several non-covalent interactions 

stabilize complex 2D.7, which features C–H∙∙∙B interaction, with a distance ranging from 3.0-

3.1 Å (Figure 2D.14), which is marginally shorter than the sum of their van der Waal radii 

(3.12 Å). Cremer and co-workers recently established B–H∙∙∙π interaction (Chart 2D.3).275  
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Chart 2D.3. Reported examples of B-H∙∙∙π interactions and this work, representing C-H∙∙∙B 

interactions. 

 

Figure 2D.14. Various weak interactions (C-H∙∙∙B, C-H∙∙∙O) stabilizing complex 2D.7. 

We observed charge transfer from the σ-orbital of the C–H group to the vacant p-orbital 

of the boron center in its gas-phase optimized structure shown in Figure 2D.15 along with 

strong C–H∙∙∙O interaction (Figure 2D.16).  

 

Figure 2D.15. NBO images of 2D.7 with E(2) values for charge transfer from σ-orbital of C-H 

to vacant p-orbital of boron center and geometrical parameters, such as distance and angle. 
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Figure 2D.16. NBO images of complex 2D.7 with second-order perturbative energies for C-

H…O interaction and relevant geometrical parameters such as distance (d) and angle (θ). 

Conversely, when mesityl copper was treated directly with Bpin–Bpin in the presence 

of PPh3, Mes–Bpin was obtained.276 Observing the reaction pattern, we rationalized that the 

enhanced steric bulk of B2pin2 might have prevented the desired product formation. We also 

tried the reaction at elevated temperature to access the NHSi–Cu–Bpin complex but could not 

isolate the desired complex. Thus, we performed a reaction of less sterically bulky B2cat2 with 

complex 2D.2 (Scheme 2D.8) in toluene. In this case, we could obtain dimeric 

[PhC{N(tBu)}2SiN(SiMe3)2}2Cu2BCat2] (2D.8) and Mes–Bcat (2D.9) as a mixture of the 

products. The isolation of complex 2D.8 also indicated the higher reactivity of sterically less 

hindered B2cat2 over B2pin2, which Marder and co-workers also pointed out.277 The molecular 

structure of complex 2D.8 (Figure 2D.17) established the µ-coordination mode of boryl linkage 

to Cu(I) coordinated with NHSi unambiguously. However, the poor quality of the crystals 

refrained us from discussing the metrical parameters. Analogous NHC stabilized µ-boryl Cu(I) 

complexes were reported by Sadhigi, Kleeberg, and co-workers, which show µ-boryl Cu(I) 

core (Chart 2D.4).278-280,281, 282  

 

Figure 2D.17. Molecular structure of 2D.8.  
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Chart 2D.4. Reported examples of NHC supported µ-boryl Cu(I) complexes.277-280 

We could not get a clean 1H NMR spectrum of 2D.8 as it was isolated as a mixture with 

2D.9 (Figure 2D.18). However, 29Si{1H} NMR spectra revealed two sharp singlets at δ 6.3 and 

7.1 ppm, corresponding to the –SiMe3 moiety, and a singlet at δ 3.7 ppm, presumably indicating 

Si(II)–Cu(I) bond.  

 

Figure 2D.18. 1H NMR spectrum of complexes 2D.8 and 2D.9. 

The electronic structure analysis reveals that the HOMO of the dimeric Cu(I)–µ2–Boryl 

complex (2D.8) (Figure 2D.19) is localized over the Cu2B2 ring. The orbital composition of 
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HOMO shows that the localization of electron densities at Cu centers is 18.84% and 13.01 %, 

while at B centers, 30.46% and 22.40 %, respectively. This 3c-2e bonding scenario was further 

confirmed by the natural localized molecular orbital (NLMO) analysis, showing that the 

contribution of each Cu center and B orbital in the Cu–B–Cu bond is 12.51, 6.37, and 72.90 

%, respectively. HOMO-1 also has a contribution over the Cu2B2 ring along with the 

Si(II)→Cu bond, whereas the electron density in the HOMO-2 is predominantly localized over 

the Si(II)→Cu bond, along with the contribution from the catechol-boryl moiety. As observed 

for the previous complexes, LUMO in 2D.8 is also localized over the benzamidinato fragment.  

 

Figure 2D.19. MOs of complex 2D.8. 

Adachi and co-workers prepared Mes–Bcat (2D.9) by reacting catechol and mesityl 

boronic acid at elevated temperatures and purified it by azeotropic distillation.231 The 

preparation of aryl boronate esters either involves Suzuki-Miyura cross-coupling for C–B bond 

formation283 or by base-mediated ArB(OH)2 formation.284 Thus, forming 2D.9 in crystalline 

form gives easy access to mesityl boronic ester (Figure 2D.20). The tri-coordinate boron center 

in 2D.9 possesses a distorted trigonal planar geometry with a B1–O1 bond length of 1.398 (1) 

Å, which is in accordance with the B–O bond observed in aryl boronate esters.285 

 

Figure 2D.20. Molecular structure of 2D.9. Anisotropic displacement parameters are depicted 

at the 50% probability level. H atoms are omitted for clarity. Selected bond distances (Å) and 

angles (deg): O1-B1 1.398(1), B1-C1 1.553(3) and C1-B1-O1 125.0(1), O1-B1-O1 110.0(2). 
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2D.3.6.2 Synthesis of NHSi-based copper selenogenolate complex via Se–Se bond 

cleavage. 

The coinage metal clusters of chalcogens are an important class of compound due to their utility 

in materials chemistry.286, 287 We treated complex 2D.2 with diphenyl diselenide and sterically 

demanding bis(2,4,6-trimethylphenyl) diselenide in toluene at room temperature (Scheme 

2D.9), which led to the formation of an immediate white precipitate. This was characterized by 

1H and 77Se NMR spectra as MesSePh288 and Mes2Se,289 respectively. We filtered the reaction 

mixture and reduced the solution to obtain suitable single crystals of 2D.10 and 2D.11. The 

77Se NMR confirms the copper(I) bound selenium center in 2D.10 by displaying a broad peak 

at δ 37.1 ppm, which is upfield shifted than triethyl phosphine stabilized monomeric copper(I) 

phenylselenogenolate and downfield shifted than trimethyl phosphine stabilized dimeric 

copper(I) phenylselenogenolate.290 The 29Si{1H} NMR spectra display two sharp singlets for 

the –SiMe3 groups at δ 4.9 and 5.9 ppm for 2D.10 and 5.3 and 6.7 for 2D.11, respectively. A 

broad peak for Si(II)–Cu was observed in 29Si NMR spectra at δ 6.7 and 3.2 for 2D.10 and 

2D.11, respectively.  

 

Scheme 2D.9. The reaction of complex 2D.2 with diaryl diselenide (Ar2Se2). 

Complexes 2D.10 and 2D.11 (Figure 2D.20) display a dimeric Cu2Se2 core with the Si- 

Cu bond lengths of 2.248(3) and 2.2631(6) Å, respectively. The marginal elongation of the Si–

Cu bond in complex 2D.11 can be attributed to the sterically demanding mesityl group. Lang 

and co-workers prepared a multinuclear (CuSe)n cluster using a bipyridyl ligand.291 The Cu1–

Se1 distances in 2D.10 and 2D.11 are 2.456(1) and 2.5076(6) Å, which are marginally longer 

than those in Ph3PCu(µ-SePh)2Cu(PPh3)2.CH3CN complex {2.406(1) Å} by Oliver and co-

workers.220 The Cu∙∙∙Cu distances in 2D.10 and 2D.11 are 2.938(2) and 3.4398(6) Å, 

respectively, which are longer than the Cu∙∙∙Cu distance in the Ph3PCu(µ-

SePh)2Cu(PPh3)2.CH3CN complex {2.738(1) Å},292 but shorter than the Cu∙∙∙Cu distance in 

[PhC(NtBu)2N(TMS)2SiCu2X2] (X= Cl and Br).247 We also tried similar reactions with 

diphenyl sulfide (Ph2S2) and diphenyl telluride (Ph2Te2) but could not obtain the desired 

compounds.  
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Figure 2D.21. Molecular structure of a) 2D.10 and b) 2D.11. Anisotropic displacement 

parameters are depicted at the 50% probability level. Disordered aromatic rings and H atoms 

are omitted for clarity. Selected bond distances (Å) and angles (deg): for a) Si1–Cu1 2.248(3), 

Cu1–Se1 2.456(1), Si1–N3 1.743(7), N3–Si3 1.770(8), N3–Si2 1.76(1), Si1–N2 1.848(6), Si1–

N1 1.862(6) and Si1–Cu1–Se1 133.89(8), N3–Si1–Cu1 125.8(3), N3–Si1–N1 112.6(3), N2–

Si1–Cu1 117.0(2), N1–Si1–N2 70.4(3) and for b) Si1–Cu1 2.2631(6), Cu1–Se1 2.4579(6), 

Cu1–Se1 2.5076(6), Si1–N3 1.743(1), Si1–N2 1.848(1), Si1–N1 1.853(1), Cu1–Cu1 3.4398(6) 

and Si1–Cu1–Se1 143.51(2), Si1–Cu1–Se1 124.12(2), Se1–Cu1–Se1 92.31(1), N3–Si1–Cu1 

128.42(5), N3–Si1–N1 109.30(7), N2–Si1–Cu1 113.93(5), N1–Si1–N2 70.45(6).  

FMO analysis shows that the HOMO of complexes 2D.10 (Figure 2D.22) and 2D.11 

(Figure 2D.24) is prominently concentrated over the dimeric Cu2Se2 ring, demonstrating 

substantial contributions from the Si(II) centers and the phenyl rings. Consistently, HOMO-1 

and HOMO-3 exhibit concentrated electron density on the Cu2Se2 ring for complex 2D.10, 

whereas HOMO-3 is localized over the Si(II)→Cu bond for complex 2D.11. The LUMO 

resides on the benzamidinato ring. To understand the thermal stability of the dimeric form of 

2D.10, zero-point energy and basis-set superposition error corrected binding energy (ΔE0) were 
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calculated in the gas-phase (-29.44 kcal/mol) as well as in the solution-phase (-24.57 kcal/mol) 

using toluene as a solvent. We have also calculated the change in the Gibbs free energy (ΔG) 

of 2D.10 in the temperature range of 0-450 K to investigate the thermal stability. It was found 

that 2D.10 is stable in the dimeric form up to the temperatures of 380 and 420 K in the solution- 

and gas-phase, respectively (Figure 2D.25). 

 

Figure 2D.22. MOs of complex 2D.10. 

 

Figure 2D.23. NBO orbital overlap with E(2) values for cuprophilic interaction in complex 

2D.10. 

 

Figure 2D.24. MOs of complex 2D.11. 
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Figure 2D.25. Plot of change in Gibbs free energy (ΔG, kcal/mol) of complex 2D.10 in gas 

and solution-phase as a function of temperature (0-450 K). 

2D.3.6.3 Reaction of 2D.2 towards N–H bond (heterolytic) cleavage: synthesis of NHSi-

based copper amide complexes. 

The N–H bond activation is a vital step for a successful C–N bond formation in the presence 

of a suitable catalyst. There are several reports on activating such bonds,293-295 but facile and 

general preparative methods to obtain these amido species are still relatively scarce.296, 297 

There are prodigious examples of NHC-coordinated copper alkyl complexes that work as 

intermediates to different E–H (E = N, O, and C) bond functionalized products, which even led 

to the isolation of the first NHC-based copper amido and anilido complexes.207,298-300 Recently, 

CMA complexes have gathered special attention due to their mesmerizing photophysical 

properties.221-226, 301-303 Motivated by the fact that NHSi-metal amide complexes were not 

isolated to date, we delved into the reactivity of the NHSi-ligated copper aryl complex towards 

N–H bond cleavage, which facilitated a straightforward route for NHSi-coordinated copper 

amide complexes (2D.12-2D.16). Hence, the isolation of complex 2D.2 prompted us to 

functionalize the copper-mesityl bonds further with the polar N–H bonds (Scheme 2D.10). The 

stoichiometric reaction of 2D.2 with the N–H containing compounds gives access to the variety 

of NHSi copper amide complexes (2D.12-2D.16) (Scheme 2D.10). The complexes are stable 

for several days in the solid state under an inert atmosphere in the dark at room temperature 

and for several months at 0 oC. However, we could perform all the spectroscopic measurements 
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at room temperature, including heteronuclear NMR. The treatment of 2D.2 with pyrrole forms 

complex 2D.12. 

 

Scheme 2D.10. Syntheses of various NHSi coordinated copper amide complexes from 2D.2. 

The 29Si{1H} NMR spectrum of 2D.12 shows a broad peak for the Si(II) center at δ 7.6 

ppm. The single-crystal X-ray diffraction studies further confirmed the molecular structure of 

2D.12 (Figure 2D.26). However, because of the poor quality of the crystals, we refrain from 

discussing any metrical parameters. 

 

Figure 2D.26. Molecular structure of complex 2D.12. 
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Peterson and co-workers also demonstrated the formation of (IPr)Cu–C5H4N complex 

with the help of NMR spectroscopy from (IPr)Cu(Me) complex via the facile elimination of 

CH4. However, its molecular structure could not be established.302 After that, we performed a 

reaction of complex 2D.2 with 2-mesityl–1H-pyrrole, yielding complex 2D.13. The 29Si{1H} 

NMR spectrum of 2D.13 shows a broad peak at δ 7.4 ppm for the Si(II) coordinated to the Cu 

center, which is deshielded as compared to 2D.2 due to the π-electron-donating nature of the 

mesityl group functionalized pyrrole group. Complex 2D.13 possesses a Si1–Cu1 bond length 

of 2.203(1) Å (Figure 2D.27), which is comparable to the heteroleptic 

[Cu(tmeda)(PhC(NtBu)2Si{OtBu])][OTf] complex (2.2003 (6) Å) reported by Driess and co-

workers.150 The Cu1–N1 bond length of 2D.13 was found as 1.874(3) Å with the Si1–Cu1–N1 

angle of 177.5(1)o. In complex 2D.13, the HOMO is predominantly localized on the 2-

mesitylpyrrolide moiety, while the HOMO-1 is distributed across the Cu(I)–Namide fragment. 

The HOMO-2 is extended over the Si(II)→Cu bond (Figure 2D.28). The bis-

perfluoroarylamine is more Lewis acidic than SbF5, which causes extremely low 

nucleophilicity of the amide nitrogen and weak coordination of the bis-perfluoroarylamide 

group.304 Hence, cleaving the N–H bond of bis-perfluoroarylamine is challenging.233, 305, 306 

Thus, we treated 2D.2 with the bis-pentafluorophenylamine in toluene, which afforded 

complex 2D.14. Complex 2D.14 contains a bis-perfluoroarylamide group attached to the 

copper(I) center, which shows the peak at δ 7.1 ppm for the Si(II) center in the 29Si{1H} NMR 

spectrum. The molecular structure of complex 2D.14 (Figure 2D.27) features a Si–Cu bond 

length of 2.220(1) Å and a Si1–Cu1–N1 bond angle of 169.3(1)o. This angle shows a significant 

deviation from the linearity because of the fluorine atoms in the benzene groups. The two ortho-

fluorine atoms (F5 and F10) are in Cu∙∙∙F contacts (Cu–F ortho distances are Cu1–F10 2.791(3) 

and Cu1–F5 2.727(2) Å). This leads to an elongation of one of the corresponding C–F bonds 

(C–F5 and C–F2 distances are 1.350(6) and 1.358(3) Å, respectively) (Figure 2D.29). The 

intermolecular π-stacking between the phenyl group of amidinate moiety and perfluoro-

substituted benzene ring further stabilizes complex 2D.14. Also, this complex features 

intermolecular F∙∙∙F interaction (Figure 2D.29). In complex 2D.14, the HOMO is centered on 

the Cu–Namide moiety, while HOMO-1 and HOMO-2 derive significant contributions from the 

Si(II)→Cu fragment. The LUMO in both complexes 2D.13 and 2D.14 is delocalized over the 

benzamidinate moieties (Figure 2D.28). The distance between Cu and ortho-F atoms in 

complex 2D.14, obtained from the optimized geometries and crystal structures, correlates with 

their E(2) values. Dual Cu∙∙∙F short contacts between Cu(I) and ortho-fluorine atoms of the 
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pentafluorophenyl ring were observed in complex 2D.14. E(2) values of Cu∙∙∙F short contacts 

from the F5 and F10 were found to be 0.70 and 3.06 kcal/mol (Figure 2D.30). 

 

Figure 2D.27. Molecular structure of 2D.13, 2D.14, 2D.15, and 2D.16. Anisotropic 

displacement parameters are depicted at the 50% probability level. H atoms are omitted for 

clarity. Selected bond distances (Å) and angles (deg): for a) Si1–Cu1 2.203(1), Cu1–N1 

1.874(3), Si1–N2 1.730(5), N2–Si2 1.761(4), N2–Si3 1.770(3), Si1–N3 1.842(3), Si1–N4 

1.837(4) and Si1–Cu1–N1 177.5(1), N2–Si1–Cu1 118.8(1), N2–Si1–N4 112.5(2), N3–Si1–

Cu1 113.4(1), N3–Si1–N4 71.2(2); b) Si1–Cu1 2.220(1), Cu1–N1 1.929(4), N1–C1 1.387(5), 

N1–C7 1.383(5), Si1–N2 1.724(3), N2–Si2 1.754(4), N2–Si3 1.774(3), Si1–N3 1.836(4), Si1–

N4 1.846(3) and Si1–Cu1–N1 169.3(1), N4–Si1–N3 70.7(2), N4–Si1–N2 112.4(2), N2–Si1–

Cu1 123.5(1), N4–Si1–Cu1  113.3(1); c) Si1–Cu1 2.1964(8), Cu1–N1 1.906(2), Cu1–N5 

2.654(2), Si1–N4 1.842(2), Si1–N3 1.838(2), Si1–N2 1.740(2), N2–Si3 1.770(2), N2–Si2 

1.754(2) and Si1–Cu1–N1 172.44(7), Si1–Cu1–N5 128.28(6), N5–Cu1–N1 57.09(8), N3–Si1–

Cu1 114.98(8), N3–Si1–N2 112.6(1), N4–Si1–N2 112.6(1), Cu1–Si1–N2 118.48(8); and d) 

Si1–Cu1 2.194(1), Cu1–N1 1.903(3), Cu1–N2 2.712(3), N2–C13 1.294(4), C13–N1 1.337(4), 

Si1–N5 1.837(3), Si1–N4 1.845(3), Si1–N3 1.719(3), N3–Si3 1.761(3), N3–Si2 1.768(3) and 

Si1–Cu1–N1 171.24(9), Si1–Cu1–N2 129.22(6), N1–Cu1–N2 56.1(1), N1–C13–N2 120.6(3), 

N3–Si1–N5 112.4(1), N3–Si1–N4 114.2(1), Cu1–Si1–N5 112.4(1), N3–Si1–Cu1 124.8(1), 

N4–Si1–N5 70.7(1).  
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Figure 2D.28. MOs of complexes a) 2D.13, b) 2D.14, c) 2D.15, and d) 2D.16. 

 

Figure 2D.29. Cu∙∙∙F interactions in complex 2D.14. 
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Figure 2D.30. NBO images of a) Cu∙∙∙F interaction in complex 2D.14, b and c) showing 

N→Cu interactions for complex 2D.15 and 2D.16, respectively.  

After isolating the complexes 2D.12-2D.14, we were curious to investigate the 

coordinative variability of N-donor functionalized secondary amines. To explore the 

coordination ability of N–H systems containing auxiliary N-donor atoms, we obtained a few 

coordinated Cu(I) complexes (2D.15 and 2D.16). The three coordinate NHSi-copper(I) 

complex (2D.15) was isolated by treating 2D.2 with N-mesitylpyridin-2-amine, which gives a 

broad peak at δ 6.9 ppm for Si(II) center in the 29Si{1H} NMR spectrum. Complex 2D.15 

features the Si1–Cu1 bond length of 2.1964(8) Å (Figure 2D.27), which is shorter than the 

Si(II)→Cu(I) bond in complex 2D.12-2D.14. The Cu1–N5 bond length of 2D.15 is 2.654(2) 

Å, which is significantly longer than the reported IPr coordinated three copper(I) complexes 

attached to the 2-(2,3,4,5-tetrafluorophenyl) pyridine group.307 Thompson and co-workers 

isolated a few (NHC)Cu(py2BMe2) {py2BMe2=di(2-pyridyl)dimethylborate} complexes, 

which features N^N donation to copper(I) centre. These complexes possess Cu–N bond lengths 

ranging from 1.9929(16)-2.0288(15) Å.308 The Si1–Cu1–N1 bond angle in 2D.16 is 172.44(7)o
,
 

which deviates from the linearity due to the additional N-donation. Stalke and co-workers 

isolated N-mesitylpyridin-2-amine substituted benzamidinato silylene coordinated trimeric 

copper(I) halide complexes,156 which also features pyridyl N-donation to copper(I) center with 

the N→Cu bond lengths from 1.995(4) to 2.009(2) Å. These bonds are significantly shorter 

than the observed N→Cu bond in 2D.15, denoting a greater extent of electron donation in the 

former one. The amidinate ligands are infinitely versatile in terms of potential structure and 

substitution patterns.309 This prompted us to isolate complex 2D.16 containing 2,6-

diisopropylphenyl (Dipp) group substituted formamidine moiety (Scheme 2D.10). This 

features a broad peak at δ 4.8 ppm for Si(II) attached to three coordinate copper(I) centers in 

the 29Si{1H} NMR spectrum. Due to an additional N-donor atom, the Si(II) center is more 

shielded than the complexes 2D.12-2D.14. Complex 2D.16 is structurally reminiscent of 

CAAC stabilized three-coordinate formamidinate copper(I) complex310 and crystallizes in the 
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monoclinic Cc space group (Figure 2D.27). The molecular structure of 2D.16 reveals the Si1–

Cu1–N1 angle of 171.24(9)o, whereas, for the CAAC one, the C–Cu–N angle is 175.09(7)°.310, 

311 The Si1–Cu1 and Cu1–N1 bond lengths are 2.194(1) and 1.903(3) Å, respectively. The 

Cu1–N2 bond length is 2.712(3) Å, shorter than their sum of van der Waal radius (2.94 Å), 

suggesting the coordinative nature. This is also shorter than the formamidinate copper(I) 

complex of CAAC (Cu–N 2.912(14) Å).310 The C–N bond lengths in the formamidinate 

backbone are different, with long N1–C13 and short N2–C13 distances of 1.337(4) and 

1.294(4) Å, respectively, and match well with the localized C–N single and double bonds in 

the formamidinate system.  

Table 2D.3. Bond lengths of NHSi coordinated Cu-mesityl and Cu-amide complexes 

Complexes 29Si{1H} Chemical shift 

(δ) ppm 

Si(II)→Cu(I) bond 

length (Å) 

Cu-C/N bond 

length (Å) 

2D.2 6.5 2.2509(8) 1.946(2) 

2D.13 7.4 2.203(1) 1.874(3) 

2D.14 7.1 2.220(1) 1.929(4) 

2D.15 6.9 2.1964(8) 1.906(2) 

2D.16 6.6 2.194(1) 1.903(3) 

HOMO of complex 2D.15 exhibits that there is a major contribution from the 2-

mesitylpyridyl moiety and d-orbital of the Cu atom. The electron density at the HOMO-1 is 

predominantly localized over the Cu–Namide bond with a minor contribution over the pyridine 

ring, whereas electron density is delocalized over the Si(II)→Cu–N–mesityl in HOMO-2 with 

a minor contribution from the pyridine ring. NBO calculation further shows that the N→Cu 

bond is stabilized by E(2) values 3.80 and 4.54 kcal/mol for complexes 2D.15 and 2D.16, 

respectively (Figure 2D.30). An apparent trend emerges after observing the chemical shifts of  

29Si{1H} NMR and bonding parameters of the Cu-amide complexes (2D.13-2D.16) with 2D.2  

(Table 2D.3). We observe a deshielding effect on the Si(II) centers for complexes 2D.13-2D.16 

that can be attributed to the electrophilic nature of the amide group. Furthermore, the 

Si(II)→Cu and Cu–Namide bond lengths of complexes 2D.13-2D.16 are notably shorter than the 

corresponding Si(II)→Cu and Cu–Cipso bond lengths in complex 2D.2. This discrepancy 

suggests an enhanced electropositive character of the Cu(I) center in complexes 2D.13-2D.16, 

as also realized from the Mulliken charge analysis (Table 2D.4) on the Si, Cu, Cipso, and Namide. 

It was found that the electropositive character of the Cu(I) center indeed increases in 2D.13-
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2D.16 with a gradual increase in the electrophilic nature of the amide ligand as compared to 

the mesityl group of 2D.2. 

Table 2D.4. Mulliken charges on Si(II), Cu(I), Cipso, and Namide centres 

 2 13 14 15 16 

qSi 0.6172 0.7934 0.8198 0.8569 0.8369 

qCu -0.4735 -0.1931 -0.2265 -0.2137 -0.2031 

qC/N -0.1829 -0.2091 -0.2386 -0.2477 -0.2395 

2D.4 Conclusion 

The functionalization of NHC or CAAC-based coinage metal complexes become important 

lately because of the efficient optoelectronic applications of carbene-metal-amide complexes. 

However, the functionalization of NHSi-copper(I) complexes was unknown to date. In 

summary, we have established a versatile route to utilize the NHSi-organocopper complex as 

an efficient precursor for heteroatom functionalization. We have shown the successful mesityl 

group transfer from 2D.2 in Pd-catalyzed C–C cross-coupling reactions, affording excellent 

yields of the products. Importantly, we could also isolate an interesting NHSi coordinated 

dimeric mesityl silver complex (2D.4) with argentophilic interaction. Our adopted 

methodology allows facile generation of NHSi-supported Cu–O (2D.6), Cu–B (2D.8), Cu–Se 

(2D.10 and 2D.11) and Cu–N (2D.12-2D.16) bonds. Moreover, utilizing N-donor attached 

secondary amines gives structurally unique three-coordinate copper(I) complexes (2D.15 and 

2D.16). Our future attempts will fine-tune the methodology to explore the optoelectronic 

properties of such relevant compounds. Our future efforts will also focus on using these 

complexes for the different organic transformations for which we believe they have great 

potential. 
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3.1 Objective of this work. 

In this work, we report the inaugural instance of NHSi-coordinated copper amide-based 

thermally activated delayed fluorescence (TADF) and singlet-triplet dual emitters. By applying 

a systematic designing strategy, we isolated a series of NHSi [Ph(tBuN)2CSiN(TMS)2] 

stabilized Cu amide complexes (3.2-3.5). Carbene-copper-amide, its well-known predecessor, 

has recently emerged as a potential emitter to be utilized in the field of optoelectronics, 

photosensitization, and photocatalysis. These silylene-metal-amide (SiMA) emitters display 

TADF and dual emissive behavior in anaerobic conditions. The NHSi-Cu-diphenylamide (3.2) 

complex shows TADF with a very small ∆EST gap (0.01 eV) absolute quantum yield of 11 % 

and radiative rate of 2.22×106 s-1 and short τTADF 0.45 µs in the solid state. The dual emissive 

complexes show an absolute quantum yield of upto 20 % in the solid state with a kISC rate of 

1.82×108 s-1. These complexes show room temperature phosphorescence (RTP) with a lifetime 

of up to 9 ms. The TD-DFT calculation shows that the TADF originates from the LL'CT state, 

whereas the dual emissive states originate from 3LE and 1LLCT in nature. This work intends 

to deepen the understanding of SiMA-type emitters, which are hitherto unknown, and modulate 

them as more efficient Cu(I)-based TADF or RTP emitters. 

3.2 Introduction. 

The isolation of two coordinate carbene metal amides is a breakthrough discovery because of 

their excellent OLED performance characteristics.1-3 The electron donation occurs from the 

generally π-donating amide fragment to the π-accepting carbene part by enabling a TADF 

mechanism (Figure 3.1). The TADF process occurs from the lowest excited singlet state S1 to 

the ground state S0 via reverse intersystem crossing (RISC) from the triplet excited state T1 to 

S1 upon thermal activation at room temperature.4 These complexes usually have very short 

∆E(S1-T1) gaps because of the larger spatial separation between electrons and holes located 

over acceptor and donor moieties, respectively.5 The four- and three-coordinate Cu complexes 

that were extensively studied feature metal-to-ligand-centered charge transfer (MLCT) and 

halogen-to-ligand-centered charge transfer (XLCT).6, 7 The structural rearrangements (Rener-

Teller and Jahn-Teller effect) associated with complexes reduce the emission efficiency;6-11 

thus, the need to lower the coordination number is an effective way by either using the sterically 

demanding ligand or enhancing the ligand's electronic effect.2  

A wide range of carbenes, including CAACs12-19 and mono and di amido carbenes 

(MAC and DAC)20-25 and variously substituted NHCs26-30 have been explored in this direction 

(Chart 3.1a). A plethora of carbazole substituents have been scrutinized for fine-tuning the 
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emission properties. Various structural aspects, planarity, angle distortion of amide 

functionalities,31-33 and chirality of carbene34, 35 have been meticulously examined in recent 

times in quest of highly efficient TADF emitters. 

 

Figure 3.1. The energy diagram represents various electronic transitions, including 

fluorescence, phosphorescence, (a) TADF; (b) dual emission.  

 

Chart 3.1. (a) Reported carbenes used till date for exploration of luminescent properties of 

metal amide complexes.5 (b) Use of carbene metal amide in various applicative domains36 and 

use of NHSi coordinated Cu amide for luminescent properties in this work.   
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NHSis, the higher analogs of NHCs, have never been utilized in this context. However, 

functionalized disilines have been found to show interesting luminescent properties.37-40 NHSi 

were isolated first in 1994 by West and Denk,41, 42 where the Si(II) center generally prefers a 

3s23p2 configuration due to its less inclination to hybridize s- and p-orbital. Thus, they have an 

out-of-plane 3p-orbital for electron acceptance.43 This makes them electronically different than 

the conventional carbenes, which usually possess a sp hybridized orbital as accepting orbital 

to obey the "octet rule." This electronic difference has enabled NHSis to show diverse 

reactivities compared to the NHCs in small molecule activation.44, 45 Jutzi, West, Roesky, Kira, 

Driess, Iwamoto, Power, Jones, Aldridge, Baceiredo, Kato, Inoue, and others have pioneered 

remarkable work that highlights the potential of silylene as a potential ligand backbone in 

stabilizing various elusive and highly reactive species.41, 45-56 Apart from investigating the 

reactivity patterns of functionalized NHSi, exploration of their utility in fabricating 

luminescent materials has unexplored,57, 58 unlike the other low valent reactive main group 

precursors.59-63 Transition metal complexes of NHSis also have been isolated over the years 

and probed in various organic transformations.44, 64, 65 However, exploration of the coinage 

metal precursors (Cu, Ag, and Au) is still infancy. Despite the recent exploration of promising 

luminescence properties of the carbene functionalized two coordinated coinage metal 

precursors,36 surprisingly, no report of such complex of NHSi persists till date. Among all the 

reported NHSis, benzamidinato chlorosilylene [Ph(tBuN)2CSiCl] is the most studied NHSi 

ligand owing to its high thermal stability and ease of functionalization at the halide center.66 

Various pioneer groups, including us, have isolated several Cu complexes with functionalized 

benzamidinato silylenes ranging from neutral to cationic species.67-73 Owing to our interest in 

this domain, we have long sought to isolate luminescent coinage metal complexes of NHSi. 

The overwhelming performance of two coordinated NHC stabilized coinage metal amides12, 74, 

75 inspired us to the isolation of their NHSi analog. For that, we choose hexamethyldisilazide 

substituted benzamidinato silylene [Ph(tBuN)2CSiN(TMS)2] as our ligand of choice because 

of its success in isolation of unusual ɳ6 coordinated Cu(I)…arene complex.70 It was postulated 

that the π-acceptance properties of this NHSi ligand can diminish the electron repulsion of the 

d10 system to form ɳ6 coordination. The π-acceptance is one of the crucial criteria for the charge 

transfer (CT) process in such emissive two-coordinated metal-amide systems. Copper is an 

attractive alternative for this purpose due to its cost-effectivity and high earth abundance. The 

unique structural diversities and distinctive photophysical properties of Cu(I) containing 

complexes have received significant attention over the years in organic light-emitting diodes 

and organic photocatalytic properties.76-81  Hence, we treated [Ph(tBuN)2CSiN(TMS)2] (Chart 
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3.1b) with mesityl copper to isolate complex 3.1, which can easily undergo mesitylene 

elimination in the presence of any secondary amide having polar N-H bonds. For this, we 

turned our focus towards acyclic secondary amines. We isolated the NHSi-coordinated Cu-

diphenylamide (3.2) complex, which showed TADF (Figure 3.1). However, when we used 

amides with a combination of electron donor (Dipp and Trip) and acceptor (-CF3) substituents 

(complexes 3.3 and 3.4), we found that dual emission mechanisms became operative (Figure 

3.1) in excited states. For a comparison, we also prepared their NHC counterparts. All 

complexes were isolated in pure form, and their formation was established via XRD, 

multinuclear NMR, and HRMS. Detailed photophysical and TD-DFT investigations were 

performed. According to the best of our knowledge, our results mark the inauguration of SiMA 

emitters, which show TADF and dual emission properties.  

3.3 Results and Discussion. 

3.3.1 Synthesis of compounds 3.I-3.III and complexes 3.1-3.6, 3.8, and 3.9. 

1H, 13C, 29Si, and 19F NMR spectra were measured in CDCl3, C6D6 using a 400 MHz NMR 

spectrometer, "Bruker Avance DRX500"; chemical shifts () are expressed in ppm referenced 

to external SiMe4 (tetramethylsilane, TMS), using the residual solvent as internal standard 

(CDCl3: 
1H, 7.26 ppm and 13C, 77.16 ppm; C6D6: 

1H, 7.16 ppm and 13C, 128.06 ppm). Coupling 

constants are expressed in hertz. Individual peaks are reported as multiplicities (s = singlet, d 

= doublet, dd = doublet of doublet, t = triplet, q = quartet, m = multiplet, integration, coupling 

constants are given in Hz. The spectra were processed and analyzed using MestReNova 

software. Melting points were measured in a sealed glass tube and were not corrected. 

LSiNTMS was prepared via previously reported procedures.82 According to the literature 

procedure, Mesityl copper and complex 3.7 were also prepared.83-85 

3.3.1.1 Synthesis procedure for C-N cross-coupling reactions for synthesizing compounds 

3.I-3.III. 

A 250 mL Schlenk tube was charged with aryl halide (2 mmol) and substituted aniline (2 

mmol), followed by the addition of toluene (50 ml), followed by the addition of 0.5 mol% 

Pd(dba)2, 0.5 mol % PCy3, and 1.2 equiv. NaOtBu (Scheme 3.1). The reaction mixture was then 

refluxed for 48 h at 110 °C. The reaction mixture was cooled to room temperature and extracted 

in DCM. The resulting solution was concentrated on a rota-evaporator and purified by column 

chromatography (n-hexane and ethyl acetate mixture) to afford the expected product. All the 
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C-N coupled products were characterized by NMR spectroscopy and mass spectrometry and 

matched well with the reported literature.86 

 

Scheme 3.1. General methodology for syntheses of the compounds 3.I-3.III. 

3.3.1.1.1 Compound 3.II. 1H NMR (400 MHz, CDCl3): δ 7.41 (s, 1H, aromatic C-H), 7.33 (s, 

2H, aromatic C-H), 7.26 (s, 2H, aromatic C-H), 7.00 (s, 1H, -NH2), 3.23 (hept, J = 6.9 Hz, 2H, 

-CH(CH3)2), 3.16 – 3.06 (m, 1H, -CH(CH3)2), 1.47 (d, J = 6.9 Hz, 6H, -CH(CH3)2), 1.31 (d, J 

= 6.9 Hz, 12H, -CH(CH3)2) ppm; 13C NMR (100.613 MHz, CDCl3): δ 149.05 (aromatic C), 

148.70 (aromatic C), 146.87 (aromatic C), 132.80 (aromatic C), 132.47 (aromatic C), 132.15 

(aromatic C), 131.82 (aromatic C), 130.16 (aromatic C), 124.76 (aromatic C), 122.16 (aromatic 

C), 111.76 (aromatic C), 110.30 (dq, J = 7.9, 4.0 Hz, -C-CF3), 34.12 (-CH(CH3)2)), 28.28 (-

CH(CH3)2)), 23.87 (-CH(CH3)2) ppm; 19F NMR (377 MHz, CDCl3) δ -63.18 ppm. 

3.3.1.1.2 Compound 3.III. 1H NMR (400 MHz, CDCl3): δ 7.53 (s, 2H, aromatic C-H), 7.50 

(s, 4H, aromatic C-H), 6.27 (s, 1H, -NH2) ppm; 13C NMR (100.613 MHz, CDCl3): δ 142.62 

(aromatic C), 133.73 -132.79 (-CF3), 126.91 (aromatic C), 124.20 (aromatic C), 121.49 

(aromatic C), 118.78 (aromatic C), 117.58 (aromatic C), 115.77 (dt, J = 7.7, 3.8 Hz, -C(CF3)) 

ppm; 19F NMR (377 MHz, CDCl3): δ -63.42 ppm. 

3.3.1.2 Synthesis procedure for complexes 3.1-3.6, 3.8, and 3.9. 

We performed the reactions of 3.1 with diphenylamine, N-(3,5-bis(trifluoromethyl)phenyl)-

2,4,6-triisopropylaniline, N-(3,5-bis(trifluoromethyl)phenyl)-2,6-diisopropylaniline and N-

(3,5-bis(trifluoromethyl)phenyl)-2,6-bis(trifluoromethyl)aniline to afford complex 3.2, 3.3, 

3.4, and 3.5, respectively (Scheme 3.2), which shows good solubility in toluene and THF.  

3.3.1.2.1 Preparation of 3.1. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring overnight under an inert atmosphere of Argon (Ar). The greenish-

yellow color solution was filtered and evaporated under reduced pressure. Yield: 250 mg 
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(83%). 1H NMR (400 MHz, C6D6, 298 K) ẟ 0.32 (s, 9H, Si-CH3), 0.70 (s, 9H, Si-CH3), 1.17 

(s, 18H, {N-C(CH3)3}, 2.44 (s, 3H, p-CH3), 3.06 (s, 6H, o-CH3), 6.85-7.03 (m, 5H, arom. H), 

7.14 (d, 2H, arom. H) ppm; 13C{1H} NMR (100.613 MHz, C6D6, 298 K): ẟ 4.82 (Si-CH3), 5.98 

(Si-CH3), 21.78 (mesityl CH3), 29.86 (mesityl CH3), 31.80 {N-C(CH3)3}, 54.36 {N-C(CH3)3}, 

125.16, 130.29, 132.03, 133.40, 146.66 (arom. C), 165.93, 167.16 (NCN) ppm; 29Si{1H} NMR 

(79.49 MHz, C6D6, 298 K): δ 5.28 [-N(SiMe3)2], 5.33 [-N(SiMe3)2], 6.5 (Si-Cu) ppm. HRMS 

(ESI, CH3CN) (m/z) for [C30H52CuN3Si3] cacld. 601.2765; found 601.2748 [M+].  

 

Scheme 3.2. Syntheses of NHSi coordinated copper amide complexes (3.2-3.5). 

3.3.1.2.2 Preparation of 3.2. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring for 4 h. Diphenyl amine (84.6 mg, 0.5 mmol) was added to the solution 

and kept in stirring overnight under an inert atmosphere of Argon (Ar). The resultant solution 

was filtered and evaporated under reduced pressure, which afforded single crystals at room 

temperature. Yield: 200 mg (62 %). 1H NMR (400 MHz, C6D6): δ 7.69 (d, J = 8.5 Hz, 4H, 

aromatic C-H), 7.38 – 7.31 (m, 4H, aromatic C-H), 6.93 – 6.82 (m, 7H, aromatic C-H), 1.07 

(s, 18H, {N-C(CH3)3}), 0.57 (s, 9H, Si-CH3), 0.25 (s, 9H, Si-CH3) ppm;  13C{1H} NMR 

(100.613 MHz, C6D6, 298 K): ẟ 167.63 (NCN), 156.44 (aromatic C), 143.26 (aromatic C), 

131.13 (aromatic C), 130.08 (aromatic C), 129.18 (aromatic C), 129.06 (aromatic C), 120.79 
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(aromatic C), 120.56 (aromatic C), 117.84 (aromatic C), 116.42 (aromatic C), 54.21 ({N-

C(CH3)3}), 31.16 {N-C(CH3)3}, 4.36 (Si-CH3), 5.60 (Si-CH3) ppm; 29Si{1H} NMR (79.49 

MHz, C6D6, 298 K): δ 5.70 [-N(SiMe3)2],  6.9 [-N(SiMe3)2],  8.0 (Si-Cu) ppm. HRMS (ESI, 

CH3CN) (m/z) for [C33H51CuN4Si3] cacld. 650.2717; found 650.1326 [M+]. M.p. 153 °C. 

3.3.1.2.3 Preparation of 3.3. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring for 4 h. N-(3,5-bis(trifluoromethyl)phenyl)-2,4,6-triisopropylaniline 

(3.II) (216 mg, 0.5 mmol) was added to the solution and kept in stirring overnight under inert 

atmosphere of Argon (Ar). The resultant solution was filtered and evaporated under reduced 

pressure, which afforded single crystals at room temperature. Yield: 340 mg (74 %). 1H NMR 

(400 MHz, C6D6): δ 7.71 (s, 1H, aromatic C-H), 7.26 (d, J = 7.7 Hz, 1H, aromatic C-H), 7.06 

(s, 3H, aromatic C-H), 7.04 – 6.95 (m, 3H, aromatic C-H), 6.87 (t, J = 7.5 Hz, 1H, aromatic C-

H), 6.81 (t, J = 7.6 Hz, 1H, aromatic C-H), 6.58 (s, 1H, aromatic C-H), 3.83 – 3.70 (m, 2H, -

CH(CH3)2), 2.90 – 2.74 (m, 1H, -CH(CH3)2), 1.36 (d, J = 6.9 Hz, 6H, -CH(CH3)2), 1.23 (d, J = 

6.8 Hz, 6H, -CH(CH3)2), 1.19 (d, J = 6.9 Hz, 6H, -CH(CH3)2), 0.97 (s, 18H, {N-C(CH3)3), 0.32 

(s, 9H, Si-CH3), 0.14 (s, 9H, Si-CH3) ppm; 13C NMR (100.613 MHz, C6D6): δ 168.56 (NCN), 

159.98 (aromatic C), 147.42 (aromatic C), 144.70 (aromatic C), 144.28 (aromatic C), 142.98 

(aromatic C), 131.07 (aromatic C), 130.63 (aromatic C), 128.25 (aromatic C), 127.16 (aromatic 

C), 122.38 (aromatic C), 121.69 (aromatic C), 116.66 (aromatic C), 111.13 (aromatic C), 54.44 

{N-C(CH3)3}, 34.44 {-CH(CH3)2}, 31.43 {N-C(CH3)3}, 28.33 {-CH(CH3)2}, 25.03 {-

CH(CH3)2}, 24.58 {-CH(CH3)2}, 24.35 {-CH(CH3)2}, 5.60 (Si-CH3), 4.55 (Si-CH3). 
29Si{1H} 

NMR (79.49 MHz, C6D6, 298 K): δ 6.2 [-N(SiMe3)2], 6.9 [-N(SiMe3)2], 7.6 (Si-Cu) ppm; 19F 

NMR (377 MHz, C6D6): δ -63, -62.1 ppm. HRMS (ESI, CH3CN) (m/z) for [C44H67CuF6N4Si3] 

cacld. 912.3873; found 913.4285 [M+1]. M.p. 178 °C. 

3.3.1.2.4 Preparation of 3.4. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring for 4 h. N-(3,5-bis(trifluoromethyl)phenyl)-2,6-diisopropylaniline (3.I) 

(195 mg, 0.5 mmol) was added to the solution and kept in stirring overnight under an inert 

atmosphere of Argon (Ar). The resultant solution was filtered and evaporated under reduced 

pressure, which afforded single crystals at room temperature. Yield: 310 mg (71 %). 1H NMR 

(400 MHz, C6D6) δ 7.80 (s, 1H, aromatic C-H), 7.38 (d, J = 7.6 Hz, 1H, aromatic C-H), 7.31 

(d, J = 8.0 Hz, 2H, aromatic C-H), 7.23 (d, J = 6.8 Hz, 1H, aromatic C-H), 7.13 – 7.06 (m, 3H, 
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aromatic C-H), 6.97 (t, J = 7.6 Hz, 1H, aromatic C-H), 6.90 (t, J = 7.6 Hz, 1H, aromatic C-H), 

6.65 (s, 1H, aromatic C-H), 3.90 – 3.82 (m, 2H, -CH(CH3)2), 1.41 (d, J = 6.9 Hz, 6H, -

CH(CH3)2), 1.27 (d, J = 6.9 Hz, 6H, -CH(CH3)2), 1.07 (s, 18H, {N-C(CH3)3}), 0.40 (s, 9H, Si-

CH3), 0.23 (s, 9H, Si-CH3). ppm; 13C NMR (100.613 MHz, C6D6): δ 168.48 (NCN), 159.75 

(aromatic C), 147.35 (aromatic C), 145.24 (aromatic C), 144.88 (aromatic C), 130.91 (aromatic 

C), 130.50 (aromatic C), 124.56 (aromatic C), 124.34 (aromatic C), 123.91 (aromatic C), 

116.54 (aromatic C), 111.05 (aromatic C), 103.02 (aromatic C), 54.30 {N-C(CH3)3}, 31.29{N-

C(CH3)3}, 28.09{-CH(CH3)2}, 24.74{-CH(CH3)2}, 24.29{-CH(CH3)2}, 5.48 (Si-CH3), 4.40 

(Si-CH3) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ  6.2 [-N(SiMe3)2],  6.9 [-

N(SiMe3)2], 7.5 (Si-Cu) ppm; 19F NMR (377 MHz, C6D6): δ -62.0, -63.1 ppm. HRMS (ESI, 

CH3CN) (m/z) for [C41H61CuF6N4Si3] cacld. 870.3404; found 893.5298 [M+Na]. M.p. 146 °C. 

3.3.1.2.5 Preparation of 3.5. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring for 4 h. N-(3,5-bis(trifluoromethyl)phenyl)-2,6-

bis(trifluoromethyl)aniline (3.III) (221 mg, 0.5 mmol) was added to the solution and kept in 

stirring overnight under inert atmosphere of Argon (Ar). The resultant solution was filtered and 

evaporated under reduced pressure, which afforded single crystals at room temperature. Yield: 

290 mg (63%). 1H NMR (400 MHz, C6D6): δ 6.66 (s, 2H, aromatic C-H), 6.48 (s, 2H, aromatic 

C-H), 6.38 (d, J = 8.3 Hz, 1H, aromatic C-H), 6.28 – 6.17 (m, 3H, aromatic C-H), 6.05 (d, J = 

7.1 Hz, 1H, aromatic C-H), 0.38 (s, 18H, {N-C(CH3)3}), -0.21 (s, 9H, Si-CH3), -0.45 (s, 9H, 

Si-CH3) ppm; 13C NMR (100.613 MHz, C6D6): δ 168.96 (NCN), 156.06 (aromatic C), 132.90 

( aromatic C), 132.27-133.22 (-CF3), 130.60 (aromatic C), 126.96 (aromatic C), 125.82 

(aromatic C), 123.11 (aromatic C), 119.76 (aromatic C), 110.69 (aromatic C), 54.51 (N-

C(CH3)3), 31.38 (N-C(CH3)3), 5.49 (Si-CH3), 4.38 (Si-CH3) ppm; 29Si{1H} NMR (79.49 MHz, 

C6D6, 298 K): δ  6.6 [-N(SiMe3)2],  7.0 [-N(SiMe3)2],  6.7 (Si-Cu) ppm; 19F NMR (377 MHz, 

C6D6): δ -62.8 ppm. HRMS (ESI, CH3CN) (m/z) for [C37H47CuF12N4Si3] cacld. 922.2213; 

found 923.0352 [M+1]. M.p. 143 °C. 

3.3.1.2.6 Preparation of 3.6. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring for 4 h. Carbazole (83.5 mg, 0.5 mmol) was added to the solution and 

kept in stirring overnight under an inert atmosphere of Argon (Ar). The resultant solution was 

filtered and evaporated under reduced pressure, which afforded single crystals at room 
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temperature. Yield: 280 mg (86 %).  1H NMR (400 MHz, C6D6): δ 8.43 (d, J = 7.7 Hz, 2H, 

aromatic C-H), 8.12 (d, J = 8.1 Hz, 2H, aromatic C-H), 7.70 (t, J = 7.0 Hz, 2H, aromatic C-H), 

7.36 (t, J = 7.3 Hz, 2H, aromatic C-H), 7.06 (d, J = 7.5 Hz, 2H, aromatic C-H), 6.84 (dd, J = 

16.2, 6.1 Hz, 3H, aromatic C-H), 1.10 (s, 18H, {N-C(CH3)3}), 0.63 (s, 9H, Si-CH3), 0.27 (s, 

9H, Si-CH3) ppm; 13C NMR (100.613 MHz, C6D6): δ 168.34 (NCN)151.26 (aromatic C), 

131.05 (aromatic C), 130.35 (aromatic C), 125.51 (aromatic C), 123.89 (aromatic C), 120.52 

(aromatic C), 116.00 (aromatic C), 114.42 (aromatic C), 54.43 ({N-C(CH3)3}), 31.59 ({N-

C(CH3)3}), 5.79 (Si-CH3), 4.41 (Si-CH3) ppm; 29Si{1H} NMR (79.49 MHz, C6D6, 298 K): δ 

6.2 [-N(SiMe3)2], 7.1 [-N(SiMe3)2], 7.5 (Si-Cu) ppm. HRMS (ESI, CH3CN) (m/z) for 

[C33H49CuN4Si3] cacld. 649.2717; found 648.0386 [M-1]+. M.p. 155 °C. 

3.3.1.2.7 Preparation of 3.8. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 

ml) and kept in stirring for 4 h. N-(3,5-bis(trifluoromethyl)phenyl)-2,4,6-triisopropylaniline 

(3.II) (216 mg, 0.5 mmol) was added to the solution and kept in stirring overnight under inert 

atmosphere of Argon (Ar). The resultant solution was filtered and evaporated under reduced 

pressure, which afforded single crystals at room temperature. Yield: 400 mg (90 %). 1H NMR 

(400 MHz, C6D6): δ 7.26 (t, J = 7.8 Hz, 2H, aromatic C-H), 7.09 – 7.02 (m, 6H, aromatic C-

H), 6.95 (s, 1H, aromatic C-H), 6.77 (s, 1H, aromatic C-H), 6.42 (s, 1H, aromatic C-H), 6.24 

(s, 2H, -NCH=CHN-), 3.35 – 3.24 (m, 2H, -CH(CH3)2 from amide part), 2.83 (dt, J = 13.8, 6.9 

Hz, 1H, -CH(CH3)2 from amide part), 2.60 – 2.48 (m, 4H, -CH(CH3)2), 1.26 (d, J = 6.9 Hz, 6H, 

-CH(CH3)2 from amide part), 1.17 (d, J = 6.9 Hz, 12H, -CH(CH3)2), 1.10 (d, J = 6.8 Hz, 6H, -

CH(CH3)2 from amide part), 1.00 (d, J = 6.9 Hz, 12H, -CH(CH3)2), 0.84 (d, J = 6.9 Hz, 6H, -

CH(CH3)2 from amide part) ppm; 13C NMR (100.613 MHz, C6D6) δ 181.53 (carbene C), 

159.75 (aromatic C), 147.43 (aromatic C), 145.14 (aromatic C), 144.69 (aromatic C), 143.95 

(aromatic C), 142.22 (aromatic C), 134.74 (aromatic C), 130.78 (aromatic C), 124.32 (aromatic 

C), 123.14 (aromatic C), 122.37 (aromatic C), 121.54 (aromatic C), 116.49 (aromatic C), 

111.55 (aromatic C), 103.60 – 102.50 (-CF3), 34.41 (-CH(CH3)2), 28.72 (-CH(CH3)2), 27.79 (-

CH(CH3)2), 24.43 (d, -CH(CH3)2), 24.00 (d, -CH(CH3)2) ppm; 19F NMR (377 MHz, C6D6): δ 

-61.3, 63.2 ppm. HRMS (ESI, CH3CN) (m/z) for [C50H62CuF6N3] cacld. 881.4143; found 

881.0219 [M+]. M.p. 232 °C. 

3.3.1.2.8 Preparation of 3.9. A Schlenk flask was charged with compound 3.1 (210.42 mg, 

0.5 mmol) and mesityl copper (91.37 mg, 0.5 mmol), followed by the addition of toluene (20 
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ml) and kept in stirring for 4 h. N-(3,5-bis(trifluoromethyl)phenyl)-2,6-diisopropylaniline (3.I) 

(195 mg, 0.5 mmol) was added to the solution and kept in stirring overnight under an inert 

atmosphere of Argon (Ar). The resultant solution was filtered and evaporated under reduced 

pressure, which afforded single crystals at room temperature. Yield: 345 mg (82 %). 1H NMR 

(400 MHz, C6D6): δ 7.25 (t, J = 7.8 Hz, 2H, aromatic C-H), 7.11 (s, 3H, aromatic C-H), 7.06 

(d, J = 7.8 Hz, 4H, aromatic C-H), 6.98 (s, 1H, aromatic C-H), 6.81 (s, 1H), 6.38 (s, 1H, 

aromatic C-H), 6.23 (s, 2H, -NCH=CHN-), 3.28 (dt, J = 13.7, 6.9 Hz, 2H, {-CH(CH3)2 from 

amide part), 2.54 (dt, J = 13.7, 6.8 Hz, 4H, {-CH(CH3)2}), 1.17 (d, J = 6.9 Hz, 12H, {-

CH(CH3)2}), 1.04 (d, J = 6.8 Hz, 6H, {-CH(CH3)2} from amide part), 0.99 (d, J = 6.9 Hz, 12H, 

{-CH(CH3)2}), 0.80 (d, J = 6.9 Hz, 6H, {-CH(CH3)2} from amide part) ppm; 13C NMR 

(100.613 MHz, C6D6) δ 181.40 (carbene C), 159.65 (aromatic C), 145.10 (d, J = 5.2 Hz, 

aromatic C), 144.71 (aromatic C), 134.70 (aromatic C), 130.78 (aromatic C), 124.42 (d, J = 

13.0 Hz), 123.83 (s), 123.13 (s), 122.90 (aromatic C), 116.55 (dd, J = 6.6, 3.2 Hz, -CF3), 28.72 

(-CH(CH3)2), 27.72 (-CH(CH3)2), 24.38 (-CH(CH3)2), 24.09 (-CH(CH3)2), 23.88 (-CH(CH3)2), 

22.35 (-CH(CH3)2) ppm; 19F NMR (377 MHz, C6D6): δ -61.3, 63.2 ppm. HRMS (ESI, CH3CN) 

(m/z) for [C47H56CuF6N3] cacld. 839.3674; found 839.5033 [M+]. M.p. 240 °C. 

3.3.2 Structural elucidation. 

Complex 3.2, 3.3, and 3.4 show broad peaks at δ 8.0, 7.6, and 7.5 ppm, respectively, along with 

two other sharp singlets for trimethylsilyl (TMS) group. This confirms the Si(II)→Cu-amide 

coordination. The 29Si{1H} NMR shows a broad peak at δ 6.7 ppm for complex 3.5. The upfield 

shift of 29Si{1H} resonances of these complexes show the trend of deshielding 3.2<3.3~3.4<3.5 

(Table 3.1). 

Table 3.1. 29Si{1H} chemical shift and bond parameters of NHSi coordinated Cu-mesityl and 

Cu-amide complexes. 

Complexes 29Si{1H} Chemical 

shift (δ) ppm 

Si(II)→Cu(I) 

bond length (Å) 

Cu-C/N bond 

length (Å) 

αa 

angle 

βb 

angle 

3.1 6.5 2.2509(8) 1.946(2) - - 

3.2 8.0 2.2164(8) 1.896(2) 21.5 170.5 

3.3 7.6 2.204(2) 1.872(5) 28.1 162.1 

3.4 7.5 2.2302(15) 1.884(3) 40.9 159.1 

3.5 6.7 2.2153(8) 1.901(2) 75.9 171.0 

3.6 7.5 2.2068(12) 1.873(2) 18.9 171.9 
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atorsion angle (α) between the NHSi ligand and amide moiety. bβ is the tilt angle between the 

Cu and the amide group. Cg centroid and for acyclic secondary amide (C23, C22, N1, C28, 

C29 for 3.2; C14, N1, C1, C2, C9 for 3.3; C22, N1, C27, C30, C31 for 3.4; C14, C9, N1, C1, 

C2 for 3.5) and for the carbazolide five-membered ring (N1, C32, C27, C26, C37 for 3.6) 

 

Figure 3.2. Molecular structure of 3.2-3.5. Anisotropic displacement parameters are depicted 

at the 50% probability level. Solvent moiety, anion, and H atoms are omitted for clarity. 

Selected bond distances (Å) and angles (deg): for complex 3.2 (a) Cu1-Si1 2.2164(8), Cu1-N1 

1.896(2), Si1-N3 1.844(2), Si1-N4 1.8405(19), Si1-N5 1.730(2), Si2-N5 1.771(2), Si3-N5 

1.755(2) and N1-Cu1-Si1 171.91(6), Si1-N5-Si3 125.78(11), Si3-N5-Si2 120.43(11), N3-Si1-

Cu1 111.38(7), N4-Si1-Cu1 111.16(7), N4-Si1-N3 70.78(8), N5-Si1-Cu1 125.01(7), N5-Si1-

N3 113.17(9), N5-Si1-N4 112.71(9); for complex 3.3 (b) Cu1-Si1 2.204(2), Cu1-N1 1.872(5), 

Si1-N2 1.841(6), Si1-N3 1.826(6), Si1-N4 1.719(6), Si2-N4 1.780(6), Si3-N4 1.749(6) and 

N1-Cu1-Si1 172.43(19), N2-Si1-Cu1 110.13(18), N3-Si1-Cu1 112.51(19), N3-Si1-N2 70.7(3), 

N4-Si1-Cu1 125.4(2), N4-Si1-N2 112.5(3), N4-Si1-N3 112.7(3);  for complex 3.4 (c) Cu1-Si1 

2.2302(15), Cu1-N1 1.884(3), Si1-N4 1.838(4), Si1-N3 1.839(4), Si1-N2 1.709(4), Si2-N2 

1.766(4), Si3-N2 1.764(4) and N1-Cu1-Si1 172.28(11), N4-Si1-Cu1 111.47(12), N4-Si1-N3 
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70.97(16), N3-Si1-Cu1 110.23(12), N2-Si1-Cu1 124.98(15), N2-Si1-N4 113.14(18), N2-Si1-

N3 113.51(19), Si1-N2-Si2 115.7(2), Si1-N2-Si3 125.5(2), Si3-N2-Si2 118.6(2); for complex 

3.5 (d) Cu1-N1 1.901(2), Cu1-Si1 2.2153(8), Si1-N2 1.837(2), Si1-N3 1.841(2), Si1-N4 

1.720(2), Si2-N4 1.757(2), Si3-N4 1.771(2) and N1-Cu1-Si1 177.21(8), N2-Si1-Cu1 

112.90(8), N2-Si1-N3 70.86(11), N3-Si1-Cu1 110.74(8), N4-Si1-Cu1 122.49(8), N4-Si1-N2 

114.01(11), N4-Si1-N3 114.63(11), Si1-N4-Si2 126.42(14), Si1-N4-Si3 113.39(13), Si2-N4-

Si3 119.92(13). 

Complex 3.2 crystallized in a monoclinic P21/c space group with Si1-Cu1 and Cu1-N1 

bond lengths, 2.2164(8) and 1.896(2) Å, respectively (Figure 3.2). The Si-Cu and Cu-N bond 

lengths in complex 3.2 are longer than the five-membered CAAC coordinated Cu-

diphenylamide complex (1.882 (5); 1.854(4) Å).12 Both complexes 3.3 and 3.4 crystallize in 

the triclinic P-1 space group, featuring a distorted tetrahedral Si(II) and trigonal planar Cu(I) 

center (Figure 3.2). The Si1-Cu1 bond lengths are 2.204(2) and 2.2302(15) Å for complexes 

3.3 and 3.4, respectively. The Si-Cu bond lengths are shorter than the complex 3.1, denoting a 

greater extent of charge delocalization. The tri-coordinated Cu center showcases a N-Cu-Si 

bond angle of 172.43(19) and 172.28(11)o for 3.3 and 3.4, respectively. Complex 3.5 

crystallized in a monoclinic P21/c space group, featuring Si1-Cu1 and Cu1-N1 bond lengths, 

2.2153(8) and 1.901(2) Å, respectively. The Si1-Cu1 bond length for complex 3.5 is shorter 

than 3.2 and 3.4 and longer than 3.3. The Si-Cu-N bond angles for complexes 3.2, 3.3, 3.4, and 

3.5 are 171.91(6), 172.43(19), 172.28(11), and 177.21(8)o, respectively. These molecular 

complexes are stabilized via several C-H…F and C-H…π interactions. The amide planes and 

Cu-N bond are not completely coplanar and deviate from linearity (Table 3.1). We measured 

the distortion by angle β while taking the angle between the Cu-N-Cg (centroid of the amide 

moieties). This shows the deviation of planarity is significant for complexes 3.3 (162.1o) and 

3.4 (159.1o), while it is similar for complexes 3.6 (171.9o), 3.4 (170.5o), and 3.5 (171.0o), which 

are in line with CAAC coordinated metal amide complexes.13, 33 The torsion angles (α) between 

NHSi and amide moieties have also been calculated (Table 3.1), which also discloses the 

deviation of coplanarity. We also treated the copper mesityl complex of trimethylsilyl 

substituted benzamidinato silylene (3.1) with carbazole in toluene at room temperature to 

afford complex 3.6. As suggested by Liu and co-workers, we synthesized carbazole in our lab 

to probe the complex for any photophysical experiment.87, 88 The broad peak at δ 7.5 ppm in 

29Si{1H} NMR supports the coordination of NHSi to Cu carbazolide centre. The Si(II) center 

in complex 3.6 is more shielded than in complex 3.1 due to the donating nature of carbazole. 
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The molecular complex shows it crystallized in the triclinic P-1 space group (Figure 3.3). The 

Si(II) center features a distorted tetrahedral geometry, whereas Cu(I) features a trigonal planar 

geometry. The Si1-Cu1 and Cu1-N1 bond lengths are 2.2068(12) and 1.873(2), which are 

shorter than the complex 3.1 (Table 3.1). 

 

Figure 3.3. Molecular structure of 3.6. Anisotropic displacement parameters are depicted at 

the 50% probability level. Solvent moiety, anion, and H atoms are omitted for clarity. Selected 

bond distances (Å) and angles (deg): Cu1-Si1 2.2068(12), Cu1-N1 1.873(2), Si1-N2 1.823(2), 

Si1-N3 1.841(2), Si1-N4 1.722(2), Si2-N4 1.764(2), Si3-N4 1.755(2) and N1-Cu1-Si1 

172.37(8), N2-Si1-Cu1 111.44(8), N2-Si1-N3 71.03(10), N3-Si1-Cu1 113.16(7), N4-Si1-Cu1 

122.95(8), N4-Si1-N2 111.35(11), N4-Si1-N3 115.25(10).  

After isolating the NHSi-coordinated Cu amides (3.2-3.6), we attempted to synthesize 

IDip-coordinated Cu(I) amides. Radius and co-workers isolated the IDip-coordinated copper 

mesityl complex. We isolated and characterized the same (3.7) and proceeded with the reaction 

of functionalized secondary amines (Scheme 3.3), which afforded complexes 3.8-3.9. The 

13C{1H} NMR values are δ 181.5 and 181.4 ppm for 3.8 and 3.9, respectively. The chemical 

shift of the carbene center is in accordance with the electronic effect of the -CF3 substituent 

attached to the amide functionalities. Complexes 3.8 and 3.9 crystallized in the monoclinic 

P21/n space group (Figure 3.4). The C-Cu bond lengths are 1.868(3) and 1.877(6) Å for 3.8 

and 3.9, respectively, which are shorter than the precursor complex 3.7 and NHSi coordinated 

Cu amides (3.2-3.6). The observed C-Cu bond lengths are marginally shorter than the CAAC-

coordinated Cu amides (1.88 to 1.89 Å).12 The tri-coordinated Cu centers feature a near linear 
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geometry with C-Cu-N bond angles 174.96(13) and 178.0(2) for complex 3.8 and 3.9, 

respectively. The deviation of coplanarity was measured by angle β, which shows the distortion 

is maximum for complex 3.8, followed by 3.9 (Table 3.2).   

 

Scheme 3.3. Syntheses of NHC coordinated copper amide complexes. 

 

Figure 3.4. Molecular structures of 3.8 and 3.9. Anisotropic displacement parameters are 

depicted at the 50% probability level. Solvent moiety, anion, and H atoms are omitted for 

clarity. Selected bond distances (Å) and angles (deg): for complex 3.8 (a) Cu1-C1 1.878(3), 

Cu1-N1 1.868(3), C1-N2 1.359(4), C1-N3 1.364(4) and N1-Cu1-C1 174.96(13), N2-C1-Cu1 

125.4(2), N2-C1-N3 103.4(3), N3-C1-Cu1 131.0(2); for complex 3.9 (b) Cu1-C1 1.883(7), 

Cu1-N1 1.877(6), C1-N2 1.349(7), C1-N3 1.352(7) and N1-Cu1-C1 178.0(2), N2-C1-Cu1 

128.6(4), N2-C1-N3 103.9(5), N3-C1-Cu1 127.4(4). 
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Table 3.2. 13C{1H} chemical shift and bond parameters of NHC coordinated Cu-mesityl and 

Cu-amide complexes 

Complexes 13C{1H} Chemical 

shift (δ) ppm 

Carbenic C→Cu(I) 

bond length (Å) 

Cu-C/N bond 

length (Å) 

αa 

angle 

βb 

angle 

3.7 186.4 1.9006(19) 1.919(2) - - 

3.8 181.5 1.878(3) 1.868(3) 29.0 154.7 

3.9 181.4 1.883(7) 1.877(6) 33.7 164.4 

atorsion angle (α) between the NHSi ligand and amide moiety. bβ is the tilt angle between the 

Cu and the amide group. Cg centroid for the acyclic amide moiety.  

3.3.3 HOMO-LUMO energy gaps of complexes 3.2-3.5 and 3.8-3.9. 

In all silylene complexes, HOMO resides on the π-donor amide moiety, and LUMO resides on 

the π-acceptor silylene moiety (Figure 3.5a). Therefore, the nature of the lowest energy 

electronic transition is assigned to be ligand-to-ligand charge transfer (LL'CT).  

 

Figure 3.5. HOMO-LUMO orbitals and their energy gaps in the ground state and their 

emission at 360 nm under UV irradiation of (a) NHSi Cu-amide complexes; (b) NHC Cu-amide 

complexes. 
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In the case of 3.2, the electron-withdrawing effect is the minimum; hence, the HOMO 

acquires the highest energy. On the other hand, in 3.5, the electron-withdrawing effect of four 

-CF3 groups attached to the amide stabilizes the HOMO to a much greater extent, making it 

energetically lowest. In the case of 3.3 and 3.4, the electron-withdrawing effects of -CF3 groups 

are equal, but the hyperconjugation effects of isopropyl groups are lower in 3.4. As a result, 

the overall electron-withdrawing effect in 3.4 is more significant, resulting in a higher stability 

of HOMO in this complex compared to 3.3. Therefore, the HOMO stability order in these 

complexes is as follows, 3.5 > 3.4 > 3.3> 3.2. As the LUMO-containing silylene moiety 

remains the same in all the complexes hence, the same trend is also observed in the order of 

the HOMO-LUMO energy gap (Figure 3.5a). Here, the HOMO-LUMO energy gap is 

particularly important as it dictates the energy of LL'CT states. The optical excitation of the 

complex with a larger HOMO-LUMO energy gap will result in the formation of high-energy 

LL'CT states. As we used the same amide moieties for carbene complexes, their HOMO 

energies and HOMO-LUMO energy gaps exhibit exactly the same trend as the silylene 

complexes (Figure 3.5b). 

3.3.4 Photophysical properties of complex 3.2. 

Complex 3.2 shows a long absorption tail in the 320-500 nm range and an absorption peak at 

~290 nm (see Appendix). Complex 3.3 and 3.4 show similar absorption characteristics where 

a broad shoulder peak is observed in the range of 350-420 nm, along with two peaks at ~325 

nm and 290 nm. Complex 3.5 shows an absorption tail extended to ~425 nm along with a peak 

at 340 nm and two peaks in the range of 290-300 nm. The long absorption tail of complex 3.2 

is attributed to the LL'CT excitation to the low-lying excited states. Here, the vertical excitation 

energy for the S1 state is much lower compared to the higher energy excited states and 

corresponds to its long absorption range, which is in accordance with the nature of excited 

states from natural transition orbital (NTO) analysis (vide infra) and simulated absorption 

spectra (see Appendix). The higher energy peak at 290 nm can be attributed to intra-ligand 

excitations within the amide and NHSi moieties.89 The shoulder peak in complexes 3.3 and 3.4 

is attributed to the LL'CT excitation to two low-lying S1 and S2 states having close vertical 

excitation energy, corroborating with the nature of excited states from NTO analysis (vide 

infra) and simulated absorption spectra (see Appendix). The absorption peak at 325 nm can be 

attributed to the higher energy LL'CT states, and the peak at 290 nm is attributed to intra-ligand 

excitations. In complex 3.5, LL'CT excitations are higher in energy than 3.3 and 3.4, and 

vertical excitation energies are much closer, resulting in a shorter absorption tail (see 
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Appendix). The peak at 340 nm can be attributed to the higher energy LL'CT states, and the 

peaks ranging between 290-300 nm can be assigned to the intra-ligand excitations. Complex 

3.2 exhibits bright green-yellow emission under exposure of UV light. Inside an inert condition, 

it shows a single broad emission band having a maximum at ~560 nm (Figure 3.6a).  

 

Figure 3.6. (a) Temperature-dependent emission spectra of 3.2, (b) τobs vs. temperature plot of 

3.2, (c) gated emission spectra at different temperatures (gated emission spectra of 3.2 was 

collected without correction factor, hence the spectra is blue-shifted compared to that of Figure 

3.6a), and (d) schematic representation of TADF mechanism in 3.2. 

The NTO analysis and TD-DFT calculations of this complex show that the lowest 

singlet (S1) and triplet (T1) excited states are LL'CT in nature with a small ΔEST value of 0.015 

eV (Figure 3.7). Despite having a similar charge transfer nature in the S1 and T1 states, a high 

intersystem crossing rate is anticipated in this complex due to the small ΔEST value.90 In 

addition, significantly high spin-orbit coupling matrix elements (SOCME) values between S1 

and Tn states (0.46-7.4 cm-1) indicate a strong ISC process taking place in this complex (Table 

3.3). However, the energy diagram indicates the occurrence of the ISC process mainly between 

S1 and T1 states since the other singlet and triplet states are located at much higher energy than 

S1 and T1 (Figure 3.7).90 The high charge transfer nature and small ΔEST value prompted us to 

explore the possibility of TADF in this complex. Temperature-dependent emission studies 
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manifest that the emission intensity increases sequentially with decreasing temperature from 

300 K to about 8 K, and no spectral shift occurs within the temperature range (Figure 3.6a).  

 

Figure 3.7. Excited-state energies and NTO orbitals for complex 3.2. 

Table 3.3. SOCME values for complexes 3.2-3.5 

In cm-1 3.2 3.3 3.4 3.5 

S0-T1 7.9545 2.37488 2.45882 2.29984 

S0-T2 7.44416 10.25825 10.8566 5.36437 

S0-T3 2.91866 7.92575 7.16796 4.57244 

S1-T1 0.46434 2.30017 2.26608 0.87546 

S1-T2 7.46503 4.77955 4.75505 3.55405 

S1-T3 3.60067 7.5996 7.63303 5.67904 

The room temperature lifetime of the complex was found to be 0.45 µs (Figure 3.8a 

and Table 3.4). The lifetime of this complex sequentially increases upon lowering the 

temperature to 180 K (Figures 3.6b and 3.8a). However, upon further lowering the temperature 

to 60 K, the lifetime increases up to ~7.4 µs (Figure 3.8a) and is enormously enhanced in the 

60-8 K temperature range (Figures 3.6b and 3.8b). The sharp increment in the lifetime clearly 

indicates the activation of emissive states with much longer lifetime values within this 

temperature range, which are essentially triplet states. The temperature dependence of the 

lifetime represents a Boltzmann-type thermal distribution between a singlet and triplet state 

under a three-state TADF model. Assuming it is a very fast thermalization process, it can be 

fitted to equation 1 (Figure 3.6b).12, 91 



 

207 
 

Moushakhi Ghosh 

Chapter 3 

𝜏𝑜𝑏𝑠 =  
3+ 𝑒

−
∆𝐸𝑆𝑇
𝑘𝐵𝑇

3

𝜏(𝑇1)
+ 

1

𝜏(𝑆1)
𝑒

−
∆𝐸𝑆𝑇
𝑘𝐵𝑇

                … Eq 1 

Where, 𝜏𝑜𝑏𝑠, 𝑘𝐵 , 𝜏(𝑇1), and 𝜏(𝑆1) represents experimentally observed lifetime, Boltzmann 

constant, intrinsic lifetime of triplet state, and intrinsic lifetime of singlet state, respectively. 

ΔEST, 𝜏(𝑇1), and 𝜏(𝑆1) were evaluated from the fitting parameters and found to be 0.01 eV, 

250 µs, and 421 ns, respectively. Notably, the experimentally derived ΔEST in this case matches 

well with the value obtained from TD-DFT calculations. The absence of any experimentally 

detectable prompt fluorescence in this complex indicates a significantly high ISC rate. Hence, 

the observed emission lifetime is solely governed by the thermal population distribution 

between S1 and T1 (Figure 3.6d). At room temperature, the S1 state is thermally repopulated at 

the expense of the triplet state population, leading to TADF from the S1 state having a short 

lifetime of 0.45 µs. However, at a lower temperature range, thermal reciprocation of the 

population is restricted, thereby suppressing the delayed emission process, and subsequently, 

the proportion of phosphorescence is enhanced. The enormous enhancement in the emission 

intensity at lower temperatures can be attributed to the suppression of the non-radiative decay 

pathways and the increasing population of the low-energy triplet state. Temperature-dependent 

gated emission studies can also demonstrate this particular restriction in the thermal 

reciprocation of the population. Under 20 µs detector delay, the complex shows feeble emission 

intensity at room temperature, confirming the occurrence of emission from a state with a lower 

lifetime (Figure 3.6c). Under the same delay, the emission enormously increases at 77 K, 

indicating that the emission corresponds to a state with a much higher lifetime at lower 

temperatures (Figure 3.6c). It is worth mentioning that the reasonably short lifetime of this 

complex falls under the shorter lifetime region of the MAC coordinated Cu-amides.5, 21 The 

absolute quantum yield of this TADF-active silylene-Cu-amide emitter was found to be 11.51% 

with a very radiative rate of  2.22×106 s-1, comparable to the carbene analogs.13, 20, 23 Its notably 

low quantum yield compared to its contemporary carbene analogs can be attributed to the 

contributions of metal-centered d-orbitals in the electronic transition.8, 92 In these linear 

coordination complexes, the involvement of d-orbitals in electronic transitions can result in 

significant Renner-Teller bending distortion of the excited states, reducing emission yield.8, 92 

Nevertheless, a reasonably short lifetime (0.45 µs) of this complex firmly upholds its potential 

to be utilized in fabricating LED devices and photocatalytic applications.  
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Figure 3.8. PL decay profiles of 3.2 in the temperature range of (a) 300-60 K and (b) 40-8 K. 

Table 3.4. Lifetime at different temperatures for 3.2 collected at 560 nm 

Temperature (K) τobs 

300 0.45 µs 

280 0.53 µs 

260 0.61 µs 

240 0.79 µs 

220 0.87 µs 

200 1.16 µs 

180 1.29 µs 

140 2.43 µs 

120 3.2 µs 

100 4.09 µs 

60 7.39 µs 

40 31.66 µs 

3.3.5 Photophysical properties of complexes 3.3-3.5, 3.8, and 3.9. 

Complexes 3.3 and 3.4 show bright green emissions under UV light. Under an inert 

atmosphere, each of them exhibits two successive emission bands, with the emission maximum 

located at ~450 nm and ~520 nm (Figures 3.9a and 3.9e). In order to resolve the dual emissive 

nature of these two complexes with respect to their lifetimes, gated emission spectra were 

collected within the µs timescale. The emission spectra collected at a detector delay of 50 µs 

show complete depletion of the high-energy (HE) emission band for both complexes, and only 

the low-energy (LE) bands were obtained (Figures 3.9a and 3.9e). This observation clearly 

indicates that the two emission bands significantly differ in their emission lifetimes, and the 

LE band has a much higher lifetime than the HE emission band. We collected the PL decay 
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profiles at each emission maximum for both complexes to explore further. Lifetime values were 

found to be 5.77 and 5.23 ns upon collecting the emission at 450 nm for 3.4 and 3.5, 

respectively (Figures 3.9d and 3.9h, Table 3.5). When PL decay profiles were collected at 520 

nm, the lifetime parameters were found to be 0.41 and 3.37 ms for 3.3 and 3.4, respectively 

(Figures 3.9c and 3.9g, Table 3.5). Consequently, the high-energy band is assigned to the 

fluorescence emission and the low-energy band to the phosphorescence emission.  

 

Figure 3.9. (a) Time-gated emission spectra of complex 3.4; (b) temperature-dependent 

emission spectra of complex 3.4; (c) temperature-dependent PL decay profile of complex 3.4 

collected at 520 nm; (d) temperature-dependent PL decay profile of complex 3.4 collected at 

450 nm, (e) time-gated emission spectra of complex 3.5; (f) temperature-dependent emission 

spectra of complex 3.5; (g) Temperature-dependent PL decay profile of complex 3.5  collected 

at 520 nm; (h) Temperature-dependent PL decay profile of complex 3.5 collected at 460 nm; 

and (i) schematic energy diagram for this class of complexes. 

Table 3.5. Lifetime at different temperatures for 3.3 and 3.4 collected at 450 and 520 nm 

Temperature (K) 
Lifetime (ns) collected at 450 nm  Lifetime (ms) collected at 520 nm  

3.3 3.4 3.3 3.4 
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300 5.77 5.23 0.41 3.37 

260 6.77 5.99 2.16 4.99 

220 7.69 6.79 4.44 6.23 

180 8.28 7.43 5.56 6.88 

140 9.09 8.28 6.16 7.32 

100 9.65 9.18 7.86 7.54 

80 - 9.11 8.70 8.55 

In order to gain insight into the nature of the excited states, TD-DFT calculations were 

employed. The NTO analysis of these complexes reveals that the electronic structure of the 

lowest excited singlet (S1) state is LL'CT in nature, where the electron densities in e-NTO and 

h-NTO represent the charge transfer from the π-donor amide to the π-acceptor silylene moiety 

(Figures 3.10a-b). The lowest excited triplet (T1) state, on the other hand, represents LE nature, 

where the electron density is localized over the amide moiety (Figures 3.10a-b). The single-

point TD-DFT calculation also suggests the ΔEST to be reasonably high in these complexes, 

with a value of 0.44 eV and 0.45 eV for 3.3 and 3.4, respectively, which is also substantiated 

by their singlet-triplet dual-emissive nature (Figures 3.10a-b). Because of this intriguing 

difference in the electronic configuration of the S1 and T1 states, a reasonably strong spin-orbit 

coupling is anticipated between those two states, along with a higher inter-system crossing 

(ISC) rate.93 This is also supported by the SOCME obtained for S1-Tn pairs (n=1-3), which 

were found to be adequately high (2.26 cm-1 to 7.63 cm-1) (Table 3.3). Considering the singlet-

triplet dual emission process, we further investigate the thermal distribution of the singlet and 

triplet state populations in these complexes with the help of temperature-dependent emission 

studies. Both the HE and LE bands were found to increase with decreasing temperature, from 

300 K to 80 K (Figures 3.9b and 3.9f). This indicates that the non-radiative decay pathways 

get effectively suppressed at lower temperatures, enhancing the emission intensity. However, 

the extent of enhancement was found to be much higher in the case of the phosphorescence 

band than that of the singlet emission band (Figures 3.9b and 3.9f). A significant portion of the 

singlet population that undergoes non-radiative decay at room temperature can participate in 

the ISC process at lower temperatures to populate the lowest triplet state. Hence, at lower 

temperatures, the suppression of non-radiative decay pathways can concomitantly pave the way 

for an increase in the ISC rate between the singlet and triplet states. As a result, the temperature-

dependent relative increment in the phosphorescence emission is much higher than that of the 

singlet emission.  



 

211 
 

Moushakhi Ghosh 

Chapter 3 

 

Figure 3.10. (a) Excited-state energies and NTO orbitals for complex 3.3; (b) Excited-state 

energies and NTO orbitals for complex 3.4. 

At 300 K, the PL decay profile collected at 450 nm shows no longer lifetime 

components (Figures 3.9d and 3.9h, Table 3.5). Hence, the singlet states in these complexes 

emit only through prompt fluorescence and do not participate in any reverse intersystem 

crossing (RISC), effectively ruling out the possibility of thermally activated delayed 

fluorescence (TADF). The lifetime of the singlet state was observed to increase up to the range 

of ~9.1-9.6 ns when the temperature was decreased to 80 K, which is attributed to the 

suppressed non-radiative decay channels (Figures 3.9d and 3.9h). Furthermore, the absence of 

any longer lifetime component at 80 K confirms that emission from higher triplet states is not 
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present even at low temperatures (Figures 3.9d and 3.9h). Interestingly, at 300 K, the decay 

profile collected at 520 nm exhibited an undetectable fast component with a significant 

contribution, followed by the millisecond decay components (Figures 3.9c and 3.9g). Here, the 

appearance of an undetectable fast component is attributed to the prompt fluorescence that 

comes from the long tail of the broad singlet emission band overlapping with the triplet 

emission. It should be noted that the charge-transfer nature of the S1 (
1LL'CT) state is evident 

from the higher broadness of the singlet emission band, which is well-corroborated with the 

DFT results. As the temperature decreases to 80 K, the lifetime of the triplet state undergoes a 

sequential increase up to the range of ~8.5-8.7 ms (Figures 3.9c and 3.9g), which is a 

simultaneous effect of suppressed non-radiative decay pathways and a higher ISC rate at lower 

temperatures. Interestingly, the emissive behavior of complex 3.5 broadly differs from that of 

complex 3.3 and 3.4. Under inert atmospheric conditions, similar dual emissions were obtained 

in this complex but with a significantly suppressed HE band (Figure 3.11a). In addition, the 

maximum of the HE band and LE band are located at ~425 nm and ~480 nm, respectively, 

which are largely blue-shifted compared to the previous complexes (Figure 3.11a). At room 

temperature, the emission collected at 425 nm shows a lifetime value of 5.49 ns. It lacks any 

longer microsecond or millisecond component, confirming the band to emerge from a singlet 

state through prompt fluorescence (Figure 3.11c and Table 3.6). The PL decay profile at 480 

nm yields a lifetime value of 0.63 ms, therefore confirming the band to emerge from a triplet 

state via phosphorescence emission (Figure 3.11b and Table 3.6).  

 

Figure 3.11. (a) Temperature-dependent emission spectra of complex 3.5; (b) temperature-

dependent PL decay profile of complex 3.5 collected at 485 nm; and (c) temperature-dependent 

PL decay profile of complex 3.5 collected at 425 nm. 

A large blue-shift in the spectral bands can be attributed to an increased number of -

CF3 groups. -CF3 is a strong electron-withdrawing group, which stabilizes the HOMO to a 

much greater extent, leading to an energetically increased HOMO-LUMO gap. As a result, the 
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energy of the LL'CT state is highly increased, and the corresponding emission band is blue-

shifted. This is also supported by the NTO calculations where the ΔEST value is 0.52 eV, much 

higher than 3.3 and 3.4. The large blue-shift in the singlet emission band with an increasing 

electron-withdrawing effect from 3.4 to 3.5 also substantiates that the emission emerges from 

an LL'CT state. Similar to its predecessor complexes, the LE triplet band of this complex was 

found to be massively enhanced upon lowering the temperature sequentially to 80 K (Figure 

3.11a). Upon lowering the temperature to 80 K, the triplet and singlet state lifetimes increased 

to ~8.84 ms and ~9.65 ns, respectively (Figures 3.11b-c, Table 3.6).  

Table 3.6. Lifetime at different temperatures for 3.5 collected at 425 nm 

Temperature (K) 
Collected at 425 nm Collected at 480 nm 

Lifetime Lifetime Lifetime Lifetime 

300 - 5.49 ns 0.26 ms 0.63 ms 

260 - 6.10 ns 0.65 ms 2.30 ms 

220 - 6.73 ns 1.28 ms 5.36 ms 

180 - 7.32 ns 1.68 ms 6.56 ms 

140 4.46 ns 8.96 ns - 6.67 ms 

100 4.26 ns 9.45 ns - 8.54 ms 

80 4.76 ns 9.65 ns - 8.84 ms 

This increment in the emission lifetime can be attributed to a collective effect of 

suppressed non-radiative decay pathways and increased ISC rate at low temperatures. The 

significant suppression of the singlet emission compared to the previous complexes can be 

addressed with the help of TD-DFT calculations along with references to El-Sayed's rule.93 In 

3.3 and 3.4, the NTO calculations of the first three lowest triplet states (T1-T3) suggest the 

electronic structure of T1 to be completely different from T2 and T3 (Figure 3.10). T1 possesses 

a pure LE (amide-centered) character, and T2 and T3 possess an LL'CT character (Figure 3.10). 

As the S1 state comprises a pure LL'CT character, its electronic wave function significantly 

overlaps with that of the T2 and T3 states. As a result, according to the El-Sayed rule, the S1 

state can only participate in an effective ISC process with the T1 state. On the other hand, in 

3.5, all the triplet LL'CT states are much higher in energy due to the strong electron-

withdrawing effect of four -CF3 groups (Figure 3.12). As a result, low-lying triplet states (T1-

T3) are predominantly LE in nature (Figure 3.12). Here, the S1 state, which possesses LL'CT 
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character, can simultaneously participate in the ISC process with T1, T2, and T3 states, leading 

to a feeble emission yield from the singlet state through prompt fluorescence. 

 

Figure 3.12. Excited-state energies and NTO orbitals for complex 3.5. 

As a proof of concept for this prodigious SiMA emitters, we further extend the work 

by tailoring the silylene and the amide frameworks of the complex. The silylene moiety was 

replaced by similarly functionalized NHC, and we obtained complexes by structural 

modulations named as complexes 3.8 and 3.9. Complexes 3.8 and 3.9 show similar absorption 

features with peaks at 300 nm and 340 nm and a shoulder band in 360-420 nm region. The 

peak at 340 nm and the shoulder region can be attributed to the excitation of the low-lying 

LL'CT states, which also matches the nature of excited states from NTO analysis and simulated 

absorption spectra. The peak at 300 nm and the associated band can be assigned to the intra-

ligand excitations. All three complexes exhibited dual singlet-triplet emission behavior similar 

to the respective silylene complexes (Figure 3.13). The fluorescence lifetimes for complexes 

3.8 and 3.9 were determined to be 4.54 and 4.3 ns, respectively (Figures 3.13d and 3.13h, Table 

3.7). The phosphorescence lifetimes were found to be 1.44 and 2.1 ms, respectively (Figures 

3.13c and 3.13g, Table 3.7). Notably, the phosphorescence lifetimes obtained from these 

emitters are much shorter than those of the previously reported dual-emissive CMA emitters.27, 

94 The shorter lifetime of these complexes also shows that the extent of spin-orbit coupling 

between the ground state and low-lying triplet states is reasonably high, which is supported by 
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the T1-S0 values obtained from DFT calculations. The shorter lifetime of triplet states has a 

significant role in suppressing the efficiency roll-off effects in OLED devices.95  

 

Figure 3.13. (a) Time-gated emission spectra of complex 3.8; (b) temperature-dependent 

emission spectra of complex 3.8; (c) temperature-dependent PL decay profile of complex 3.8 

collected at 520 nm; (d) temperature-dependent PL decay profile of complex 3.8 collected at 

450 nm; (e) time-gated emission spectra of complex 3.9; (f) temperature-dependent emission 

spectra of complex 3.9; (g) Temperature-dependent PL decay profile of complex 3.9 collected 

at 520 nm; (h) Temperature-dependent PL decay profile of complex 3.9 collected at 450 nm; 

and (i) schematic energy diagram for this class of complexes. 

Table 3.7. Lifetime at different temperatures for 3.8 and 3.9 collected at 450 nm 

Lifetime of 3.8 Lifetime of 3.9 

Temperature 

(K) 

Collected at 

450 nm 

Collected at 

520 nm 

Temperature 

(K) 

Collected at 

450 nm 

Collected at 

520 nm 

300 4.54 ns 1.44 ms 300 4.30 ns 2.10 ms 

280 4.92 ns 1.62 ms 260 4.94 ns 4.90 ms 

240 5.53 ns 1.86 ms 220 5.58 ns 7.18 ms 
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200 5.83 ns 2.09 ms 180 6.22 ns 8.48 ms 

160 6.48 ns 2.66 ms 140 6.82 ns 9.36 ms 

120 6.59 ns 4.28 ms 100 7.43 ns 10.14 ms 

80 6.64 ns 7.21 ms 80 7.58 ns 10.42 ms 

 

Figure 3.14. Excited-state energies and NTO orbitals for complex 3.8. 

 

Figure 3.15. Excited-state energies and NTO orbitals for complex 3.9. 

3.3.6 From TADF-active 1/3LL'CT emission to 1LL'CT-3LE dual emission: The role of -

CF3 groups. 
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Sequential insertion of strong electron-withdrawing -CF3 groups in these complexes has a key 

role in introducing this kind of extreme versatility in the emission mechanism, which is also 

observed by Romanov and co-workers in designing carbene Au-amide emitter.96 Previously, 

we discussed the role of electron-withdrawing groups in increasing the HOMO-LUMO energy 

gap, where we mentioned the effect of these -CF3 groups in increasing the energy of LL'CT 

states. The electron-withdrawing effect is absent in 3.2, significantly stabilizing the 1/3LL'CT 

states. As a result, these charge-transfer states become energetically lower than the 3LE states. 

This effect is also reflected in the single-point energy calculations, where it was brought about 

that the S1 and T1 states of 3.2 are LL'CT in nature, while the higher energy triplet states are 

partially LE in nature (Figure 3.7). Therefore, the resultant emission is derived from S1 and T1 

through the TADF mechanism due to the small exchange energy mediated by a high charge-

transfer nature in the lowest excited states. The energy of LL'CT states sequentially increases 

with an inclining electron-withdrawing effect in 3.3/3.8, 3.4/3.9, and 3.5. As a result, the lowest 

triplet state becomes 3LE in nature, while the high-energy triplet states are of LL'CT character 

in these complexes (Figures 3.10, 3.12, 3.14, and 3.15). The lowest singlet state retains its 

LL'CT character here but is at much higher energy than the 3LE (T1) state. This is also supported 

by TD-DFT calculations, which revealed that the S1 and T1 have LL'CT and LE characters, 

respectively. For 3.3, 3.4, and 3.5, the energy gaps were found to be 0.44 eV, 0.46 eV, and 0.52 

eV, respectively. For the carbene complexes, the energy gaps are 0.37 eV and 0.44 eV, 

respectively, for 3.8 and 3.9. Consequently, the S1 and T1 states in these complexes are found 

to be involved in an efficient ISC process. However, the RISC process is energetically 

restricted, and the complexes behave as singlet-triplet dual-emitters.  

3.4 Conclusion. 

In conclusion, we have synthesized a series of copper amide emitters utilizing NHSi, exhibiting 

TADF and dual emission characteristics modulated by functionalization at the amide moiety. 

Additionally, analogous NHC-based copper amides were synthesized. Notably, after 40 years 

of West and co-workers' first isolation of bottleable NHSis, the use of NHSis is majorly 

restricted in small molecule activation and transition metal-based homogeneous catalysis. 

Herein, we extend the concept of NHSi-based Cu amide complexes for their photophysical 

properties. Nevertheless, various carbene-coordinated Cu complexes have found huge room 

for their fascinating optoelectronic properties. Despite the extensive investigation into carbene-

coordinated copper complexes and their remarkable optoelectronic properties, our work 



 

218 
 

Moushakhi Ghosh 

Chapter 3 

suggests significant potential for using NHSis in this field remains. Thus, we anticipate that 

our findings in this chapter will be the beginning of the prodigious use of NHSis in this domain. 
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4A.1 Objective of this work. 

NHCs have recently gained significant attention as capping ligands for AuNPs due to their 

strong σ-donation properties. It has already been established that the strong σ-donation of 

NHCs enriches the surface of the AuNPs, which controls the catalytic activity of the metal 

nanoparticles. CAAC is a special class of carbene that offers stronger σ-donation than NHCs. 

This extremely electron-rich nature of CAAC projects it as a better surface capping ligand upon 

extrapolating on the Au(0) surface. In this work, we have isolated stable CAAC-stabilized 

AuNPs via a top-down method and studied their catalytic behavior towards electrochemical 

CO2 reduction.  These newly synthesized CAAC-stabilized AuNPs furnish a remarkable FE of 

94% [at pH 6.3 for 2 h of controlled potential electrolysis at -0.7 V vs NHE (Normal Hydrogen 

Electrode)] towards selective CO formation. This work sets the platform for CAAC as a robust 

main group ligand on the surface of different metal nanoparticles, bridging the gap between 

main group ligands and surface chemistry.  

4A.2 Introduction. 

In recent years, NHCs have emerged as excellent spectator ligands and have never failed to 

excite the scientific community due to their flexible σ-donating and π-accepting properties.1, 2 

Because of the successful coordination of NHCs to most periodic elements, the main group 

chemists took great enthusiasm to anchor them as surface ligands for settling metal(loid) 

nanoparticles.3 Owing to its ease of synthesis, diverse stability, and delocalized back bonding, 

various C2 functionalized NHCs become potential candidates as surface capping agents in 

comparison to widely used long aliphatic chains of thiol (-SH) and amines (-NH2) in the recent 

nano-chemistry.2 MNPs are commonly synthesized by the reduction of metal salt precursor 

compounds in the liquid phase (bottom-up) or via ligand exchange (top-down).4 The catalytic 

performance and stability of the MNPs are largely controlled by the surface ligands, particle 

size, shape, and defect sites.5 The NHC functionalized AuNPs is a milestone discovery from 

the main group chemistry perspective.2 Apart from imidazolium and benzimidazolium based 

NHCs, acyclic6 and mesoionic7-11 NHCs have also found their use as surface capping ligands 

very recently.  The stabilization of AuNPs by NHCs can be best rationalized using the hard-

soft Lewis acid-base concept.12 Seeing the vast development of C2 functionalized NHCs on 

gold surfaces, we envisioned using CAAC on the surface of the AuNPs, which possess better 

σ-donation and π-acceptor properties (Figure 4A.1).13, 14 The main difference between 

conventional NHCs and CAAC lies in substituting one neighboring nitrogen atom with sp3 

hybridized carbon atom adjacent to the carbene center (α-position). This modification 



 

230 
 

Chapter 4A 

Moushakhi Ghosh 

significantly alters the electronic properties of CAAC, making it more nucleophilic (σ-

donating) and electrophilic (π-accepting) than NHCs (Figure 4A.1). It is already demonstrated 

that NHC ligands can boost the catalytic activity of the MNPs.1, 3, 4, 15, 16 Hence, CAAC was 

anticipated to perform better than the reported ligands as it has already been proven an excellent 

ligand for stabilizing several unusual compounds and radical species due to its electron-rich 

nature.13, 17-26 It has already been shown that the support of CAAC can stabilize a dimeric Au(0) 

complex, but NHCs fail to do the same due to their difference in electronic properties.27, 28 

Moreover, there is no precedence of CAAC functionalization on the surface of the MNPs, 

invoking curiosity about its effect on the surface. Very recently, deposition of CAAC has been 

utilized on the surfaces of Au(111), Ag(111), and Cu(111).29, 30 Many pioneers in the field 

mentioned the possibility of CAAC on the MNP surfaces as a capping agent.2, 14, 16 However, 

it remains unexplored. This paved the way for us to anticipate a successful anchoring of 

DiMeCAAC (methyl substitution at the sp3 carbon center neighbouring to the CAAC carbene 

centre) on the surface of AuNPs.  

Figure 4A.1. Comparison of the electronic properties of NHC and CAAC carbenes. The 

HOMO and LUMO energy levels were calculated at the B3LYP-D3/Def2-TZVPP level.  

 Accordingly, DiMeCAAC functionalized AuNPs (DiMeCAAC@AuNPs) were 

prepared using the ligand exchange method. The successful isolation of DiMeCAAC@AuNP 

prompted us to investigate their catalytic activity, so we performed an electrocatalytic CO2 

reduction reaction (CO2RR) because controlling greenhouse gas emissions is an emerging 

requirement to mitigate global warming and using the emitted CO2 as a feedstock to obtain 

value-added chemicals is a viable alternative. The selective reduction of CO2 to CO has been 

an active area of research as CO serves as a substrate in the Fischer-Tropsch synthesis of liquid 

fuels31 or methanol synthesis.32 Over the years, many homogeneous and heterogeneous 

catalysts have been designed for this purpose.33-43 Recent years have witnessed tremendous 
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growth in utilizing MNPs as heterogeneous catalysts for the electrochemical reduction of CO2 

to CO, CH4, and HCOO-.44 CAAC has proven its superior activity as ligand backbone over 

NHC in small molecule activation45, 46 and homogeneous catalysis47, 48 to give selective 

products compared to the NHCs. Seminal work by Bertrand and co-workers on CAAC 

coordinated trinuclear Cu, Ag, and Au(0) clusters49 showed that catalytic reduction of CO2 is 

possible with CAAC coordinated trinuclear Cu(0) cluster in the presence of bis(neopentyl 

glycolato)diboron to produce CO with 1000 TON. Interestingly, they did not observe any 

reaction with its Ag and Au(0) counterparts. This also motivated us to use the isolated AuNPs 

for CO2 electroreduction. 

 

Figure 4A.2.  Comparison of electrochemical CO2 reduction performances of NHC capped 

AuNPs [8] with CAAC modified AuNPs, major CO2RR product is CO in all cases, minor side 

products are also mentioned for different systems.   

The first utilization of NHC (IMes) stabilized AuNPs for the electrochemical CO2 

reduction was documented in 2016, followed by the reports on polymeric NHC stabilized 

AuNPs for the same in 2019.50, 51, 52 Recently, NHC-capped gold nanoclusters were also utilized 

for the electrochemical CO2 reduction.53-55 The FE of 83-90% towards the electro-reduction of 

CO2 to CO was good in all the previous cases of NHC-functionalized AuNPs. However, side 

product formation (in these cases, HCOO- and H2) could not be completely inhibited. Our 

newly synthesized DiMeCAAC@AuNPs have performed as an efficient and stable catalyst for 

CO2 electroreduction, displaying an exclusive CO selectivity (FE = 94%) (Figure 4A.2). We 
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also synthesized IMES@AuNPs of similar particle size distribution and compared its 

electrocatalytic performance under identical reaction conditions. We obtained CO formation 

with 78% FE and H2 (FE 22%) at -0.7 V.   

4A.3 Results and Discussion. 

The DiMeCAAC@AuNPs were prepared via a ligand exchange method from oleyl amine-

capped AuNPs (OA@AuNPs).56 Subsequently, ~50-fold excess of DiMeCAAC in THF was 

added to OA@AuNPs in anhydrous toluene under an inert atmosphere. Instantaneous dark 

purple precipitation of AuNPs was observed, and the solution was kept undisturbed overnight 

to complete ligand exchange. The purification of DiMeCAAC@AuNPs was performed via 

centrifugation, followed by washing with toluene to remove the free excess ligands. Finally, 

the DiMeCAAC@AuNPs were dispersed in DMSO after sonication for ~5 min (Scheme 4A.1). 

Unlike OA@AuNPs, DiMeCAAC@AuNPs were not dispersed in non-polar mediums like 

toluene and n-hexane. 

 

Scheme 4A.1. Representative synthesis of DiMeCAAC@AuNPs via the ligand exchange 

method from pre-synthesized OA@AuNPs.  

The UV-visible spectra of DiMeCAAC@AuNPs in DMSO exhibit the characteristic 

localized surface plasmonic resonance (LSPR) peak at ~525 nm, confirming the formation and 

stability of the newly synthesized AuNPs in this matrix (Figure 4A.3a). A detailed transmission 

electron microscopy (TEM) study was carried out to understand the morphology of the 

DiMeCAAC@AuNPs (Figure 4A.3b). The TEM studies confirmed the formation of 

monodisperse DiMeCAAC@AuNPs with an average size of 9.5±1.3 nm, comparable with 

OA@AuNPs (Figure 4A.3c-d and Figure 4A.4). The uniformity in size and shape of the 

particles prove that DiMeCAAC is a suitable ligand for the surface functionalization of AuNPs. 
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Figure 4A.3. (a) UV-vis spectra of DiMeCAAC@AuNPs in DMSO showing the characteristic 

LSPR band at ~525 nm (inset shows the photograph of a vial of DiMeCAAC@AuNPs); (b) A 

representative TEM image of DiMeCAAC@AuNPs; (c) Magnified TEM image at 20 nm scale 

(d) The corresponding size distribution histogram (from ~250 NPs); (e) XPS spectrum of 

DiMeCAAC@AuNPs displaying Au 4f peaks; (f) XPS spectrum of DiMeCAAC@AuNPs 

displaying N1s peak. 

 

Figure 4A.4. (a) A representative TEM image of OA@AuNPs; (b) The corresponding size 

distribution histogram; (c) UV-vis spectra of OA@AuNPs in toluene showing the characteristic 

LSPR band at ~525 nm. 

We also performed the Fourier transform infrared spectroscopy (FT-IR) to further prove 

the successful functionalization of DiMeCAAC ligand on the surface of AuNPs. From the 

reported examples of NHC functionalized AuNPs, it is evident that the primary hydrocarbon 
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stretching frequencies of the carbene backbone appeared at νas(C−H) ≈ 2922 cm-1 and νs(C−H) 

≈ 2853 cm-1, while the stretching frequency of the oleyl amine (–NH2) (3373 cm-1) disappeared 

upon binding with the gold surfaces.57, 58 The appearance of the peaks at 2869, 2930, and 2965 

cm-1 corresponds to the stretching frequencies of the isopropyl groups attached to the Dipp 

moiety of the DiMeCAAC backbone (Figure 4A.5). 

 

Figure 4A.5. IR spectra for DiMeCAAC@AuNPs and DiMeCAAC. The findings are listed in 

Table 4A.1. 

Table 4A.1. Peak assignments from Figure 4A.5 

Peak Position (cm-1) Assignments 

2965, 2930, 2869 C-H stretching frequency of isopropyl group 

1640 Aromatic C-H bending 

1440 C-H bending of the methyl group 

1271 C-C, C-N stretching; CH2 twisting 

1234, 1175 C-C, C-N, C-H deformation 

1045 Aromatic C-H out of plane bending 

The X-ray photoelectron spectroscopy (XPS) was performed to observe the presence 

of signature signals for C 1s and N 1s of the NHC ligand on AuNPs.59-61 A detailed XPS 
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analysis of DiMeCAAC@AuNPs confirmed the presence of DiMeCAAC on the AuNP 

surface. We observed peaks at 84.07 and 87.75 eV for Au 4f7/2 and Au 4f5/2 (Figure 4A.3e) 

transitions, respectively, indicating the presence of Au0 (∆eV= 3.68). Shoulder peaks at 85.46 

and 88.88 eV correspond to the +1 oxidation states of Au present at the surface of AuNPs along 

with Au (0), which arises due to the oxidation of the uncoordinated surface Au atoms.62, 63 The 

presence of a single chemical environment for N in DiMeCAAC was used as a marker of the 

successful coordination, as probed by Glorius and co-workers in a recent study of DiMeCAAC 

on the Au(111) surface.29, 30 Similarly, we also observed a single peak at 400.77 eV (Figure 

4A.3f) corresponding to the N 1s binding energy for DiMeCAAC@AuNPs, which is in 

accordance with the reported N 1s XPS data (400.7 eV) for CAAC on Au(111) surface.29, 30 

The peak at 400-401 eV for N 1s is the typical region for NHC-bound AuNPs.2, 59-61, 64-66 The 

observed binding energy for N 1s confirms the absence of any iminium salt or protonated 

carbene.67 The XPS data of OA@AuNPs was also recorded for comparative purposes, which 

displays two peaks of N 1s binding energy. The peak at 401.01 eV can be attributed to the –

NH2 bound AuNPs, and this is in accordance with the previous reports (Figure 4A.6).57  

 

Figure 4A.6. X-ray photoelectron spectra for OA@AuNPs showing (a) Au 4f Au 4f showing 

spin-pair doublets at 84.19 and 87.87 eV for 4f7/2 and 4f5/2, respectively, confirming the 

presence of Au0 OA@AuNPs, (b) N 1s showing two peaks at 401.01 and 399.15 eV for –NH2 

functionalized N of oleyl amine and oxidized –NH2 functionality of oleyl amine during AuNPs 

synthesis, respectively, in accordance to the literature.57 (c) C 1s, showing a peak at 284.62 and 

for oleyl amine backbone from OA@AuNPs. 

Further, we observed the presence of [M+H]+ ion peak (observed m/z = 286.2584 for 

DiMeCAAC) in the ESI-MS spectrum (Figure 4A.A.1) of DiMeCAAC@AuNPs,  rationalizing 

that the observed [M+H]+ ion originates from the detachment of the ligand from the surface of 

the particles during ionization .68, 69 Finally, the thermogravimetric analysis (TGA) method was 

applied to estimate the DiMeCAAC ligand and AuNPs ratio, as reported by Crudden, Camden, 
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and co-workers.59, 70 From the weight loss diagram, it is clear that the ligand density on the 

surface of AuNPs decreases after the ligand exchange with DiMeCAAC ligands 

(DiMeCAAC:Au ratio for DiMeCAAC@AuNPs= 44.46:51.04 and OA:Au ratio of 

OA@AuNPs = 82.35:14.75. Figure 4A.7).  

 

Figure 4A.7. TGA curve for (a) OA@AuNPs; OA@AuNPs, it is 82.35:14.75; (b) 

DiMeCAAC@AuNPs; DiMeCAAC:Au ratio was found to be 44.46:51.04 and (c) 

IMES@AuNPs; IMES:Au ratio found to be 29.56:70.44. 

Based on the studies mentioned above, we conclusively support the successful 

functionalization of the AuNPs surface with DiMeCAAC ligands. We have encountered 

repeated failures in measuring solid-state 13C NMR, which prompted us to check the magnetic 

properties. Hence, we measured magnetization (M) vs. magnetic field (H) at 300 K using 

SQUID magnetometry (Figure 4A.8), which discloses the magnetic nature of 

DiMeCAAC@AuNPs, originating from ferromagnetic as well as paramagnetic 

contributions.71-73 We also synthesized IMES@AuNPs following the same procedure. 
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Figure 4A.8. Magnetization curve measured by applying an external magnetic field at 300 K. 

M vs H plot (a, b) for DiMeCAAC@AuNPs. (M = Magnetization, H = applied magnetic field) 

4A.3.1 Stability of DiMeCAAC@AuNPs. 

The stability of the DiMeCAAC@AuNPs interface is crucial for catalytic applications. To 

understand the robustness of DiMeCAAC@AuNPs surface, we introduced an external ligand, 

dodecanethiol (DDT) (0.2 mM), to the solution of DiMeCAAC@AuNPs. As thiols (-SH) have 

been extensively used for stabilizing colloidal gold due to their affinity towards the Au surface, 

adding external thiol, e.g., DDT, should test the robustness of DiMeCAAC on the AuNP 

surface.12 After the treatment of DDT, the SPR band remained unchanged even after 12 hours. 

However, a slight red shift (~ 2 nm) in the SPR band was observed afterward (Figure 4A.9a), 

which might be due to the change in the dielectric constant of the medium upon the addition of 

DDT to the DiMeCAAC@AuNPs in the DMSO matrix.74 After adding a higher concentration 

of DDT (15 mM) to DiMeCAAC@AuNPs, the colloidal stability was evaluated by tracking 

alterations in the SPR band for 8 days (Figure 4A.9b). The SPR band shifted to 529 nm (around 

4 nm) within 24 hours. Within 24 hours, there was a 1.8% drop in peak intensity; 4 later, there 

was a 3% decline. The SPR band was then observed at 531 and 532 nm, respectively, following 

4 and 8 days (Figure 4A.9c).  

 

Figure 4A.9. The UV-Vis spectra showing the change in the SPR band upon treatment with 

DDT depicting the robustness of the DiMeCAAC@AuNPs (a) DDT concentration taken 0.2 

mM, a slight red-shift (~2 nm) was observed in the absorption maxima (λmax) after 12 h, but 

the overall colloidal stability was intact till 48 h; (b) DDT concentration taken 15 mM, a red-
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shift (~2 nm) was observed in the absorption maxima (λmax) after 4 h, but the overall colloidal 

stability was intact till 192 h, with a red-shift in SPR band (upto 532 nm) (c) λmax vs. time plot 

showing the retention of SPR band over time (up to 196 h, i.e., 8 days) for the DDT treatment 

(15mM) of DiMeCAAC@AuNPs; (d) DiMeCAAC@AuNPs in DMSO at 65oC upto 28 h; (e) 

λmax vs. time plot showing the retention of SPR band over time (up to 28 h) at 65oC; (f) 

DiMeCAAC@AuNPs in DMSO at 95 and 150oC for 16 h. 

The XPS spectrum for S2p shows two spin doublets at 163.63 and 164.93 eV for S 2p1/2 

and S 2p3/2, respectively (Figure 4A10). The binding energy supports the presence of free thiol 

(binding energy 163.6 and 164.9 eV for S 2p3/2 and S 2p1/2, respectively. Although the XPS 

studies confirm that the DDT is not bound to the AuNP surface, it could be possible that  DDT 

may adsorb on the vacant sites on DiMeCAAC@AuNPs, as proposed by Fensterbank, Ribot, 

and co-workers.10 The TEM image shows the decrement of particle size to 8.5±1.4 nm (Figure 

4A.11).  

 

Figure 4A.10. XPS spectrum of S 2p of DiMeCAAC@AuNPs after DDT treatment. 
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Figure 4A.11. (a) and (b) TEM image of DiMeCAAC@AuNPs after DDT treatment for 8 

days; (c) The corresponding size distribution histogram. 

We also checked the thermal stability of the DiMeCAAC at different temperatures 

(Figure 4A.9d-f). We first monitored the colloidal stability at 65oC at 2 h intervals till 28 h. In 

the 16 h, the SPR band blue-shifted by ~2 nm to 523 nm and remained there until the 28 h. The 

same observation was also obtained when DiMeCAAC@AuNPs were treated at 95 and 150oC 

for 16 h. The SPR band shifted to 523 nm, which denotes the synthesized NPs overall stability 

over various temperature ranges. The corresponding TEM images show the retention of the 

spherical size of the particles (Figure 4A.12-14). The effect of oxidant (H2O2) was also studied. 

The colloidal stability of NPs collapses in the presence of H2O2 (0.5 mM). They instantly 

formed aggregates in the presence of H2O2. Since DiMeCAAC@AuNPs are not stable in water, 

we could not observe their stability in different pH. Negligible changes in the time-dependent 

absorption studies (~18 h) confirm the long-term stability of DiMeCAAC@AuNPs in DMSO 

(Figure 4A.15). 

 

Figure 4A.12. (a) and (b) TEM image of DiMeCAAC@AuNPs after heating at 65oC for 28 h; 

(c) The corresponding size distribution histogram. 

 

Figure 4A.13. (a) and (b) TEM image of DiMeCAAC@AuNPs after heating at 95oC for 16 h; 

(c) The corresponding size distribution histogram. 
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Figure 4A.14. (a) and (b) TEM image of DiMeCAAC@AuNPs after heating at 150oC for 16 

h; (c) The corresponding size distribution histogram. 

 

Figure 4A.15. Time dependent absorption spectra of DiMeCAAC@AuNPs in DMSO upto 18 

h. 

4A.3.2 Electrocatalytic CO2 reduction. 

The NHC-capped AuNPs are known to reduce CO2 electrocatalytically under heterogeneous 

electrochemical conditions.75-80 In 2016, IMes-capped AuNPs were used for the 

electrochemical reduction of CO2 to CO, which showed an FE of 83% at -0.57 V vs RHE.50 

Following this, the polymeric NHC-capped AuNPs also provide an efficient CO2 

electroreduction (FE = 90% at -0.9 V vs RHE) (Reference Hydrogen Electrode) by preventing 

the nanoclustering of nanoparticles.51 However, the side products (HCOO- and H2) formation 

was also observed in both cases. In this work, we have performed the electrocatalytic reduction 

of CO2 to CO catalyzed by DiMeCAAC@AuNPs and OA@AuNPs. 100 µL from 50 nM 

DiMeCAAC@AuNPs catalyst solution in DMSO was drop-casted on carbon paper to construct 

the working electrode to prevent sintering. As a control, an OA@AuNP-coated carbon paper 
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working electrode was also prepared to perform a comparative study of its CO2RR 

performance. To ensure the structural integrity of the ligand backbone to the AuNP surface 

after drop-casting it to the working electrode, ATR-IR (attenuated total reflectance) (Figure 

4A.16d) and TEM (Figure 4A.17a) data of the working electrode surface was recorded before 

and after the electrochemical experiments and compared with that of the DiMeCAAC@AuNPs 

catalyst. The cyclic voltammogram (CV) manifests AuI/0 redox potential for 

DiMeCAAC@AuNPs shifted anodically under CO2-saturated buffer with the generation of a 

pre-catalytic quasi-reversible CV indicating CO2 binding to DiMeCAAC@AuNPs.  

 

Figure 4A.16. (a) Overlay of cyclic voltammograms of DiMeCAAC@AuNPs, and 

IMES@AuNPs physisorbed on carbon paper, under N2 saturation; (b) Electrochemical CO2 

reduction: overlay of LSV scans of OA@AuNPs, IMES@AuNPs and DiMeCAAC@AuNPs 

physisorbed on carbon paper, under CO2 saturation. Voltammograms were recorded at 0.1 Vs-

1 in 0.5 M KHCO3 buffer; (c) Partial current density for CO formation vs. potential for 

DiMeCAAC@AuNPs and OA@AuNPs; (d) ATR spectra of DiMeCAAC@AuNPs (solid) 
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(green), DiMeCAAC@AuNPs physisorbed on carbon paper before (blue), and after the 

electrolysis (red), and blank carbon paper (black).   

 

Figure 4A.17. TEM images of DiMeCAAC@AuNPs (a) before; (b) after the electrocatalysis 

show negligible change in the morphology of AuNPs. 

DiMeCAAC@AuNPs resulted in a higher catalytic current and positively shifted onset 

potential than OA@AuNPs and IMES@AuNPs (Figure 4A.16b).  The specific current density 

for CO formation (jCO) as a function of applied potential for both DiMeCAAC@AuNPs and 

OA@AuNPs was extracted from the controlled potential electrolysis (CPE) data (Figure 

4A.16c), showing a higher value for DiMeCAAC@AuNPs. The electronic effects of the two 

capping agents, DiMeCAAC and IMES, can be understood well from a more cathodic 

reduction wave for DiMeCAAC@AuNP under the N2 atmosphere as compared to 

IMES@AuNPs (Figure 4A.16a). Although the difference is not substantial, electrochemical 

experiments are highly sensitive to the electronic structure of the analyte. This 42 mV 

difference may explain the anticipated electronic structure. DiMeCAAC, having a higher 

electron density, has a more cathodic reduction potential than IMES. After that, CPE in CO2-

saturated KHCO3 buffer was carried out at different potentials (-0.7 V, -0.8 V, -0.9 V, -1 V, 

and -1.1 V vs RHE) to identify the CO2RR products for DiMeCAAC@AuNPs and 

OA@AuNPs coated on a carbon paper. Since extensive electrochemical studies have already 

been reported for IMES@AuNPs50, we did not include a detailed study in our work. By 

analyzing headspace gas using gas chromatography (GC) over different time intervals, CO was 

obtained as the major product (retention time 6.3 min) with slight traces of H2 formation 

(retention time 1.2 min) at higher cathodic potentials (Figure 4A.18). The ion chromatography 

of the electrolyte solution, obtained after 2 h of CPE, was performed to check the formation of 

HCOO- as a side product of CO2RR (Figure 4A.19). 
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Figure 4A.18. Gas Chromatographic (GC) traces after 2 hours of CPE for (a) 

DiMeCAAC@AuNPs showing the formation of CO (Retention time 6.5 min) at different 

potentials (-0.7 to -0.9 V) with near zero production of H2; (b) OA@AuNPs showing the 

formation of CO (Retention time 6.5 min) along with H2 formation (Retention time 1.2 min) 

 

Figure 4A.19. Ion Chromatography (IC) trace for DiMeCAAC@AuNPs and OA@AuNPs 

indicating zero formation of formate (HCOO-) after 2 hours of CPE at -0.7 and -0.8 V.  

Gratifyingly, no HCOO- formation was observed during the course of the electrolysis. 

At -0.7 V, DiMeCAAC@AuNPs showed FE of 94% (for CO), while OA@AuNPs showed 

only 60% FE for CO (Figure 4A.20a). Despite the same size of OA@AuNPs and 

DiMeCAAC@AuNPs, a lower FE for CO with OA@AuNPs further confirms the significant 

role of the capping ligand on the surface of AuNPs in controlling the catalytic activity. The CV 

reveals a similar feature of the traces after 5 h of CPE (Figure 4A.21a). The GC data collected 

after 5 h shows 90% FE for CO at -0.7 V (Figure 4A.21b). 
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Figure 4A.20. (a) Faradaic efficiency (%) of CO and H2 vs. Potential (V vs. NHE) plot showing 

DiMeCAAC@AuNPs manifested 94%, whereas OA@AuNPs gives 60% CO yield at -0.7 V 

after 2 h of CPE (b) Tafel plots of DiMeCAAC@AuNPs and OA@AuNPs. 

 

Figure 4A.21. (a) Overlay of cyclic voltammogram of DiMeCAAC@AuNPs under CO2 

saturation and after 5 hours of CPE. Voltammograms were recorded at 0.1 Vs-1 in 0.5 M 

KHCO3 buffer. (b) Gas Chromatographic (GC) traces after 5 hours of CPE for 

DiMeCAAC@AuNPs showing the formation of CO (Retention time 6.5 min) at -0.7 V with 

90 % FE.  

To check the structural integrity of the ligand backbone on prolonged electrolysis, 

ATR-IR (Figure 4A.16d), XPS (Figure 4A.22a-b), and TEM (Figure 4A.17b) data of the 

working electrode (DiMeCAAC@AuNPs coated carbon paper) were recorded after CPE for 2 

h, revealing no structural deformation of the ligand backbone. Hence, the catalyst is stable 

under working conditions.   
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Figure 4A.22. X-ray Photoelectron Spectra for IMES@AuNPs coated Carbon paper showing 

(a) Au 4f showing spin-pair doublets at 84.02 and 87.70 eV for 4f7/2 and 4f5/2, respectively, 

after electrocatalysis; (b) N 1s spectra showing peak at 400.01 eV, after electrolysis. 

The noise in the ATR spectra on the carbon paper is probably due to the water vapor 

(1350-1950 cm-1).81 The CPE has been performed with IMES@AuNP under the same 

conditions as that of  DiMeCAAC@AuNPs. It was found that at -0.7 V, IMES@AuNP showed 

a 78% FE for CO formation (Figure 4A.23). The Tafel slope of 110 mVdec-1 for DiMeCAAC 

(Figure 4A.20b), which is closer to 118 mVdec-1, implies that the rate-determining step for CO2 

reduction is the initial step of the CO2˙
– generation.82 On the contrary, the Tafel slope of 188 

mVdec-1 for OA@AuNPs indicates poor kinetics for CO2RR (Figure 4A.20b).83  For our 

catalyst, the energy efficiency84 for the conversion of CO2 to CO is calculated to be 51%, while 

for IMes50 and polymeric NHC,51 46% and 45.8%, respectively. So, our synthesized catalyst 

demonstrates superior performance than the previously reported ones. 
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Figure 4A.23. Gas Chromatographic (GC) traces after 5 hours of CPE for IMES@AuNPs 

showing the formation of CO (Retention time 6.5 min) at -0.7 V with 78 % FE.  

It is important to note that all other normal C2 functionalized NHC-ligated AuNPs 

showed the formation of a considerable amount of H2 and HCOO- side products during the 

CO2 reduction, which undoubtedly reduces the selectivity and efficiency of the catalyst 

performance (Table 4A.2). In our case, we did not observe the formation of any detectable side 

products. Hence, the surface modification of AuNPs with DiMeCAAC provides an exclusive 

selectivity toward CO2RR product formation. 

Table 4A.2. Comparison of electrochemical CO2 reduction with literature reports for NHC 

capped AuNPs and Au nanoclusters. # 

Catalyst FE Onset 

potential (V) 

Side products 

IMES capped AuNPs50 83 % (for CO) -0.57 HCOO- and H2 

Polymeric NHC capped 

AuNPs51 

90 % (for CO) -0.90 H2 but not specified about 

HCOO- 

NHC capped Au 

nanocluster53 

Up to 80 % 

(for CO) 

-1.00 HCOO- and H2 

NHC capped Au 

nanocluster54 

> 90 % - H2 but not specified about 

HCOO- 

CAAC capped AuNP 

(This work) 

94 % (for CO) -0.70 Negligible formation of H2, 

no HCOO- 

#The experimental conditions/catalyst loading adopted to study the AuNPs catalyzed 

electrochemical reduction of CO2 is different in different reports. Thus, no quantitative 

conclusions should be made from the comparison table. 

4A.4 Conclusion. 

In summary, we have synthesized CAAC-capped AuNPs and demonstrated their catalytic 

efficiency towards electrochemical CO2 reduction. The surface functionalization of AuNPs 

with CAAC enhanced the catalytic activity and selectivity towards the electrocatalytic CO2 to 

CO reduction (FE = 94%). This study establishes the advantage of CAAC as a surface capping 

ligand over conventionally used long-chain aliphatic amines and thiols onto the gold surface. 

This infers a potential application domain for CAAC-stabilized MNPs to flourish in organic 

and electrocatalytic transformations.
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4B.1 Objective of this work. 

NHC-capped MNPs are a burgeoning area nowadays. Exploration of NHCs as a surface 

capping ligand is a new aspect of the chemistry of nanomaterials due to their unique electronic 

properties. The advancement of the field spans various domains, including studying their 

physical properties and catalytic activities. Herein, we have investigated the magnetic and 

catalytic properties of CAAC-capped AuNPs in relation to nitroarene reduction and 

electrocatalytic FAO. This opens avenues to unexplored applications and future research 

opportunities for investigating fundamental properties of such carbene-capped MNPs.  

4B.2 Introduction. 

NHCs are flexible ligands that have recently attracted much attention from the scientific 

community.1, 85 Their versatility as strong σ-donating and π-accepting ligands is superior to 

other ligands reported in the literature on organometallic chemistry.86-88 NHC is used in 

materials and pharmaceutical chemistry, and optoelectronics has demonstrated its wide-

ranging influence in various scientific fields.1, 89, 90 Recently, NHC has been used as surface 

ligands for stabilizing metal(loid) nanoparticles.3 The NHC-capped MNPs are mainly 

synthesized either by the reduction of metal salt precursor compounds in the liquid phase 

(bottom-up) or via ligand exchange (top-down).15, 16 The NPs are catalytically very active due 

to the large surface area per atom of volume.5 The NHCs presumably stabilize AuNPs via the 

hard-soft Lewis acid-base concept proposed by Mittoussi and co-workers.12 The stability and 

catalytic activity of NHC-capped NPs are influenced by modifying wingtip groups at NHCs.2, 

64, 65, 91, 92 To date, many functionalized imidazole and benzimidazole-based C2 NHCs,4 

mesoionic and acyclic NHCs, have been utilized as surface capping agents for AuNPs.6-11 

Recently, we reported that CAAC capped AuNPs and utilized them as electrocatalysts for CO2 

reduction. The AuNPs display interesting physicochemical properties due to SPR.93 However, 

the AuNPs show magnetism in certain cases, which were reported in several cases but are less 

understood. The bulk gold is diamagnetic and it becomes magnetic when prepared in the form 

of functionalized nanoparticles. The AuNPs documented in the literature preferred 

ferromagnetic behavior.94-96 In 1999, Hori et al. reported that the mean diameter of 3nm in Pd 

and Au nanoparticles embedded in polyN-vinyl-2-pyrrolidone exhibit superparamagnetic 

behavior at low temperatures.97 Additionally, in 2004, the same group reported the 

ferromagnetic behavior in Au NPs with protective agents polyacrylonitrile and polyallyl amine 

hydrochloride (PAAHC).98 Using X-ray magnetic circular dichroism, the ferromagnetic spin 

polarization of Au nanoparticles shielded by PAAHC with a mean diameter of 1.9 nm has been 
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determined.99 Crespo et al. discovered the experimental observation of magnetic hysteresis in 

DDT-capped Au NPs with a 1.4 nm size up to room temperature.96 The thiol-capped AuNPs 

apparent ferromagnetism is linked to 5d localized holes produced by covalent Au-S bonds. The 

high spin-orbit coupling of gold and the symmetry reduction linked to Au-Au and Au-S 

bonding result in localized magnetic moments that are fixed as a result of these holes. Whereas 

in 2006, Gracia and co-workers documented that the oleic acid and oleylamine-capped AuNps 

with 6.7 nm show ferromagnetic behavior.100 Miyeke and co-workers proposed this can emerge 

from the spin polarization resulting from the Fermi hole effect.98 By far no theoretical study 

has been conducted to reason out the origin of such behaviour. Magnetic behavior of NHC 

capped NiNPs has been explored.101 In our previous work, we observed that 

DiMeCAAC@AuNPs show ferromagnetic behavior. This prompted us to study the magnetism 

of DiMeCAAC@AuNPs elaboratively using superconducting quantum interference device 

(SQUID) magnetometry.  

 

Figure 4B.1. (a) Reported class of carbenes on unsupported AuNPs and their catalytic activities 

explored; (b) Overview of present work in the context of our previous work. 

We also explored the catalytic activity of DiMeCAAC@AuNPs in organic transformation 

(Figure 4B.1). For this, we performed a reduction of nitroarenes to amines in the presence of 

NaBH4.
102 It was shown that NHC-capped AuNPs could be used to reduce 4-nitrophenol to 4-

aminophenol with sodium borohydride, which is a benchmark reaction for gold 
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nanocomposites.103-106 As we screened other nitroarenes in this study, we also used 2-

nitroaniline as one of the substrates. 2-nitroaniline is an extremely toxic pollutant. Due to its 

very poisonous, carcinogenic, and mutagenic qualities, 2-nitroaniline presents severe dangers 

to aquatic life as well as human health, even at low doses. It can build up in food chains and 

throw off biological cycles. The US Environmental Protection Agency has classified 2-

nitroaniline as a hazardous waste and a priority toxic pollutant;107 thus, urgent measurement is 

needed to create effective methods for eliminating 2-nitroaniline from industrial effluent and 

other sources. However, due to the toxicity of nitro compounds, it is therefore essential that 

they be eliminated or converted into beneficial goods for the sake of environmental safety.108 

DiMeCAAC@AuNPs acted as an efficient catalyst to reduce nitro arenes to its corresponding 

amine conjugate. Catalytic applications of NHC-modified AuNPs are very limited64 and are in 

their early developing stages. Thus, we sought to explore its electrocatalytic activity towards 

FAO, which is an anodic reaction in a direct formic acid fuel cell (DFAFC).109, 110 DFAFC is a 

promising and sturdy alternative for power consumption because of lower toxicity of formic 

acid than other liquid fuel cells (methanol and ethanol), high-energy output, and improved 

oxidation kinetics111, 112. Formic acid is liquid fuel where recovery of formic acid does not 

occur and is fed directly to the fuel cell, producing high electromotive force (emf) and low fuel 

crossover. Till now, noble metals like palladium, platinum, and gold nanocomposites have been 

probed for FAO towards more durable and efficient conversion.112 Having said this, our newly 

synthesized DiMeCAAC@AuNP has acted as an efficient and stable catalyst for both 

aforementioned reactions. Through this chapter, we intended to study CAAC as robust ligand 

backbone for stabilizing MNPs and enhanced catalytic activities both for organic and 

electrochemical transformations.   

4B.3 Results and Discussion. 

Following the top-down procedure, we synthesized DiMeCAAC-modified AuNPs 

(DiMeCAAC@AuNP) via the ligand exchange method from oleylamine-capped AuNPs 

(OA@AuNP) reported in our previous work.93 

4B.3.1 Magnetic properties. 

Magnetic measurements have been performed using a SQUID. The DiMeCAAC@AuNPs 

were synthesized and measured four times to check the reproducibility of the results. The 

magnetic properties of the DiMeCAAC@AuNPs were studied by recording both the 

temperature-dependent magnetization (M-T) and magnetic field-dependent magnetization (M-
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H) curves. These curves help us to analyze the nature of the complexes and provide magnetic 

susceptibility. M-T curves of the complexes are composed of zero-field-cooled (ZFC) and 

field-cooled (FC) curves.73 For the ZFC measurement, the samples were cooled to 5 K without 

an external magnetic field. Hence, the magnetic moments of each atom are frozen to an easy 

axis of particles. Therefore, the total magnetization of the system is zero. A field of 100 Oe 

was then applied, and simultaneously, the magnetization was measured with increasing 

temperature. In the FC measurement, the sample is subjected to the same field, and the 

temperature is lowered to a lower temperature. After that, the magnetic moment will be 

measured against increasing temperature. The M-H curve of the complexes informs us of the 

nature of the complex, whether it is paramagnetic, diamagnetic, ferromagnetic, 

antiferromagnetic, or supermagnetic in behavior.72 We have recorded the M-H curve at 5 K 

and 300 K to study the nature of complexes. At 300 K, the sigmoidal curve in Figure 4B.2a 

depicts that complex DiMeCAAC@AuNPs show ferromagnetic behavior, which is confirmed 

by magnetic irreversibility (opening of the loop) extending up to the high field and lack of 

magnetic saturation up to 6 T with a loop at low field regime.113 Lack of magnetic saturation 

in the M(H) curve may be further added due to the paramagnetic contribution of disordered 

surface spins of the nanoparticles.100  
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Figure 4B.2. (a) M vs. H at 300 K (VSM mode); (b) M vs. H at 5 K (VSM mode); (c) M vs. H 

for DiMeCAAC@AuNPs at variable temperature (300 K, 250 K, 200 K, 150 K) (VSM mode); 

(d) M vs. H for DiMeCAAC@AuNPs at variable temperature (100 K and 50 K) (SQUID 

mode). 

At a lower temperature (5 K), the complex DiMeCAAC@AuNPs shows a straight line 

with an anomaly at the origin Figure 4B.2b. Figure 4B.2 shows the ferromagnetic behavior of 

the DiMeCAAC@AuNPs with a Curie temperature above 300 K. The magnetization has 

remained the same even at low temperature by a field of 6 T, saturation is not achieved from 

50 to 300 K, and superparamagnetic behavior is not observed. At 150 K, there is a noticeable 

coercive field of about 200 Oe, which decreases to 50 Oe at 300 K (Figure 4B.2c).100 From 

temperatures 100 and 50 K, a crossover was observed (Figure 4B.2c), which is neither for the 

paramagnetic nor the superparamagnetic behavior. Figure 4B.3 displays the thermal 

dependence of magnetization of AuNPs under a direct applied field of 100 Oe for 9.5 nm 

average mean particle size; the bifurcation in magnetization is observed at 150 K. A phase 

transition is observed with decreasing temperature.  

 

Figure 4B.3. ZFC and FC magnetization curves as a function of temperature for 

DiMeCAAC@AuNPs measured with an applied field of 100 Oe between 5-300 K. 

4B.3.2 Origin of magnetism. 

Magnetism in AuNPs is well-reported but not conclusive.114 The origin of the magnetic order 

observed in the DiMeCAAC@AuNPs might be very similar to that of the thiol-capped 

AuNPs.100 In the case of the thiol-capped one, the Au-S covalent bond is stronger, and the 
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electronegativity of carbon and sulfur is close by, which leads to the same covalent character 

as the Au-S bond. The involvement of 5d electrons of the Au center in electron redistribution 

due to size effects can lead to hybridization with 6s electrons closer to the Fermi energy level. 

The significant affinity between Au surface atoms and the surface capping ligand 

(DiMeCAAC) can result in a substantial charge transfer from Au surface atoms to the donor 

center of the surface capping ligands, potentially involving the participation of 5d electrons. 

Consequently, unoccupied d-state densities situated at Au surface atoms emerge, rendering 

these atoms prone to magnetic susceptibility.72 The relationship of the surface to the core 

electrons is greater than in the DiMeCAAC@AuNPs case due to the smaller size of the former, 

leading to a negligible diamagnetic contribution.100 In the case of DiMeCAAC@AuNPs, no 

longer organic chain was observed, which is present in oleic acid, oleylamine, and DDT-capped 

NPs, which could lead to a higher contact potential acting on the surface atoms. From here, we 

could also conclude that a longer CH2 chain is not a necessary criterion for the ferromagnetic-

like behavior in the AuNPs. Hernandez et al. have explained the reason behind the 

"ferromagnetic-like behavior" of AuNPs.115 They stated that the orbital moment created in 

atomic-like localized states can be explained by the interaction of contact potential at the large 

radius domain boundaries with spin-orbit coupling. In this case, electron holes created by 

electron transport to the organic molecule are the source of the contact potential. Electrostatic 

forces between trapped electrons in the orbital provide spin alignment, which causes orbital 

moment alignment via spin-orbit coupling. 

4B.3.3 Catalytic reduction of nitroarenes. 

To check the catalytic activity of the synthesized DiMeCAAC@AuNP, a model reduction in 

NP catalysis was performed: the reduction of 4-nitrophenol by sodium borohydride (NaBH4) 

in the presence of AuNPs.103-105, 116-118 Some NHC-capped AuNPs are known to reduce the 

nitroarenes in a homogeneous medium, displaying superior activity over many other existing 

surface-capping ligands.2, 64-66 Glorius and co-workers also employed NHC-capped bimetallic 

Au-PdNPs to hydrogenate nitroarenes.119 Although it showed good functional group tolerance 

and chemoselectivity, the catalyst loading and conversion time remained higher. Fensterbank, 

Ribot and co-workers reported the reduction of 4-nitrophenol in a biphasic medium, i.e., in 

H2O/CH2Cl2.
10 In our case, the DiMeCAAC@AuNPs are not stable in such biphasic medium. 

To begin with the reduction, we first drop-casted the DiMeCAAC@AuNPs on the Whatman 

filter paper (1×1 cm) and dried it for 1 hour at 90 oC in an oven before use.120 A heterogeneous 

support system (Whatman filter paper) was taken up in our case as the AuNP is not stable in 
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an aqueous medium, which immediately gets precipitated out in the presence of substrate and 

NaBH4, nullifying the possibility of the homogeneous mode of operation. Notably, the catalyst-

loaded filter paper does not leach out AuNPs upon immersion in the organic and aqueous 

medium, indicating strong adsorption of AuNPs to the filter paper surface via van-der Waals 

interaction.120 The progress of the reaction was monitored with the aid of UV-Vis spectroscopy. 

The instantaneous reaction started to occur when the solution of 4-nitrophenol (6 µL of 50 mM) 

and NaBH4 (300 µL of 0.1 M) was added to an aqueous solution of DiMeCAAC@AuNPs (18 

nM in terms of NPs). The decrease in the peak at ~400 nm, along with the concomitant 

emergence of a peak at ~300 nm, confirms the conversion of the 4-nitrophenolate ion to 4-

aminophenol (Figure 4B.4).121 The nitro-to-amine reduction catalyzed by 

DiMeCAAC@AuNPs was completed within 160 min, which was found to follow pseudo-first-

order kinetics. The rate constant was calculated to be 0.026 min-1 (Figure 4B.4).  

 

Figure 4B.4. DiMeCAAC@AuNP catalyzed PNP reduction. (a) Schematics showing the 

DiMeCAAC@AuNP catalyzed PNP reduction by NaBH4. (b) Time-dependent absorption 

study shows a gradual decrease in the 4-nitrophenolate absorption at ~400 nm along with a 

concomitant formation of a new band at ∼300 nm, corresponding to 4-aminophenolate. (c) 

Progress of the reaction by monitoring the absorbance changes at 400 nm.  (d) Linearized data 
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for the pseudo-first-order analysis by monitoring the absorption changes of the PNP peak at 

∼400 nm.  

We also performed a control reaction in the presence of only 4-nitrophenol and NaBH4 

(without DiMeCAAC@AuNP) for 4 hours, which showed a negligible reduction (Figure 

4B.5), confirming the catalyst requirement. Upon increasing the catalyst loading to ~220 nM, 

the reaction was completed within 10 min (Figure 4B.5). Similarly, by reducing the 4-

nitrophenol concentration (6 µL of 25 mM) and keeping the AuNP loading fixed at 220 nM, 

the reduction was completed within 1 min. (Figure 4B.5). 

 

Figure 4B.5. (a) Controlled experiment for p-nitrophenol (PNP) reduction 

(DiMeCAAC@AuNP concentration 220 nM, PNP concentration 25Mm and NaBH4 

concentration 0.1M) (b) PNP reduction keeping DiMeCAAC@AuNP concentration 220 nM, 

PNP concentration 50 mM and NaBH4 concentration 0.1 M. 

We have also screened different nitroarenes to broaden the substrate scope, which 

displayed excellent conversion with the functional group tolerance (Figure 4B.6). In order to 

showcase the versatility in NP catalysis, we performed the reduction of ferricyanide 

([Fe(CN)6]
3-) to ferrocyanide ([Fe(CN)6]

4-) by BH4
- catalyzed by DiMeCAAC@AuNP (18 nM) 

(Figure 4B.6a). The characteristic absorption band of [Fe(CN)6]
3- at 420 nm disappeared upon 

the completion of the reaction within 1.5 min. In the presence of NaBH4, AuNP possesses 

negative charges, which are imparted by BH4
- ions. These negative charges on AuNPs help to 

promote the Fe3+→Fe2+ reaction.116 We also screened different substrates like 2-nitroaniline 

and 4-nitroacetophenone. For 2-nitroaniline, the reduction was completed within 140 min as 

the peak at 413 nm disappeared122 (Figure 4B.6) with 94% yield.  For 4-nitroacetophenone 
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(Figure 4B.6c), the reaction progressed till 130 min; thereafter, no substantial decay of the peak 

at 277 nm was observed, indicating saturated activity of the catalyst. Based on these catalytic 

results, we established DiMeCAAC@AuNPs as an effective catalyst for the nitroarene and 

ferricyanide reduction reactions. 

 

Figure 4B.6. DiMeCAAC@AuNP catalyzed Nitro-arene reduction. Decrements of (a) peak at 

~420 nm for potassium ferricyanide; (b) peak at ~413 nm for 2-nitroaniline; (c) peak at ~277 

nm for 4-nitroacetophenone and were observed in the presence of 18 nM DiMeCAAC@AuNP 

and 0.1 M NaBH4.  

4B.3.4 Electrocatalytic formic acid oxidation (FAO). 

Isolation of DiMeCAAC@AuNP also prompted us to check its electrocatalytic behavior. The 

electrocatalytic oxidation of formic acid (HCOOH) was conducted using DiMeCAAC@AuNP, 

OA@AuNP, and bare carbon paper, the latter serving as the substrate for all samples, as 

illustrated in Figure 4B.7a. The aqueous solution of 0.5 M H2SO4 was used as an electrolyte 

while keeping the scan rate at 50 mV s-1. Nitrogen gas was purged throughout the experiment. 

After the CV has been stabilized, the fifth scan is plotted. The first four measurement cycles 

were omitted to avoid the interference of absorbed gases in the solution. Cyclic voltammetry 

trace shows oxidation potential at the range of 1.3 <V <1.7 (vs. RHE) for DiMeCAAC@AuNP, 

whereas OA@AuNP shows 1.6 V vs. RHE (Figure 4B.7a). Lower oxidation potential value 

and higher peak current density delineate the superior activity of DiMeCAAC over oleyl 

amine-modified AuNPs. FAO at varying concentrations (0, 0.25, 0.5, and 1.0 M) was carried 

out individually for DiMeCAAC@AuNP and OA@AuNP, depicted in Figures 4B.7b and 

4B.7c, respectively. The oxidation potential observed agrees with forming a single formate ion 

as an active intermediate, as proposed by Jacob and co-workers.123 The higher potential (above 

1.1 V vs. RHE) for formic acid oxidation of Au surfaces is consistent with the oxide formation 

of gold, which is stable in an acidic electrolytic solution.124, 125 In the reverse sweep, the Au 

oxide gets reduced, and then only further oxidation takes place at the anode. We also observed 
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peak current density increases with increasing concentration of HCOOH. The observed anodic 

peak starting from 1.8 V vs. RHE corroborates the oxygen evolution reaction (OER) occurring 

during the electrochemical analysis. This is further confirmed by analyzing the OER activity 

of DiMeCAAC@AuNP in N2 saturated 0.5 M H2SO4 electrolyte, and the corresponding linear 

sweep voltammogram (LSV) is presented in Figure 4B.7d.  

 

Figure 4B.7. (a) CV traces for HCOOH oxidation at 1.0 M concentration of HCOOH using 

DiMeCAAC@AuNP, OA@AuNP, and bare carbon paper;(b) CV traces for HCOOH oxidation 

at various concentrations of HCCOH when the electrocatalyst is DiMeCAAC@AuNP; (c) CV 

traces for HCOOH oxidation at various concentrations of HCOOH when the electrocatalyst is 

OA@AuNP; (d) OER linear sweep voltammogram (LSV) of CAAC AuNP recorded in 0.5 M 

H2SO4 electrolyte.  

The long-term stability and durability of the catalyst are mainly apprehended when 

designing an efficient fuel cell. In order to evaluate the catalyst efficiency, it is necessary to 

investigate the long-term stability in corrosive electrochemical conditions. Thus, the 

chronoamperometric measurement of DiMeCAAC@AuNP was carried out for 24 hours at a 
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current density of 3.5 mA cm-2, and the results are shown in Figure 4B.8b. Furthermore, the 

activity of the DiMeCAAC@AuNP is analyzed for 500 continued cycles of CV (Figure 4B.8a), 

which shows the gradual increase of efficiency up to 250 cycles and could survive up to 500 

cycles.  The system demonstrates a stable performance under high current density conditions 

in the investigated period. The findings support the higher structural integrity of 

DiMeCAAC@AuNP towards the oxidation of HCOOH. The electrochemical active surface 

area (ECSA) is an important parameter to study and compare any electrocatalyst, which 

correlates the active sites of the catalyst and its activity. ECSA of DiMeCAAC@AuNP and 

OA@AuNP were calculated coulometrically, which is found to be 31.92 and 15.39 m2 g-1
Au 

(Table 4B.1).126 It is evident that ECSA for the former is higher than the latter, which further 

confirms the enhanced activity of DiMeCAAC@AuNP over oleylamine-capped AuNPs. Apart 

from that, mass activity and specific activity values are also higher for DiMeCAAC@AuNP 

(Table 4B.1). 

 

Figure 4B.8. (a) Electrocatalytic durability test of DiMeCAAC@AuNPs in HCOOH (1 M) + 

H2SO4 (0.5 M) electrolyte solution; (b) Chronoamperometric response of 

DiMeCAAC@AuNPs during formic acid oxidation in 0.5 M H2SO4+1 M HCCOH for 24 h at 

a current density of 3.5 mA cm-2. 

Table 4B.1. Details of ECSA, mass activity, and specific activity of DiMeCAAC@AuNP and 

OA@AuNP 

 ECSA 

(m2 g-1
Au) 

Mass Activity 

(mA mg-1) 

Specific Activity 

(mA cm-2) 

DiMeCAAC@AuNP 31.92 33.33 9.39 
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OA@AuNP 15.39 12.59 7.36 

4B.4 Conclusion. 

Herein, we have demonstrated the catalytic efficiency of CAAC on the AuNPs surface in nitro-

arene reduction and formic acid oxidation. We investigate the magnetic properties of 

DiMeCAAC@AuNPs. The enhanced activity of DiMeCAAC@AuNP towards FAO over 

oleylamine-capped AuNP has been observed. This infers potential application domain for 

CAAC stabilized MNPs to flourish in organic transformations and even by exploiting the 

unique SPR properties of AuNPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

261 
 

Chapter 4C 

Moushakhi Ghosh 

 

 

 

 

 

 

 

Chapter 4C: N-heterocyclic Silylene 

Capped Gold Nanoparticles for CO2 

Functionalization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from: M. Ghosh and S. Khan*, N-heterocyclic silylene capped gold nanoparticles 

for CO2 functionalization (Manuscript under preparation). 
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4C.1 Objective of this work. 

Thus far, N-heterocyclic carbenes have been found to be extensively used in numerous 

significant catalytic transformations and as a surface-capping ligand on the surface of 

nanoparticles. It has not yet been reported how useful silicon(II), namely NHSi ligands, can be 

as auxiliary ligands. Hence, in this work, we wanted to explore NHSi as a surface capping 

ligand on the surface of AuNPs. Since carbon dioxide reduction is a significant reaction, we 

aimed to utilize NHSi@AuNPs for this purpose. NMR, IR, UV, XPS spectroscopies, and TEM 

were used to study the structures and chemical bonding.  

4C.2 Introduction. 

Over the past years, NHSis have garnered considerable attention primarily for their isolation, 

structural elucidation, and their remarkable ability to activate small molecules.127 What sets 

silylenes apart from carbenes is their unique capacity to access d-orbitals, a feat beyond the 

reach of carbenes. This characteristic, stemming from the presence of lone electron pairs and 

the accessibility of both vacant p- and d-orbitals, positions silylenes as superior ligands 

compared to carbenes. Expanding the scope of Si(II) compounds holds promise for addressing 

challenges in catalysis and synthetic chemistry.128, 129 With this work, we seek to introduce a 

synthetic methodology for fabricating nanoparticles employing NHSis a novel avenue that 

remains largely unexplored. Moreover, the catalytic potential of Si(II)-AuNPs will be 

scrutinized for demanding transformations like CO2 reduction. Furthermore, synthesizing 

silylene-stabilized metalloid nanoparticles heralds a new era in both organosilicon and 

nanomaterials disciplines. Tailoring diverse silylenes, predominantly N-heterocyclic 

amidinate-stabilized silylenes, to stabilize metal nanoparticles represents a noteworthy 

advancement in silylene chemistry.  

4C.3 Results and Discussion. 

4C.3.1 Synthesis of NHSi@AuNPs. 

The preparation of NHSi@AuNPs generally entails two methods: the reduction method being 

the primary approach. In this process, the initial step involves the synthesis of ligand-metal 

complexes, which are then subjected to reduction under varying reaction conditions. 

Parameters such as temperature, complex concentration, and the nature of the reducing agents 

play crucial roles in controlling the size and shape of the resulting nanoparticles. Another 

effective technique is ligand exchange, also known as place exchange, which offers a 

convenient means to tailor the surface ligands of nanoparticles. In this method, pre-synthesized 
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nanoparticles are treated with electron-donating ligand stabilizers. This treatment prompts the 

replacement of the existing ligands with stronger electron-donating ligands. Remarkably, this 

ligand exchange process typically maintains the size and shape of the nanoparticles while 

altering their surface chemistry and properties.4 

 

Scheme 4C.1. Synthetic route for the preparation of NHSi@AuNPs. 

Due to our success in synthesizing DiMeCAAC@AuNPs with the ligand exchange 

method, we initially screened many NHSis for the ligand exchange method. However, we could 

not isolate NHSi@AuNPs. Then, we turned our focus on our previously synthesized compound 

2C.3 for the reduction method. We treated complex 2C.3 with potassium selectride (K-

selectride), which afforded NHSi@AuNPs as precipitation. The obtained precipitate was then 

washed, centrifuged, and redispersed in DMSO-d6.  

 

Scheme 4C.2. Synthesis of NHSi@AuNPs synthesis by a bottom-up approach.  

The UV-Vis spectra show the SPR band at 535 nm, and TEM analysis shows an average 

particle size of 5.4 nm. The existence of signature signals for Au 4f, Si 2p, and N 1s of the 

NHSi ligand on AuNPs was investigated using XPS. For the Au 4f7/2 and Au 4f5/2 transitions 

(Figure 4C.1), we found peaks at 84 and 87.66 eV, respectively, suggesting the sole existence 

of Au(0).  
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Figure 4C1. (a) UV-Vis spectra of NHSi@AuNPs in DMSO showing the characteristic LSPR 

band at ~527 nm; (b) A representative TEM image of NHSi@AuNPs; (c) The corresponding 

size distribution histogram; (d) XPS spectrum NHSi@AuNPs displaying Au 4f peaks; (e) XPS 

spectrum of NHSi@AuNPs displaying N1s peak; (f) XPS spectrum of NHSi@AuNPs 

displaying Si 2p peak.  

The corresponding Au 4f peaks for NHSi→AuCl appeared at 82.9 and 86.5 eV, which 

indicates the Au(I) oxidation state (Figure 4C.2). The Si 2p peak at 101.9 and 101.8 eV for 

NHSi@AuNPs and NHSi→AuCl, respectively, attributed Si(II) oxidation state. The binding 

energy for N 2p at 400.2 and 399.5 eV for NHSi@AuNPs and NHSi→AuCl, respectively, 

denotes the structural integrity of the benzamidinate backbone. This binding energy for Au 4f 

and N 1s aligns with the NHC capped AuNPs.9, 10, 29, 30, 59-61, 130-132  
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Figure 4C.2. XPS spectra of NHSi→AuCl for (a) Au 4f; (b) N 1s; (c) Si 2p.  

After synthesizing the NHSi@AuNPs, we probe it for the hydroboration of CO2. A 

growing number of literature reports describing transition metal or metal-free catalytic methods 

aiming at reducing CO2 to useful bulk chemicals like methanol (CH3OH) and HCOOH has 

raised interest in the chemical utilization of CO2.
133-135 Homogeneous hydroboration of CO2 to 

form various useful C1 products has been obtained.136 Utilizing pressurized, potentially 

explosive gases like H2 poses safety concerns and entails considerable expenses in terms of 

production, storage, and transportation.137, 138 Boron-based compounds possess inherent Lewis 

acidity and oxophilicity, making them adept at activating the C=O bond of carbon dioxide.139, 

140 When CO2 undergoes reduction by a hydroborane (as illustrated in Scheme 4C.3), it can 

yield a range of products including formoxyborane (4C.A), bis(boryl)-acetal (4C.B), 

methoxyborane (4C.C), and bis(boryl)ether (4C.D).141-143 Consequently, achieving high 

process selectivity is crucial to ensure optimal atom efficiency and to circumvent the need for 

distillation in separating the diverse products within the reaction mixtures.140  

 

Scheme 4C.3. Various possible products formed during hydroboration of CO2.  

We treated CO2 in the presence of pinacolborane with NHSi@AuNPs as a catalyst at 

80 oC. The crude 1H NMR shows the exclusive formation of methoxyborane, which, upon 

hydrolysis and distillation, produces methanol with <90 % yield (Scheme 4C.4 and Figure 

4C.3).  
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Scheme 4C.4. Hydroboration of CO2 to methanol with NHSi@AuNPs. 

 

Figure 4C.3. 1H NMR of CH3OH in CDCl3 obtained after hydrolysis and distillation of 

methoxyborane.  

4C.4 Conclusion. 

In summary, our study has showcased the capability of NHSi@AuNPs to facilitate the selective 

hydroboration of CO2, resulting in the formation of methoxyborane, which, upon hydrolysis, 

produces methanol. This exemplifies an innovative application of CO2 as a C1 building block 

for chemical synthesis. In the future, we would be interested in utilizing CO2 in various 

feedstocks and establishing NHSi as surface capping ligands for other MNP surfaces.  
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Chapter 5: Summary of the Thesis and Future Directions 

5.1 Summary of the thesis 

Transition metal complexes bearing isolable NHSi ligands have emerged as a fascinating area 

of research with profound implications across various branches of chemistry. NHSis have 

revolutionized small molecule activation and transition metal-mediated organic 

transformations. Their advent marks a significant milestone in the quest for efficient and 

versatile catalysts in synthetic chemistry. 

5.1.1 Reactivity of bis-silylene ligands. 

In the first section of the thesis, attention is directed towards the reactivity of bis-silylene 

ligands with chalcogens. The synthesis and characterization of Si=Ch compounds (where Ch 

represents sulfur, selenium, or tellurium) highlight the challenges associated with isolating 

higher homologs of ketones due to orbital misalignment and significant electronegativity 

disparities between silicon and chalcogen atoms. Moreover, the elucidation of C-H…Ch 

interactions add a new dimension to understanding intermolecular forces and chemical 

bonding. Furthermore, the ability of bis-silylene ligands to stabilize reactive group 13 Lewis 

acid cations underscores their pivotal role in small molecule activation and species 

stabilization. By exploring these reactivity patterns, the thesis aims to uncover fundamental 

insights into the intricate electronic properties governing the coordination fashion with Lewis 

acidic centers. 

5.1.2 Coinage metal complexes with NHSi ligands and their photophysical properties. 

The subsequent section deals with synthesizing and characterizing coinage metal complexes 

incorporating NHSi ligands, offering a glimpse into their unique reactivity and bonding pattern. 

These complexes exhibit intriguing photophysical properties, making them attractive 

candidates for applications in luminescent materials and optoelectronic devices. Through 

rational fine-tuning of their electronic and steric properties, this thesis endeavors to unlock the 

full potential of these complexes in homogeneous catalysis, optoelectronic applications, and 

beyond. 

5.1.3 Utilization of NHTs as surface-capping ligands. 

Building upon the foundation laid by previous sections, the thesis explores the utilization of N-

heterocyclic tetrylene (NHTs) as surface-capping ligands for gold nanoparticles (AuNPs). The 

remarkable stability conferred by CAAC-capped NPs in solution opens up new avenues for 
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their application in various catalytic processes. The investigation extends to NHSi as alternative 

capping agents, focusing on their integration into gold nanoparticles (AuNPs). The synthesis, 

characterization, and catalytic evaluation of these NHSi-functionalized AuNPs represent a 

significant advancement in nanoparticle chemistry and electrocatalysis. 

 

Figure 5.1. Overview of the work presented in this thesis. 

5.2 Conclusion and future directions. 

This thesis explores the pivotal role of low valent main group ligands, i.e., NHTs, particularly 

NHSis, in shaping the landscape of contemporary synthetic chemistry. The thesis aims to 

inspire further exploration in the field by shedding light on their diverse applications and 

properties. Future research directions may include the development of novel synthetic 

methodologies to introduce chiral NHSis, elucidating structure-property relationships, and the 

integration of NHSis into emerging technologies such as nanocomposites and sustainable 

energy systems. Overall, the thesis represents a comprehensive journey through the fascinating 

transition metal complexes bearing isolable NHSi ligands, offering insights into the road of 

nanocomposite functionalization, paving the way for future advancements in the field of 

chemistry. In conclusion, I am reminded, 

“It is like a voyage of discovery into unknown lands, seeking not for new territory but for new 

knowledge.”                                                 

-Frederick Sanger, Noble Prize in Chemistry, 1980 
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2A.A.1 Crystallographic data for complexes 2A.2-2A.5. 

 2A.2 2A.3 

Chemical formula  C44 H66 N4 O2 Te2 Si2 C44 H66 N4 O2 S2 Si2 

Formula weight  994.38 g/mol 803.30 g/mol 

Temperature  100 K 100 K  

Wavelength  0.71073 Å 0.71073 Å  

Crystal system  Monoclinic Monoclinic 

Space group  P 21/c C 2/c 

Unit cell dimensions  a = 9.407(7) Å a =  28.715(10) Å  

 b = 20.525(19) Å  b =  9.00(3) Å  

 c =  26.439(18) Å  c =  39.315(12) Å  

 α =   90° α =  90°  

 β =  96.93(11)°  β =  101.117(5)°  

 γ =  90°  γ =   90°  

Volume  5068(7) Å3 9935(11) Å3 

Z  4 8 

Density (calculated)  1.303 g/cm3 1.070 g/cm3 

Absorption coefficient  1.234 mm-1 0.191 mm-1 

F(000)  2024.0 3472.00 

Theta range for data 

collection  

 

1.842 to 24.999o 
2.112 to  24.995°  

Reflections collected  85680 77576  

Independent reflections  8931 [R(int) =  

0.165] 

8782 [R(int) =  

0.173]  

Coverage of independent 

reflections  

 

100% 
99.9%  

Function minimized  Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Goodness-of-fit on F2 1.015 1.013 

∆/σ max  0.002 0.000 

Final R indices  

5929 data[ I>2σ(I)],  

R1 =  0.0464, wR2 =  

0.0806 

4913 data[ I>2σ(I)],  

R1 = 0.0702, wR2 = 0.1548 
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all data, R1 = 0.0909, wR2 = 

0.0949 

all data , R1 = 0.1407, wR2 = 

0.1858 

Largest diff. peak and hole  0.792 to -0.560 eÅ-3 0.326 and  -0.368 eÅ-3 

R.M.S. deviation from 

mean  

 

0.112 eÅ-3 
0.069 eÅ-3 

 

 2A.4 2A.5 

Chemical formula  C44 H66 N4 O2 Se2 Si2 C88 H132 N8 O8 Si4 

Formula weight  1794.21 g/mol 1542.37 g/mol 

Temperature  100 K  150 K 

Wavelength  0.71073 Å  0.71703 Å 

Crystal system  Triclinic Monoclinic 

Space group  P -1 C 2/c 

Unit cell dimensions  a = 8.995(4) Å  a =  24.793 Å  

 b = 15.028(8) Å  b =  15.189 Å  

 c =  39.77(2) Å  c =  28.556 Å  

 α =   79.45(2)° α =  90°  

 β =  83.570(16)°  β =  96.29°  

 γ =  72.59(2)°  γ =   90°  

Volume  5033(5) Å3 10689.3 Å3 

Z  2 4 

Density (calculated)  1.184 g/cm3 0.958 g/cm3 

Absorption coefficient  1.552 mm-1 0.103 mm-1 

F(000)  1880.00 3344.00 

Theta range for data 

collection  

2.287 to 26.478°  2.59 to 25.49 

Reflections collected  144535 76308 

Independent reflections  20728 [R(int) =  

0.1101]  

9415 [R(int) =  

0.1969] 

Coverage of independent 

reflections  

99.6%  99.9% 

Function minimized  Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 
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Goodness-of-fit on F2 1.034 1.074 

∆/σ max  0.001  0.000 

Final R indices  15244 data[ I>2σ(I)],  

R1 =  0.0557, wR2 =  

0.1140 

5762 data[ I>2σ(I)],  

R1 = 0.0714, wR2 = 0.1832 

 all data, R1 = 0.0817, wR2 = 

0.1227 

all data , R1 = 0.1197, wR2 

= 0.2055 

Largest diff. peak and hole  0.652 and -0.766 eÅ-3 0.328 and -0.359 eÅ-3 

R.M.S. deviation from 

mean  

0.075 eÅ-3 0.076 eÅ-3 

 

2A.A.2 NMR spectroscopic data for complexes 2A.2-2A.5. 

   * = residual toluene (solvent)  

 

Figure 2A.A.1. 1H NMR spectrum of complex 2A.2 in C6D6. 
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Figure 2A.A.2. 29Si NMR spectrum of complex 2A.2 in C6D6. 

 

Figure 2A.A.3. 13C NMR spectrum of complex 2A.2 in C6D6. 
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Figure 2A.A.4. 125Te{1H} NMR spectrum of complex 2A.2 at 298 K in C6D6. 

 

Figure 2A.A.5. 1H coupled 125Te NMR spectrum of complex 2A.2 at 220 K in C6D6. 
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Figure 2A.A.6. 1H NMR spectrum of complex 2A.3 in C6D6. 

 

Figure 2A.A.7. 13C NMR spectrum of complex 2A.3 in C6D6. 
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Figure 2A.A.8. 29Si NMR spectrum of complex 2A.3 in C6D6. 

 

Figure 2A.A.9. 1H NMR spectrum of complex 2A.4 in C6D6. 
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Figure 2A.A.10. 29Si NMR spectrum of complex 2A.4 in C6D6. 

 

Figure 2A.A.11. 13C NMR spectrum of complex 2A.4 in C6D6. 
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Figure 2A.A.12. 77Se{1H} NMR spectrum of complex 2A.4 at 298 K in C6D6. 

 

Figure 2A.A.13. 1H coupled 77Se NMR spectrum of complex 2A.4 at 223 K in C6D6. 
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Figure 2A.A.14. 1H NMR spectrum of complex 2A.5 in C6D6. 

 

Figure 2A.A.15. 13C NMR spectrum of complex 2A.5 in C6D6. 
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Figure 2A.A.16. 29Si NMR spectrum of complex 2A.5 in C6D6. 

2A.A.3 CSD analysis. 

Analyzing the data in the crystal structures from the Cambridge Structural Database gives 

important information about non-covalent interactions. The CSD (ConQuest 1.21 version) 

analysis was done to establish the presence of C-H∙∙∙Te interactions in the reported crystal 

structures satisfying the following criteria: (a) the crystallographic R factor <10%; (b) the H-

atom positions normalized using the CSD default X–H bond lengths; (c) no polymer structures 

d) no powder structures e) no disordered structures. Our search includes intra as well as 

intermolecular C-H∙∙∙Te interactions with H∙∙∙Te (d) ≤ 3.26 Å (sum of the van der Waal radii) 

and 900 ≤ C-H-Te (θ) ≤ 1800. This analysis was performed for the database where H and Te 

atoms are separated by more than three bonds (1, 5 type interaction) for intramolecular 

interactions. Most of the hits having the d in the range of 2.9-3.3 Å, and θ (angle) in the range 

of 110-1500 highlight that C-H∙∙∙Te interactions are weak in nature. A 3D-plot showing the 

frequency of the C-H∙∙∙Te interactions as a function of the C-H∙∙∙Te distance and angle is given 

in Figure 2A.A.17a, while the plot for d and θ is given in Figure 2A.A.17b. The analysis 

manifests that the number of C-H∙∙∙Te interactions present in the CSD is quite significant. 
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Figure 2A.A.17. CSD analysis: (a) Three-dimensional plot showing the frequency of the C-

H∙∙∙Te interaction as a function of dC-H∙∙∙Te (Å) and  C-H∙∙∙Te (°); (b) plot showing the 

distribution of dC-H...Te (Å) and   C-H∙∙∙Te (°). 
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2B.A.1 NMR spectra for 2B.1-2B.8. 

* = untraced impurity , # = DCM , & = Toluene 

 

Figure 2B.A.1. 1H NMR spectrum of complex 2B.1 in C6D6. 

 

Figure 2B.A.2. 13C{1H} NMR spectrum of complex 2B.1 in C6D6. 
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Figure 2B.A.3. 29Si{1H} NMR spectrum of complex 2B.1 in C6D6. 

 

Figure 2B.A.4. 1H NMR spectrum of complex 2B.2 in CDCl3.  
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Figure 2B.A.5. 13C{1H} NMR spectrum of complex 2B.2 in CDCl3. 

 

Figure 2B.A.6. 29Si{1H} NMR spectrum of complex 2B.2 in CDCl3. 
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Figure 2B.A.7. 1H NMR spectrum of complex 2B.3 in CDCl3. 

 

Figure 2B.A.8. 13C{1H} NMR spectrum of complex 2B.3 in CDCl3. 
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Figure 2B.A.9. 29Si{1H} NMR spectrum of complex 2B.3 in CDCl3. 

 

Figure 2B.A.10. 1H NMR spectrum of complex 2B.4 in CDCl3. 
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Figure 2B.A.11. 13C{1H} NMR spectrum of complex 2B.4 in CDCl3. 

 

Figure 2B.A.12. 29Si{1H} NMR spectrum of complex 2B.4 in CDCl3. 
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Figure 2B.A.13. 1H NMR spectrum of complex 2B.6 in CDCl3. 

 

Figure 2B.A.14. 13C{1H} NMR spectrum of complex 2B.6 in CDCl3. 
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Figure 2B.A.15. 29Si{1H} NMR spectrum of complex 2B.6 in CDCl3. 

 

Figure 2B.A.16. 1H NMR spectrum of complex 2B.7 in CDCl3. 
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Figure 2B.A.17. 13C{1H} NMR spectrum of complex 2B.7 in CDCl3. 

 

Figure 2B.A.18. 29Si{1H} NMR spectrum of complex 2B.7 in CDCl3. 



 

300 
 

Appendix of Chapter 2B 

Moushakhi Ghosh 

 

Figure 2B.A.19. 11B{1H} NMR spectrum of complex 2B.8 in CDCl3. 

 

Figure 2B.A.20. 29Si{1H} NMR spectrum of complex 2B.8 in CDCl3. 

2B.A.2 Crystallographic data for 2B.2-2B.8. 

Identification Code 2B.2  2B.3  2B.5  

Chemical formula [C41H67AlI2N7Si

4, 3(CH2Cl2),I]; 

C44H73AlCl6I3N7

Si4 

C42H69Br3Cl2GaN

7Si4 

[+ solvent] 

C41H67Br3Ga2I3

N7Si4  

[+ solvent] 

Formula weight 1432.84 1164.72 1530.22 

Temperature 150 K 150 K 100 K 

Wavelength 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal system Triclinic Triclinic Monoclinic 

Space group P-1 P -1 P21/c 

Unit cell dimensions a = 13.461(3) Å a = 13.0927(16) Å a = 16.703(2) Å 

 b = 14.004(3) Å b = 13.5817(16) Å b = 32.333(5) Å 
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 c =   16.781(4) Å c = 18.190(2) Å c = 12.8383(19) 

Å 

 α = 78.953(8)° α = 103.413(3)° α =   90° 

 β = 81.573(7)° β = 100.208(4)° β = 108.339(4) ° 

 γ = 88.829(8)° γ = 110.045(4)° γ = 90° 

Volume 3071.1(12) Å3 2836.7(6) Å3 6581.3(16) Å3 

Z 2 2 4 

Density (calculated) 1.549 g/cm3 1.364 g/cm3 1.544 g/cm3 

Absorption coefficient 1.916 mm-1 2.810 mm-1 4.150 mm-1 

F(000) 1432.0 1192.0 2976.0 

Theta range for data collection 2.21 to 28.32o 2.24 to 28.35o 2.28 to 27.82o 

Index ranges -16<=h<=16, 

-16<=k<=16, 

-20<=l<=20 

-17<=h<= 17, 

-17<=k<=17, 

-23<=l<=23 

-22<=h<=22, 

-43<=k<=43, 

-17<=l<=17 

Reflections collected 110494 125611 222045 

Independent reflections 11115 [R(int) = 

0.0568] 

13501 [R(int) = 

0.0518] 

16598 [R(int) = 

0.1078] 

Coverage of independent 

reflections 

99.9% 99.9% 99.5% 

Function minimized Σ w (Fo2 - Fc2)2 Σ w (Fo2 - Fc2)2 Σ w (Fo2 - Fc2)2 

Data/restraints/parameters 11115 / 0 / 604 13501 / 0 / 550 16598 / 0 / 559 

Goodness-of-fit on F2 1.046 1.021 1.032 

∆/σ max 0.001 0.002 0.001 

Final R indices 9595 data 

[I>2σ(I)], 

R1 = 0.0281, 

wR2 = 0.0584 

11196 data 

[I>2σ(I)], 

R1 = 0.0311, wR2 

= 0.0721 

12103 data 

[I>2σ(I)], 

R1 =0.0862,  

wR2 = 0.2396  

 all data, 

R1=0.0373,  

wR2 = 0.0619 

all data, R1 

=0.0436,  

wR2 = 0.0775 

all data, R1 

=0.1146,  

wR2 =0.2587  

Largest diff. peak and hole 1.392 and -1.098 

eÅ-3 

0.824 and -0.725 

eÅ-3 

4.091 and -

3.782eÅ-3 

R.M.S. deviation from mean 0.085 eÅ-3 0.076 eÅ-3 0.273 eÅ-3 
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Identification Code 2B.6 2B.7  2B.8  

Chemical formula C42H69Br5Cl2In2N7

Si4 

C41H67I5In2N7Si

4 

C41H67B2Br6N7Si

4 

Formula weight 1484.49 1634.51 1271.45 

Temperature 150K 150 K 150 K 

Wavelength 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal system Triclinic Triclinic Monoclinic 

Space group P-1 P-1 C2/c 

Unit cell dimensions a = 13.512(3) Å a = 13.9389(10) 

Å 

a = 29.759(5) Å 

 b = 13.601(2) Å b = 13.9701(9) 

Å 

b = 16.078(2) Å 

 c = 18.754(3) Å c = 18.2788(14) 

Å 

c = 15.525(2) Å 

 α = 104.830(5)° α = 76.075(2) ° α = 90 ° 

 β = 98.135(5)° β = 86.974(2) ° β = 100.928(9) ° 

 γ = 98.427(5)° γ = 84.062(3)° γ = 90 ° 

Volume 3237.5(10) Å3 3434.8(4) Å3 7293.5(18) Å3 

Z 2 2 4 

Density (calculated) 1.523 g/cm3 1.580 g/cm3 1.158 g/cm3 

Absorption coefficient 3.986 mm-1  3.016 mm-1  3.395 mm-1 

F(000) 1466.0 1562.0 2552.0 

Theta range for data 

collection 

2.22 to 23.63o 2.43 to 28.16o 2.44 to 23.54o 

Index ranges -16<=h<=16, 

-16<=k<=16, 

-22<=l<=22 

-16<=h<= 16, 

-16<=k<= 16, 

-21<=l<=21 

-39<=h<=39, 

-20<=k<=20, 

-21<=l<=21 

Reflections collected 65082 23218 30428 

Independent reflections 11388 [R(int) = 

0.3352] 

11517 [R(int) =   

0.0541] 

9028 [R(int) 

=0.1583] 

Coverage of independent 

reflections 

100 % 95.1 % 98.7 % 

Function minimized Σ w (Fo2 - Fc2)2 Σ w (Fo2 - Fc2)2 Σ w (Fo2 - Fc2)2 
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Data/restraints/parameters 11388 / 0 / 577 11517/ 0 / 569 9028 / 0 / 281 

Goodness-of-fit on F2 0.985 1.023 1.063 

∆/σ max 0.007 0.001 0.001 

Final R indices 4737 data [ 

I>2σ(I)], 

R1 = 0.0939,  

wR2 =   0.1857 

8039 data [ 

I>2σ(I)], 

R1 = 0.0670, 

wR2 =0.1248  

3902 data [ 

I>2σ(I)], 

R1 = 0.0831,  

wR2 = 0.1860 

 all data, R1 

=0.2249,  

wR2 = 0.2387 

all data, R1 

=0.1040, wR2 = 

0.1444 

all data, R1 

=0.1929,  

wR2 = 0.2194 

Largest diff. peak and hole 0.934 and -

1.102eÅ-3 

4.348 and -

1.733eÅ-3 

0.869 and -0.657 

eÅ-3 

R.M.S. deviation from mean 0.182 eÅ-3 0.184 eÅ-3 0.162 eÅ-3 
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2C.A.1 Crystallographic data for 2C.1-2C.8. 

 2C.1 2C.2 

Chemical formula  C27H31N3Si C33H36CoN3OSi 

Formula weight  425.64 g/mol 577.67 g/mol 

Temperature  100 K 100 K  

Wavelength  0.71703 Å 0.71073 Å  

Crystal system  Triclinic Monoclinic 

Space group  P -1 P21/n 

Unit cell dimensions  a =  9.7178(17) Å  a =  9.9383(4) Å  

 b =  11.2040 (17) Å  b =  13.7155(5) Å  

 c =  12.647 (2) Å  c =  20.9815(9) Å  

 α =  107.961(5)°  α =  90°  

 β =  107.208 (6)°  β =  94.859(2)°  

 γ =   103.138(5)°  γ =   90°  

Volume  1171.8 (3) Å3 2849.7(2) Å3 

Z  2 4 

Density (calculated)  1.206 g/cm3 1.074 g/cm3 

Absorption coefficient  0.119 mm-1 0.676 mm-1 

F(000)  456.00 1216.00 

Theta range for data collection  2.34 to 28.10o 2.45 to  28.333°  

Index ranges  -12<=h<=12,  

-13<=k<=14,  

-16<=l<=16 

-13<=h<=13,  

-18<=k<=18,  

-28<=l<=28  

Reflections collected  28909 100069  

Independent reflections  5731 [R(int) =  

0.0968] 

7076 [R(int) =  

0.1131]  

Coverage of independent 

reflections  

97.9% 99.6%  

Function minimized  Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data / restraints / parameters  5731/0/286 7076/ 0 / 358 

Goodness-of-fit on F2 1.050 1.067 

∆/σ max  0.000 0.000 

Final R indices  3786 data[ I>2σ(I)],  5000 data[ I>2σ(I)],  
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R1 = 0.0612, wR2 = 

0.1111 

R1 = 0.0523, wR2 = 

0.0937 

 all data , R1 = 0.1155, 

wR2 = 0.1272 

all data , R1 = 0.0937, 

wR2 = 0.1064 

Largest diff. peak and hole  0.551 and -0.318 eÅ-3 0.94 and  -0.57 eÅ-3 

R.M.S. deviation from mean  0.063 eÅ-3 0.079 eÅ-3 

 

 

 2C.3 2C.4 

Chemical formula  C27H31N3SiAuCl C54H62N6Si2Cu2Br2 

Formula weight  658.06 g/mol 1322.4 g/mol 

Temperature  100 K  100 K 

Wavelength  0.71073 Å  0.71073 Å 

Crystal system  Monoclinic Triclinic 

Space group  C2/c P -1 

Unit cell dimensions  a = 18.969(9) Å  a = 10.7857(19) Å 

 b = 18.011(9) Å  b = 17.269(3) Å  

 c =  18.047(11) Å  c =  18.185(3) Å  

 α =   90° α =   99.213(5)° 

 β =  121.69(2)°  β =  98.840(5)°  

 γ =  90°  γ =  106.744(5)°  

Volume  5246(5) Å3 3129.2(10) Å3 

Z  8 2 

Density (calculated)  1.666 g/cm3 1.403 g/cm3 

Absorption coefficient  5.775 mm-1 2.041 mm-1 

F(000)  2592.00 1368.0 

Theta range for data collection  2.52 to 26.547°   

2.017 to 28.357o 

Index ranges  -23<=h<=23,  

-22<=k<=22,  

-22<=l<=22  

-14<=h<=14,  

-23<=k<=23,  

-24<=l<=24 

Reflections collected  94570 83965 

Independent reflections  5469 [R(int) =  15564 [R(int) =  
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0.2074]  0.1690] 

Coverage of independent 

reflections  

99.7%   

99.3% 

Function minimized  Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data / restraints / parameters  5469 / 0 / 299   

15564/ 0 / 735 

Goodness-of-fit on F2 1.021 1.052 

∆/σ max  0.002  0.001 

Final R indices  3961 data[ I>2σ(I)],  

R1 =  0.0557, wR2 =  

0.0808 

7712 data[ I>2σ(I)],  

R1 =  0.0867, wR2 =  

0.1300 

 all data, R1 = 0.0661, wR2 

= 0.0877 

all data, R1 = 0.2099, 

wR2 = 0.1628 

Largest diff. peak and hole  1.921 and -0.985 eÅ-3 0.94 to -0.84 eÅ-3 

R.M.S. deviation from mean  0.170 eÅ-3  

0.126 eÅ-3 

 

 

 2C.5 2C.6 

Chemical formula  C54 H61N6Si2CuI C56H62N6O2S2Si2F6Cu2 

Formula weight  1040.70 g/mol 1276.49 g/mol 

Temperature  100 K 100 K  

Wavelength  0.71703 Å 0.71073 Å  

Crystal system  Monoclinic Monoclinic 

Space group  P 21/c P 21/n 

Unit cell dimensions  a =  15.0498(9) Å  a =  11.561(3) Å  

 b =  44.112(3) Å  b =  18.692(4) Å  

 c =  9.1050(5) Å  c =  14.271(4) Å  

 α =  90°  α =  90°  

 β =  103.835(2)°  β =  113.576(12)°  

 γ =   90°  γ =   90°  

Volume   5869.2(6) Å3 2826.5(13) Å3 

Z  4 4 
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Density (calculated)  1.178 g/cm3 1.500 g/cm3 

Absorption coefficient  0.975 mm-1 0.945 mm-1 

F(000)  2148.00 1320.00 

Theta range for data collection  2.31 to 26.407o 2.68 to  28.425°  

Index ranges  -18<=h<=18,  

-55<=k<=55,  

-11<=l<=11 

-15<=h<=15,  

-25<=k<=25,  

-19<=l<=19  

Reflections collected  151515 77987   

Independent reflections  12038 [R(int) =  

0.1161] 

7065 [R(int) =  

0.1945]  

Coverage of independent 

reflections  

99.8% 100%  

Function minimized  Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data / restraints / parameters  12038/0/589 7065/ 0 / 367 

Goodness-of-fit on F2 1.099 1.091 

∆/σ max  0.001 0.000 

Final R indices  9145 data[ I>2σ(I)],  

R1 = 0.0715, wR2 = 

0.1686 

4249 data[ I>2σ(I)],  

R1 = 0.0660, wR2 = 

0.1143 

 all data , R1 = 0.1006, 

wR2 = 0.1809 

all data , R1 = 0.1486, 

wR2 = 0.1474 

Largest diff. peak and hole  2.152 and -0.929 eÅ-3 0.60 and  -0.99 eÅ-3 

 

 

 2C.7 2C.8 

Chemical formula  C54H62N6Si2Br2Ag2 C57H62N6Si2Ag2I2 

Formula weight  1226.83 g/mol 1575.59 g/mol 

Temperature  100 K  100 K 

Wavelength  0.71073 Å  0.71073 Å 

Crystal system  Monoclinic Monoclinic 

Space group  P 21/n P-1 

Unit cell dimensions  a = 10.699(4) Å  a = 14.8886(17)Å 

 b = 15.525(4) Å  b = 15.2459(19)Å  
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 c =  17.296(5) Å  c =  16.403(2)Å  

 α =   90° α =   67.202(4)° 

 β =  107.452(10)°  β =  89.316(4)°  

 γ =  90°  γ =  67.948(4)°  

Volume  2740.7(14) Å3 3142.3(7) Å3 

Z  2 2 

Density (calculated)  1.487 g/cm3 1.940 g/cm3 

Absorption coefficient  2.256 mm-1 1.665 mm-1 

F(000)  1240.00 1564.0 

Theta range for data collection  2.40 to 34.315°   

1.859 to 25.250o 

Index ranges  -16<=h<=16,  

-24<=k<=24,  

-27<=l<=27 

-17<=h<=17,  

-18<=k<=18,  

-19<=l<=19 

Reflections collected  131405 160529 

Independent reflections  11343 [R(int) =  

0.0545]  

11375 [R(int) =  

0.0541] 

Coverage of independent 

reflections  

99.1%   

100% 

Function minimized  Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data / restraints / parameters  11343 / 0 / 304   

11375/ 0 / 689 

Goodness-of-fit on F2 1.058 1.104 

∆/σ max  0.002  0.001 

Final R indices  7614 data[ I>2σ(I)],  

R1 =  0.0463, wR2 =  

0.0705 

9826 data[ I>2σ(I)],  

R1 =  0.0347, wR2 =  

0.0963 

 all data, R1 = 0.0964, wR2 

= 0.0843 

all data, R1 = 0.0439, 

wR2 = 0.1094 

Largest diff. peak and hole  0.743 and -1.002 eÅ-3 1.513 to -1.384 eÅ-3 

 

 

 

2C.A.2 NMR spectroscopic data for complexes 2C.1-2C.8. 
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* corresponds to Benzene-d6, # corresponds to Chloroform-d  

 

Figure 2C.A.1. 1H NMR spectrum of 2C.1 in C6D6. 

 

Figure 2C.A.2. 13C NMR spectrum of 2C.1 in C6D6. 
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Figure 2C.A.3. 29Si NMR spectrum of 2C.1 in C6D6. 

 

Figure 2C.A.4. 1H NMR spectrum of complex 2C.2 in C6D6. 
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Figure 2C.A.5. 13C NMR spectrum of complex 2C.2 in C6D6. 

 

Figure 2C.A.6. 29Si NMR spectrum of 2C.2 in C6D6. 
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Figure 2C.A.7. 1H NMR spectrum of 2C.3 in CDCl3. 

 

Figure 2C.A.8. 13C NMR spectrum of 2C.3 in CDCl3. 



 

313 
 

Appendix of Chapter 2C 

Moushakhi Ghosh 

 

Figure 2C.A.9. 29Si NMR spectrum of 2C.3 in CDCl3. 

 

Figure 2C.A.10. 1H NMR spectrum of 2C.4 in CDCl3. 
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Figure 2C.A.11. 13C NMR spectrum of 2C.4 in CDCl3. 

 

Figure 2C.A.12. 29Si NMR spectrum of 2C.4 in CDCl3. 
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Figure 2C.A.13. 1H NMR spectrum of 2C.5 in CDCl3. 

 

Figure 2C.A.14. 13C NMR spectrum of 2C.5 in CDCl3. 



 

316 
 

Appendix of Chapter 2C 

Moushakhi Ghosh 

Figure 2C.A.15. 29Si NMR spectrum of 2C.5 in CDCl3. 

 

Figure 2C.A.16. 1H NMR spectrum of 2C.6 in CDCl3. 
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Figure 2C.A.17. 13C NMR spectrum of 2C.6 in CDCl3. 

 

Figure 2C.A.18. 29Si NMR spectrum of 2C.6 in CDCl3. 
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Figure 2C.A.19. 19F NMR spectrum of 2C.6 in CDCl3. 

 

Figure 2C.A.20. 1H NMR spectrum of 2C.7 in CDCl3. 
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Figure 2C.A.21. 1H NMR spectrum of 2C.7 in CDCl3. 

 

Figure 2C.A.22. 29Si NMR spectrum of 2C.7 in CDCl3. 
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Figure 2C.A.23. 1H NMR spectrum of 2C.8 in CDCl3. 

 

Figure 2C.A.24. 13C NMR spectrum of 2C.8 in CDCl3. 
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Figure 2C.A.25. 29Si NMR spectrum of 2C.8 in CDCl3. 
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2D.A.1 NMR spectra of complexes 2D.2-2D.16. 

(*: residual solvent peak = Toluene) 

 

Figure 2D.A.1. 1H NMR spectrum of complex 2D.2 in C6D6. 

 

Figure 2D.A.2. 13C{1H} NMR spectrum of complex 2D.2 in C6D6. 
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Figure 2D.A.3. 29Si{1H} NMR spectrum of complex 2D.2 in C6D6. 

 

Figure 2D.A.4. 1H NMR spectrum of complex 2D.3 in C6D6. 
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Figure 2D.A.5. 13C{1H} NMR spectrum of complex 2D.3 in C6D6. 

 

Figure 2D.A.6. 29Si{1H} NMR spectrum of complex 2D.3 in C6D6. 
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Figure 2D.A.7. 1H NMR spectrum of complex 2D.4 in C6D6. 

 

Figure 2D.A.8. 13C{1H} NMR spectrum of complex 2D.4 in C6D6. 
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Figure 2D.A.9. 29Si{1H} NMR spectrum of complex 2D.4 in C6D6. 

 

Figure 2D.A.10. 1H NMR spectrum of complex 2D.5 in CDCl3. 
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Figure 2D.A.11. 13C{1H} NMR spectrum of complex 2D.5 in CDCl3. 

 

Figure 2D.A.12. 29Si{1H} NMR spectrum of complex 2D.5 in CDCl3. 



 

328 
 

Appendix of Chapter 2D 

Moushakhi Ghosh 

 

Figure 2D.A.13. 1H NMR spectrum of complex 2D.7 in C6D6. 

 

Figure 2D.A.14. 13C{1H} NMR spectrum of complex 2D.7 in C6D6. 
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Figure 2D.A.15. 29Si{1H} NMR spectrum of complex 2D.7 in C6D6. 

 

Figure 2D.A.16. 11B{1H} NMR spectrum of complex 2D.A.7 in C6D6. 

 

Figure 2D.A.17. 11B{1H} NMR spectrum of complexes 2D.8 and 2D.9 in C6D6. 
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Figure 2D.A.18. 13C{1H} NMR spectrum of complexes 2D.8 and 2D.9 in C6D6. 

 

Figure 2D.A.19. 29Si{1H} NMR spectrum of complex 2D.8 in C6D6. 
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Figure 2D.A.20. 1H NMR spectrum of complex 2D.10 in C6D6. 

 

Figure 2D.A.21. 13C{1H} NMR spectrum of complex 2D.10 in C6D6. 
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Figure 2D.A.22. 29Si{1H} NMR spectrum of complex 2D.10 in C6D6. 

 

Figure 2D.A.23. 77Se{1H} NMR spectrum of complex 2D.10 in C6D6. 
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Figure 2D.A.24. 1H NMR spectrum of complex Mesityl(phenyl)selane in CDCl3. 

 

Figure 2D.A.25. 13C{1H} NMR spectrum of complex Mesityl(phenyl)selane in CDCl3. 
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Figure 2D.A.26. 77Se{1H} NMR spectrum of complex Mesityl(phenyl)selane in CDCl3. 

 

Figure 2D.A.27. 1H NMR spectrum of complex 2D.11 in C6D6. 
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Figure 2D.A.28. 13C{1H} NMR spectrum of complex 2D.11 in C6D6. 

 

Figure 2D.A.29. 29Si{1H} NMR spectrum of complex 2D.11 in C6D6. 
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Figure 2D.A.30. 77Se{1H} NMR spectrum of complex 2D.11 in C6D6. 

 

Figure 2D.A.31. 1H NMR spectrum of complex Dimesityl selane in CDCl3. 
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Figure 2D.A.32. 13C{1H} NMR spectrum of complex Dimesityl selane in CDCl3. 

 

Figure 2D.A.33. 77Se{1H} NMR spectrum of complex Dimesityl selane in CDCl3. 
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Figure 2D.A.34. 1H NMR spectrum of complex 2D.12 in C6D6. 

 

Figure 2D.A.35. 13C{1H} NMR spectrum of complex 2D.12 in C6D6. 
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Figure 2D.A.36. 29Si{1H} NMR spectrum of complex 2D.12 in C6D6. 

 

Figure 2D.A.37. 1H NMR spectrum of complex 2D.13 in C6D6. 
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Figure 2D.A.38. 13C{1H} NMR spectrum of complex 2D.13 in C6D6. 

 

Figure 2D.A.39. 29Si{1H} NMR spectrum of complex 2D.13 in C6D6. 
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Figure 2D.A.40. 1H NMR spectrum of complex 2D.14 in C6D6. 

 

Figure 2D.A.41. 13C{1H} NMR spectrum of complex 2D.A.14 in C6D6. 
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Figure 2D.A.42. 19F NMR spectrum of complex 2D.14 in C6D6. 

 

Figure 2D.A.43. 29Si{1H} NMR spectrum of complex 2D.14 in C6D6. 
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Figure 2D.A.44. 1H NMR spectrum of complex 2D.15 in C6D6. 

 

Figure 2D.A.45. 13C{1H} NMR spectrum of complex 2D.15 in C6D6. 
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Figure 2D.A.46. 29Si{1H} NMR spectrum of complex 2D.15 in C6D6. 

 

Figure 2D.A.47. 1H NMR spectrum of complex 2D.16 in C6D6. 
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Figure 2D.A.48. 13C{1H} NMR spectrum of complex 2D.16 in C6D6. 

 

Figure 2D.A.49. 29Si{1H} NMR spectrum of complex 2D.16 in C6D6. 
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Figure 2D.A.50. Variable temperature 1H NMR spectra of complex 2D.16 in toluene d8. 

 

Figure 2D.A.51.Variable temperature 1H NMR spectra of complex 2D.4 in toluene d8. 
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2D.A.2 NMR spectra of C-C coupled products. 

 

Figure 2D.A.52. 1H NMR spectrum of complex 2D.I in CDCl3. 

 

Figure 2D.A.53. 13C{1H} NMR spectrum of complex 2D.I CDCl3. 
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Figure 2D.A.54. 1H NMR spectrum of complex 2D.II CDCl3. 

 

Figure 2D.A.55. 13C{1H} NMR spectrum of complex 2D.II CDCl3. 
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Figure 2D.A.56. 1H NMR spectrum of complex 2D.III CDCl3. 

 

Figure 2D.A.57. 13C{1H} NMR spectrum of complex 2D.III CDCl3. 
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Figure 2D.A.58. 1H NMR spectrum of complex 2D.IV CDCl3. 

 

Figure 2D.A.59. 13C{1H} NMR spectrum of complex 2D.IV CDCl3. 
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Figure 2D.A.60. 1H NMR spectrum of complex 2D.V in CDCl3. 

 

Figure 2D.A.61. 13C{1H} NMR spectrum of complex 2D.V in CDCl3. 
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2D.A.3 Crystallographic details of complexes 2D.2-2D.16. 

Identification Code 2D.2 2D.3 2D.4 2D.5 

Chemical formula C30H52CuN3S

i3 

C40H64CuN3S

i3 

C39H63Ag2N3

Si3 

C48H68Cl2Cu2

N4Si2 

Formula weight 602.55 734.75 873.93 955.22 

Temperature 150 K 150 K 296 K 296 K 

Wavelength 0.71703 Å 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal system Monoclinic Monoclinic Triclinic Monoclinic 

Space group P 1 21/c 1 P 1 21/c 1 P -1 P 1 21/n 1 

Unit cell dimensions a=8.7311(17) 

Å 

a=21.7756(1

0) Å 

a=10.0668(1

7) Å 

a=10.1287(9) 

Å 

 b=16.101(3) 

Å 

b=9.2187(5) 

Å 

b=12.265(2)

Å 

b=13.8838(14

) Å 

 c=24.398(4)   

Å 

c=22.1281(12

) Å 

c=19.889(4) 

Å 

c=17.7827(18) 

Å 

 α=90° α=90° α=78.550(5)° α=90° 

 β=96.891 (6)° β=102.979(2)

° 

β=77.056(5)° β=94.649(3)° 

 γ=90° γ=90° γ=65.830(4)° γ=90° 

Volume 3405.0(11)Å3 4328.6(4)Å3 2167.6(7) Å3 2492.5(4) Å3 

Z 4 4 2 2 

Density (calculated) 1.175 g/cm3 1.127 g/cm3 1.339 g/cm3 1.273 g/cm3 

Absorption coefficient 0.769 mm-1 0.616 mm-1 1.015 mm-1 1.044 mm-1 

F(000) 1296.0 1584.0 908.0 1008.0 

Theta range for data 

collection 
2.35 to 28.26o 2.40 to 28.23o 2.27 to 28.25o 2.30 to 25.80o 

Index ranges 

-11<=h<= 11, 

-21<=k<= 21, 

-32<=l<= 32 

-29<=h<= 29, 

-12<=k<= 12, 

-29<=l<= 29 

-13<=h<= 13, 

-16<=k<= 16, 

-26<=l<= 26 

-12<=h<= 12, 

-16<=k<= 16, 

-21<=l<= 21 

Reflections collected 139004 155660 110264 122744 

Independent reflections 8516 [R(int) 

= 0.0965] 

10866 [R(int) 

=   0.1030] 

10769 [R(int) 

= 0.0590] 

4387 [R(int) = 

0.0786] 
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Coverage of 

independent reflections 
99.9 % 99.5 % 99.7 % 100 % 

Function minimized Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Data/restraints/parame

ters 
8516 / 0 / 350 

10866 / 2 / 

453 

10769 / 0 / 

443 
4387 / 0 / 311 

Goodness-of-fit on F2 1.056 1.150 1.152 1.041 

∆/σ max 0.008 0.001 0.002 0.000 

Final R indices 

6835 data [ 

I>2σ(I)], 

R1 = 0.0424, 

wR2 = 0.0811 

7997 data [ 

I>2σ(I)], 

R1 = 0.0537, 

wR2 = 0.1138 

9118 data [ 

I>2σ(I)], 

R1 = 0.0329, 

wR2 = 0.0738 

3516 data [ 

I>2σ(I)], 

R1 = 0.0572, 

wR2 = 0.1545 

 

all data, R1 = 

0.0623, wR2 

= 0.0885 

all data, R1 = 

0.0887, wR2 

= 0.1332 

all data, R1 

=0.0457, 

wR2 = 0.0847 

all data, R1 = 

0.0746, wR2 = 

0.1691 

Largest diff. peak and 

hole 

0.508 and -

0.340 eÅ-3 

1.106 and -

0.650 eÅ-3 

0.701 and -

0.566 eÅ-3  

1.472 and -

0.620 eÅ-3 

R.M.S. deviation from 

mean 
0.071 eÅ-3 0.147 eÅ-3 0.158 eÅ-3 0.104 eÅ-3 

 

Identification Code 2D.6 2D.7 2D.9 2D.10 

Chemical formula C40H73BCuN

3O4Si3 

C42H76 

B2CuN3O4Si3 

C15H15BO2 C31H36CuN3Se

Si3 

Formula weight 818.63 856.50 238.08 677.40 

Temperature 100 K 100 K 150 K 100 K 

Wavelength 0.71703 Å 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal system Monoclinic Monoclinic Orthorhombi

c 

Monoclinic 

Space group P 121/c 1 P21/n Pnma C 12/c 1 

Unit cell dimensions a=14.128(5) 

Å 

a=13.634(4) 

Å 

a=23.369(4) 

Å 

a=17.820(3) Å 

 b=13.972(6) 

Å 

b=27.708(9) 

Å 

b=11.3535(1

9) Å 

b=11.6656(17

) Å 
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 c=24.447(10) 

Å 

c=14.191(4) 

Å 

c=4.5612(7) 

Å 

c=31.588(5) Å 

 α=90° α=90° α=90° α=90° 

 β=104.660(9)

° 

β=114.983(8)

° 

β=90° β=97.787(4)° 

 γ=90° γ=90° γ=90° γ=90° 

Volume 4669(3) Å3 4859(3) Å3 1210.2(3) Å3 6506.2(16) Å3 

Z 4 4 4 8 

Density (calculated) 1.165 g/cm3 1.171 g/cm3 1.307 g/cm3 1.383 g/cm3 

Absorption coefficient 0.584 mm-1 0.563 mm-1 0.084 mm-1 1.925 mm-1 

F(000) 1768.0 1848.0 504.0 2784.0 

Theta range for data 

collection 

2.45 to 

16.93o 

2.160 to 

24.999o 

2.50 to 28.27 

o 
2.24 to 26.88o 

Index ranges 

-16<=h<= 16, 

-16<=k<= 16, 

-29<=l<= 29 

-16<=h<= 16, 

-32<=k<= 32, 

-16<=l<= 16 

-31<=h<= 31, 

-15<=k<= 15, 

-6<=l<= 6 

-24<=h<= 24, 

-15<=k<= 15, 

-42<=l<= 42 

Reflections collected 48933 103206 29948 139356 

Independent reflections 8222 [R(int) 

= 0.6213] 

8544 [R(int) 

= 0.3230] 

1570 [R(int) 

= 0.0575] 

8370 [R(int) = 

0.1098] 

Coverage of 

independent reflections 
99.9 % 

99.9 % 
99.3 % 99 % 

Function minimized Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Data / restraints / 

parameters 
8222 / 0 / 490 

8544 / 0 / 520 
1570/0/90 8370 / 0 / 364 

Goodness-of-fit on F2 0.988 1.009 1.101 1.030 

∆/σ max 0.000 0.001 0.000 0.001 

Final R indices 

2532 data [ 

I>2σ(I)], 

R1 = 0.1109, 

wR2 = 

0.1719 

4644 data [ 

I>2σ(I)], 

R1 = 0.0669, 

wR2 = 

0.0880 

1310 data [ 

I>2σ(I)], 

R1 = 0.0439, 

wR2 =0.0975 

5040 data [ 

I>2σ(I)], 

R1 = 0.1030, 

wR2 = 0.2301 
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all data, R1 

=0.3484, 

wR2 = 

0.2543 

all data, R1 = 

0.1662, wR2 

= 0.1122 

all data, R1 

=0.0560, 

wR2 =0.1028 

all data, R1 = 

0.1720, wR2 = 

0.2767 

Largest diff. peak and 

hole 

0.402 and -

0.656 eÅ-3 

0.460 and -

0.473 eÅ-3 

0.261 and -

0.272 eÅ-3 

1.425 and -

2.007 eÅ-3 

R.M.S. deviation from 

mean 
0.098 eÅ-3 

0.098 eÅ-3 
0.050 eÅ-3 0.156 eÅ-3 

 

Identific

ation 

Code 

2D.11 2D.13 2D.14 2D.15 2D.16 

Chemica

l 

formula 

C60H104Cu2N

6Se2Si6 

C34H55CuN4S

i3 

C33H41CuF10

N4Si3 

C35H56CuN5S

i3 

C46H76CuN5Si

3 

Formula 

weight 

1363.03 667.63 831.51 694.65 846.92 

Temper

ature 

150 K 100 K 150 K 150 K 150 K 

Wavelen

gth 

0.71703 Å 0.71703 Å 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal 

system 

Monoclinic Triclinic Monoclinic Monoclinic Monoclinic 

Space 

group 

P21/n P -1 P 1 21/n 1 P 1 21/c 1 C 1 c 1 

Unit cell 

dimensi

ons 

a=16.060(3) 

Å 

a=12.8772(1

1) Å 

a=14.938(3) 

Å 

a=11.5755(1

2) Å 

a=17.1666(19

) Å 

b=9.6579(15) 

Å 

b=13.0612(1

1) Å 

b=13.376(2) 

Å 

b=14.9774(1

6) Å 

b=13.5100(15

) Å 

c=22.092(4) 

Å 

c=14.7699(13

) Å 

c=19.384(4) 

Å 

c=22.191(2) 

Å 

c=22.268(3) Å 

 α=90° α=70.646(3)° α=90° α=90° α=90° 
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β=91.670(5) 

° 

β=75.242(3)° β=105.935(5)

° 

β=90.984(3)° β=102.071(3)° 

γ=90° γ=60.717(2)° γ=90° γ=90° γ=90° 

Volume 3425.1(10) 

Å3 

2031.3(3) Å3 3724.3(12) 

Å3 

3846.7(7) Å3 5050.3(10) Å3 

Z 2 2 4 4 4 

Density 

(calculat

ed) 

1.322 g/cm3 1.092 g/cm3 1.483 g/cm3 1.199 g/cm3 1.114 g/cm3 

Absorpti

on 

coefficie

nt 

1.828 mm-1 0.651 mm-1 0.763 mm-1 0.691 mm-1 0.537 mm-1 

F(000) 1432.0 716.0 1712.0 1488.0 1832.0 

Theta 

range 

for data 

collectio

n 

3.092 to 

57.732o 

2.47 to 

28.31o 

2.014 to 

24.999o 

2.39 to 

28.26o 
2.26 to 27.38o 

Index 

ranges 

-21<=h<= 21, 

-12<=k<= 12, 

-29<=l<= 29 

-17<=h<= 17, 

-17<=k<= 17, 

-19<=l<= 19 

-17<=h<= 17, 

-15<=k<= 15, 

-23<=l<= 23 

-15<=h<= 15, 

-19<=k<= 19, 

-29<=l<= 29 

-22<=h<= 22, 

-18<=k<= 18, 

-29<=l<= 29 

Reflectio

ns 

collected 

156003  108936 44646 116056 

Indepen

dent 

reflectio

ns 

8819 [R(int) 

= 0.0801, 

R(sigma)= 

0.0320] 

10170 [R(int) 

= 0.0652] 

6551 [R(int) 

= 0.2102] 

9290 [R(int) 

=0.0915] 

12644 [R(int) 

= 0.1001] 

Coverag

e of 

indepen

dent 

98.2 % 99.6 % 100 % 96.8 % 100 % 
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reflectio

ns 

Functio

n 

minimiz

ed 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Data / 

restraint

s / 

paramet

ers 

8819 / 0 / 551 
10170 / 0 / 

394 
6551 / 0 / 472 9290 / 0 / 413 

12644 / 2 / 

517 

Goodnes

s-of-fit 

on F2 

1.068 1.025 1.043 1.067 1.030 

∆/σ max 0.001 0.001 0.000 0.001 0.001 

Final R 

indices 

7627 data [ 

I>2σ(I)], 

R1 = 0.0285, 

wR2 = 

0.0624 

8019 data [ 

I>2σ(I)], 

R1 = 0.0376, 

wR2 = 

0.0868 

4248 data [ 

I>2σ(I)], 

R1 = 0.0606, 

wR2 = 

0.0933 

6711 data [ 

I>2σ(I)], 

R1 =0.0584, 

wR2 = 

0.1055 

10448 data [ 

I>2σ(I)], 

R1 = 0.0408, 

wR2 = 0.0846 

 

all data, R1 = 

0.0386, wR2 

= 0.0671 

all data, R1 = 

0.0554, wR2 

= 0.0945 

all data, R1 = 

0.1140, wR2 

= 0.1091 

all data, R1 = 

0.0966, wR2 

= 0.1177 

all data, R1 = 

0.0598, wR2 = 

0.0917 

Largest 

diff. 

peak 

and hole 

0.55 and -

0.47 eÅ-3 

0.521 and -

0.435 eÅ-3 

0.600 and -

0.698 eÅ-3 

0.505 and -

0.426 eÅ-3 

0.644 and -

0.510 eÅ-3 

R.M.S. 

deviatio

n from 

mean 

0.071 eÅ-3 0.056 eÅ-3 0.090 eÅ-3 0.084 eÅ-3 0.054 eÅ-3 

 



 

358 
 

Appendix of Chapter 2D 

Moushakhi Ghosh 

Table 2D.A.1. Relevant geometrical parameters of various complexes 

 

 2D.2 2D.3 2D.4 2D.6 2D.13 2D.14 2D.15 2D.16 

Si-M 2.2583 2.2513 2.3838 2.2029 2.2217 2.2237 2.2073 2.2014 

M-Cipso/Namide/Oligand1 1.9578 1.9608 2.2220 2.0979 1.8951 1.9442 1.9187 1.9031 

M- Cipso/Namide/Oligand2 - - - 2.0798 - - - - 

Si-M-

Cipso/Namide/Oligand1 

171.39 172.00 178.13 141.70 168.95 165.23 168.12 174.18 

Si-M-

Cipso/Namide/Oligand2 

- - - 147.30 - - - - 

Si-N1 1.8581 1.8597 1.8435 1.8677 1.8477 1.8483 1.8589 1.8521 

Si-N2 1.8610 1.8575 1.8469 1.8596 1.8564 1.8520 1.8527 1.8533 

N1-Si-N2 70.25 70.29 70.85 70.14 70.62 70.68 70.44 70.59 

N1-Si-M 111.03 109.08 109.58 108.54 115.77 112.17 106.27 109.45 

N2-Si-M 108.56 110.27 107.39 117.15 106.13 108.13 114.29 110.05 

Si-NTMS 1.7377 1.7366 1.7311 1.7372 1.7323 1.7278 1.7323 1.7279 

NTMS-Si-N1 112.24 113.38 113.77 114.47 112.93 113.08 113.57 114.64 

NTMS-Si-N2 113.03 112.73 114.16 110.29 114.03 113.92 112.87 114.11 

NTMS-Si-M 127.46 127.07 127.19 123.94 124.40 125.71 125.75 125.18 

NTMS-Si1 1.7808 1.7815 1.7814 1.7836 1.7827 1.7858 1.7851 1.7895 

NTMS-Si2 1.7598 1.7601 1.7666 1.7621 1.7636 1.7646 1.7606 1.7617 
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M-M - - 2.8195 - - - - - 

F-M - - - - - 2.6907 - - 

F-M - - - - - 3.0693 - - 

NPy-M - - - - - - 2.6706 - 

Nformamidine-M - - - - - - - 2.7123 

 

 2D.5 2D.10 

unit 1 unit 2 unit 1 unit 2 

Si-M 2.2184 2.2233 2.2556 2.2556 

M-Cl1/Se1 2.4129 2.2692 2.5297 2.5297 

M-Cl2/Se2 2.3018 2.5804 2.4630 2.4630 

Si-M-Cl1/Se1 126.99 154.09 130.02 130.02 

Si-M-Cl2/Se2 131.65 108.78 137.06 137.06 

Si-N1 1.8537 1.8575 1.8634 1.8634 

Si-N2 1.8605 1.8571 1.8660 1.8660 

N1-Si-N2 70.26 70.22 70.04 70.04 

N1-Si-M 117.38 116.03 108.28 108.28 

N2-Si-M 111.49 112.14 113.07 113.07 

Si-NTMS - - 1.7433 1.7433 

NTMS-Si-N1 - - 111.53 111.53 

NTMS-Si-N2 - - 111.27 111.27 

NTMS-Si-M - - 127.87 127.87 

NTMS-Si1 - - 1.7774 1.7774 

NTMS-Si2 - - 1.7587 1.7587 

M-M 2.7424 2.8874 
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3.A.1 NMR spectra of compounds 3.II, 3.III, 3.2-3.6, 3.8, and 3.9. 

 

Figure 3.A.1. 1H NMR spectrum of complex 3.II in CDCl3. 

 

Figure 3.A.2. 13C NMR spectrum of complex 3.II in CDCl3. 
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Figure 3.A.3. 19F NMR spectrum of complex 3.II in CDCl3. 

 

Figure 3.A.4. 1H NMR spectrum of complex 3.III in CDCl3. 
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Figure 3.A.5. 13C NMR spectrum of complex 3.III in CDCl3. 

 

Figure 3.A.6. 19F NMR spectrum of complex 3.III in CDCl3. 
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Figure 3.A.7. 1H NMR spectrum of complex 3.1 in C6D6. 

Figure 3.A.8. 13C{1H} NMR spectrum of complex 3.1 in C6D6. 
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Figure 3.A.9. 29Si{1H} NMR spectrum of complex 3.1 in C6D6. 

 

Figure 3.A.10. 1H NMR spectrum of complex 3.2 in C6D6. 
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Figure 3.A.11. 13C NMR spectrum of complex 3.2 in C6D6. 

 

Figure 3.A.12. 29Si{1H} NMR spectrum of complex 3.2 in C6D6. 
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Figure 3.A.13. 1H NMR spectrum of complex 3.3 in C6D6. 

 

Figure 3.A.14. 13C NMR spectrum of complex 3.3 in C6D6. 
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Figure 3.A.15. 29Si{1H} NMR spectrum of complex 3.3 in C6D6. 

 

Figure 3.A.16. 19F{1H} NMR spectrum of complex 3.3 in C6D6. 
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Figure 3.A.17. 1H NMR spectrum of complex 3.4 in C6D6. 

 

Figure 3.A.18. 13C NMR spectrum of complex 3.4 in C6D6. 
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Figure 3.A.19. 29Si{1H} NMR spectrum of complex 3.4 in C6D6. 

 

Figure 3.A.20. 19F NMR spectrum of complex 3.4 in C6D6. 
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Figure 3.A.21. 1H NMR spectrum of complex 3.5 in C6D6. 

 

Figure 3.A.22. 13C NMR spectrum of complex 3.5 in C6D6. 
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Figure 3.A.23. 29Si{1H} NMR spectrum of complex 3.5 in C6D6. 

 

Figure 3.A.24. 19F{1H} NMR spectrum of complex 3.5 in C6D6. 
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Figure 3.A.25. 1H NMR spectrum of complex 3.6 in C6D6. 

 

Figure 3.A.26. 13C NMR spectrum of complex 3.6 in C6D6. 
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Figure 3.A.27. 29Si{1H} NMR spectrum of complex 3.6 in C6D6. 

 

Figure 3.A.28. 1H NMR spectrum of complex 3.8 in C6D6. 
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Figure 3.A.29. 13C NMR spectrum of complex 3.8 in C6D6. 

 

Figure 3.A.30. 19F NMR spectrum of complex 3.8 in C6D6. 
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Figure 3.A.31. 1H NMR spectrum of complex 3.9 in C6D6. 

 

Figure 3.A.32. 13C NMR spectrum of complex 3.9 in C6D6. 
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Figure 3.A.33. 19F NMR spectrum of complex 3.9 in C6D6. 

3.A.2 Crystallographic data of complexes 3.2-3.6 and 3.8-3.9. 

Identification Code 3.2 3.3 3.4 3.5 

Chemical formula C33H51CuN4Si

3 

C44H67CuF6N

4Si3 

C41H61CuF6

N4Si3 

C37H47CuF12N4

Si3 

Formula weight 651.58 913.82 871.74 923.59 

Temperature 100 K 100 K 100 K 100 K 

Wavelength 0.71703 Å 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal system Monoclinic Triclinic Triclinic Monoclinic 

Space group P21/c P-1 P-1 P21/c 

Unit cell dimensions a=11.729(3) Å a=13.416(5) 

Å 

a=13.407(3) 

Å 

a=11.432(2) Å 

 b=14.702(4) Å b=13.552(5) 

Å 

b=13.983(3) 

Å 

b=18.869(4) Å 

 c=20.806(5) Å c=14.189(6) 

Å 

c=14.017(3) 

Å 

c=20.984(4) Å 

 α=90° α=102.091(1

2)° 

α=75.454(8)

° 

α=90° 

 β=105.147(8)° β=100.503(1

2)° 

β=83.199(7)

° 

β=103.923(5)° 
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 γ=90° γ=97.395(13)

° 

γ=65.393(7)° γ=90 ° 

Volume 3462.9(15) Å3 2442.6(16) 

Å3 

2312.3(9) Å3 4393.5(14) Å3 

Z 4 2 2 4 

Density (calculated) 1.250g/cm3 1.242 g/cm3 1.252 g/cm3 1.396 g/cm3 

Absorption coefficient 0.762 mm-1 0.577 mm-1 0.606 mm-1 0.661 mm-1 

F(000) 1392.0 968.0 920.0 1904.0 

Theta range for data 

collection 

4.542 to 

56.788o 

 3.782 to 

49.998o 

  3.924 to 

49.994o 
4 to 57.382 o 

Index ranges 

-15<=h<=15, 

-19<=k<= 19, 

-27<=l<=27 

-15<=h<=15, 

-16<=k<=16, 

-16<=l<=16 

-15<=h<=15, 

-16<=k<=16, 

-16<=l<=16 

-15<=h<= 15, 

-25<=k<= 25, 

-28<=l<=28 

Reflections collected 86886 36924 57955             214449 

Independent 

reflections 

8640 [Rint = 

0.0794, 

Rsigma = 

0.0451] 

8575 [Rint = 

0.2339, 

Rsigma = 

0.2327] 

8159 [Rint = 

0.0609, 

Rsigma = 

0.0395] 

11280 [Rint = 

0.0910, 

Rsigma = 

0.0379] 

Coverage of 

independent 

reflections 

99.4 % 99.9 % 99.9 % 99.4 % 

Function minimized Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - 

Fc2)2 

Σ w (Fo2 - Fc2)2 

Data/restraints/param

eters 
8640/0/382 8575/0/541 8159/0/512 11280/ 0 / 565 

Goodness-of-fit on F2 1.112 1.012 1.024 1.114 

∆/σ max 0.001 0.001 0.000 0.003 

Final R indices 

data [ I>2σ(I)], 

R1 = 0.0489, 

wR2 = 0.0900 

data [ 

I>2σ(I)], 

R1 = 0.0900, 

wR2 = 0.1506 

data [ 

I>2σ(I)], 

R1 = 0.0720, 

wR2 = 

0.1724 

data [ I>2σ(I)], 

R1 = 0.0631, 

wR2 = 0.1427 
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all data, R1 = 

0.0746, wR2 = 

0.1002 

all data, R1 = 

0.2140, wR2 

=0.1943 

all data, R1 = 

0.0911, wR2 

= 0.1865 

all data, R1 = 

0.0906, wR2 

=0.1596 

Largest diff. peak and 

hole 

0.42 and -0.42 

eÅ-3 

0.96 and -

0.63 eÅ-3 

1.76 and -

0.77 eÅ-3 

1.30 and -0.64 

eÅ-3 

R.M.S. deviation from 

mean 
0.085 eÅ-3 0.070 eÅ-3 0.101 eÅ-3 0.145 eÅ-3 

 

Identification Code 3.6 3.8 3.9 

Chemical formula C33H49CuN4Si3 C50H62CuF6N3 C47H56CuF6N3 

Formula weight 649.57 882.56 840.48 

Temperature 100 K 100 K 100 K 

Wavelength 0.71703 Å 0.71703 Å 0.71703 Å 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P-1 P21/n P21/n 

Unit cell dimensions a = 10.271(5) Å a = 13.464(2) Å a =10.23(5) Å 

 b = 13.644(5) Å b = 24.225(5)Å b = 24.73(6) Å 

 c =13.731(6) Å c =   14.903(3) Å c = 21.09(5) Å 

 α = 79.505(10)° α = 90° α =90° 

 β =76.434(13) ° β = 108.096(4) ° β = 91.87(18) ° 

 γ = 71.282(10) ° γ = 90° γ = 90° 

Volume 1759.6(13) Å3 4620.3(14) Å3 5331(34) Å3 

Z 2 4 4 

Density (calculated) 1.226 g/cm3 1.269 g/cm3 1.047 g/cm3 

Absorption coefficient 0.750 mm-1 0.533 mm-1 0.459 mm-1 

F(000) 692.0 1864 1768.0 

Theta range for data 

collection 
4.264 to 57.012o 3.942 to 50o 3.82 to 50 o 

Index ranges 

-13<=h<=13, 

-17<=k<=17, 

-18<=l<=18 

-16<=h<=16, 

-28<=k<=28, 

-17<=l<=17 

-12<=h<=12, 

-29<=k<=29, 

-25<=l<=25 

Reflections collected 42593 160567 136453 
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Independent reflections 8785 [Rint = 

0.1111, Rsigma = 

0.1226] 

8112 [Rint = 

0.1529, Rsigma = 

0.0517] 

9384 [Rint = 

0.2364, Rsigma = 

0.0911] 

Coverage of independent 

reflections 
98.4 % 100 % 99.9 % 

Function minimized Σ w (Fo2 - Fc2)2 Σ w (Fo2 - Fc2)2 Σ w (Fo2 - Fc2)2 

Data/restraints/parameters 8785/0/382 9384 / 0 /534 9384 / 0 / 554 

Goodness-of-fit on F2 1.010 1.139 1.110 

∆/σ max 0.001 0.001 0.000 

Final R indices 

      data [ 

I>2σ(I)], 

R1 = 0.0559, wR2 

=0.0936 

data [ I>2σ(I)], 

R1 = 0.0597, wR2 

= 0.1137 

data [ I>2σ(I)], 

R1 = 0.0784, wR2 

=0.1978 

 

all data, R1 = 

0.1261, wR2 

=0.1105 

all data, R1 = 

0.0819, wR2 = 

0.1218 

all data, R1 = 

0.1100, wR2 

=0.2111 

Largest diff. peak and hole 0.45 and -0.37 eÅ-

3 

0.83 and -0.46 eÅ-

3 
0.55 and -0.57 eÅ-3 

R.M.S. deviation from 

mean 
0.084 eÅ-3 0.070 eÅ-3 0.098 eÅ-3 
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Figure 3.A.34. Planes of carbene str. 

3.A.3 Instrumentation details used for performing photophysical studies. Steady-state 

solution-based absorption spectra were recorded on UV-2600 UV spectrophotometer 

(Shimadzu). Steady-state emission spectra and time-gated emission spectra of all the samples 

in solution and solid state were recorded by using a Fluorolog-3 (HORIBA) instrument. 

Absolute quantum yields were measured in the Fluoromax-4C (HORIBA) instrument by using 

an integrating sphere. For complex 3.2, temperature-dependent PL and PL decay profiles were 

recorded in an Edinburgh FLS980 Instrument coupled with a cryostat. The solid samples were 

placed between two sapphire plates and fixed in a gold-coated copper sample holder. The 

sample holder is fixed in a closed cycle He cryostat (Advanced Research Systems) attached 

with a Lake Shore 335 temperature controller. For 3.3, 3.4, 3.5, 3.8, and 3.9, steady-state PL 

spectra were recorded on a JASCO FP-8500 spectrofluorometer instrument. The lifetime, low-

temperature PLwere measured in an Edinburgh FLS1000 photoluminescence spectrometer, 

attached with an Optistat DN cryostat. The temperature was controlled using a Mercury iTC 

temperature controller (Oxford Instruments). The sample was excited using a xenon lamp, and 

emission was collected from 320 to 800 nm.  

3.A.4 Computational section. Crystal structures are used as initial coordinates for obtaining 

the ground state (S0) geometries of these complexes. The Gaussian 09 program package was 

used to perform these calculations at the Grimme’s dispersion corrected B3LYP functional 

(B3LYP-D3) using a def2-SVP basis set.1 Optimized geometries were further used to perform 
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the Franck-Condon TD-DFT calculations (FC-TD-DFT) to obtain further insights into the 

various singlet/triplet excited states, such as energies of excited states, oscillator strengths, and 

optical excitations. Spin-orbit coupling matrix elements (SOCME) between various electronic 

states are calculated using the pySOC program.2 

Table 3.A.1. Various contributing components in lifetime data of complex 3.2 

Temperature (K) α1 τ1 α2 τ2 α3 τ3 <τ> 

20 70% 5.95 µs 30% 195 µs - - 182.35 µs 

8 79% 4.22 µs 15.6% 21.24 µs 5.4% 342.30 µs 248.71 µs 

Table 3.A.2. SOCME values for complexes 3.8 and 3.9 

In cm-1 3A.8 3A.9 

S0-T1 0.67477 1.40608 

S0-T2 15.68406 7.06788 

S0-T3 8.8587 6.79439 

S1-T1 2.07867 1.94265 

S1-T2 2.65351 1.29996 

S1-T3 7.3533 5.7328 

 

Figure 3.A.35. Deconvoluted emission bands for (a) complex 3.3, (b) complex 3.4, (c) 

complex 3.8, and (d) complex 3.9. 
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Figure 3.A.36. Experimental (in toluene) and simulated UV-Vis spectra of complexes 3.2-

3.5. 
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Figure 3.A.37. Experimental (in toluene) and simulated UV-Vis spectra of complexes 3.8 and 

3.9. 

 

Figure 3.A.38. CIE 1976 diagrams for (a) complex 3.2, (b) complex 3.3, (c) complex 3.4, (d) 

complex 3.5, (e) complex 3.8, and (f) complex 3.9. 



 

384 
 

Appendix of Chapter 3 

Moushakhi Ghosh 

 

Figure 3.A.39. HOMO and LUMO of complex 3.6. 

Table 3.A.3. Photophysical parameters of complexes 

Sample τPF τPhos kISC Φ 

3.3 5.77 ns 0.41 ms 1.61 × 108 𝑠−1 20% 

3.4 5.23 ns 3.37 ms 1.82 × 108 𝑠−1 19.23% 

3.5 5.49 ns 0.63 ms 1.82 × 108 𝑠−1 5.03% 

3.8 4.54 ns 1.44 ms 2.15 × 108 𝑠−1 10.17% 

3.9 4.30 ns 2.10 ms 2.26 × 108 𝑠−1 20.07% 

Calculation of kISC 

𝑘𝐼𝑆𝐶 =
1 − Φ𝑃𝐹

𝜏𝑃𝐹
 

Φ𝑃𝐹 = Φ 
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4A.A.1 Synthesis of DiMeCAAC and IMES according to the literature procedure.3, 4 

 

4A.A.2 Synthesis of OA@AuNPs. 

Oleylamine capped AuNPs (OA@AuNPs) was synthesized, followed by a modified reported 

procedure.5 5 mL oleylamine (OA) was taken in a three-neck 100 ml round bottom flask. Then, 

the solution was refluxed at 150 °C under an inert atmosphere for 15-20 mins. After that, a 

solution containing 0.3 mmol of HAuCl4·3H2O and 1 mL OA was rapidly injected into the first 

solution at 150 0C. Then, the heating was continued for 1.5 hours for the complete growth of 

OA@AuNPs. After the reaction, the flask was allowed to come to room temperature, and 1 mL 

toluene was added to quench the reaction. The NP solution was purified through centrifugation 

at 5000 rpm for 6 min. Ethanol was added to the NP solution in a 1:2 (v/v) ratio to precipitate 

the OA@AuNPs, and the excess OA was removed through centrifugation. Finally, the 

OA@AuNPs was redispersed in dry toluene to synthesize DiMeCAAC@AuNPs. 

4A.A.3 Synthesis of DiMeCAAC@AuNPs (Ligand exchange reaction). 

The DiMeCAAC@AuNPs was synthesized via a ligand exchange method from OA@AuNPs. 

At first, OA@AuNPs was synthesized as written previously. Next, OA@AuNPs was first taken 

in anhydrous toluene under an inert condition, and it was treated with a THF solution with ~50-

fold excess of DiMeCAAC. Instantaneous precipitation of NP was observed, and the solution 

was kept undisturbed overnight for the complete ligand exchange to occur. Then, the 

purification was performed via centrifugation at 5000 rpm (5 minutes) for 2 times and washed 

with toluene to remove the free excess ligands. Finally, the DiMeCAAC@AuNPs was 

dispersed in DMSO after sonication for ~5 mins to use further. 
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4A.A.4 Synthesis of IMES@AuNPs (Ligand exchange reaction). 

The IMES@AuNPs was synthesized via a ligand exchange method from OA@AuNPs. At first, 

OA@AuNPs was synthesized as written previously. Next, OA@AuNPs was first taken in 

anhydrous toluene under an inert condition, and it was treated with ~100-fold excess of IMES. 

Instantaneous precipitation of NP was observed, and the solution was kept undisturbed 

overnight for the complete ligand exchange to occur. Then, the purification was performed via 

centrifugation at 5000 rpm (5 minutes) for 2 times and washed with toluene to remove the free 

excess ligands. Finally, the IMES@AuNPs was dispersed in DMSO after sonication for ~5 

mins to use further. 

 

Figure 4A.A.1. (a) UV-vis spectra of IMES@AuNPs in DMSO showing the characteristic 

LSPR band at ~525 nm (b) A representative TEM image of IMES@AuNPs. (c) The 

corresponding size distribution histogram. 

 

Figure 4A.A.2. IR spectra for IMES@AuNPs and IMES. This correlates well with the report 

by Chang and co-workers.6 
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4A.A.5 Raman spectroscopic data of DiMeCAAC@AuNPs. 

The Raman spectra (Figure 4A.A.3) also show strong bands at 1588, 1448, 1383, and 1248 cm-

1. The bands between 1248-1448 cm-1 can be assigned to the coupling of the hydrogens of the 

isopropyl group to the hydrogens of the ring, where the resulting normal modes are affected by 

the orientation of the side groups.7, 8 The strong band at 1588 cm-1 can be assigned to the 

imidazole ring N-H bending modes.9  

 

Figure 4A.A.3. Raman spectra for DiMeCAAC@AuNPs and DiMeCAAC. The findings are 

listed in Table 4A.A.1. 

Table 4A.A.1. Peak assignments from Figure 4A.A.3 

Peak Position (cm-1) Assignments 

1588 Deformation of CH3 

1448 Coupling of the hydrogens of isopropyl group 

1383 Ring Stretching 

1248 Coupling of the hydrogens of isopropyl group 

1043 C-H of phenyl 

966 Interaction of ring stretching modes 

804 C-H out of the plane 

721 C-H out of the plane 
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Figure 4A.A.4. Mass spectroscopic data of DiMeCAAC@AuNPs showing the peak of 

[M+H]+ ion (observed m/z 286.2584) of DiMeCAAC. 

 

Figure 4A.A.5. X-ray photoelectron spectra for DiMeCAAC@AuNPs showing C 1s.  
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Figure 4A.A.6. XPS survey spectra of DiMeCAAC@AuNPs. The characteristics peak 

corresponding to all the major elements are properly assigned: Au4f, N1s, C1s. 

 

Figure 4A.A.7. X-ray photoelectron spectra for DiMeCAAC.OTf precursor (a) N 1s spectra 

showing a peak at 401.48 eV, indicative of pyrrolidine N peak according to the literature10 (b) 

C 1s showing a peak at 291.74 eV is denoting C peak of –CF3 moiety. Other assignments are 

enlisted in Table 4A.A.2. 

Table 4A.A.2. XPS peak assignments of DiMeCAAC.OTf  

Binding Energy (eV) Assignments 

401.48 for N 1s Pyrrolidine N of DiMeCAAC.OTf 

291.74 for C 1s -CF3 of DiMeCAAC.OTf 

286.09 for C 1s C-N moiety of pyrrolidine backbone of DiMeCAAC.OTf 

284.57 for C 1s Aromatic C-C of benzene backbone 

 

Figure 4A.A.8. X-ray Photoelectron Spectra for IMES@AuNPs showing (a) Au 4f showing 

spin-pair doublets at 83.61 and 87.23 eV for 4f7/2 and 4f5/2, respectively; (b) N 1s spectra 

showing peak at 400.19 eV. 
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Figure 4A.A.9. HOMO and LUMO energy levels of DiMeCAAC and IMES using B3LYP-

D3/def2TZVPP level of theory. 

4A.A.6 Electrocatalytic CO2 reduction. 

4A.A.6.1 Preparation of the working electrode. 

Toray carbon paper purchased from Global Nanotech were used as purchased. Carbon papers 

were cut into desired dimensions (1 cm2 for CPE experiments), and then these were immersed 

in sample AuNPs solutions and dried using a heat gun to evaporate the solvent. After drying, 

the surface was washed thoroughly with distilled water to remove any loosely bound catalyst 

on the surface and dried under N2 flow before use in electrolysis experiments for CO2 reduction. 

To record the electrochemical data, a three-electrode-containing sealed electrochemical setup 

(AuNPs-coated carbon paper as the working electrode) was taken with the Pt-wire as the 

counter electrode separated from the working solution using a glass chamber containing a vycor 

frit. Standard double junction silver/silver chloride (Ag/AgCl) was used as the reference 

electrode, and 0.5 M KHCO3 buffer solution as the electrolyte (pH 8.2 air saturated; pH 6.8 

CO2 saturated). 

4A.A.6.2 Cyclic voltammetry. 

Cyclic voltammograms were recorded on a potentiostat (CHI700E electrochemical analyzer) 

using a three-electrode containing sealed electrochemical setup with the sample deposited 

carbon paper electrodes as the working electrode in 0.5M aqueous potassium bicarbonate 

buffer solution as electrolyte (pH 8.2 air saturated; pH 6.8 CO2 saturated). A spiral platinum 

wire having a large surface area was used as the counter electrode, which was separated from 

the working solution using a glass chamber containing a vycor frit. Standard double junction 

silver/silver chloride was used as the reference electrode, and 0.5 M KHCO3 buffer. The 

platinum counter electrode and reference electrodes (standard double-junction silver/silver 

chloride filled with 4 M KNO3 solution) were purchased from Pine Instruments. The working 
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buffer solution was deaerated by bubbling N2 or CO2 prior to recording the CV as appropriate. 

All the electrochemical experiments were performed at room temperature. 

4A.A.6.3 Controlled potential electrolysis (CPE) and gas collection. 

After saturating the working buffer solution with CO2, the controlled potential electrolysis was 

performed on a potentiostat (CHI700E electrochemical analyzer) using the prepared working 

electrodes at different potentials (-0.4 to -0.9 V vs. Ag/AgCl) in a well-sealed two-compartment 

electrochemical cell for 2-3 hours. Agilent GC instrument (model no. 7890B (G3440B), serial 

no. CN14333203) fitted with a TCD detector was used to detect any gases that evolved during 

CPE. Any formation of formate was determined using an ion chromatography instrument 

equipped with an anion column 6.1006.530 Metrosep A Supp 5-250 with serial no. 0022.2486. 

ATR-FTIR data of the carbon paper working electrodes were obtained at room temperature in 

UATR (Universal Attenuated Total Reflection) set up of Perkin-Elmer FTIR Frontier 

instrument using Lithium Tantalate (LiTaO3) detector. During each experiment, an average of 

1000 scans was taken. 

 

Figure 4A.A.10. Overlay of cyclic voltammograms of blank carbon paper, 

DiMeCAAC@AuNPs, OA@AuNPs, and IMES@AuNPs under N2 and CO2 saturation. 

Voltammograms were recorded at 0.1 Vs-1 in 0.5 M KHCO3 buffer. 

4A.A.6.4 Figures of merit to describe electrochemical CO2R.11 

1. We have achieved an FE for CO formation of up to 94% at a very low overpotential.  

2. Current density (j) = I/A: Since we have used 1cm2 carbon paper as the working electrode, 

the maximum current density we obtain in the presence of CO2 is in the mA scale. This is 

comparable to other reports of functionalized gold nanoparticles. Utilizing other engineered 

electrodes or gas diffusion electrodes may improve this.  
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3. Energy efficiency (EE) = 
𝐸0∗𝐹𝐸 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐸0 + ɳ
 , where E0 is the equilibrium cell potential for the 

desired product (E0 cathode-E0 anode), and ɳ is the sum of overpotentials on the cathode and 

anode. 

Under CO2 saturated conditions (0.5M KHCO3 buffer, pH=6.8), DiMeCAAC@AuNP 

physisorbed on carbon paper, for conversion of CO2 to CO, E˚= -700 mV, FECO = 94%, η = -

590mV (equilibrium potential (vs. RHE) for CO2/CO couple at pH 6.8 = -110 mV); energy 

efficiency (%) = 
−700 ×94

−700−590
= 51%; For our catalyst, the conversion of CO2 to CO energy 

efficiency is calculated to be 51%. These figures may be improved with the same catalyst in an 

improved engineered electrochemical setup. 

 

Figure 4A.A.11. X-ray Photoelectron Spectra for DiMeCAAC@AuNPs coated Carbon paper 

showing (a) Au 4f showing spin-pair doublets at 84.17 and 87.84 eV for 4f7/2 and 4f5/2, 

respectively, after electrocatalysis; (b) N 1s spectra showing peak at 400.06 eV, after 

electrolysis. 

 

Figure 4A.A.12. TEM images of IMES@AuNPs (a) before and (b) after the electrocatalysis 

show negligible change in the morphology of AuNPs. 



 

393 
 

Appendix of Chapter 4B 

Moushakhi Ghosh 

4B.A.1 Magnetic studies of DiMeCAAC@AuNPs. 

Magnetic measurements of the samples were carried out using a Quantum Design make 

magnetic property measurement system (MPMS). The following complex magnetic 

measurements were carried out on the samples using the SQUID and VSM modes of the 

instrument. 

1. Magnetization versus magnetic field at variable temperature different temperatures (5 K and 

300 K) up to a maximum magnetic field of 6 Tesla (60 kOe). [kOe= kilo oersted] 

2. The Magnetization of the samples was recorded as a function of temperature in the range 5-

300 K under a) Magnetic field of 100 Oe; b) Zero field cooled (ZFC) and field cooled (FC) 

conditions 

The samples were cooled in zero field to 5 K for ZFC measurements, and magnetization 

was measured while warming in a field of 100 Oe. For FC measurement, the samples were 

cooled from 300 K to 5 K in a magnetic field of 100 Oe, and the magnetization was measured 

while warming in a field of 100 Oe. Before the measurement, the instrument was calibrated 

using a standard sample of high-purity Palladium metal. 

4B.A.2 Catalytic reduction of nitro-arene compounds. 

We monitored the catalytic reduction of nitroarene compounds in a 3 ml quartz cuvette using 

SHIMADZU UV-3600 plus UV-Vis-NIR spectrophotometer. In a typical absorption 

experiment, DiMeCAAC@AuNP loaded filter paper dipped in the working solution, and 

NaBH4 in a 3 ml quartz cuvette, and the absorption spectra were collected with a time interval 

of 10 and 20 min for 4-nitrophenol, 2-nitroaniline, 4-nitroacetophenone and a 30 sec interval 

for potassium ferricyanide. The kinetic experiments were monitored by observing the decrease 

in the absorbance of the reactant at its λmax value with time. 

4B.A.2.1 PNP reduction. 

Reduction of 4-nitrophenol was carried out by taking 60 μL of 4-nitrophenol (50 mM), 300 μL 

of NaBH4 (0.1 M), and 2.694 mL of milliQ water in a 3 mL quartz cuvette. Absorbance at 400 

nm was monitored for the time-dependent absorption measurements. 

4B.A.2.2 2-nitroaniline reduction. 

Reduction of 2-nitroaniline was carried out by taking 60 μL of 4-nitrophenol (50 mM), 300 μL 

of NaBH4 (0.1 M), and 2.694 mL of milli-Q water in a 3 mL quartz cuvette. Absorbance was 

monitored for the time-dependent absorption measurements. 
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4B.A.2.3 4-nitroacetophenone reduction. 

Reduction of 4-nitroacetophenone was carried out by taking 60 μL of 4-nitrophenol (50 mM), 

300 μL of NaBH4 (0.1 M), and 2.694 mL of milliQ water in a 3 mL quartz cuvette. Absorbance 

at 400 nm was monitored for the time-dependent absorption measurements. 

4B.A.2.4 Potassium ferricyanide reduction. 

Reduction of potassium ferricyanide was carried out by taking 60 μL of 4-nitrophenol (50 mM), 

300 μL of NaBH4 (0.1 M), and 2.694 mL of milliQ water in a 3 mL quartz cuvette. Absorbance 

at ~420 nm was monitored for the time-dependent absorption measurements. 

Table 4B.A.1. Versatility of K3[Fe(CN)6] and nitroarene reactions, catalyzed by 

DiMeCAAC@AuNP 

Substrate Scope Product Substrate 

Concentration 

Catalyst 

loading 

(nM) 

Time 

(min) 

Yield 

(%) 

Nitroarene 

(mM) 

NaBH4 

(M) 

K3[Fe(CN)6] K2[Fe(CN)6] 50 0.1 18 1.5 96 

  

50 0.1 18 160 90 

  

50 0.1 18 140 94 

  

50 0.1 18 130 79 

4B.A.3 Electrochemical studies. 

The electrochemical measurements were carried out in a three-electrode setup using catalyst 

slurry coated Toray carbon paper (CP) (Global Nanotech) of area 1 cm2 as the working 

electrode, graphite rod as the counter electrode, and Hg/HgSO4 as a reference electrode in a 

BioLogic electrochemical workstation (VMP-300). The applied potentials were normalized 

with respect to a reversible hydrogen electrode (RHE). The catalyst solution (50 µL) in DMSO 

(Thomas Baker) was drop-cast on the CP and dried under an IR lamp. Subsequently,  5 μL of 

0.01 wt % Nafion (DuPont) solution in ethanol was dropped to the catalyst-coated CP, which 

acts as an ionomer as well as a binder. 
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