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General remarks 

❖ All chemicals were purchased from commercial sources and used as received. 

❖ All reactions were carried out under an inert atmosphere following standard procedures 

using Schlenk techniques and glovebox. 

❖ Deuterated solvents for NMR spectroscopic analyses were used as received. All 1H 

NMR and 13C NMR analyses were obtained using Bruker or JEOL 200 MHz, 400 MHz, 

or 500 MHz spectrometers. Coupling constants were measured in Hertz. All chemical 

shifts are quoted in ppm, relative to TMS, using the residual solvent peak as a reference 

standard. 

❖ HRMS spectra were recorded at UHPLC-MS (Q-exactive-Orbitrap Mass Spectrometer) 

using electron spray ionization [(ESI+, +/− 5kV), solvent medium: acetonitrile and 

methanol] technique, and mass values are expressed as m/z. GC-HRMS (EI) was 

recorded in Agilent 7200 Accurate-mass-Q-TOF. 

❖ The solvent used were purified by an MBRAUN solvent purification system MBSPS-

800 and further dried over activated molecular sieves prior to use.  

❖ The preparation of sensitive NMR samples was carried out in a Glove box or under an 

inert atmosphere of argon applying standard Schlenk technique. 

❖ Column chromatography was performed on silica gel (100-200 mesh size). 

❖ LC-MS were obtained using a Q Exactive Thermo Scientific and an Agilent 

Technologies 6120. 

❖ Chemical nomenclature (IUPAC) and structures were generated using ChemDraw 

Professional 20.1. 
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Introduction 

In recent years a major theme of organometallic chemistry has been the design and 

development of metal catalysts to mimic the precious noble metal catalysts by more economical 

and environmentally viable alternatives. As we all know transition metal complexes form the 

heart of catalysis but the mostly used metals are late transition metals, which are less abundant 

and their byproducts are hazardous in nature. Hence, nowadays people are trying to find the 

alternative of late transition metals.  

Recent years have been witnessed that early transition metals and main group metal complexes 

are used as the alternative of late transition metal complexes because most of these metals are 

cheap in price compared to late transition metals and their byproducts are less hazardous in 

nature. Especially alkaline earth metals are earth-abundant and have worldwide accessibility 

but these metals follow Schlenk equilibrium i.e. these metals favour homoleptic complexes 

over heteroleptic complexes. Stabilizing early transition metals in low oxidation states also 
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requires specific steric as well as electronic support. Hence to overcome this issue we have to 

design a ligand which can stabilize metal complexes electronically as well as sterically.  

In last two decades a substantial amount of research has been done to understand the designing 

of ligand system, there are few commonly used ligands (figure 1). Among these    β-

diketiminate ligand scaffold commonly known as nacnac has emerged as a versatile ligand to 

stabilize different metal centres or low valent main group elements1 because of its electronic 

and steric properties can be altered by changing the substituents.  

 

Figure 1: Monoanionic ligands. 

The field of nacnac as ligand has started getting attention after the discovery of nacnac 

stabilized Al(I) by Roesky2 followed by the reports on alkaline earth metal complexes by 

Jones, Harder and Hill.3 Few milestones in the chemistry of nacnac are shown in figure 2. 

 

Figure 2: Milestone discoveries in the chemistry of nacnac. 
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Despite the enrich chemistry of nacnac ligand there is a need to find a suitable ligand which 

can stabilizes the metal complexes without aggregation. Modification in nacnac is required. In 

recent years our group has studied the modified tridentate nacnac ligand moiety (figure 3) with 

an extra donor nitrogen site to provide better stabilization towards the metal centre and could 

able to isolate mononuclear heteroleptic complexes of low valent main group elements.  

 

Figure 3: Modified tridentate nacnac ligand. 

We have studied the chemistry of low-valent group 13 and 14 elements using modified 

tridentate nacnac ligand.4 So to explore more about the chemistry of low valent transition metal 

and alkaline earth metals, here we have utilised tridentate nacnac supported ligand scaffold to 

stabilize T-shaped nickel radical and further extends its reactivity towards small molecule 

activation. Also, we have explored it to stabilize monomeric complexes of magnesium and its 

application towards E-H bond activation.  

 

Statement of the problem 

All the challenges make us think about how we can tackle the problems associated with the 

stabilization of main group elements with the use of a proper ligand which will lead us to use 

the respective compounds in small molecule activation and industrially important catalysis. 

Methodology 

The compounds targeted in my work are expected to be highly air and moisture-sensitive and 

will be handled under an inert atmosphere. Standard techniques for the synthesis and 

characterization of air and moisture-sensitive compounds are well-established. Experiments at 

very low or high temperatures, under high pressure, or in high vacuum can be carried out at 

convenience. Besides the standard laboratory equipment glove boxes for work in an inert gas 
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environment (<5 ppm O2 and H2O), equipped with –35 °C freezers) and Schlenk lines are 

available. All new complexes are characterized thoroughly by state-of-the-art spectroscopic 

analyses as well as by single-crystal X-ray diffraction studies. 

Results and their interpretation 

As discussed earlier, in our work, we have successfully shown, how the ligand moiety can play 

an important role in stabilizing low valent main group and transition metal complexes. For this, 

the thesis is divided into five chapters. Among these, the first chapter is a general introduction 

(please see the introduction section). Details of the chapters are as follows: 

Chapter 2: Tridentate Nacnac Tames T-Shaped Nickel Radical 

The chemistry of small molecule activation mediated by the transition metal center is of 

paramount importance in numerous stoichiometric and catalytic transformations. Recently, 

coordinatively unsaturated metal centers have received enormous attention owing to their 

unusual structure and reactivities5. A similar strategy may be possible with T-shaped d9 species, 

but it remains mainly unexplored because the synthesis of a compound having rigid T-shaped 

geometry is difficult. Earlier attempts utilising β-diketiminate, N-heterocyclic carbene, and 

large phosphine ligands frequently resulted in Y-shaped structures6. A key to exploiting the 

metalloradical reactivity is to prepare a suitable ligand that can stabilize the metalloradical 

species. In recent times pincer based ligands are reported to synthesize T-shaped 

metalloradicals but the area is not well explored.7,8 

Due to our recent success with the chemistry of modified tridentate nacnac ligand.4 In the 

present work we report on the synthesis and characterization of T-shaped Nickel (I) radical 

complex, which is very rare. Further the reactivity towards small molecule activation is 

explored. (Scheme 1) 

 

Figure 4. Previously reported T-shaped metalloradicals. 
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What is surprising is the base exchange reaction of 6-SIDipp·ZnEt2 with 5-IDipp/5-SIDipp, (5-

IDipp = 1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene; 5-SIDipp = 1,3-bis(2,6-

diisopropylphenyl)-imidazolin-2-ylidene) leading to the smooth formation of zinc adducts with 

5-NHCs. 

 

Scheme 1. Synthesis of tridentate nacnac supported T-shaped nickel radical and its reactivity. 

 

In Summary: 

• The presented results demonstrate a convenient method for synthesizing T-shaped 

nickel metalloradical. 

•  We were able to trap nickel radical using TEMPO as a trapping reagent. 

• We investigated the reactivities of nickel(I) radical towards dichalcogenides (Ph2E2, 

E= S, Se) to get homolytic E-E bond cleavage, we also observed an unusual C-C bond 

coupling along with the bond cleavage.  

• The nickel radical could also activate hydrogen to generate monomeric nickel hydride 

complex.  

 

 

Chapter 3: Metal-Ligand Cooperation in Magnesium-Mediated Water Activation 

Metal−ligand cooperation (MLC) is a versatile approach for activating chemical bonds through 

the aromatization/dearomatization of pincer-type complexes1-5 This method is characterized by 

the fact that the metal center's oxidation state remains unchanged during the bond activation, 

as the process involves both the metal and the ligand. The advantage lies in the ability of redox-
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innocent main-group metals to activate chemical bonds favorably without altering their 

oxidation state. Traditionally, this MLC process has been dominated by expensive transition 

metals, and the application of main-group metals in this context is still nascent6-11 but there has 

been progress, such as N−H and H−H bond activation, hydrogenation of alkenes, and semi-

hydrogenation of alkynes by main-group species as well as zinc through the MLC process. 

Given our recent interest in magnesium chemistry,12-16 the aim is to design more such 

magnesium complexes using different ligand systems and extend the application to more 

challenging reactions such as water activation using the MLC activation process. Using the 

tridentate nacnac ligand systems as above we could able to synthesize monomeric magnesium 

complexes. (Scheme 2) 

 

Scheme 2: Synthesis of monomeric magnesium complexes. 

After having dearomatized magnesium complex, we further explored the reactivity of it 

towards the activation of water. Since activating water through homolytic cleavage is a 

formidable task because of the thermodynamic stability of H2O, attributed to the high bond 

dissociation energy (BDE = 118 kcal/mol) of the O–H bonds. (Scheme 3) 
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Scheme 3: magnesium mediated water activation. 

To confirm the activation of water, the same reaction was repeated with D2O in THF (Scheme 

4) and 2H NMR was recorded. The 2H NMR spectra show peaks at 4.61 ppm and 11.21 ppm 

corresponding to CD (methylene sidearm) and OD respectively. 

 

Scheme 4: Deuterium labeling experiment. 

In Summary: 

• We have synthesized the dearomatized complex of Magnesium using modified nacnac 

scaffold as a ligand  

• We synthesized heteroleptic monomeric magnesium bromide complex 

• We could able to show the very first example of water activation via metal ligand 

cooperation by magnesium 

Chapter 4: Magnesium-Mediated C-H bond Activation 

Sustainable development became a need of the time to have the future secure. Sustainability is 

attained when the needs of the present can be fulfilled without bargaining those of the future. 

In recent years, sustainability has appeared as a dominant theme in organic transformations. 

Sustainability can be induced in a process by the use of mild conditions, catalytic reactions and 

limiting step-count and waste typically results in cost savings and cycle-time reduction. In 

recent times C-H bond activation has emerged as a sustainable approach to get C-C bond 
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coupling. In comparison to the more traditional cross-coupling reactions, C−H activation 

removes the requirement for pre-functionalization of both partners. The use of precious metal 

catalyst, high temperature and stoichiometric metal-based oxidants are required for unactivated 

C-H bond activation. In search of more sustainable approach the more abundant main group 

can be investigated as an alternative to the precious metal catalysts, a much less studied 

approach in this area. As Hauser bases are known to activate C-H bond. In 2015, Mashima and 

Harder reported alkaline earth metals as Mg and Ca complexes respectively to activate C-H 

bond. (Figure 5) Very recently, Eva Hevia reported main group elements such as Mg, Li, Zn 

mediated C-H bond activation. These developments towards sustainable C-H bond activation 

using main group elements motivated us to use our tridentate nacnac based magnesium 

complexes to activate various C-H bonds.  

 

Figure 5. Previously reported main group mediated C-H bond activation. 

To explore the reactivity, we have reacted the dearomatized Mg complex with phenylacetylene 

which resulted in a rearomatized Mg alkyl complex via C-H bond activation of the alkyne. 

(Scheme 5) We also treated the Mg complex with trimethylsilyl diazomethane, which also 

yielded a Mg rearomatized complex after the C-H bond activation. In diazomethane case the 

migration of SiMe3 group from carbon to nitrogen resulted into the formation of CN triple bond 

and an unusual magnesium cyanide complex.(Scheme 5)  
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Scheme 5: C-H bond activation. 

Having monomeric magnesium bromide in hand we tried to yield magnesium hydride reacting 

it with k-selectride, but we ended up with inter molecular reduction of pyridine. (Scheme 6) 

 

Scheme 6: Reaction with k-selectride. 

In Summary: 

• Explored the C–H bond activation of trimethylsilyldiazomethane and phenylacetylene 

• The SiMe3 migration led to a cyanide magnesium complex 

• The efforts to prepare magnesium hydride eventually ended up getting inter molecular 

pyridine reduction via inter molecular C–H bond activation  

• We are currently exploring further C-H bond activation and also tying to isolate the 

monomeric magnesium hydride complex.  

Chapter 5: Tridentate Nacnac supported chemistry of Aluminum and Gallium 
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The symmetrical β-diketiminato ligand can provide adequate thermodynamic and/or kinetic 

effort to stabilize a large variety of transition metals and main group elements. The nacnac 

supported group 13 elements have enjoyed an extensive devotion due to their usefulness as a 

synthon. Whereas a tridentate pendent picolyl functionalized nacnac framework is 

comparatively less well-explored system which has been used for the synthesis of iron, 

chromium, yttrium, and scandium complexes along with only few reports on main group 

recently reported from our group. Motivated by the recent results in main group chemistry we 

were keen to explore the ligand system to yield main group hydride, since we were not able to 

do it so. When we tried earlier to synthesize aluminium hydride with alane. We ended up with 

C-C coupled six membered binuclear aluminium hydride system. (Scheme 8) To understand 

the system further we tried the same reaction with different reaction conditions. (Scheme 8) 

The reaction in diethyl ether yielded monomeric aluminium hydride the desired product and 

were also able to isolate the intermediate from which the six membered binuclear aluminium 

complex is forming as an end product.  

 

Scheme 6: Solvent effect on the reaction. 

Next when we used benzyl potassium rather than using the traditional bases used to abstract 

the proton from the ligand, and followed by the addition of MCl3 (M= Al, Ga). We were able 

to isolate the corresponding metal halides. (Scheme 9)   
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Scheme 6: Synthesis of metal halides of Ga, Al. 

In Summary: 

• Isolation monomeric aluminum hydride complex    

• Demonstrated the intermolecular hydroamination of pyridine 

• Developed a new direct method for synthesis of aluminum chloride. 

• Currently further reactivity studies of metal halides and hydrides are going on.  
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Chapter-1 

Introduction 

Abstract 

This chapter briefly explains about the importance of a ligand in organometallic chemistry to 

stabilize metal centre. The development of nacnac ligand and its chemistry around main group 

as well as transition metal complexes is also discussed. Further, a brief overview of modified 

tridentate nacnac ligand and its recent advancements are also discussed. At last, the purposes 

and findings of this contribution are discussed.  
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1: Introduction 

1.1 Ligand  

Ligand systems are fundamental to organometallic chemistry1, and the pioneering work of 

Werner in coordination chemistry played a crucial role in shaping the modern 

understanding of metal-ligand interactions.2 Werner’s groundbreaking discoveries in the 

early 20th century provided insights into the structure and bonding of coordination 

compounds thus establishing the foundational principles of modern inorganic chemistry.2b 

His research elucidated how metals bind to ligands, which significantly influenced the 

development of both organometallic and bioinorganic chemistry.3 In recognition of his 

contributions, Werner was awarded the Nobel Prize in Chemistry in 1913, marking a 

milestone in the study of coordination compounds. 

 

 

1.1.1 Importance of Ligand Systems  

Ligands are crucial in organometallic chemistry, playing a key role in determining the 

structure, reactivity, and catalytic efficiency of metal complexes.3 As molecules or ions 

that bind to metal centres, ligands influence both the electronic properties and the steric 

environment of the metal, thereby controlling vital aspects of reactivity such as bond 

activation, coordination geometry and reaction selectivity.4  

Ligands can be broadly classified into two categories: actor ligands and spectator 

ligands. Actor ligands are directly involved in chemical reactions, often by associating, 

dissociating, or interacting with the metal centre, making them particularly important 

in catalytic processes. In contrast, spectator ligands do not undergo changes during the 

reaction but play an essential role in controlling metal's properties to optimize its 

performance in specific applications. The impact of ligands extends beyond simple 

metal stabilization. Electron-rich ligands, such as phosphines and N-heterocyclic 

carbenes (NHCs), can enhance the electron density at the metal centre, promoting 

oxidative addition and facilitating key catalytic cycles.5 The ground breaking scientific 

achievements may have constituted the initial spur to this growth: (i) the first utilization 

of NHC complexes by Herrmann and co-workers in catalysis6a and (ii) the preparation 

of the Grubbs’ second-generation catalyst and related catalysts,6b which undoubtedly 
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contributed to the award of the Nobel Prize for Chemistry 2005. On the other hand, 

electron-withdrawing ligands, such as carbonyl (CO) or halides, can stabilize high 

oxidation states or influence reductive elimination steps.7 Steric effects are equally 

important: bulky ligands can create selective environments, steering catalytic pathways 

to favour desired products while minimizing side reactions.8  

Ligand design has evolved to meet the demands of modern chemistry, including the 

development of chelating and pincer ligands that enhance catalyst stability and 

performance.9 These ligands are crucial in industrial processes, such as olefin 

polymerization using Ziegler-Natta catalyst10,11 and cross-coupling reactions like the 

Suzuki-Miyaura coupling,11d which are vital for pharmaceutical and material synthesis. 

In recent years, the critical role of ligands in stabilizing transition metal complexes has 

driven organometallic chemists to explore alternatives to transition metals, given their 

limited abundance and high costs. Compounds with low-valent main group elements 

have emerged as auspicious candidates for substituting transition metals in various 

organic transformations and small molecule activation processes.12 These elements 

offers advantages such as greater availability, lower costs, and distinctive reactivity 

profiles. However, their utilization requires overcoming the inherent instability of low-

valent main group compounds, which is heavily dependent on innovative ligand design, 

enabling the exploration of unique electronic and steric environments.13 Recent efforts 

have focused on designing ligands that provide robust steric protection, facilitate 

electron delocalization, or incorporate donor-acceptor interactions to support low-

valent states.14 Such ligand frameworks not only stabilize reactive intermediates but 

also unlock new catalytic pathways and reactivity patterns previously inaccessible to 

traditional transition metal systems.15 This paradigm shift expands the scope of main 

group chemistry, offering sustainable and efficient alternatives for challenging chemical 

transformations. 

 

 

1.1.2 Few Commonly Used Ligand Systems  

Ligand systems commonly employed in organometallic chemistry often exhibit 

bidentate or tridentate chelating coordination modes, with tridentate ligands being 

predominantly referred to as pincer ligands. The versatility of pincer ligands facilitates 
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the design of compounds with altered electronic properties and reactivity. Their 

intrinsic adaptability, coupled with the capacity to stably coordinate otherwise labile 

groups, enhances their applicability across a wide range of chemical transformations.9 

Specifically, N, N-chelating ligands have become highly prevalent in the field of 

coordination chemistry. Their remarkable compliance in terms of steric and electronic 

characteristics, attached with their capability to act as bidentate ligand, makes them 

highly effective for coordinating with transition metals,16 lanthanides,17 and main-group 

elements.18 While the study of transition metal complexes featuring N,N-chelating 

ligands has long been an established area with widespread applications in catalysis,19 

there has been a rising focus on exploring their role in main-group element chemistry 

over the past few decades.20 Few N, N-chelating monoanionic ligands are amidinate, 

guanidinates, β-diketiminate, and NCN pincers are shown in Scheme 1.1.    

 

 

Scheme 1.1 A few examples of ligands commonly used in organometallic complexes. 

 

 

1.2  β-diketimine as a Ligand System 

Starting with the β-diketonato or acetylacetonato ligand, generally referred as acac (A), 

this ligand system plays a crucial role in coordination chemistry.21 Its versatility arises 

from the keto-enol tautomerism present in the parent diketone. Replacing one oxygen 

atom of the diketone with an imine group (NR) resulted in the β-enaminoketonato 

ligand system B.22 This substitution to NR group allows, the nitrogen atom's substituent 

to be modified, which in turn adjusts the electronic and steric characteristics of the β-

enaminoketonato ligand. Furthermore, the β-diketiminato ligand, often known as 

nacnac (C) due to its nitrogen-based substitution of acac, deserves mention. Unlike the 

β-enaminoketonato ligand, nacnac replaces both the keto group with imine fun 

ctionalities, significantly enhancing the ability to fine-tune the electronic and steric 
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properties of the chelating ligand system (Scheme 1.2). The electronic and steric 

characteristics of these ligands can be readily modified by varying the substituents on 

the nitrogen atom at the α-position or by altering those on the alkyl backbone at the β 

and γ positions.  

 

Scheme 1.2 Isoelectronic monoanionic ligands: acetylacetonato (A), β-enaminoketonato (B) 

and β-diketiminato (C). 

The synthesis of the parent β-diketimine ligands can be accomplished mainly by using two 

different pathways shown in Scheme 1.3. The pathway (i) shows the condensation reaction 

starting from the corresponding β-diketone and the desired amine NH2R.23 For the formation 

of aryl substituted β-diketimine, one ketone reacts selectively with ethylene glycol to give the 

corresponding ketal, which can undergo the condensation reaction with the primary amine as 

shown in pathway (ii).24 

 

Scheme 1.3 Synthetic procedures for nacnacH ligands. 

Since the first synthesis of the Dipp substituted ligand [{N(Dipp)C(Me)}2CH]– in 1997,25 this 

derivate probably developed to one of the most studied nacnac ligand systems in current 

research topics. Due to this fact, a more facile synthetic approach with good yields of about 80 
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% was developed, especially for ligands carrying aromatic imine substituents (Scheme 1.4). 

Additionally, for the implementation of amplified steric bulkiness at the backbone of the nacnac 

ligands, tBu groups were introduced, starting from pivaloyl chloride and the corresponding 

primary amine and followed lithiation reactions for coupling.26 

 

Scheme 1.4 Synthetic procedure for aryl substituted symmetric nacnacH ligands. 

Scheme1.5 illustrates various bonding forms of the deprotonated monoanionic nacnac ligand, 

all of which have been structurally confirmed through solid-state analysis. The most typical 

and anticipated configuration is depicted in mode (i), where the six-membered metalla-

heterocycle exhibits a planar structure, and coordination is achieved through the two imine 

nitrogen atoms in a terminal chelating arrangement. Modes (ii) and (iii) represent variations of 

this coordination motif but differ in the conformation of the metalla-heterocycle, which adopts 

a boat-like shape.27 Motif (iv) illustrates a dimeric arrangement in which the metal ions are 

chelated similarly to the previous modes, but two nitrogen atoms also act as bridging donors, 

connecting the adjacent metal centers.28 Modes (v) and (vi) offers intriguing alternative 

coordination patterns. In (v), the ligand no longer behaves as a chelate. Instead, it adopts an 

open-chain conformation, with each terminal nitrogen atom coordinating a separate metal ion, 

effectively bridging the two centers.29 Mode (vi), although uncommon, involves coordination 

via the methylene bridge. In these rare cases, the metal ion preferentially binds to the 

carbanionic centre of the ligand rather than the typical nitrogen donors, particularly in the solid-

state structure.30 
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Scheme 1.5 Various binding modes of nacnac ligand. 

 

1.2.1 History at A Glance  

Since Parks and Holm first defined β-diketimine-based nickel (II) complexes in 1968,31 

the use of nacnac ligands has expanded significantly. Over the past two decades, these 

ligands have played a critical role in numerous advancements, particularly in the 

coordination chemistry of main-group elements and low valent first row transition 

metal complexes. Followed by the discovery of Parks and Holm, the first lithium nacnac 

complexes were reported in 1994 by the group of Lappert and coworker.28 The 

introduction of the dipp (diisopropylphenyl) substituted nacnac ligand significantly 

advanced the stabilization of heterolytic metal complexes, largely due to the additional 

steric hindrance provided by the isopropyl groups.32 A significant advancement in the 

main group chemistry of nacnac ligands occurred in 1999, when Roesky reported the 

synthesis of a nacnac-supported Al(I) compound.33 This milestone spurred extensive 

research into the chemistry of nacnac-based main group compounds and heavier group 

13 and 14 analogs of carbenes were also successfully synthesized in following years.34 

Subsequently, Driess achieved the synthesis of nacnac supported silylene where the 

CH3 attached to backbone got deprotonated to make the ligand di-anionic (Scheme 

1.6).35 In this context, β-diketimines served as a gateway to the synthesis of diverse and 

significant main-group element complexes. 
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Scheme 1.6 Nacnac ligand supported early discoveries in main group elements. 

Especially in alkaline earth metal coordination chemistry, nacnac ligands are responsible for 

several milestones in the last two decades, whereas the chemistry of alkaline earth metals was 

limited to mostly homoleptic complexes because of the Schlenk equilibrium. However, in 2001 

Roesky successfully synthesized a heteroleptic magnesium iodide complex stabilized by a 

nacnac ligand, effectively circumventing the limitations of the Schlenk equilibrium.36  This was 

followed in 2004 by Chisholm's synthesis of a nacnac-stabilized calcium amide complex.37 

These foundational discoveries paved the way for two major milestones: the development of a 

soluble calcium hydride complex by Harder and the first reported Mg(I) species by Jones.38,39 

Additionally, Roesky and colleagues achieved another milestone with the synthesis of the first 

soluble monomeric calcium fluoride complex (Scheme 1.7).40 

 

Scheme 1.7 Nacnac ligand supported milestone discoveries in alkaline earth metals. 
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Unlike conventional reducing agents such as potassium mirrors or KC8, electron-rich Mg(I) 

complexes offer the advantage of being soluble in hydrocarbon solvents, making them highly 

effective, user-friendly, and selective reducing agents for various applications. Since their 

introduction, these complexes have been instrumental in enabling the isolation of a wide range 

of novel compounds that were previously unattainable with traditional reducing agents.41 In 

recent times modification has also been made to nacnac ligand making it more suitable to 

synthesize low valent monomeric alkaline earth metal complexes. An impressive 

demonstration of the stabilizing properties of nacnac ligands was provided in 2018 by the 

research teams of Harder and Hill, who successfully isolated cationic Lewis-base-free β-

diketiminate complexes of magnesium and calcium (Scheme 1.8).42  

 

Scheme 1.8 Cationic complexes of magnesium and calcium. 

 

1.3  Methylpyridinato-β-diketiminate Ligand System  

A less extensively studied ligand system features a nacnac framework functionalized with 

a picolyl group (LH). The pyridine moiety attached to one of the nitrogen atoms not only 

introduces additional steric shielding but also enhances electronic stabilization of the metal 

centre. Moreover, the picolyl arm offers a flexible, labile coordination site that can 

dynamically interact with the metal centre, thereby facilitating an adaptable environment 

around the reactive site and potentially influencing catalytic activity. 

 

1.3.1 Synthesis of Tridentate NacNac Ligand 

Ligand (LH) was synthesized via a modified synthetic process.43 Initially, 2-((2,6-

diisopropylphenyl) imido)-2-penten-4-one was obtained via the condensation of 

acetylacetone with 2,6-diisopropylaniline, using a catalytic amount of p-toluenesulfonic 

acid. This was recrystalized as pure product in hot hexane, then reacted with 2-picolylamine 
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in toluene, again in the presence of p-toluenesulfonic acid as a catalyst. The reaction 

mixture was refluxed for 18 hours using a Dean-Stark apparatus to yield the ligand 

precursor LH with a 61% yield (Scheme 1.9). The product was purified by crystallization 

from diethyl ether, and the crystals were washed with cold pentane to get pure product. 

 

 

Scheme 1.9 Synthetic protocol for methylpyridinato β-diketiminate ligand (LH). 

1.3.2 Prior Literature Precedence   

This tridentate nacnac ligand was initially employed in the synthesis of coordination 

complexes with iron, chromium, scandium, and yttrium, marking its foundational 

application in transition metal and rare earth chemistry (Scheme 1.10).44,45  

 

 

 

Scheme 1.10 Lanthenides and Transition metal complexes of LH. 

Additional motivation arises from a recent study on pyridine-functionalized silane, which 

revealed extraordinary binding characteristics with Rh and Ir.46 Recently, we have 
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demonstrated homoleptic magnesium and calcium complexes using this ligand and established 

their utility as catalysts for the hydroboration of aldehydes and ketones.47 Additionally we have 

also utilised this ligand system to synthesize tetrylenes. The attempts to synthesize germylium 

ylidene was not successful. Instead, the picolyl functionality in LH facilitated several unusual 

and alternative reactivities, including smooth ring contraction via C–N bond cleavage, efficient 

dehydrocoupling, transmetallation, and the formation of a six-membered Al-heterocycle. Such 

reactivities are not typically observed in traditional nacnac-based systems. This study 

underscores how minor modifications in ligand design can lead to remarkably novel and 

unanticipated chemical outcomes.48  

Subsequently, we investigated the potential of this ligand system for stabilizing nickel chloride, 

cationic nickel species, and nickel hydride complexes. Furthermore, the catalytic application 

of nickel hydride was explored in the hydroboration of various unsaturated bonds.49 These 

studies highlight the versatility of the tridentate nacnac framework in the context of main group 

and nickel chemistry, as illustrated in Scheme 1.11. 

 

 

Scheme 1.11 Previously reported complexes of LH from our group. 

 

1.4 Aim and Outline of The Thesis  

There are five chapters in the thesis. While this chapter describes the advances of nacnac 

and modified tridentate ligand toward stabilization of low valent main group as well as 

transition metal complexes. The other four chapters will showcase our contribution towards 

further exploration of modified tridentate nacnac ligand. The thesis aims to increase our 
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knowledge of the structural characteristics, reactivity, and synthesis of organo-magnesium 

and Ni(I) complexes. The work on the thesis was primarily focused on the following points: 

1) Designing novel T-shaped Ni(I) radical species.  

2) Preparation of the hydrocarbon soluble monomeric/heteroleptic organo-magnesium 

complexes and study their reactivity towards water activation.  

3) The application of these soluble dearomatized magnesium complex towards C-H bond 

activation and C-C cross coupling reaction.  

4) Preparation of group 13 halides and demonstration of solvent effect on the stability of 

tridentate nacnac supported alane complex.  

Chapter 2 discusses the synthesis and characterization of a tridentate nacnac ligand-stabilized 

T-shaped Ni(I) metalloradical, including its radical trapping using TEMPO as a trapping agent. 

The reactivity of the complex toward small molecule activation is also investigated. Structural 

and bonding arrangements of all complexes were elucidated through single-crystal X-ray 

diffraction (XRD) analysis. Density Functional Theory (DFT) studies further corroborate the 

presence of a single unpaired electron localized on the nickel centre, confirming its 

metalloradical nature. 

Chapter 3 contains the synthesis of monomeric magnesium bromide complex and 

dearomatized magnesium complex using Grignard reagent and dibutylmagnesium respectively. 

Among them dearomatized magnesium complex has been utilised to activate O–H bond of 

water, which was confirmed by deuterium-labelling experiments. The synthesis of magnesium 

hydride is also attempted eventually leading to inter molecular pyridine reduction.  

Chapter 4 covers the utilization of dearomatized magnesium complex towards C–H bond of 

terminal alkynes and diazoalkane. The magnesium alkynylide complexes of magnesium was 

structurally characterized using single crystal XRD and NMR spectroscopy. The magnesium 

alkynylide complexes were further explored towards the C–C cross coupling using Pd as a 

catalyst.  

Chapter 5 details the synthesis of tridentate nacnac ligand-supported aluminum and gallium 

halides using a novel synthetic protocol that had not been previously achieved using other 

bases. The solvent effect on the stability of tridentate nacnac-stabilized aluminum hydride was 

investigated, leading to the successful isolation of a monomeric aluminum hydride complex. 
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Density Functional Theory (DFT) calculations were performed to elucidate the reaction 

mechanism and confirm the formation of the final aluminum hydride dimer through the 

identified intermediate species. 
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Chapter-2 

Tridentate NacNac Tames T-Shaped Nickel(I) Radical 

Abstract:  This chapter describes the synthesis of a thermally stable nickel(I) complex with a 

T-shaped structure 2.1 by reacting a nickel(II) chloride complex containing a tridentate β-

diketiminato ligand with a pyridine group [2,6-iPr2-

C6H3NC(Me)CHC(Me)NH(CH2py)]Ni(II)Cl ] with KSi(SiMe3)3. Interestingly, this reaction 

did not require the use of any strong reducing agent. The compound's metalloradical nature 

was confirmed through electron paramagnetic resonance (EPR) studies and its reaction with 

TEMPO, resulting in the formation of a three-membered nickeloxaziridine complex 2.2. When 

compound 2.1 was reacted with disulfide and diselenide, the S‒S and Se‒Se bonds were 

cleaved, and a coupled product was formed through carbon atom of the pyridine-imine group. 

The nickel(I) radical activates H2 at room temperature and atmospheric pressure to give a 

monomeric nickel hydride, 2.7. 
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2.1 Introduction 

Transition metal complexes with partially filled d orbitals have garnered considerable attention 

due to their unique reactivity and electronic structure.1 The presence of three-coordinate nickel 

complexes, in particular, has intrigued researchers because they are rare,2 and have biological 

relevance as they resemble the proximal nickel site of acetylcoenzyme A synthase.3c,d These 

complexes typically adopt a trigonal planar (D3h) geometry to minimize steric repulsion among 

the ligands (Scheme 2.1). However, the enforced T-shaped geometry suggests direct access to 

one of the d-orbitals, specifically dz2 or dx2-y2, depending on its orientation, pointing towards 

the available coordination site. Enforcing a strictly T-shaped coordination mode presents 

challenges, as three-coordinate complexes tend to favour trigonal-planar coordination 

geometries due to reduced inter-ligand steric repulsion.3 

 

Scheme 2.1 Selected T-shaped Ni complexes based on pincer ligands 

Strictly T-shaped nickel(I) complexes are exceedingly rare, with only two examples reported 

by Lee and Schneider group.4 Gade and his colleagues also published seminal work in this area, 
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isolating a remarkable T-shaped iron complex (Scheme 2.2).5 To isolate the metalloradicals, it 

is crucial to prepare a structurally rigid supporting ligand. Recent studies on T-shaped first-row 

transition metal complexes have capitalized on pincer ligands, which offer significant 

advantages. The prearranged, meridional coordination mode of these ligands supports the 

active centre, while the substituents on the peripheral donor atoms effectively shield the 

coordination sphere.6 

 

Scheme 2.2. T-shaped Ni and Fe complexes based on pincer ligands. 

Holland and his colleagues reported a three-coordinate β-diketiminate-nickel(I) complex with 

a carbonyl ligand, but its structure does not strictly adhere to the T-shape.7 The same holds true 

for Limberg's β-diketiminate-nickel(I) dinitrogen complex.8 More recently, our research group 

and others have utilized a modified nacnac ligand, wherein one of the N-aryl moiety is replaced 

with a methyl-pyridine side arm. We and others have reported the synthesis of a range of 

complexes, encompassing main-group, transition metal, and lanthanide species, employing this 

tridentate nacnac ligand [2,6-iPr2-C6H3NC(Me)CHC(Me)NH(CH2py)].9 Through our 

investigations, we have demonstrated that this ligand stabilizes a monomeric Ni(II) hydride 

species by virtue of the additional donation from the coordinating picolyl moiety.10 In this 

chapter, we present the preparation of the first T-shaped Ni(I) radical using a non-pincer ligand 
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2.1. The presence of the metal-centred radical was confirmed through the isolation of the 

TEMPO adduct 2.2. Remarkably, 2.1 undergoes unusual C-C bond formation via coupling 

upon reaction with Ph2S2 and Ph2Se2. The activation of dihydrogen is also observed resulting 

in the previously reported monomeric nickel hydride.10 

2.2 Results and Discussions  

2.2.1 Synthesis of T-shaped Nickel Radical 

The synthesis of nickel(I) radical is a one pot reaction. Generally, nickel(I) and Iron(I) 

complexes are obtained by reduction of corresponding halides.4,5 We have employed 

KSi(SiMe3)3 as a reducing agent. Power and coworkers also reported the same by using 

KSi(SiMe3)3 for the formation of Bi-Bi bond from bismuth halides.11 The reaction of nickel(II) 

chloride [2,6-iPr2-C6H3NC(Me)CHC(Me)NH(CH2py)]Ni(II)Cl] with KSi(SiMe3)3 led to a T-

shaped nickel(I) radical species 2.1 in high yield (Scheme 2.3). The red crystals of 2.1 were 

obtained from toluene/hexane (1:8) solution at – 36 °C within a week suitable for single crystal 

analysis. The crystals of 2.1 are stable in the glove-box for almost 30 days without any 

decomposition whereas some of the Ni(I) radicals are unstable even in the glove-box.12a  

 

 

Scheme 2.3. Synthesis of T-shaped nickel(I) radical complex 
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The molecular structure of complex 2.1 is shown in Figure 2.1, which shows that the central 

nickel atom has adopted the T-shaped geometry with the L–Ni–L angles of 174.21°, 85.96°, 

and 98.57°, similar to those reported by Lee and coworkers.4 Paramagnetic species 2.1 is NMR 

inactive which negates the anticipation of dimer formation in solution state as well. The 

molecular ion peak was detected with the highest relative intensity at m/z 406.1783. The cyclic 

voltammogram of compound 2.1 shows a reversible redox behavior with redox peak at – 

1.35/1.32 V (NiI→Ni0/Ni0→NiI) and Quasi reversible peak at -1.94/1.86 V 

(NiII→NiI/NiI→NiII) vs Fc/Fc+.13 

 

Figure 2.1. The molecular structure of 2.1 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Ni1‒N1 1.866(3), Ni1‒N2 1.902(3), Ni1‒N3 1.910(3); N1‒Ni1‒N2 

98.94(13), N1‒Ni1‒N3 173.41(13), N2‒Ni1‒N3 85.91(14).  
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2.2.2 Trapping of T-shaped Ni(I) Radical Species 

To confirm the presence of radical on nickel, we have treated 2.1 with TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxyl radical), which led to the formation of diamagnetic nickel-

oxaziridine derivative, 2.2 with N–Ni–O three-membered ring in η2-coordination mode 

(Scheme 2.4). The formation of the three-membered ring occurs with concomitant cleavage of 

the Ni‒Npyridyl bond. Yellow colored single crystals of 2.2 suitable for X-ray diffraction studies 

were grown from the saturated solution of hexane/toluene at -30 °C in a freezer.  

 

Scheme 2.4. Trapping of T-shaped nickel(I) radical with TEMPO 

The molecular structure of 2.2 is shown in Figure 2.2 along with the important bond lengths 

and angles in the legends. The Ni−NTEMPO and Ni−O bond distances are 1.960(5) and 1.830(4) 

Å, respectively, which are comparable to the related Ni-TEMPO complexes.12 The 1H and 13C 

NMR spectra in CDCl3 show the expected number of resonances and multiplicity for a 

diamagnetic complex presenting the TEMPO-bonded nickel center(See FigureA2). 
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Figure 2.2. The molecular structure of 2.2 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Ni1‒O1 1.830(4), Ni1‒N4 1.878(5), Ni1‒N2 1.878(5), Ni1‒N3 

1.960(5), O1‒N3 1.403(6); O1‒Ni1‒N4 102.73(19), O1‒Ni1‒N2 160.9(2), N4‒Ni1‒N2 

95.8(2), O1‒Ni1‒N3 43.30(18), N4‒Ni1‒N3 145.9(2), N2‒Ni1‒N3 117.8(2), N3‒O1‒Ni1 

73.3(3). 

Further, to confirm the radical nature of 2.1, we have also performed the EPR experiment in 

the solid state at 298 K. The Ni centre in the complex features a T-shaped geometry with s=1/2. 

Interestingly, X-band EPR spectra showed a rhombic/quasi-rhombic signal7b with gx=2.205, 

gy=2.142, and gz=2.115, which is in well agreement with such Ni(I) (s=1/2 spin state) T-shaped 

complexes.4 The simulated spectrum merged with the experimental spectrum is given below in 

Figure 2.3.  
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Figure 2.3. Experimental (black line) and simulated (red line) X-band EPR spectrum of 2.1 in 

toluene at 100 K. [Simulation parameters: gx = 2.205, gy = 2.142, gz = 2.115, wx = 28, wy = 22, 

wz = 24]. 

SQUID-VSM measurement was performed to understand the magnetic behaviour of compound 

2.1 which showed a weak antiferromagnetic interaction. The calculated effective magnetic 

moment using the equation, 2.828√𝜒𝑀𝑇 = 𝜇𝑒𝑓𝑓 gives value nearly 6 BM (Bohr Magneton), 

which further confirms the affluence of a single electron on the nickel center. 

2.2.3 Reactivity of Nickel(I) with Dichalcogenides 

2.2.3.1 Reaction With Disulfide 

The addition of 0.5 equivalents of diphenyl disulfide (Ph2S2) to a toluene solution of 

2.1 resulted in the cleavage of the S‒S bond homolytically and led to the construction 

of the Ni–S bond in 2.3. The addition of one equivalent of Ph2S2 led to the formation 

of 2.3 along with C‒C coupled product (2.5) formed via coupling of the imine carbons 
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(Scheme 2.5). A precedent for such C‒C coupling has been reported by Wolczanski 

and coworkers, who described C‒C bond formation via coupling of the imine 

carbons.9c The solid state structures of 2.3 and 2.5 are shown in Figure 2.4. The 

molecular structure of 2.3 shows a diamagnetic Ni center with a Ni‒S bond length of 

2.2330(3) Å, whereas the dimeric product 2.5 shows the Ni‒S and C‒C bond lengths 

2.207(18) and 1.572(13) Å, respectively.  

 

Scheme 2.5. Activation of dichalcogenides. 

 



 

  

Chapter-2                                                                                        T- Shaped Nickel(I) Radical 
               
 

  
AcSIR, Ph.D. Thesis 2025: Vishal Sharma, CSIR-NCL 26 

  

Figure 2.4. The molecular structure of 2.3 (left) and 2.5 (right) with anisotropic displacement 

parameters depicted at the 50% probability level. Hydrogen atoms are not shown for clarity. 

Selected bond lengths (Å) and bond angles (ᵒ) for 2.3: Ni1‒N1 1.8789(9), Ni1‒N2 1.8923(9), 

Ni1‒N3 1.9063(10), Ni1‒S1 2.2330(3); N1‒Ni1‒N2 94.39(4), N1‒Ni1‒N3 83.81(4), N2‒Ni1‒

N3 163.60(4), N1‒Ni1‒S1 164.36(3), N2‒Ni1‒S1 93.04(3), N3‒Ni1‒S1 92.83(3), C1‒S1‒Ni1 

106.76(4). Selected bond lengths (Å) and bond angles (ᵒ) for 2.5: Ni1‒N1 1.910(6), Ni1‒N2 

1.876(5), Ni1‒N3 1.922(5), Ni1‒S1 2.207(18), C6‒C6 1.572(13); N2‒Ni1‒N1 94.6(18), N2‒

Ni1‒N3 82.7(2), N1‒Ni1‒N3 165.2(2), N2‒Ni1‒S1 167.6(16), N1‒Ni1‒S1 92.11(14), N3‒

Ni1‒S1 93.3(17). 

2.2.3.2 Reaction With Diselenide 

Likewise, the reaction with Ph2Se2 led to the formation of monomer 2.4 along with the 

formation of the C‒C coupled dimeric product 2.6 at the CH2 position of the picolyl 

group (Scheme 2.5). Both 2.4 and 2.6 were crystalized in the same reaction flask at -

30 °C (Figure 2.5). The Ni‒Se bond length of compounds 2.4 and 2.6 are 2.3446(4) and 

2.342(14) Å respectively. The C‒C bond length of C‒C coupled product 2.6 is 1.580(11) 

Å. The Ni‒S and Ni‒Se bond lengths are in good agreement with the previously reported 

Ni‒E (E= S, Se) bonds by Roesky and coworkers i.e. 2.2030(12) and 2.3582(4) Å 

respectively.14 
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Figure 2.5 The molecular structure of 2.4 (left) and 2.6 (right) with anisotropic displacement 

parameters depicted at the 50% probability level. Hydrogen atoms are not shown for clarity. 

Selected bond lengths (Å) and bond angles (ᵒ) for 2.4: Ni1‒N1 1.8758(18), Ni1‒N2 1.8910(18), 

Ni1‒N3 1.9043(19), Se1‒C1 1.916(2), Se1‒Ni1 2.3446(4); C1‒Se1‒Ni1 105.72(7), N1‒Ni1‒

N2 94.47(8), N1‒Ni1‒N3 84.00(8), N2‒Ni1‒N3 162.99(8), N1‒Ni1‒Se1 162.13(6), N2‒Ni1‒

Se1 93.11(6), N3‒Ni1‒Se1 93.32(6). Selected bond lengths (Å) and bond angles (ᵒ) for 2.6: 

Ni1‒N1 1.932(6), Ni1‒N2 1.921(6), Ni1‒N3 1.886(6), Ni1‒Se1 2.342(14), C4‒C34 1.580(11), 

Ni2‒N4 1.893(6), Ni2‒N5 1.895(7), Ni2‒N6 1.915(7), Se2‒Ni2 2.3570(15); N3‒Ni1‒N1 

83.2(3), N3‒Ni1‒N2 95.3(3), N2‒Ni1‒N1 162.5(3), N1‒Ni1‒Se1 92.9(2), N2‒Ni1‒Se1 

93.6(19), N4‒Ni2‒N5 83.5(3), N4‒Ni2‒N6 94.3(3), N5‒Ni2‒N6 162.5(3), N4‒Ni2‒Se2 

160.0(2), N5‒Ni2‒Se2 93.0(2), N6‒Ni2‒Se2 94.7(2). 

2.2.4 Activation of Hydrogen  

The bubbling hydrogen gas to the toluene solution of compound 2.1 resulted in an immediate 

color change from red to orangish yellow. Inspection of the 1H NMR indicates the rupture of 
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the H-H σ-bond and the formation of monomeric nickel(II) hydride 2.7 (Scheme 2.6). The 

formation of compound 2.7 was confirmed through a comparison of 1H NMR and unit cell 

values with previously reported literature.10 

 

Scheme 2.6. Activation of dihydrogen by a Ni radical. 

2.3 Computational Studies  

To gain insight into the electronic structure of 2.1, density functional theory calculations were 

conducted at the PBE-D3/TZVP level of theory. The spin density plot of 2.1 (Figure 2.6) 

reveals that the majority of the unpaired electron spin is localized around the vacant 

coordination site of the nickel center, providing evidence for the observed metalloradical 

character of the nickel. Analysis of the Kohn-Sham frontier orbitals indicates that the SOMO 

primarily resides on nickel's dx
2

-y
2
 orbital,13,15 with significant contributions from the nitrogen 

atoms, while the LUMO is localized on the pyridine ring (Figure 2.6). Additionally, we have 

also plotted the spin density, SOMO, and LUMO of 2.1 at the B3LYP-D3/def2-TZVP level of 

theory and they match the results obtained at the PBE-D3/TZVP level of theory. 
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Figure 2.6 (a) The spin density plot, (b) the SOMO, and (c) the LUMO of 2.1. The isovalue of 

the spin density plot is 0.004, while for the SOMO and LUMO, the isovalue is 0.04. 

2.4 Conclusion 

In conclusion, a T-shaped thermally stable nickel(I) complex (2.1) was synthesized by 

combining a nickel(II) chloride complex [2,6-iPr2-

C6H3NC(Me)CHC(Me)NH(CH2py)]Ni(II)Cl] and KSi(SiMe3)3. The presence of the radical 

center on Ni was verified by the formation of an unusual three-membered nickeloxaziridine 

complex (2.2) upon reaction with TEMPO as well as from the rhombic/quasi-rhombic signal 

in X-band EPR spectrum. DFT studies confirmed a T-shaped nickel(I) center with a half-filled 

dx
2

-y
2 orbital as the SOMO. Homolytic cleavage of σ-bonds of dihydrogen, disulphide and 

diselenide by 2.1 at ambient conditions was investigated. The activation of dihydrogen by 2.1 

produces a monomeric nickel hydride (2.7) and underscores the effectiveness of utilizing a 

metalloradical in dihydrogen activation. 
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Chapter-3 

Metal-Ligand Cooperation in Magnesium-Mediated Water 

Activation 

Abstract: This chapter details the synthesis and reactivity of heteroleptic monomeric 

magnesium complexes. Earlier attempts to synthesize heteroleptic magnesium complexes 

using a tridentate nacnac ligand featuring a pendant picolyl group, via reactions with KHMDS 

and MgI₂, yielded a homoleptic, hexa-coordinated magnesium species. In contrast, the reaction 

of the same ligand with CH₃MgBr successfully afforded the heteroleptic magnesium bromide 

complex (3.1). Furthermore, treatment with Bu₂Mg produced a unique dearomatized 

magnesium species (3.2). Theoretical investigations revealed a non-bonding orbital on 

magnesium in 3.2, rendering it susceptible to nucleophilic attack. Supporting this prediction, 

3.2 was reacted with H₂O and D₂O to cleave the O−H and O‒D bond via magnesium-ligand 

cooperative mechanisms, forming magnesium hydroxide species (3.3 and 3.4). Efforts to 

generate a magnesium hydride complex from 3.1 resulted in the de-aromatization of the 

pyridine ring, leading to the formation of a magnesium hydroxide species (3.5), likely due to 

trace water contamination. Additionally, the reaction of 3.1 with a lithiated diazo compound, 

LiC(SiMe₃)N₂, yielded a dimeric magnesium complex (3.6) featuring a Mg₂N₂ four-membered 

ring. These results highlight the versatility of the nacnac ligand system in stabilizing diverse 

magnesium coordination environments and promoting cooperative reactivity. 
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3.1 Introduction 

Transition metal catalysts have profoundly expanded the reactivity landscape of organic 

compounds by enabling a wide array of reaction mechanisms, including oxidative addition, 

reductive elimination, and β-hydride elimination.1 In these transformations the ligand remains 

unchanged during the course of reaction. In contrast many enzymes, bond activation proceeds 

through a distinct mechanism involving a precisely tuned ligand environment that 

synergistically interacts with the metal centre. This cooperation facilitates bond activation, 

resulting in chemical modifications to both the ligand and the metal centre (Scheme 3.1). For 

instance, in [FeFe], [NiFe], and [Fe]-only hydrogenases, H₂ activation occurs via a cooperative 

mechanism between the ligand and the metal, leading to the heterolytic cleavage of H₂ across 

the metal–ligand bond.2-3 

 

Scheme 3.1. Types of the metal-ligand cooperation.  

The identification of these systems has spurred innovative strategies in ligand design and 

broadened the range of catalytic processes, including the development of several recent 

reactions with environmental and energy-related benefits.4  Metal-ligand cooperation (MLC) 

being a versatile approach for activating chemical bonds through the 

aromatization/dearomatization of pincer-type complexes.4-7 This method is advantageous 

because the metal center's oxidation state remains unchanged during the bond activation. 

Traditionally, this MLC process has been dominated by transition metals, and the application 

of main-group metals in this context is still nascent7-14 but there has been progress, such as N−H 

and H−H bond activation, hydrogenation of alkenes, and semi-hydrogenation of alkynes by 

main-group species as well as zinc through the MLC process.12-14 
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Scheme 3.2. Selected examples of splitting of O-H bond of water by p-block elements.  

The recent results from the groups of Milstein with magnesium is quite encouraging as 

magnesium is the 7th most abundant element in the Earth’s crust. So, the aim is to design similar 

magnesium complexes using different ligand systems and extend the application to more 

challenging reactions using the MLC activation process such as splitting of O-H bonds of water. 

Current methodologies for water activation involving main group elements are exceedingly 

uncommon (Scheme 3.2).15-22 Notable example of O-H bond addition across a metal-ligand 

bond include the work by Berben and colleagues with aluminum.22  

In this chapter, we report the synthesis of two new magnesium complexes: a heteroleptic 

magnesium bromide complex (3.1) and a second complex featuring a dearomatized picolyl 
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moiety (3.2). The dearomatized magnesium complex (3.2) is utilized for the heterolytic 

cleavage of O−H/D bonds through a magnesium-ligand cooperative mechanism. Efforts were 

also made to stabilize a magnesium hydride complex, which resulted in the de-aromatization 

of the pyridine ring and the subsequent formation of a magnesium hydroxide species (3.5), 

potentially attributable to trace amounts of water. The reactivity of the heterolaptic magnesium 

bromide (3.1) towards diazo compound is also explored.  

3.2 Results and Discussions  

3.2.1 Synthesis of Magnesium Bromide Complex 

The reaction of ligand with methyl magnesium bromide in THF smoothly yielded the 

heteroleptic magnesium complex 3.1 (Scheme 3.3). The crystals of 3.1 suitable for SCXRD 

obtained from the saturated THF solution at – 4 °C after two days. The molecular structure of 

3.1 is shown in Figure 3.1. The length of the Mg1−N1 bond is 2.234(13) Å, which is longer 

than those of other two Mg−N bonds (2.147(12) and 2.106(12) Å), confirming the coordination 

bond with pyridine nitrogen. The 1H NMR spectrum of 3.1 displays a resonance at 9.73 ppm, 

attributed to the ortho-hydrogen of the pyridine ring, and another at 4.93 ppm corresponding 

to the CH₂ group of the picolyl moiety (See Figure A17). High-resolution mass spectrometry 

(HRMS) confirmed the molecular ion peak at m/z 452.1495 (See Figure A19), consistent with 

the calculated mass for the complex. 

 

Scheme 3.3. Synthesis of heteroleptic magnesium complex 3.1. 
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Figure 3.1. The molecular structure of 3.1 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Br1‒Mg1 2.5712(5), Mg1‒N3 2.1470(12), Mg1‒N2 2.1061(12), 

Mg1‒N1 2.2340(13), C5‒C6 1.504(2); N3‒Mg1‒N2 89.48(5), N1‒Mg1‒N3 166.76(5), N1‒

Mg1‒N2 77.66(5).  

3.2.2 Synthesis of Dearomatized Magnesium Complex 

The analogous reaction with nBu2Mg resulted in immediate color change from yellow to dark 

magenta and the formation of a dearomatized magnesium compound (3.2) via deprotonation 

from the picolyl backbone (Scheme 3.4). The successful dearomatization can be confirmed by 

the appearance of new peaks in the 1H NMR spectrum, specifically at 6.16, 6.41, and 6.82 ppm, 

corresponding to the dearomatized pyridine moiety, and at 5.42 ppm, attributed to the methine 

proton of the picolyl arm (See Figure A20). 

 

Scheme 3.4. Synthesis of dearomatized magnesium complex 3.2. 
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The crystals suitable for SC-XRD of 3.2 was obtained in THF at -36 °C within a week. The 

molecular structure of 3.2 is shown in Figure 3.2. The magnesium atom is five-coordinate and 

adopts a distorted TBP geometry. As expected, the length of the Mg1−N2 bond (2.107(18) Å) 

is considerably shorter than that of the Mg1−N1 bond (2.234(13) Å) in 3.1 suggesting the 

covalent nature of the Mg−N bond along with Mg1−N1 = 2.08(18) Å and Mg1−N3= 2.09(18) 

Å. The bond length between C5−C6 = 1.376(3) Å in 3.2 is shorter than that of 3.1 (C5−C6 = 

1.504(2) Å), which also supports the deprotonation taking place from the picolyl moiety 

resulting in the double bond formation, and dearomatized structure. High-resolution mass 

spectrometry (HRMS) confirmed the molecular ion peak at m/z 372.2401, consistent with the 

calculated mass for the complex (See Figure A22).  

 

 

Figure 3.2. The molecular structure of 3.2 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity (except on the picolyl 

arm). Selected bond lengths (Å) and bond angles (ᵒ): Mg1‒N1 2.0811(18), Mg1‒N2 

2.1073(18), Mg1‒N3 2.0914(18), C5‒C6 1.374(3); N1‒Mg1‒N3 89.07(7), N1‒Mg1‒N2 

146.11(7), N2‒Mg1‒N3 80.00(7).  
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3.2.3 Theoretical Illumination of Dearomatized Magnesium  

Frontier orbital analysis revealed that the HOMO and LUMO of 3.2 are delocalized on 

the backbone β-diketiminate methyl pyridinato ligand (excluding the Dipp moiety), 

whereas the MO corresponding to the vacant non-bonding (LP*) orbital of Mg, the site 

for the attack of incoming nucleophiles, was obtained at LUMO+1 (Figure 3.3). The 

MEP reveals a significant positive potential (+80.0 kcal/mol) localized at the 

magnesium center, which lies within the plane of the Mg-bound β -diketiminate methyl 

pyridinato ligand. Notably, two additional regions of positive potential are observed 

above and below this plane, with values of +34.4 kcal/mol and +33.3 kcal/mol, 

respectively. 

 

 

Figure 3.3. Frontier orbitals of compound 3.2 along with molecular electrostatic potential 

(MEP) plot (RGB color scale, isovalue = 0.001 au). In MEP blue highlights the 

positive/electron deficient region and red shows electron rich region. 

3.2.4 MLC Mediated O-H Bond Splitting of Water  

With the dearomatized magnesium compound (3.2) in hand, we have performed the 

reaction of 3.2 with H2O at -70 °C in THF (Scheme 3.5), resulted in immediate color 

change from magenta to reddish orange. The orange crystals of 3.3 were obtained from 



 

Chapter-3                                                               Metal-Ligand Cooperation in Magnesium…            
 

  
AcSIR, Ph.D. Thesis 2025: Vishal Sharma, CSIR-NCL 39 

 

the THF solution at -36 °C. The molecular structure of 3.3 is shown in Figure 3.4. To 

confirm the activation of water by 3.2, the same reaction was performed using D2O in 

THF (Scheme 3.5) and 2H NMR was recorded. The 2H NMR spectrum of 3.4 shows 

peaks at 4.61 ppm and 11.21 ppm corresponding to CD (methylene sidearm) and OD 

respectively for 3.4 (See Figure A25). 

 

 

Scheme 3.5. Splitting of the O-H and O-D bond of water and D2O by the dearomatized 

magnesium compound (3.2). 

While well-defined magnesium hydroxide compounds are known, thanks to the works of 

Parkin, Bochmann, Roesky, and others, they were prepared by either serendipitously or 

hydrolysis of Mg-amide bond.23-25 No magnesium hydroxide was prepared via elegant MLC 

so far. The single-crystal X-ray diffraction structure of 3.3 is shown in Figure 3.4, which reveals 

a centro-symmetric dimer. The two nitrogen−magnesium bonds are similar, Mg1‒N1 2.128(2) 

Å, Mg1‒N3 2.090(2) Å, while the Mg1‒N2 is considerably longer of 2.192(2) Å, reflecting 

the conversion from the covalent bond to dative bond. Similarly, the C−C bond length at the 

backbone increases to 1.503(3) Å, confirming the formation of a single bond after protonation 

from water. 
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Figure 3.4. The molecular structure of 3.3 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Mg1‒N1 2.128(2), Mg1‒N2 2.142(2), Mg1‒N3 2.090(2), Mg1‒O1 

1.9813(17), C12‒C13 1.503(3); N1‒Mg1‒N2 126.22(8), N1‒Mg1‒N3 85.52(8), N2‒Mg1‒N3 

76.30(8), O1‒Mg1‒N1 98.48(8), O1‒Mg1‒N2 95.06(8), O1‒Mg1‒N3 171.19(18). 

3.2.5 Theoretical Illumination for Mechanistic Investigation 

DFT calculations revealed that the binding of water molecule at the Mg centre (3.2) is 

thermodynamically favourable by 7.6 kcal/mol (ΔG). The cleavage of O‒H bond of the water 

molecule was found to be readily feasible with a requirement of only +5.8 kcal/mol kinetic 

barrier via metal-ligand cooperation (Scheme 3.6). The activation of O‒H bond leads to a water 

activated product (ΔG = -17.1 kcal/mol), which upon dimerization leads to a highly exergonic 

compound 3.3 (ΔG = -44.6 kcal/mol) (Scheme 3.6). 
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Scheme 3.6. Pathway for the activation of water molecule leading to the formation of 3.3, 

computed at PBE-D3/def2TZVP level of theory. 

 

3.2.6 Attempt for Magnesium Hydride 

Our attempts to make magnesium species from 3.1 remained unsuccessful. The reaction of 3.1 

with potassium tri-sec-butylborohydride (K-Selectride) led to the reduction of the pyridine ring 

and formation of 3.5. We assume the magnesium hydride was formed at the first step, which 

subsequently reduces the pyridine ring (Scheme 3.7b). The adventitious amount of water 

present in the reaction mixture reacts with the magnesium center and afforded a four-membered 

Mg2NO ring (3.5) (Scheme 3.7a). Though we were able to obtain few crystals of 3.5, it was 

always obtained as yellow oily deposit containing significant amounts of impurities which does 

not permit for a full spectroscopic characterisation. The molecular structure of 3.5 is shown in 

Figure 3.5 which shows a four membered ring and a dearomatized pyridine ring. The nitrogen-

magnesium bond distances, Mg1–N6 2.230(15) Å and Mg2–N6 2.1982(15) Å, exhibit a 

notable difference. This suggests that the Mg1–N6 interaction is predominantly coordinate in 

nature, whereas the Mg2–N6 bond displays characteristics of a covalent bond. 
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Scheme 3.7a Attempt to synthesize magnesium hydride from 3.1 led to donor-acceptor 

stabilized monomeric magnesium hydroxide (3.5). 
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Scheme 3.7b Tentative pathway for the synthesis of donor-acceptor stabilized monomeric 

magnesium hydroxide (3.5). 

 

 

Figure 3.5 The molecular structure of 3.5 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms (except on the pyridine ring) are not shown for 

clarity. Selected bond lengths (Å) and bond angles (ᵒ): Mg1‒N1 2.128(15), Mg1‒N3 2.079(15), 

Mg1‒N6 2.230(15), Mg1‒O1 1.951(14), Mg2‒O1 1.972(14), Mg2‒N4 2.182(16), Mg2‒N5 

2.082(16), Mg2‒N2 2.119(15), Mg2‒N6 2.197(16); N1‒Mg1‒N6 165.38(6), N6‒Mg1‒N3 

78.63(6), Mg1‒O1‒Mg2 39.51(4), Mg1‒N6‒Mg2 46.27(4), O1‒Mg2‒N6 83.15(6). 

3.2.7 Reaction of Magnesium Bromide Complex with Diazo Compound  

The reaction of 3.1 with lithiated trimethylsilyldiazomethane LiC(SiMe3)N₂, led to the 

formation of a dimeric magnesium 3.6 (Scheme 3.8). The molecular structure of 3.6 shown in 

Figure 3.6. The solid state structure shows a bridged dimeric magnesium compound having a 

four membered ring Mg2N2. The structural analysis reveals a significant disparity in the 

nitrogen-magnesium bond lengths, with Mg1–N3 2.195(4) Å and Mg1–N4 2.093(3) Å. This 

variation indicates a predominantly covalent character for the bridged Mg1–N4 bond. 

Additionally, the N5‒C24 bond length of 1.117(5) Å indicates the formation of C≡N triple 

bond and is in good agreement with the C≡N bond lengths reported by Jones and co-workers 
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in {[HC(C(Me)N-2,6-iPr2C6H3)2]Mg[μ-CN)]}3,
26 suggesting the transformation of the diazo 

group into a cyanide functional group. The NMR and mass spectrometry data for compound 

3.6 could not be obtained due to its low solubility and limited stability. However, the IR 

spectrum recorded in ATR mode displays a characteristic absorption band at 2129 cm⁻¹, 

corresponding to the C≡N triple bond. 

 

 

Scheme 3.8 Reaction of 3.1 with LiC(SiMe₃)N₂.  

 

Figure 3.6 The molecular structure of 3.6 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms (except on the pyridine ring) are not shown for 

clarity. Selected bond lengths (Å) and bond angles (ᵒ): Mg1‒N1 2.087(3), Mg1‒N2 2.066(3), 

Mg1‒N3 2.195(3), Mg1‒N4 2.093(15), N4‒N5 1.225(4), C24‒N5 1.117(5); N1‒Mg1‒N2 

86.55(12), N2‒Mg1‒N4 99.86(12), N1‒Mg1‒N4 131.71(13), C24‒N5‒N4 178.7(5). 
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3.3 Conclusion  

In summary, two novel magnesium compounds 3.1 and 3.2 supported by tridentate nacnac 

ligand was readily synthesized and crystallographically characterized, and its electronic 

structure was studied by DFT calculations. Remarkably, it has been experimentally revealed 

for the first time that O‒H bond of H2O can be activated by magnesium-ligand cooperation 

involving an aromatization/dearomatization pathway, previously unknown for alkaline earth 

metals. The attempt to synthesize monomeric magnesium hydride led to 3.5 via intramolecular 

reduction of the pyridine moiety followed by the addition of adventitious amount of water 

present in the reaction mixture. 
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Chapter-4 

Magnesium-Mediated C–H Bond Activation of Alkynes and a 

Diazoalkane 

Abstract: The reaction of 3.2 with terminal alkynes, such as phenylacetylene and 4-

fluorophenylacetylene facilitates selective C–H bond cleavage, resulting in the formation of 

novel monomeric magnesium alkynyl complexes 4.1 and 4.2, respectively. Additionally, 3.2 

undergoes C–H bond activation with trimethylsilyldiazomethane (Me₃SiCHN₂), yielding a 

novel magnesium complex (4.3) featuring a bridging isocyanide moiety. This transformation 

involves a migration of the SiMe₃ group from the carbon to the nitrogen atom. Furthermore, 

these magnesium alkynylides undergo palladium-catalysed cross-coupling reactions with aryl 

halides, producing the corresponding C–C coupled products. 
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4.1 Introduction  

The ubiquitous presence of C–H bonds in organic molecules makes them highly appealing 

targets for functionalization, enabling the construction of valuable molecular scaffolds. As a 

result, C–H activation has transcended its status as a subject of fundamental scientific interest 

and has emerged as a powerful and versatile tool in modern organic synthesis.1-3 The capability 

of homogeneous catalysts to enable selective functionalization of stable C–H bonds under mild 

conditions, without relying on harsh reaction parameters or highly reactive reagents, has driven 

significant advancements in this field in recent years.4-7 However, the field of catalytic C–H 

activation has been predominantly driven by homogeneous catalysts based on noble transition 

metals, including Rh, Ru, Pd, Ir, and Pt. These metals are rare, expensive, and often toxic, 

posing challenges to the sustainability of these methodologies.9  

Recent efforts have increasingly focused on developing catalysts derived from inexpensive and 

earth abundant metals. Main group metals such as Mg, Ca, and Zn have garnered substantial 

attention due to their affordability, wide availability, low toxicity, and their prevalence in 

biological systems, demonstrating their potential for broad applicability in this domain.10 This 

progress, as highlighted in Power's review, "Main-group compounds as transition metals," has 

reshaped our understanding of the versatility and utility of these elements, further establishing 

their relevance in sustainable catalytic systems.11 Deprotonative metalation using Hauser bases, 

Mg(NR2)X or Mg(NR2)2, and turbo-Hauser bases, Mg(NR2)X·LiCl or Mg(NR2)2·LiCl (R = 

alkyl, most commonly iPr or R2N = TMP; X = Cl, Br) have been used in chemoselective 

functionalization of a large variety of arenes and heteroarenes even in the presence of sensible 

functional groups.12 The use of magnesium-based compounds as stoichiometric reagents for 

C–H functionalization reactions is well known (Scheme 4.1).13-14  
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Scheme 4.1 Selected examples of magnesium-based C-H functionalization reactions. 

In 2012, Kanai and co-workers made a significant breakthrough by developing a magnesium-

catalyzed enantioselective benzylic C–H bond functionalization of iso-indolinones, an 

important structural motif found in numerous natural products and biologically active 

compounds.15 This work highlighted the potential of magnesium in catalyzing challenging 

transformations. Building on such advancements, Mashima, and their team synthesized a 

dimeric organomagnesium complex that demonstrated high efficiency as a precatalyst for the 

sequential isomerization of terminal alkynes into allenes, followed by their conversion into 

internal alkynes.16 Despite these promising developments, magnesium-mediated C–H bond 

activation remains predominantly base-driven, with only a limited number of examples 

involving direct C–H bond cleavage using magnesium. 

Magnesium alkynylide species, though hypothesized as critical intermediates in various 

catalytic transformations, are rarely isolated, and their structural characterization is even less 

common. A comprehensive analysis of structurally validated magnesium alkynylide species 

(Scheme 4.2) reveals the notable absence of monomeric magnesium alkynylide compounds in 

the literature, underscoring the challenges in isolating and characterizing such entities.17,18-23 

 

 

Scheme 4.2 Selected examples of magnesium alkynylide species. 
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4.2 Results and Discussions 

4.2.1 Activation of C−H Bond of Alkynes 

 

Reaction of 3.2 with terminal alkynes such as PhC≡CH and p-fluorophenylacetylene led to 

magnesium alkynylide complexes 4.1 and 4.2 respectively (Scheme 4.3) via MLC mediated 

C−H bond cleavage. The colorless crystals of 4.1 and 4.2 were obtained from the toluene 

solution at –4 °C. The molecular structures of 4.1 and 4.2 are shown in Figure 4.1 and 4.2 

respectively. 

 

Scheme 4.3 Synthesis of magnesium alkynylide complexes by a magnesium species (3.2). 

Well defined magnesium alkynylide compounds are very rare21,22. To the best of our 

knowledge, this is the first example of well-defined magnesium alkynylides via sophisticated 

MLC. The solid-state structure of 4.1 and 4.2 shows Mg−Npyridine bond length of 2.198(5) Å 

and 2.180(3) Å respectively, which is longer than that of 3.2 confirms the conversion of 

covalent bond to dative bond. The bond distances between Mg−Calkyne, 2.175(6) Å and 2.160(4) 

Å for 4.1 and 4.2 respectively shows a bond of covalent character which is in agreement with 

the previously reported magnesium alkynylide complex [{LMgCCPh}2; 

L={(ArHN)(ArN)−C꞊N−C꞊(NAr)(NHAr); Ar= 2,6-Et2-C6H3 }] 2.153(4) Å by Nembenna.22b 
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Figure 4.1 The molecular structure of 4.1 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Mg1‒N1 2.126(5), Mg1‒N2 2.198(5), Mg1‒N3 2.126(5), Mg1‒C24 

2.175(6), C24‒C25 1.212(7); N1‒Mg1‒N3 86.46(18), N1‒Mg1‒N2 146.6(2), N2‒Mg1‒N3 

75.95(18), N3‒Mg1‒C24 165.80(2). 

 

Figure 4.2 The molecular structure of 4.2 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Mg1‒N1 2.185(3), Mg1‒N2 2.119(3), Mg1‒N3 2.111(3), Mg1‒C24 

2.160(4), C24‒C25 1.216(5); N1‒Mg1‒N3 76.56(12), N1‒Mg1‒N2 153.99(12), N2‒Mg1‒N3 

88.17(12), N3‒Mg1‒C24 164.45(14). 
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4.2.2 Activation of C−H Bond of Diazoalkane 

Very recently, Maron and Xu reported the synthesis of zinc diazoalkyl complex, which was 

obtained from the C–H activation of Me3SiCHN2 by a zinc hydride.24 We have reported the 

same with NHC.25 Addition of 1 equivalent of Me3SiCHN2 to the THF solution of 3.2 led to 

immediate color change to orange, which is a characteristic of protonation of the dearomatized 

picolyl backbone. 4.3 was obtained through C–H activation of Me3SiCHN2 via MLC with 

concomitant migration of the SiMe3 group from the carbon to the nitrogen atom (Scheme 

4.4).26-28  

 

Scheme 4.4. Splitting of the C–H bond of Me3SiCHN2 by magnesium species (3.2). 

Figure 4.1 depicts the molecular structure of 4.3, which is a centrosymmetric dimer. There are 

three Mg‒N covalent bonds of more or less same lengths 2.0992(13), 2.0864(13), and 

2.1130(13) Å, while the Mg‒N1 bond length is substantially longer (2.2497(15) Å). The Mg‒

C bond of 2.2480(16) Å, which is slightly shorter than the magnesium-tertbutyl isonitrile 

adduct, {Mg[CH(SiMe3)2](μ-Br)(CNtBu)}2 (2.12 Å) reported by Lappert.29 The N5‒C27 bond 

length of 1.163(19) Å indicates the formation of C≡N triple bond and is in good agreement 

with the C≡N bond lengths reported by Jones and co-workers in {[HC(C(Me)N-2,6-

iPr2C6H3)2]Mg[μ-CN)]}3.
30 
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Figure 4.3. The molecular structure of 4.3 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Mg1‒N3 2.0992(13), Mg1‒N2 2.0864(13), Mg1‒N1 2.2497(15), 

Mg1‒N4 2.1130(13), Mg1‒C27 2.2482(17), N5‒C27 1.163(2), N4‒N5 1.3415(15); N1‒Mg1‒

N2 85.57(5), N2‒Mg1‒N4 104.18(5), N3‒Mg1‒N4 116.28(5), N3‒Mg1‒C27 97.01(8), N2‒

Mg1‒C27 157.08(6), N1‒Mg1‒N3 140.13(5). 

4.2.3 Mechanistic Investigation of Compound 4.3 

 

Figure 4.4 Pathways for the C-H bond activation of Me3SiCHN2 by 3.2, computed at the PBE-

D3/def2TZVP level of theory. Peripheral hydrogen atoms have been removed for clarity. 
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DFT calculations revealed that the C-H bond activation required for initiating the 

reaction between 3.2 and Me3SiCHN2 is highly facile, with a kinetic barrier of only +3.6 

kcal/mol. (ΔG‡). Two different possibilities for the C-H bond activation via the metal-ligand 

cooperation are shown in Figure 4.4. Notably, the transition state where the nitrogen of  

Me3SiCHN2 coordinates with Mg is 2.4 kcal/mol (ΔG‡) more favourable than the transition 

state where the carbon of Me3SiCHN2 interacts with Mg. 

Following C-H bond activation, SiMe₃ migration from carbon to nitrogen (coordinated 

to the Mg centre) occurs (ΔG = -2.1 kcal/mol), followed by dimerization (Figure 4.5), 

ultimately yielding the highly exergonic product 4.3 (ΔG = -34.2 kcal/mol). While a four-

membered transition state for the migration was identified with a prohibitively high kinetic 

barrier of +54.1 kcal/mol -rendering it unlikely at the reaction temperature - an alternative 

pathway involving Me3SiCHN2 as a SiMe₃ shuttling agent could enable migration via a six-

membered transition state. Despite extensive efforts, we were unable to locate this six-

membered transition state computationally. Nevertheless, the overall reaction between 

Me3SiCHN2 and 3.2, culminating in the dimerization product (4.3), remains highly favourable 

thermodynamically (overall ΔG = -48.2 kcal/mol).  
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Figure 4.5 Pathways for subsequent migration and dimerization, computed at the PBE-

D3/def2TZVP level of theory. 

4.2.4 Theoretical Illumination of Compound 4.3 

 

The unique formation of compound 4.3 prompted us to investigate its electronic structure. From 

Wiberg bond indices (WBI) analysis of 4.3, it was observed that the Mg-C (WBI = 0.146) and 

Mg-N (WBI = 0.072) bonds, of the bridging site, have very low covalent character (Figure 4.6). 

These findings are also corroborated by bond critical point (BCP) analysis, where both the 

electron density (ρr) as well as the Laplacian of electron density (2ρr) were found to be +ve 

and also associated with a very low electron localization function (ELF) value. Notably, a high 

contribution from electrostatic interactions (58%) was obtained from the energy decomposition 

analysis (EDA) of 4.3, considering a monomeric unit of Mg-N(SiMe3)NC. The contribution 

from orbital interaction was found to be only about 28%, whereas the contribution from 
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dispersion interaction was 13%. This suggests that the electrostatic interactions are the driving 

force for the formation of 4.3. 

 

 

Figure 4.6. WBI, NPA and BCP analysis of 4.3 (Only the bridging site is shown for clarity). 

Natural bond orbital (NBO) analysis also could not locate any bonding NBO corresponding to 

the bridging Mg-N or Mg-C, although it revealed that both of these interactions are facilitated 

by electron density transfer from lone pair of N and C to non-bonding vacant orbital (LP*) of 

Mg (Figure 4.7). Interestingly, the charge transfer interaction between C and Mg was found to 

be much stronger in comparison to the N-Mg interaction. The charge transfer from C to Mg, 

considering the fragmentation via two units of Mg-N(SiMe3)NC, was also observed from 

extended transition state-natural orbital for chemical valence (ETS-NOCV) analysis.  

 

 

Figure 4.7. NBO and ETS-NOCV analysis of 4.3. For ETS-NOCV plot, red region represents 

outflow of electron density (charge depletion) and blue region represents inflow of electron 

density (charge accumulation).  
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4.2.5 Palladium Catalysed C‒C Cross Coupling  

  

With the successful synthesis of magnesium alkynylide compounds, we turned our attention to 

explore their potential in C–C cross-coupling reactions. The unique reactivity of magnesium 

alkynylides, which contain highly nucleophilic and reactive alkynyl groups, presents an 

intriguing opportunity to design novel coupling strategies. When 4.1 was reacted with 4-

iodotoluene in presence of catalytic amounts of [Pd(PPh3)2Cl2], it yielded C–C coupled product 

4.4 (Scheme 4.6), which was separated using column chromatography and characterized by 

NMR and mass spectroscopy. Efforts to broaden the substrate scope for this reaction are 

ongoing.  

 

Scheme 4.6 C–C hetero-coupling using magnesium alkynylide complex 4.1 as feedstock. 

4.3 Conclusion  

In conclusion, we expanded the reactivity profile of the dearomatized magnesium complex 3.2, 

focusing on C–H bond activation in alkynes and diazoalkanes. This work led to the isolation 

of the first structurally characterized monomeric magnesium alkynylide complexes (4.1 and 

4.2). Additionally, we showcased the utility of these magnesium alkynylide complexes as 

precursors for C–C cross-coupling reactions. 
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Chapter-5 

Tridentate NacNac Supported Chemistry of Aluminium and 

Gallium 

 

Abstract: In our earlier study, we demonstrated that the reaction of a tridentate nacnac ligand 

featuring a pendant picolyl group with alane [AlH₃·NMe₂Et] yielded a binuclear aluminum 

hydride system V characterized by a six-membered C–C coupled framework. In this chapter, 

we explore the influence of reaction conditions on this system, revealing that the reaction of 

the same ligand with [AlH₃·NMe₂Et] under modified conditions results in the formation of 

distinct aluminum hydride species, 5.1 and 5.2. Additionally, the reaction of the ligand with 

benzyl potassium, followed by the introduction of metal halides ECl₃ (E = Al, Ga), leads to the 

high-yield synthesis of metal halide complexes 5.3 and 5.4, respectively. These products, which 

could not be obtained using alternative base systems, underscore the importance of reaction 

conditions and reagents in tuning the reactivity of this ligand system. 
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5.1 Introduction  

Among the main-group metals, aluminum stands out as one of the most abundant elements in 

the Earth's crust. Its low toxicity, cost-effectiveness, and environmental compatibility make it 

particularly appealing1,2. The significance of aluminum in organic chemistry was first 

demonstrated in the ground-breaking Friedel-Crafts reaction3. Aluminum predominantly exists 

in the +3 oxidation state due to its thermodynamic stability, which is more favourable compared 

to the +2 and +1 oxidation states.  

Aluminum hydrides are considered as fuel storage materials with reasonable prospects in a 

hydrogen-based alternate energy-supply concept.4,5 In applied science, chemical vapor 

deposition technology leverages the thermodynamic characteristics of molecular aluminum 

hydrides to fabricate composite materials.6-8 The chemistry of aluminum hydrides has 

progressed considerably since Stecher and Wiberg's first synthesis of AlH₃ in 1942.9 A 

significant breakthrough occurred in 1960 when Hawthorne synthesized a series of amine 

adducts of alane, catalysing substantial developments in the coordination chemistry of heavier 

group 13 hydrides10,11. A range of hydridoalanes has been designed, with their reactivity 

frequently modulated through steric hindrance at the aluminium centre and the incorporation 

of strongly electron-donating groups bonded to the aluminium atom.10,11. These advances have 

been complemented by extensive characterization of aluminium hydrides through single-

crystal X-ray diffraction, leading to the elucidation of a wide array of structural motifs12-16.  

Despite its potential as a viable alternative to transition metal catalysts, research into aluminium 

among group 13 elements saw limited progress until the seminal work by Yang, Parameswaran, 

and Roesky.17 The utilization of aluminium hydrides like I18 (Scheme 5.1), featuring highly 

specialized ligands, enables the formation of diverse, isolatable, and well-defined model 

complexes. Consequently, the inclusion of an ancillary ligand is necessary, while preserving 

two reactive functional groups at the metal centre for subsequent chemical transformations.  

The β-diketimino moiety has proven to be a pivotal ligand in developing a diverse range of 

main-group compounds. Its role in stabilizing aluminum dihydrides has been extensively 

studied12. Notably, compound II (Scheme 5.1) exemplifies this utility, facilitating the activation 

of non-polar element–element bonds, as evidenced by its reactions with elemental sulphur or 

selenium12d. Inoue and coworkers investigated various aluminum hydrides featuring diverse 
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bulky ligand groups and highlighted the critical role of exploring aluminum hydrides with 

varying degrees of steric hindrance and strong electron-donating substituents at the aluminum 

centre III (Scheme 5.1). This approach was shown to play a significant role in tuning reactivity 

for applications in organic synthesis19,20 Recently, our group investigated the synthesis of 

aluminium hydride complexes employing an imidazolidine-2-iminato (NHI) ligand and a 

modified tridentate nacnac ligand incorporating a picolyl arm. The use of the NHI ligand 

resulted in the formation of a dimeric alane complex IV, while the modified nacnac ligand led 

to the generation of an unusual C–C coupled six-membered aluminium hydride dimer complex 

V (Scheme 5.1).21,22  

 

 

Scheme 5.1 Selected examples of aluminum hydride compounds. 



 

Chapter-5                                                Tridentate Nacnac Supported Chemistry of Al & Ga                       
 
 

  
AcSIR, Ph.D. Thesis 2025: Vishal Sharma, CSIR-NCL 63 

 
 

In this chapter, we investigated the influence of solvent on stabilizing a monomeric aluminum 

hydride complex utilizing a modified tridentate nacnac ligand. 

5.2 Results and Discussions  

5.2.1 Synthesis and characterization of 5.1  

The reaction of ligand with alane [AlH₃·NMe₂Et] in diethyl ether smoothly yielded the 

heteroleptic aluminum hydride complex 5.1 (Scheme 5.2). Which was isolated and the crystals 

of 5.1 suitable for SCXRD obtained from the saturated DEE solution at – 4 °C after 2 days. 

The molecular structure of 5.1 is shown in Figure 5.1. The molecular structure of 5.1 shows 

Al‒N bond lengths 1.945(8), 2.009(9), and 2.106(9) Å, which are in great agreement with the 

reported alane.17    

 

Scheme 5.2 Synthesis of monomeric aluminium hydride complex 5.1. 

The isolation of a tridentate nacnac-supported monomeric aluminium hydride can be achieved 

by simply altering the reaction solvent from toluene to diethyl ether. The 1H NMR spectrum of 

compound 5.1 exhibits two distinct septets at 2.76 ppm and 3.52 ppm, corresponding to the 

isopropyl group. Additionally, the methylene sidearm protons appear as two separate doublets 

at 4.81 ppm and 4.96 ppm, indicating inequivalent chemical environments for the CH2 protons 

(See Figure A36). 
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Figure 5.1 The molecular structure of 5.1 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms (except those attached to aluminium) are not 

shown for clarity. Selected bond lengths (Å) and bond angles (ᵒ): Al1‒N1 2.009(9), Al1‒N2 

2.106(9), Al1‒N3 1.945(8); N1‒Al1‒N3 90.86(4), N1‒Al1‒N2 170.06(4), N2‒Al1‒N3 

79.53(3). 

5.2.2 Synthesis and characterization of 5.2 

After isolating the mononuclear aluminium hydride 5.1, we intended to elucidate the 

mechanism underlying the formation of V. To achieve this, we conducted the same reaction 

with a shorter reaction time to capture potential intermediates. After 6 hours of reaction, we 

successfully isolated compound 5.2 (Scheme 5.3). Single crystals suitable for X-ray diffraction 

analysis were obtained by growing crystals from a supersaturated solution of toluene at –36 °C 

within 24 hours. The molecular structure of 5.2, depicted in Figure 5.2, reveals that it arises 

from an intermolecular hydroalumination of the C–N bond of another alane moiety, ultimately 

leading to the formation of a binuclear aluminium hydride complex featuring a reduced 

pyridine ring. The Al1–N6 bond length of 2.096(9) Å is notably longer than the Al2–N6 bond 

length of 1.915(9) Å, indicating the predominantly covalent character of the Al1–N6 

interaction. Additionally, the C–N6 bond length of 1.496(4) Å within the pyridine moiety 

provides evidence for intermolecular hydroalumination of the pyridine ring. The 1H NMR 

spectra show a doublet at 3.90 ppm for the o-CH2 of the reduced pyridine ring (Figure A38).   



 

Chapter-5                                                Tridentate Nacnac Supported Chemistry of Al & Ga                       
 
 

  
AcSIR, Ph.D. Thesis 2025: Vishal Sharma, CSIR-NCL 65 

 
 

 

Scheme 5.3 Isolation of intermediate complex 5.2 via time control experiment. 

 

Figure 5.2 The molecular structure of 5.2 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms (except those attached to aluminium and o-CH2 

of reduced pyridine) are not shown for clarity. Selected bond lengths (Å) and bond angles (ᵒ): 

Al1‒N1 1.909(9), Al1‒N2 1.922(9), Al1‒N3 1.872(8), Al1‒N6 1.963(9), Al2‒N6 2.096(8), 

Al2‒N5 1.915(9), Al2‒N4 1.983(9); N1‒Al1‒N3 132.16(4), N1‒Al1‒N2 92.02(4), N2‒Al1‒

N3 84.38(4), N6‒Al1‒Al2 47.51(2), N6‒Al2‒N4 172.77(3), N4‒Al2‒N5 92.94(3), N6‒Al2‒

N5 83.55(4).  
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5.2.3 Thermodynamics of the mechanistic pathway 

The chemical transformation leading to the formation of V from the ligand manifests a notably 

exergonic nature, evidenced by a Gibbs free energy change (ΔG) of -74.6 kcal/mol. Moreover, 

the reaction pathway involves the identification of two distinct intermediates, each exhibiting 

favourable thermodynamic feasibility. The ΔG for the formation of the first intermediate (Int-

1) from the reactants is calculated to be -52.7 kcal/mol, while the subsequent formation of the 

second intermediate (Int-2) from the first displays a lower energy demand at -4.2 kcal/mol . 

Subsequently, the generation of V from the second intermediate is also exergonic, as indicated 

by a ΔG value of -17.7 kcal/mol (Figure 5.3). 

 

 

Figure 5.3 Thermodynamics of the mechanistic pathway computed at the PBE-D3/TZVP 

(Solvent=Toluene) level of theory. All the free energy values are in kcal/mol. 
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5.2.4 Synthesis and characterization of 5.3 and 5.4  

After successfully isolating the monomeric aluminium hydride complex, we aimed to 

synthesize tridentate nacnac-supported aluminium and gallium halide complexes. The reaction 

of the ligand with benzyl potassium, followed by the addition of the metal halide ECl₃ (E = Al, 

Ga) in toluene, yielded the heteroleptic metal halides 5.3 and 5.4 smoothly (Scheme 5.4). 

Notably, the synthesis of these tridentate nacnac-supported metal halides was not successful 

with other bases, such as MeLi, KOtBu, KHMDS, or LiHMDS. The crystals of 5.3 and 5.4 

suitable for single-crystal X-ray diffraction were obtained from a saturated toluene solution at 

–4 °C after one week. The formation of aluminium chloride complex 5.3 was confirmed by 

comparing its unit cell and NMR spectroscopy data with those reported earlier for a similar 

complex synthesized via transmetallation with germylene chloride.22 The molecular structure 

of gallium chloride complex 5.4 is shown in Figure 5.4. 

 

Scheme 5.4 Synthesis of metal halide complexes 5.3 and 5.4. 

The solid-state structure of 5.4 reveals a Ga1–N1 bond length of 2.147(11) Å, which is longer 

than the Ga1–N2 and Ga1–N3 bond lengths of 1.961(11) Å and 2.013(4) Å, respectively 

confirming the coordinate character of Ga–Npyridine bond. The 1H NMR spectrum exhibit a 

characteristic resonance at 3.22 ppm, corresponding to the CH proton of the isopropyl group, 

as well as signals at 5.15 ppm and 4.89 ppm, attributed to the backbone CH proton and the 

methylene (CH2) group, respectively (See Figure A41). 
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Figure 5.4 The molecular structure of 5.4 with anisotropic displacement parameters depicted 

at the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths 

(Å) and bond angles (ᵒ): Ga1‒N1 2.147(11), Ga1‒N2 1.967(11), Ga1‒N3 2.013(4), Ga1‒Cl1 

2.218(4), Ga1‒Cl2 1.240(4); N1‒Ga1‒N3 168.8(4), N1‒Ga1‒N2 79.0(4), N2‒Ga1‒N3 

92.2(4).  

 

5.3 Conclusions  

In summary, the influence of solvent on the stability of tridentate nacnac-supported aluminium 

hydride was investigated, leading to the successful isolation and characterization of the 

monomeric aluminium hydride complex, 5.1. Additionally, the intermediate aluminium 

hydride complex, 5.2, was also isolated. Furthermore, a novel synthetic method was developed 

for the preparation of complexes 5.3 and 5.4, which could not be achieved using standard salt 

elimination reaction. 
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6.1: General experiment details 

All manipulations and experiments including NMR sample preparation were carried out under 

an inert atmosphere of argon applying standard Schlenk techniques or in a Glove-box. The 

solvents used were purified by an MBRAUN solvent purification system as MB SPS-800. All 

chemicals purchased from Sigma Aldrich and TCI Chemicals were used without further 

purification. Ligand LH was prepared according to the literature procedure. S1 The 1H, 2H, and 

13C NMR spectra were recorded in C6D6 and CDCl3 using a Bruker Avance DPX 400 or a 

Bruker Avance DRX 500 spectrometer and were referenced to external SiMe4. The HRMS and 

LC-mass spectra were obtained using a Q Exactive Thermo Scientific and an Agilent 

Technologies 6120. Melting points were measured in a sealed glass tube on a Stuart SMP-30 

melting point apparatus and were uncorrected. The IR data were recorded using a Bruker Alpha 

II FTIR Spectrophotometer.  

 

6.2: Chapter 2 experimental details  

6.2.1. Synthetic procedure and characterization data of (2.1): The toluene solution of 

KSi(SiMe3)3 (0.469 g, 1.08 mmol) was slowly added to a stirred solution of 1 (0.457 g, 1.03 

mmol) in toluene (10 mL) at –78 °C over a period of 10 min. The pale-yellow color of the 

solution was changed to intense red with the addition. The solution was warmed to room 

temperature and stirred for 6 h. All volatiles were removed under reduced pressure and 

extracted with a mixture of hexane (10 mL) and toluene (3 mL). The solvent was reduced to 5 

mL and stored at –30 °C in a freezer to obtain the red crystals of 2.1 suitable for X-ray analysis. 

Yield: 0.387 g (92 %). Mp: 196.5 °C. HRMS: Calcd: 406.1799, found: [m/z] 406.1783. NMR: 

No NMR resonance has been observed due to the paramagnetic behaviour of compound 2.1.  
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Figure A1. HRMS of 2.1 

 

6.2.2. Synthesis and characterization of compound 2.2: Toluene (20 mL) was added to a 

mixture of 1 (0.450 g, 1 mmol), KSi(SiMe3)3 (0.453 g, 1.05 mmol) and TEMPO (0.167 g, 1.05 

mmol) at –78 °C. The solution turned red at low temperature and slowly warmed to room 

temperature. The reaction was further stirred for another 4 h until the color of the solution 

changed to yellowish brown. All volatiles were removed under reduced pressure and extracted 

with a mixture of hexane (10 mL) and toluene (3 mL). The solution was reduced to 5 mL and 

stored at –30 °C in a freezer to obtain the yellow crystals of 2.2 suitable for X-ray analysis. 

Yield: 0.440 g (78%). Mp: 211.3 °C. NMR:  1H NMR (500 MHz, CDCl3, 298K): δ 8.89 (d, J 

= 5.8 Hz, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.13 (d, J = 7.4 Hz, 2H), 7.03 (d, J = 7.5 Hz, 3H), 4.89 

(s, 1H), 4.73 (s, 2H), 3.96 – 3.82 (m, 2H), 2.11 (s, 3H), 1.65 (d, J = 6.8 Hz, 6H), 1.48 (s, 3H), 

1.27 (s, 12H), 1.18 (d, J = 6.9 Hz, 6H), 0.89 (s, 6H) ppm. 13C NMR (101 MHz, CDCl3, 298K) 

δ 162.2 (s), 160.8 (s), 157.8 (s), 151.7 (s), 142.0 (s), 137.2 (s), 125.2 (s), 122.8 (s), 122.1 (s), 

118.4 (s), 98.5 (s), 61.7 (s), 31.7 (s), 28.7 (s), 24.6 (s), 24.4 (s), 24.1 (s), 22.7 (s), 21.5 (s), 14.1 

(s) ppm. HRMS: Calcd: 562.3182, found [M-1]: 561.3091. 
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Figure A2. 1H NMR of 2.2 

 

Figure A3. 13C NMR of 2.2 
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Figure A4. HRMS of 2.2 

 

6.2.3: Synthesis and characterization of compounds 2.3 and 2.5: The toluene solution of 

Ph2S2 (0.120 g, 0.56 mmol) was slowly added to a stirred solution of 2.1 (0.457 g, 1 mmol) in 

toluene (10 mL) at –78 °C over a period of 5 min. The solution was warmed to room 

temperature and stirred for 12 h. All volatiles were removed under reduced pressure and 

extracted with a mixture of hexane (10 mL) and toluene (5 mL). The solvent was reduced to 5 

mL and stored at –30 °C in a freezer to obtain the red crystals of 2.3 suitable for X-ray analysis. 

Yield of 2.3: 0.360 g (67 %). The excess amount of Ph2S2 leads to the formation of a mixture 

of 2.3 and 2.5. The suitable crystals for X-ray analysis of compound 2.5 were isolated and 

mounted from a mixture of 2.3 and 2.5 of a toluene and hexane mixture. NMR for compound 

2.3:  1H NMR (400 MHz, CDCl3, 298K) δ 9.12 (d, J = 5.8 Hz, 1H), 8.13 (d, J = 7.2 Hz, 2H), 

7.34 (t, J = 8.3 Hz, 1H), 7.17 – 7.13 (m, 1H), 7.07 (d, J = 7.3 Hz, 2H), 6.93 (d, J = 7.8 Hz, 1H), 

6.75 (t, J = 7.5 Hz, 2H), 6.69 – 6.64 (m, 2H), 4.91 (s, 1H), 4.81 (s, 2H), 3.95 (hept, J = 6.9 Hz, 

1H), 2.15 (s, 3H), 1.57 (d, J = 6.8 Hz, 6H), 1.54 (s, 3H), 1.18 (d, J = 6.9 Hz, 6H) ppm. 13C 

NMR (101 MHz, CDCl3, 298K) δ 162.4 (s), 160.3 (s), 158.0 (s), 153.1 (s), 149.3 (s), 142.7 (s), 

136.2 (s), 132.6 (s), 126.7 (s), 125.6 (s), 122.9 (s), 122.3 (s), 121.4 (s), 118.0 (s), 97.4 (s), 61.2 
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(s), 28.7 (s), 24.8 (s), 24.4 (s), 21.5 (s) ppm. HRMS for compound 2.3: Calcd: 515.1905, Found 

[M-1]: 514.1816. 

 

 

Figure A5. 1H NMR of 2.3 
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Figure A6. 13C NMR of 2.3 

 

 

Figure A7. HRMS of 2.3 
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NMR for compound 2.5: We isolated a single crystal of 2.5 to mount and characterized it 

crystallographically. We didn’t get any clean NMR to integrate with its proper values, due to 

the low-solubility of the solid mixture of both the two compounds (2.3 and 2.5) in most of the 

organic solvents. HRMS: Compound 2.5 is easily fragmented into compound 2.3, hence we 

didn’t observe the HRMS for compound 2.5. However, we have measured the IR for compound 

2.5. 

 

Figure A8. FTIR (ATR) for compound 2.5. 

 

6.2.4: Synthesis and characterization of compounds 2.4 and 2.6: The toluene solution of 

Ph2Se2 (0.370 g, 1.2 mmol, Toluene 10 mL) was slowly added to a stirred toluene solution of 

2.1 (0.450 g, 1.10 mmol) at –78 °C over a period of 5 min. The solution was warmed to room 

temperature and stirred for 8 h. All volatiles were removed under reduced pressure and 

extracted with a mixture of hexane (10 mL) and toluene (5 mL). The solvent was reduced to 5 

mL and stored at –30 °C in a freezer to obtain the mixture of two types of crystals of 2.4 and 

2.6 suitable for X-ray analysis. Yield of a mixture of compound 2.4 and 2.6: 0.309 g (49 %). 

NMR for the mixture of compounds 2.4 and 2.6: 1H NMR (400 MHz, CDCl3, 298K): δ 9.14 

(d, J = 5.5 Hz, 0.33H), 8.89 (d, J = 6.0 Hz, 1H), 7.97 (s, 0.71H), 7.74 (d, J = 6.9 Hz, 0.79H), 

7.59 (s, 2H), 7.44 (d, J = 11.7 Hz, 1H), 7.12 (d, J = 7.2 Hz, 2H), 7.09 (s, 0.5H), 7.03 (d, J = 7.4 

Hz, 3H), 6.90 (d, J = 7.7 Hz, 0.45H), 6.69 (dd, J = 17.1, 7.3 Hz, 1H), 6.49 (t, J = 6.4 Hz, 0.36H), 

4.89 (s, 1H), 4.85 (s, 1H), 4.72 (s, 2H), 4.09 – 4.02 (m, 1H), 3.88 (dd, J = 13.7, 6.9 Hz, 2H), 

2.14 (s, 1H), 2.11 (s, 3H), 1.67 (s, 2H), 1.63 (s, 6H), 1.52 (s, 1H), 1.48 (s, 3H), 1.19 (s, 3H), 

1.17 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3, 298K) δ 162.3 (s), 160.8 (s), 157.9 (s), 151.8 

(s), 142.1 (s), 137.2 (s), 136.6 (s), 131.7 (s), 130.1 (s), 129.3 (s), 127.9 (s), 125.3 (s), 122.9 (s), 
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122.2 (s), 118.4 (s), 98.6 (s), 61.7 (s), 28.7 (s), 24.7 (s), 24.5 (s), 24.2 (s), 21.6 (s) ppm. 77Se 

NMR (76 MHz, CDCl3, 298K) δ 652.55, 462.63, 317.41 ppm. HRMS: Calcd: 563.1350, Found 

[M-1]: 562.1254 (due to the fragmentation of compound 2.6, we have only observed the 

molecular ion peak for monomeric compound 2.4). 

 

 

Figure A9. 1H NMR of a mixture of compounds 2.4 and 2.6 
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Figure A10. 13C NMR of mixture of compound 2.4 and 2.6 

 

 

Figure A11. 77Se NMR of mixture of compound 2.4 and 2.6 
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Figure A12. HRMS of 2.4  

6.2.5: Synthesis of 2.7: The 10 mL toluene solution of compound 2.1 (0.1 g, 0.24 mmol) was 

stirred in the presence of dihydrogen for 3 h at room temperature. The reaction mixture was 

dried under reduced pressure. The 1H NMR spectrum of the crude gives a characteristic peak 

at –22.73 ppm and confirms the formation of the previously reported same nickel hydride 

complex 2.7.S1  

 

6.2.6: Crystallographic data for the structural analysis of compounds 2.1-2.6 

Crystal data of compound 2.1: C23H30N3Ni, M = 407.19, CCDC: 2271416, Red, block, 0.31 

x 0.19 x 0.12  mm3, triclinic, space group ‘P-1’, a = 8.339(7)Å, b = 15.952(13)Å, c = 

17.977(17)Å, α = 115.99(3)°, β = 90.74(3)°, γ =  96.15(3)°, Volume = 2132(3)Å3, Z = 2, T = 

161(2) K, Dcalc (g cm–3) = 0.459, F(000) = 280,  (mm-1) = 1.807, 132211 reflections collected, 

11012 unique reflections (Rint= 0.0725), 8139 observed  (I > 2 (I)) reflections, multi-scan 

absorption correction, Tmin = 0.649, Tmax = 0.745, 499 refined parameters, S = 1.091, R1 = 

0.0728, wR2 = 0.1387 (all data R =  0.1070, wR2 = 0.1523),  maximum and minimum residual 

electron densities; Δmax = 0.84, Δmin= -0.88 (eÅ-3). 

Crystal data of compound 2.2: C39H56N4NiO, M = 655.57, CCDC: 2271420, Yellow,, block, 

0.22 × 0.18 × 0.11 mm3, monoclinic, space group ‘P21/c’, a = 11.3431(16)Å, b = 

14.1925(17)Å, c = 21.929(3)Å, α = 90°, β = 90.498(5)°, γ =  90°, Volume = 3530.1(8)Å3, Z = 

4, T = 100(2) K, Dcalc (g cm–3) = 1.234, F(000) = 1416,  (mm-1) = 0.585, 33710 reflections 

V-2 #562 RT: 2.96 AV: 1 NL: 5.98E6
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500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

562.1254
R=44506

C 29 H34 N3 Ni Se = 562.1266

-2.1848 ppm 582.2983
R=45907

593.2888
R=42106

576.1405
R=41406

524.3982
R=44307

534.1927
R=46800

623.3260
R=26100



 

                                                                                                                                       Appendix                   
 
 

  
AcSIR, Ph.D. Thesis 2025: Vishal Sharma, CSIR-NCL 83 

 

collected, 6232 unique reflections (Rint= 0.0875), 3847 observed  (I > 2 (I)) reflections, multi-

scan absorption correction, Tmin = 0.297, Tmax = 0.500, 417 refined parameters, S = 1.043, R1 

= 0.0875, wR2 = 0.1950 (all data R =  0.1479, wR2 = 0.2278),  maximum and minimum residual 

electron densities; Δmax = 1.20, Δmin= -0.94(eÅ-3). 

Crystal data of compound 2.3: C36H43N3NiS, M = 608.48, CCDC: 2271418, Red, rod, 0.37 

× 0.31 × 0.26 mm3, monoclinic, space group ‘P21/n’, a = 12.4124(11)Å, b = 17.1945(15)Å, c = 

16.1810(13)Å, α =90°, β =111.237(3)°, γ =  90°, Volume = 3218.9(5)Å3, Z = 4, T = 100(2) K, 

Dcalc (g cm–3) = 1.256, F(000) = 1296,  (mm-1) = 0.696, 213787 reflections collected, 8291 

unique reflections (Rint= 0.0552), 7745 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.783, Tmax = 0.840, 377 refined parameters, S = 1.058, R1 = 0.0277, wR2 = 

0.0712 (all data R =  0.0302, wR2 = 0.0735),  maximum and minimum residual electron 

densities; Δmax = 0.41, Δmin= -0.24 (eÅ-3). 

Crystal data of compound 2.4: C36H43N3NiSe, M = 655.38, CCDC: 2271417, Red, plate, 0.38 

× 0.35 × 0.27 mm3, monoclinic, space group ‘P21/n’, a = 12.3444(14)Å, b = 17.2388(17)Å, c = 

16.2008(19)Å, α =90°, β = 110.170(4)°, γ =  90°, Volume = 3236.1(6)Å3, Z = 4, T = 100(2) K, 

Dcalc (g cm–3) = 1.345, F(000) = 1368,  (mm-1) = 1.753, 149316 reflections collected, 5719 

unique reflections (Rint= 0.0804), 5009 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.813, Tmax = 0.862, 377 refined parameters, S = 1.075, R1 = 0.0313, wR2 = 

0.0752 (all data R =  0.0382, wR2 = 0.0789),  maximum and minimum residual electron 

densities; Δmax = 0.41, Δmin= -0.42 (eÅ-3).  

Crystal data of compound 2.5: C58H68N6Ni2S2, M = 1026.65, CCDC: 2271467, Colorless, 

block, 0.26 × 0.21 × 0.14 mm3, trigonal, space group ‘R-3’, a = 36.777(3)Å, b = 36.777(3)Å, 

c = 15.7171(13)Å, α = 90°, β = 90°, γ =  120°, Volume = 18410(3)Å3, Z = 9, T = 100(2) K, 

Dcalc (g cm–3) = 0.837, F(000) = 4914.0,  (mm-1) = 0.539, 86520 reflections collected, 7233 

unique reflections (Rint= 0.250), 3161 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.447, Tmax = 0., 729 refined parameters, S = 0.983, R1 = 0.0887, wR2 = 

0.1895 (all data R =  0.1733, wR2 = 0.2279),  maximum and minimum residual electron 

densities; Δmax = 0.53, Δmin= -0.47 (eÅ-3). 

 

Crystal data of compound 2.6: C58H68Se2N6Ni2, M = 1124.49, CCDC: 2271463, Colorless, 

block, 0.18 × 0.11 × 0.07 mm3, triclinic, space group ‘P-1’, a = 17.423(2)Å, b = 20.120(3)Å, 

c = 21.121(3)Å, α =65.071(4)°, β = 77.623(5)°, γ =  73.220(4)°, Volume = 6391.5(16)Å3, Z = 
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4, T = 298(2) K, Dcalc (g cm–3) = 1.169, F(000) = 2328,  (mm-1) = 1.764, 22756 reflections 

collected, 10169 unique reflections (Rint= 0.0797), 1359 observed  (I > 2 (I)) reflections, 

multi-scan absorption correction, Tmin = 0.585, Tmax = 0.655, 588 refined parameters, S = 1.006, 

R1 = 0.0798, wR2 = 0.1898 (all data R =  0.1634, wR2 = 0.2420),  maximum and minimum 

residual electron densities; Δmax = 0.64, Δmin= -1.25 (eÅ-3). 

 

6.2.7: EPR Spectrum studies 

X-band EPR spectra of compound 2.1 were recorded on a Bruker BiospinEMXmicro 1444 

spectrometer. Spectra were collected with the following experimental parameters: microwave 

frequency, 9.32 GHz; microwave power, 1.99 mW; receiver gain, 1.00×102; modulation 

frequency, 100 kHz; modulation amplitude, 10 G; temperature, 298K. Spectral acquisitions 

were made using Bruker WinEPR software and simulated using Bruker SIMFONIA software. 

 

6.2.8: Cyclic Voltametric analysis 

Electrochemical experiments were carried out using a Biologic SP-300 potentiostat. A glassy 

carbon (0.19625 cm2) was used as the working electrode, a graphite rod (Alfa Aesar) as the 

counter electrode, and a non-aqueous Ag/AgCl as the reference electrode in a three-electrode 

configuration. The sample (5 mM) was dissolved in THF, and the sample solution was then 

supplemented with a 0.1 M concentration of supporting electrolyte [nBu4N][PF6].  
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Figure A13. CV of compound 2.1 

 

6.2.9 Magnetism data analysis  

The magnetic properties were measured by loading the samples in the Quantum-Design 

Magnetic Property Measurement System (MPMS). The magnetization of the samples was 

recorded in Field cooled (FC) conditions using SQUID mode as a function of temperature in 

the 5K-300K range. During the M-T measurement, a magnetic field of 100 Oe was applied. 

Prior to the measurement, MPMS was calibrated using a standard sample (Palladium) at 298K 

and 1 Tesla magnetic field. At the time of calibration, it was ensured that the experimentally 

obtained magnetization of the Pd sample matched closely with its theoretical value and the 

obtained error is less than 0.2%. 
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Figure A14. SQUID data of compound 2.1 
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Figure A14 shows the direct current (dc) magnetic data of 2.1, expressed as 𝜒𝑀 .T against 

temperature, where 𝜒𝑀 is the molar magnetic susceptibility. The continuous decreasing 

behavior of 𝜒𝑀 .T upon cooling indicates weak intermolecular antiferromagnetic interactions.S6 

In order to get further insights, the effective magnetic moment (μeff,) of the sample was 

calculated (inset 2.1) using 2.828√𝜒𝑀𝑇 = 𝜇𝑒𝑓𝑓 = √𝑛(𝑛 + 2), where n is the number of 

unpaired d electrons. A nearly 6 BM (Bohr Magneton) value of  𝜇𝑒𝑓𝑓 at 300 K corresponds to 

5 unpaired electrons in the sample. 

 

6.2.10: Computational Details 

All the calculations in this study have been performed with density functional theory 

(DFT) using the Turbomole 7.5 suite of programs.S7 The PBE functional,S8 along with D3 

dispersion correction,S9 has been employed. The TZVP basis set has been used.S10 For an 

accurate and efficient treatment of the electronic Coulomb term in the DFT calculations, the 

resolution of identity (RI)S11 and the multipole accelerated resolution of identity (marij) 

approximationsS12 have been employed. Solvent corrections were incorporated in the 

optimization calculations using the COSMO model,S13 with toluene (ε = 2.374) as the solvent. 

The reported values are ΔG values, with zero-point energy corrections. Internal energy and 

entropic contributions were included through frequency calculations on the optimized minima, 

with the temperature taken to be 298.15 K. Harmonic frequency calculations were performed 

for all stationary points to confirm them as local minima or transition state structures. 

 Furthermore, to obtain the accurate spin density, SOMO, and LUMO the geometry 

optimization of 2.1 in this study was performed using density functional theory (DFT) with the 

aid of the Gaussian 09 suite of programs.S14 We have done calculations at the PBE-D3/TZVP 

level of theory and the B3LYP-D3/def2-TZVP level of theory.S15,S16 Additionally, an implicit 

solvent model (PCM) with toluene as the solvent was employed with both calculations.S17  

(a) Spin density plot, SOMO, and LUMO of 2.1 at B3LYP-D3/def2-TZVP level of theory 
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Figure A15. (a) The spin density plot, (b) the SOMO, and (c) the LUMO of 2.1. The isovalue 

of the spin density plot is 0.004, while for the SOMO and LUMO, the iso value is 0.04. 

 

(b) Thermodynamics for the formation of 2.5 from 2.1 

 

Figure A16. The thermodynamics for the formation of 2.5 (dimer) from 2.1 using Ph2S2. ΔG 

values are in kcal/mol.  

 

6.3: Chapter 3 experimental details 

6.3.1 Synthesis and characterization of compound 3.1: CH3MgBr (0.4 ml, 1.13 mmol, 3.0 

M diethyl ether) was slowly added to a stirred solution of ligand LH (0.360 g, 1.03 mmol) in 

THF (15 ml) at –78 °C over a period of 10 min. The yellow color solution was changed to an 

intense pink color after the addition. The solution was stirred at low temperature for 30 min 
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and then it was allowed to warm to room temperature and stirred for another 5 h. The color of 

the solution was changed to magenta. All volatiles were removed under reduced pressure and 

extracted with THF (10 ml). The solvent was reduced to 5 mL and stored at –4 °C in a freezer 

to obtain the colorless crystals of 3.1 suitable for X-ray analysis. Yield: 0.550 g (89 %). Mp: 

87.5 °C.  

1H NMR (400 MHz, CDCl3, 298K):  δ  9.72 (d, J=5.3 Hz, 1 H, Py), 7.93 (t, J=7.6 Hz, 1 H, Py), 

7.41 - 7.50 (m, 2 H, Ph), 7.29-7.35 (m, 1 H, Ph), 7.25 (s, 1 H, Py), 4.93 (s, 2 H, CH2), 4.90 (s, 

1 H, CH), 3.18 (m, J=13.7, 6.8 Hz, 2 H, CHDipp), 2.32 (s, 3 H, CH3), 1.81 (s, 3 H, CH3), 1.40 

(s, 6 H, CH3(Dipp)), 1.31 (d, J=6.9 Hz, 6 H, CH3(Dipp)) ppm. 

13C NMR (101 MHz, CDCl3, 298K) δ 168.1 (s), 166.7 (s), 160.2 (s), 150.9 (s), 148.0 (s), 141.6 

(s), 138.1 (s), 124.1 (s), 122.8 (s), 121.9 (s), 121.8 (s), 93.8 (s), 76.7 (s), 68.6 (s), 53.6 (s), 27.9 

(s), 25.4 (s), 25.1 (s), 24.2 (s), 24.2 (s), 23.2 (s) ppm.  

HRMS: Calcd: 452.1546, found [m+1]: 452.1495. 
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Figure A17. The 1H NMR of 3.1 
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Figure A18. The 13C NMR of 3.1 

 

Figure A19. The HRMS of 3.1 

 

6.3.2 Synthesis and characterization of compound 3.2: n-dibutylmagnesium (1.5 ml, 1.5 

mmol, 1.0 M in heptane) was slowly added to a stirred solution of LH (0.457 g, 1.30 mmol) in 

LMgV1 #429 RT: 1.92 AV: 1 NL: 2.07E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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THF (15 ml) at –78 °C over a period of 15 min, the solution color was changed from yellow to 

dark magenta after the addition. The solution was warmed to room temperature and stirred for 

3 h. All volatiles were removed under reduced pressure and extracted with mixture of THF (5 

ml) and hexane (10 ml). The solvent was reduced to 3-5 mL, and stored at –4 °C in a freezer 

to obtain the red color crystals of 3.2 in a week suitable for X-ray analysis.  Yield: 0.570 g 

(83%). Mp: 209.4 °C. 

1H NMR (500 MHz, C6D6, 298K): δ 7.26 (s, 1 H, Ph), 6.83 (d, J=5.9 Hz, 1 H, Ph), 6.48-6.57 

(m, 1 H, Ph), 6.40 (d, J=9.0 Hz, 1 H, Pyde), 6.16 (s, 1 H, Pyde), 5.42 (t, J=5.9 Hz, 1 H, Pyde), 

5.04 (s, 1 H, Pyde), 3.51-3.56 (m, 2 H, CHDipp), 2.21 (s, 3 H, CH3), 1.96 (s, 3 H, CH3), 1.31 (d, 

J=6.9 Hz, 6 H, CH3(Dipp)), 1.19 (d, J=6.9 Hz, 6 H, CH3(Dipp)) ppm.  

13C NMR (101 MHz, C6D6, 298K) δ 155.3 (s), 150.5 (s), 148.7 (s), 145.7 (s), 144 (s), 129.3 

(s), 123.4 (s), 123 (s), 118.7 (s), 100.9 (s), 98.8 (s), 96.4 (s), 68.8 (s), 27.5 (s), 25.2 (s), 24.2 (s), 

23.9 (s), 20.8 (s) ppm.  

HRMS: Calcd: 372.2285, found [m+1]: 372.2401. 
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Figure A20. The 1H NMR of 3.2 
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Figure A21. The 13C NMR of 3.2 

 

Figure A22. The HRMS of 3.2. 

 

6.3.3 Synthesis and characterization of compound 3.3 and 3.4: Double distilled degassed 

water (11 μL, 0.6 mmol) was added drop by drop to a stirred THF solution of compound 3.2 

LMgV2 #259 RT: 1.16 AV: 1 NL: 2.20E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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(300 mg, 0.58 mmol) at –70 °C. The reaction colour changed immediately from deep red to 

orange. The reaction was stirred for 5 min at -70 °C and the reaction mixture was dried at low 

temperature keeping the cooling bath. Orange solid was obtained as the final product, which 

was recrystallized in thf/hexane mixture to get the red colour crystals of 3.3 for X-ray analysis. 

Yield: 0.320 g (69.80 %) Mp: 168.2 °C.  

1H NMR (400 MHz, CDCl3, 298K): δ 8.53 (d, J=4.8 Hz, 1 H, Py), 7.61 - 7.68 (m, 1 H, Py), 

7.08-7.18 (m, 3 H, Ph), 7.02 (s, 1 H, Py), 4.78 (s, 1 H, CH), 4.59 (s, 2 H, CH2), 2.86-2.98 (m, 

2 H, CHDipp), 1.99 (s, 3 H, CH3), 1.69 (s, 3 H, CH3), 1.18 (d, J=7.0 Hz, 6 H, CH3(Dipp)), 1.09 (d, 

J=6.9 Hz, 6 H, CH3(Dipp)) ppm.  

13C NMR (101 MHz, CDCl3, 298K) δ 166.5 (s) 160.1 (s) 155.2 (s) 149.3 (s) 146.7 (s) 137.9 (s) 

136.8 (s) 122.7 (s) 122.7 (s) 121.9 (s) 120.4 (s) 94.4 (s) 77.3 (s) 77.2 (s) 77.0 (s) 76.7 (s) 68.0 

(s) 48.8 (s) 28.1 (s) 25.6 (s) 23.8 (s) 22.9 (s) 21.7 (s) 19.2 (s) ppm.  

IR (cm-1): 3672, 2956, 1656, 1625, 1589, 1552, 1503, 1432, 1361, 1332, 1302, 1225, 1180, 

1086, 789, 747 cm-1.  

HRMS: Calcd: 229.1060, found [m+1]: 229.0920. 

The reaction of 3.2 with D2O yielded into 3.4 which gives significant peaks in 2H NMR. 

2H NMR (400 MHz, CDCl3, 25 °C): 4.61 (S, 1D, CHDmethylene), 11.21(S, 1D, OD) ppm.  
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Figure A23. The 1H NMR of 3.3 
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Figure A24. The 13C NMR of 3.3 
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Figure A25. The 2H NMR of 3.4 
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Figure A26. The HRMS of 3.3 

 

Figure A27. IR (ATR mode) of 3.3. 

 

6.3.4 Synthesis and characterization of compound 3.5: K-selectride (potassium tri-sec-

butylborohydride) (0.5 ml, 0.55 mmol, 1.0 M in THF) was slowly added to a stirred solution 
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of 1 (0.300 g, 0.50 mmol) in THF (15 ml) at –78 °C over a period of 15 min, the solution color 

was changed from magenta to yellow after the addition. The solution was warmed to room 

temperature and stirred for 5 h. All volatiles were removed under reduced pressure and 

extracted with mixture of THF (5 ml) and hexane (5 ml). The solvent was reduced to 3-5 mL, 

and stored at –4 °C in a freezer to obtain the colorless crystals of 3.5 in a week suitable for X-

ray analysis. The yield of three was very less due to other impurities present in the flask. 

Because of less yield we were not able to record all other characterizations other than SCXRD. 

 

6.3.5 Synthesis and characterization of compound 3.6: lithiated trimethylsilyl diazomethane 

LiC(SiMe₃)N₂ (1.45 mL, 0.87 mmol, 0.6 M in hexane) was added drop by drop to the toluene 

solution of 2 (300 mg, 0.58 mmol) at – 70 °C. The reaction was then allowed to warm to room 

temperature and stirred overnight. The colour of the reaction changed from deep red to orange 

during the course of the reaction. The volatiles were removed under high vacuum and the 

residue was extracted using hexane (10 ml) and toluene (5 ml) mixture. The solvent was 

reduced till saturation and kept at – 36 °C to obtain the extremely air- and moisture-sensitive 

yellow color crystals of 3.6 suitable for X-ray analysis.  Yield: 0.15 g (76 %). Due to the 

solubility issue, we could not record the NMR of 3.6 despite several attempts in toluene-d8, 

THF-d8. While the compound is stable in solid-state inside a glove-box, it readily decomposes 

in solution to free ligand in 10-15 minutes. 

 

6.3.6 Crystal Structure Detail of 3.1-3.3 and 3.5, 3.6 

Crystal data of compound 3.1: C31H46N3O2MgBr, M = 596.93, CCDC: 2378739, colorless, 

block, 0.18 x 0.16 x 0.12  mm3, monoclinic, space group ‘P21/c’, a = 9.3717(7)Å, b = 

17.4965(14)Å, c = 18.6975(12)Å, α = 90°, β = 102.637(2)°, γ =  90°, Volume = 2991.6(4)Å3, 

Z = 4, T = 100(2) K, Dcalc (g cm–3) = 1.325, F(000) = 1264,  (mm-1) = 1.427, 236659 

reflections collected,  7772 unique reflections (Rint= 0.0279), 7044 observed  (I > 2 (I)) 

reflections, multi-scan absorption correction, Tmin = 0.773, Tmax = 0.843, 349 refined 

parameters, S = 1.026, R1 = 0.0279, wR2 = 0.0707 (all data R =  0.0330, wR2 = 0.0743),  

maximum and minimum residual electron densities; Δmax = 1.010, Δmin= -0.383 (eÅ-3). 

 

Crystal data of compound 3.2 : C35H53N3MgO3, M = 589.51, CCDC: 2378740, Red, Plate, 

0.21 × 0.16 × 0.13 mm3, monoclinic, space group ‘P21/n’, a = 12.3574(10)Å, b = 
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18.9989(16)Å, c = 15.1393(11)Å, α = 90°, β = 110.007(2)°, γ =  90°, Volume = 3339.9(5)Å3, 

Z = 4, T = 100(2) K, Dcalc (g cm–3) = 1.172, F(000) =1283,  (mm-1) = 0.091, 87901 reflections 

collected,  9310 unique reflections (Rint= 0.0628), 5968 observed  (I > 2 (I)) reflections, multi-

scan absorption correction, Tmin = 0.983, Tmax = 0.988, 412 refined parameters, S = 0.959, R1 

= 0.0628, wR2 =  0.1377 (all data R =  0.1209, wR2 = 0.1688),  maximum and minimum 

residual electron densities; Δmax = 0.508, Δmin= -0.580(eÅ-3). 

 

Crystal data of compound 3.3: C50H70N6Mg2O2, M = 481.97, CCDC: 2408476, color less, 

block, 0.28 × 0.24 × 0.22 mm3, triclinic, space group ‘P-1’, a = 11.3385(6)Å, b = 15.5115(9)Å, 

c = 15.5132(9))Å, α = 80.677(2)°, β = 87.084(2)°, γ = 83.992(2)°, Volume = 2676.0(6)Å3, Z = 

2, T = 100(2) K, Dcalc (g cm–3) = 1.144, F(000) = 1004,  (mm-1) = 0.090, 141706 reflections 

collected, 12778 unique reflections (Rint= 0.0553), 10145 observed  (I > 2 (I)) reflections, 

multi-scan absorption correction, Tmin = 0.975, Tmax = 0.980, 612 refined parameters, S = 1.061, 

R1 = 0.0553, wR2 = 0.1277 (all data R =  0.0734, wR2 = 0.1372),  maximum and minimum 

residual electron densities; Δmax = 0.537, Δmin= -0.382 (eÅ-3). 

 

Crystal data of compound 3.5: C30H39N3MgO, M = 481.97, CCDC: 2378746, red, block, 

0.26 × 0.22 × 0.20 mm3, monoclinic, space group ‘C2/c’, a = 18.4046(12)Å, b = 18.0672(13)Å, 

c = 16.9266(11)Å, α =90°, β =99.464(2)°, γ =  90°, Volume = 5551.8(6)Å3, Z = 8, T = 100(2) 

K, Dcalc (g cm–3) = 1.153, F(000) = 2080,  (mm-1) = 0.090, 92466 reflections collected, 6903 

unique reflections (Rint= 0.0694), 4650 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.977, Tmax = 0.982, 326 refined parameters, S = 1.044, R1 = 0.0694, wR2 = 

0.1422 (all data R =  0.1133, wR2 = 0.1645),  maximum and minimum residual electron 

densities; Δmax = 1.18, Δmin= -0.336 (eÅ-3). 

 

Crystal data of compound 3.6: C27H39MgN5Si, M = 486.03, colorless, block, 0.18 × 0.15 × 

0.12 mm3, monoclinic, space group ‘C2/c’, a = 19.8967(13)Å, b = 16.7007(10)Å, c = 

17.6900(11)Å, α =90°, β = 105.673(2)°, γ =  90°, Volume = 5659.6(6)Å3, Z = 8, T = 100(2) K, 

Dcalc (g cm–3) = 1.141, F(000) = 2096,  (mm-1) = 0.128, 72446 reflections collected, 6078 

unique reflections (Rint= 0.0506), 4225 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.1120, Tmax = 0.1502, 316 refined parameters, S = 1.046, R1 = 0.0506, wR2 
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= 0.1004 (all data R =  0.0900, wR2 = 0.1187), maximum and minimum residual electron 

densities; Δmax = 0.260, Δmin= -0.328 (eÅ-3). 

 

6.4: Chapter 4 experimental details 

6.4.1 Synthesis and characterization of compound 4.1 and 4.2: The toluene solution of aryl 

alkynes RC≡CH (0.42 mmol, 5 ml toluene) was dropwise added to the stirred toluene solution 

of 3.2 (0.200 g, 0.38mmol) at –70 °C. There was no colour change at low temperature. The 

reaction mixture was then allowed to warm at room temperature and stirred overnight. The 

color of the reaction mixture changed from red to pale brown. All the volatiles were removed 

under high vacuum and the solid was extracted into toluene (6 ml) and filtered using frit over 

celite. The solution was reduced to super saturation and kept at –36 °C to get suitable colourless 

crystals of 4.1 (R = Ph), and 4.2 (R = 4-fluorophenyl). Yield: 0.150 g (81 %) for 4.1 and 0.140 

g (76 %) for 4.2. We are unable to record the HRMS data of 4.1 and 4.2 due to less stability. 

4.1: 1H NMR (400 MHz, C6D6,  298K): δ = 9.74 (br. s., 1 H, Py), 7.34 (d, J=7.3 Hz, 2 H, Py), 

6.96 - 7.06 (m, 5 H, PhPhCCH), 6.74 - 6.87 (m, 3 H, Phdipp), 6.50 (br. s., 1 H, Py), 4.77 (s, 1 H, 

CH), 4.15 (s, 2 H, CH2), 3.19 - 3.31 (m, 2 H, CHdipp), 1.78 (s, 3 H, CH3), 1.71 (s, 3 H, CH3), 

1.39 (d, J=6.9 Hz, 6 H, CH3(dipp)), 1.16 ppm (d, J=6.9 Hz, 6 H, CH3(dipp)) ppm.  

13C NMR (101 MHz, CDCl3, 298K) δ = 165.8 (s) 160.4 (s) 141.8 (s) 137.5 (s) 137.1 (s) 131.7 

(s) 128.9 (s) 127.9 (s) 127.7 (s) 127.4 (s) 125.3 (s) 124.2 (s) 122.9 (s) 121.5 (s) 120.9 (s) 94.1 

(s) 68.3 (s) 53.5 (s) 28.2 (s) 24.9 (s) 21.0 (s) ppm. 

4.2: 1H NMR (400 MHz, C6D6, 298K): δ = 9.81 (br. s., 1 H, Py), 7.27 (br. s., 4 H, PhPhCC), 7.02 

(br. s., 1 H, Py), 6.96 (br. s., 1 H,Phdipp), 6.79 (br. s., 2 H, Phdipp), 6.50 (br. s., 1 H, Py), 4.91 (s, 

1 H, CH), 4.30 (br. s., 2 H, CH2), 3.39 (m, 2 H, CHdipp), 1.84 (s, 3 H, CH3), 1.50 (d, J=6.5 Hz, 

6 H, CH3(dipp)), 1.30 (d, J=6.8 Hz, 6 H, CH3(dipp)), 1.23 ppm (br. s., 3 H, CH3) ppm.  

13C NMR (101 MHz, C6D6, 298K) δ = 167.3 (s) 165.9 (s) 160.3 (s) 149.9 (s) 141.8 (s) 137.1 

(s) 133.1 (s) 128.9 (s) 127.9 (s) 127.6 (s) 127.4 (s) 125.3 (s) 122.8 (s) 121.5 (s) 120.9 (s) 114.3 

(s) 94.1 (s) 68.4 (s) 53.5 (s) 28.2 (s) 24.9 (s) 24.4 (s) 24.0 (s) 22.9 (s) 21.0 (s) ppm. 
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Figure A28. The 1H NMR of 4.1 
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Figure A29. The 13C NMR of 4.1 
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Figure A30. The 1H NMR of 4.2 
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Figure A31. The 13C NMR of 4.2 

 

6.4.2 Synthesis and characterization of compound 4.3: Trimethylsilyl diazomethane (1.45 

mL, 0.87 mmol, 0.6 M in hexane) was added drop by drop to the THF solution of 3.2 (300 mg, 

0.58 mmol) at – 70 °C. The reaction was then allowed to warm to room temperature and stirred 
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overnight. The color of the reaction changes from deep red to magenta during the course of the 

reaction. The volatiles were removed under high vacuum and the residue was extracted using 

hexane (10 ml) and THF (5 ml) mixture. The solvent was reduced till saturation and kept at – 

36 °C to obtain the extremely air- and moisture-sensitive red colored crystals of 4.3 suitable 

for X-ray analysis.  Yield: 0.15 g (76 %). Due to the solubility issue, we could not record the 

NMR of 4.3 despite several attempts in toluene-d8, THF-d8. While the compound is stable in 

solid-state inside a glove-box, it readily decomposes in solution to free ligand in 10-15 minutes. 

IR (cm-1): 2955, 2865, 2129, 1625, 1590, 1549, 1432, 1377, 1361, 1332, 1303, 1248, 1225, 

1181, 1123, 1100, 1032, 992, 833, 789, 746, 615 cm-1.  

 

Figure A32. The IR (ATR mode) of 4.3 

 

6.4.3 Synthesis and characterization of compound 4.4: A Schlenk tube having a magnetic 

needle was charged with 4-iodotoluene (30 mg, 0.137 mmol), magnesium alkynylide complex 

4.1 (82 mg, 0.171 mmol) and catalyst Pd(PPh3)Cl2 (5 mg, 6.8μg ) in a glove box under Ar 

atmosphere and thf was added to the reaction mixture. The reaction was stirred overnight at 
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room temperature. The conversion was monitored using TLC. The volatiles were removed 

under high vacuum and the solid was obtained. The C-C coupled product 4.4 purified via 

column chromatography using hexane/ethyl acetate as elutes. Yield: 0.028 g (80 %).  

1H NMR (CHLOROFORM-d ,400MHz):  δ = 7.52 - 7.57 (m, 3 H), 7.43 - 7.47 (m, J=8.0 Hz, 

2 H), 7.33 - 7.38 (m, 4 H), 7.16 - 7.19 (m, J=7.9 Hz, 2 H), 2.39 (s, 3 H) ppm. 

13C NMR (101 MHz, CHLOROFORM-d) δ = 138.4 (s) 132.5 (s) 131.6 (s) 131.5 (s) 129.2 (s) 

129.1 (s) 128.5 (s) 128.3 (s) 128.1 (s) 123.5 (s) 120.2 (s) 89.6 (s) 88.7 (s) 77.4 (s) 77. (s) 76.7 

(s) 21.5 (s) ppm. 

13C NMR DEPT-135(101 MHz, CHLOROFORM-d) δ = 132.53 (s) 131.58 (s) 131.53 (s) 

129.24 (s) 129.15 (s) 128.47 (s) 128.34 (s) 128.09 (s) 21.53 (s) ppm. 
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Figure A33. The 1H NMR of 4.4 
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Figure A34. The 13C NMR of 4.4 
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Figure A35. The 13C DEPT-135 NMR of 4.4 
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6.4.4: Crystal details for compounds 4.1-4.3 

Crystal data of compound 4.1: C35H43N3MgO, M = 638.17, CCDC: 2408477, colorless, 0.31 

× 0.26 × 0.18 mm3, monoclinic, space group ‘P21/c’, a = 16.348(13)Å, b = 19.198(15)Å, c = 

11.982(9)Å, α =90°, β =96.579(18)°, γ =  90°, Volume = 3736(5)Å3, Z = 4, T = 100(2) K, Dcalc 

(g cm–3) = 1.135, F(000) = 1376,  (mm-1) = 0.083, 50772 reflections collected, 6965 unique 

reflections (Rint= 0.1187), 3552 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.975, Tmax = 0.985, 460 refined parameters, S = 1.068, R1 = 0.1187, wR2 = 

0.2660 (all data R =  0.2105, wR2 = 0.3277),  maximum and minimum residual electron 

densities; Δmax = 0.443, Δmin= -0.377 (eÅ-3). 

Crystal data of compound 4.2: C30H39N3MgO, M = 608.07, CCDC: 2408478, colorless, plate, 

0.23 × 0.18 × 0.12 mm3, triclinic, space group ‘P-1’, a = 8.754(2)Å, b = 12.999(4)Å, c = 

16.179(5)Å, α =70.704(9)°, β = 80.148(8)°, γ = 79.983(8)°, Volume = 1898.3(8)Å3, Z = 1, T = 

100(2) K, Dcalc (g cm–3) = 1.189, F(000) = 650.0,  (mm-1) = 0.092, 32277 reflections collected, 

6698 unique reflections (Rint= 0.0849), 4195 observed  (I > 2 (I)) reflections, multi-scan 

absorption correction, Tmin = 0.980, Tmax = 0.989, 484 refined parameters, S = 1.040, R1 = 

0.0849, wR2 = 0.1742 (all data R =  0.1396, wR2 = 0.2009),  maximum and minimum residual 

electron densities; Δmax = 0.958, Δmin= -0.403 (eÅ-3). 

Crystal data of compound 4.3: C27H39N5MgSi, M = 486.03, CCDC: 2378742, plate, red, 0.22 

× 0.18 × 0.12 mm3, monoclinic, space group ‘C 2/c, a = 12.2445(10)Å, b = 20.9010(16)Å, c = 

22.9953(16)Å, α = 90°, β = 94.428(2)°, γ =  90°, Volume = 5867.4(8)Å3, Z = 8, T = 100(2) K, 

Dcalc (g cm–3) = 1.100, F(000) = 2096  (mm-1) = 0.124, 160532 reflections collected, 7523 

unique reflections (Rint= 0.0537), 6820 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.1082, Tmax = 0.1592, 316 refined parameters, S = 1.078, R1 = 0.0537, wR2 

= 0.1274 (all data R =  0.0671, wR2 = 0.1364),  maximum and minimum residual electron 

densities; Δmax = 0.419, Δmin= -0.361 (eÅ-3). 

 

 

6.5: Chapter 5 experimental details:  

6.5.1 Synthesis and characterization of compound 5.1: 1.05 equivalent of AlH3.NMe2Et 

(0.103 g, 0.6 mmol) and LH (0.2 g, 0.57 mmol) were dissolved in 10 ml of Et2O in separate 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/9f366218-ed5e-ef11-96c7-00505695281c
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Schlenk flasks. Under cooling condition, AlH3.NMe2Et solution in Et2O was cannulated to the 

ligand solution in Et2O. Warmed the reaction mixture to room temperature and stirred it for 4 

h. Slowly the colour changed from yellow to purple. After 4 hrs, purple solution was cannulated 

and concentrated. The crystals of compound 5.1 was obtained at – 4 °C after 2 days.  

Yield: 0.130 g (60 %)  

1H NMR (400 MHz, 298 K, CDCl3): δ = 8.73 (d, J = 5.5 Hz, 1 H), 7.88 (t, J = 8.5 Hz, 1 H), 

7.40 (t, J = 6.4 Hz, 2 H), 7.24 (m, 2 H), 7.13 (m, 1 H), 5.21 (s, 1 H), 4.96 (s, 1 H), 4.81 (s, 1 

H), 3.52 (m, 1 H), 2.78 (m, 1 H), 2.30 (s, 3 H), 1.76 (s, 3 H), 1.37 (d, J = 6.6 Hz, 3 H), 1.25 (d, 

J = 6.5 Hz, 3 H), 1.08 (d, J = 6.5 Hz, 3 H), 1.01 ppm (d, J = 6.5 Hz, 3 H) ppm 

13C{1H} NMR (125 MHz, 298 K, CDCl3): δ =170 (s), 167.1 (s), 155.6 (s), 146 (s),140 (s), 

126.3 (s), 124.3 (s), 121.5 (s), 98.6 (s), 51.6 (s), 28.6 (s), 28 (s), 26 (s), 25 (s), 24.7 (s), 24.6 (s), 

24.3 (s), 24 (s) ppm. 
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Figure A36. The 1H NMR of 5.1 
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Figure A37. 13C NMR spectrum of 5.1 

 

6.5.2 Synthesis and characterization of compound 5.2: 1.05 equivalent of AlH3.NMe2Et 

(0.103 g, 0.6 mmol) and LH (0.2 g, 0.57 mmol) were dissolved in 10 ml of toluene in separate 

Schlenk flasks. Under cooling condition, AlH3.NMe2Et solution in was cannulated to the 

ligand solution in toluene. Warmed the reaction mixture to room temperature and run it for 6 

h. Slowly the colour changed from yellow to purple. After 6 hrs, the purple solution was 

cannulated and concentrated. The crystals of compound 5.2 suitable for SCXRD was obtained 

at – 36 °C within 24 h. Due to less stability in d-solvents we were unable to get a clean 13C 

NMR and HRMS data.  

Yield: 0.18 g (42 %)  

1H NMR (400 MHz, C6D6, 298 K): δ = 8.57 (d, J = 5.5 Hz, 2 H), 7.28 - 7.34 (m, 3 H), 7.21-7.26 (m, 2 

H), 7.19 (d, J = 1.8 Hz, 1 H), 6.73 - 6.80 (m, 2 H), 6.40 (t, J = 4 Hz, 2 H), 6.23 (d, J = 7.9 Hz, 2 H), 5.10 

(s, 2 H), 4.26 (d, J = 19.4 Hz, 2 H), 3.99 - 4.07 (m, 3 H), 3.93 (d, J = 19.5 Hz, 2 H), 3.68 - 3.79 (m, 2 

H), 3.18 - 3.29 (m, 2 H), 1.78 (d, J = 6.6 Hz, 6 H), 1.73 - 1.75 (d, J = 6.6 Hz, 6 H), 1.70 (s, 7 H), 1.66 

(d, J = 6.6 Hz, 2 H), 1.32 (d, J = 2.5 Hz, 6 H), 1.30 (d, J = 2.5 Hz, 6 H), 1.24 (d, J = 6.9 Hz, 3 H), 1.14 

(d, J = 7.0 Hz, 6 H) ppm. 
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Figure A38. The 1H NMR of 5.2 

 

6.5.3 Synthesis and characterization of compound 5.3: 1.2 equivalent of BnK (0.089 g, 

0.686 mmol) and LH (0.2 g, 0.57 mmol) were dissolved in 20 ml of toluene under cooling 

condition. Warmed the reaction mixture to room temperature and stirred for 6 h. To this AlCl3 

(0.092 g, 0.686 mmol) solution in toluene was added under cooling condition. Run the reaction 

for overnight. Carried out frit filtration and reduced the resulting toluene solution to yield 

compound 5.3 in 83% yield. The crystals were grown at – 4 °C. 

1H NMR (400 MHz, 298 K, CDCl3):  δ = 8.90 (d, J = 5.5 Hz, 1 H), 7.5 (t, J = 8.5 Hz,1 H), 7.40 

(t, J = 6.4 Hz, 1 H), 7.33 (d, J = 7.9 Hz, 1 H), 7.24-7.20 (m, 1 H), 7.15 (d, J = 7.0 Hz 2 H), 5.30 

(s, 1 H), 4.88 (s, 2 H), 3.15 - 3.28 (m, 2 H), 2.30 (s, 3 H), 1.77 (s, 3 H), 1.27 (d, J = 6.8 Hz, 6 

H), 1.14 ppm (d, J = 6.9 Hz, 6 H) ppm. 

13C NMR (101 MHz, CDCl3, 298 K): δ = 171.1 (s) 167.4 (s) 152.8 (s) 146.9 (s) 143.9 (s) 

142.9(s) 139 (s) 126.4 (s) 123.6 (s) 123.6 (s) 121.3 (s) 97.8 (s) 76.7 (s) 50.1 (s) 28.2 (s) 25.3 

(s) 24.7 (s) 24.5 (s) 24.5 (s) ppm. 
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Figure A39. 1H NMR spectrum of 5.3 
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Figure A40. 13C NMR spectrum of 5.3 
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6.5.4 Synthesis and characterization of compound 5.4: 1.2 equivalent of BnK (0.089 g, 

0.686 mmol) and LH (0.2 g, 0.57 mmol) were dissolved in 20 ml of toluene under cooling 

condition. Warmed the reaction mixture to room temperature and stirred for 6 h. To this GaCl3 

(0.120 g, 0.686 mmol) solution in toluene was added under cooling condition. Run the reaction 

for overnight. Carried out frit filtration and reduced the resulting toluene solution to yield 

compound 5.4 in 81 %. The crystals were grown at – 4 °C. 

1H NMR (400 MHz, 298 K, CDCl3) δ = 8.88 (d, J = 5.5 Hz, 1 H), 7.83 (t, J = 8.5 Hz, 1 H), 

7.39 (t, J = 6.5 Hz 1 H), 7.32 (d, J = 7.9 Hz 1 H), 7.25 (d, J = 5.5 Hz, 1 H), 7.14 (d, J = 7.0 Hz,  

2 H), 5.15 (s, 1 H), 4.89 (s, 2 H), 3.22 (m, 2 H), 2.31 (s, 3 H), 1.78 (s, 3 H), 1.27 (d, J = 6.8 Hz,  

6 H), 1.16 ppm (d, J = 6.9 Hz, 6 H) ppm. 

13C NMR (101 MHz, CDCl3, 298 K): δ = 171.1 (s) 167.4 (s) 152.9 (s) 147.0 (s) 143.9 (s) 143.0 

(s) 139.0 (s) 129.1 (s) 128.2 (s) 126.4 (s) 123.6 (s) 123.6 (s) 121.3 (s) 97.8 (s) 77.4 (s) 77.3 (s) 

77.1 (s) 76.7 (s) 50.1 (s) 28.2 (s) 25.3 (s) 24.8 (s) 24.5 (s) 24.5 (s) ppm. 
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Figure A41. 1H NMR spectrum of 5.4 

 



 

                                                                                                                                       Appendix                   
 
 

  
AcSIR, Ph.D. Thesis 2025: Vishal Sharma, CSIR-NCL 109 

 

AV-500-20250115-095346-12250.001.001.1r.esp

180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
o

rm
a
liz

e
d
 I

n
te

n
s
it
y

1
7

1
.1

2 1
6

7
.4

2

1
5

2
.8

8

1
4

6
.9

7
1
4

3
.9

0
1
4

2
.9

8
1
3

9
.0

3

1
2

6
.4

3
1
2

3
.5

9
1
2

3
.5

6

1
2

1
.2

9

9
7

.8
4

7
7

.3
7

7
7

.2
6

7
7

.0
5

7
6

.7
3

5
0

.0
8

2
8

.1
6

2
4

.7
5

2
4

.5
3

2
4

.4
6

 

Figure A42. 13C NMR spectrum of 5.4 

 

6.5.5: Crystal details for compounds 5.1, 5.2 and 5.4 

Crystal data of compound 5.1: C23H32AlN3, M =377.49, colorless, 0.22 × 0.26 × 0.31 mm3, 

monoclinic, space group ‘P21/c’, a = 8.8203(3)Å, b = 14.9167(6)Å, c = 16.1642(7)Å, α =90°, 

β = 92.5120(10)°, γ =  90°, Volume = 2124.68(14)Å3, Z = 4, T = 100(2) K, Dcalc (g cm–3) = 

1.180, F(000) = 816,  (mm-1) = 0.108, 147188 reflections collected, 8222 unique reflections 

(Rint= 0.414), 6255 observed  (I > 2 (I)) reflections, multi-scan absorption correction, Tmin = 

0.1143, Tmax = 0.1620, 258 refined parameters, S = 1.067, R1 = 0.0414, wR2 = 0.0986 (all data 

R =  0.0681, wR2 = 0.1110),  maximum and minimum residual electron densities; Δmax = 

0.371, Δmin= -0.286 (eÅ-3). 

Crystal data of compound 5.2: C46H64Al2N6 M = 754.98, colorless, plate, 0.23 × 0.16 × 0.11 

mm3, triclinic, space group ‘P-1’, a = 13.7933(7)Å, b = 19.0774(10)Å, c = 21.4366(12)Å, α = 

101.952(2)°, β = 105.336(2)°, γ = 102.573(2)°, Volume = 5095.3(5)Å3, Z = 2, T = 100(2) K, 

Dcalc (g cm–3) = 1.163, F(000) = 1928,  (mm-1) = 0.100, 388723 reflections collected, 37425 

unique reflections (Rint= 0.0503), 31186 observed  (I > 2 (I)) reflections, multi-scan 

absorption correction, Tmin = 0.1133, Tmax = 0.1597, 1205 refined parameters, S = 1.309, R1 = 
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0.0503, wR2 = 0.1647 (all data R =  0.0647, wR2 = 0.1755),  maximum and minimum residual 

electron densities; Δmax = 0.661, Δmin= -0.864 (eÅ-3). 

Crystal data of compound 5.4: C23H30GaN3Cl2 M = 486.03, plate, colorless, 0.22 × 0.18 × 

0.12 mm3, monoclinic, space group ‘P21/c’, a = 13.9451(19)Å, b = 15.735(2)Å, c = 

26.963(4)Å, α = 90°, β = 104.4(6)°, γ =  90°, Volume = 5732.3(19)Å3, Z = 4, T = 111(2) K, 

Dcalc (g cm–3) = 1.359, F(000) = 2456  (mm-1) = 1.172, 84273 reflections collected, 12649 

unique reflections (Rint= 0.1596), 7178 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.0939  , Tmax = 0.1507, 663 refined parameters, S = 1.078, R1 = 0.1596, wR2 

= 0.3656 (all data R =  0.2439, wR2 = 0.3875),  maximum and minimum residual electron 

densities; Δmax = 0.407, Δmin= -0.341 (eÅ-3). 
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Faculty of Study: Chemical Sciences                       Year of Submission: 2025 

AcSIR academic centre/CSIR Lab: CSIR-NCL   Name of the Supervisor: Dr. Sakya S. Sen 

Title of the thesis: Tridentate NacNac Ligand Supported Main-Group and Transition Metal 

compounds: Pendent Picolyl Powers Peculiar Chemistry 

--------------------------------------------------------------------------------------------------------------------- 

This thesis covers the basics of ligand design in organometallics and the importance of a ligand in 

stabilization of a metal center. Here, we have discussed monoanionic nacnac ligand and its 

advancements in transition metals and main group chemistry. The introduction of modified 

tridentate nacnac ligand having picolyl prydine arm as an extra donor site to provide stabilization. 

Chapter 2 discusses the synthesis and characterization of a tridentate nacnac ligand-stabilized T-

shaped Ni(I) metalloradical, including its radical trapping using TEMPO as a trapping agent. The 

reactivity of the complex toward small molecule activation is also investigated. Structural and 

bonding arrangements of all complexes were elucidated through single-crystal X-ray diffraction 

(XRD) analysis. DFT studies further corroborate the presence of a single unpaired electron 

localized on the nickel centre, confirming its metalloradical nature. Chapter 3 contains the synthesis 

of monomeric magnesium bromide complex and dearomatized magnesium complex using Grignard 

reagent and dibutylmagnesium respectively. Among them dearomatized magnesium complex has 

been utilised to activate O–H bond of water, which was confirmed by deuterium-labelling 

experiments. The synthesis of magnesium hydride is also attempted eventually leading to inter 

molecular pyridine reduction. Chapter 4 covers the utilization of dearomatized magnesium 

complex towards C–H bond of terminal alkynes and diazoalkane. The magnesium alkynylide 

complexes of magnesium was structurally characterized using single crystal XRD and NMR 

spectroscopy. The magnesium alkynylide complexes were further explored towards the C–C cross 

coupling using Pd as a catalyst. Chapter 5 details the synthesis of tridentate nacnac ligand-

supported aluminium and gallium halides using a novel synthetic protocol that had not been 

previously achieved using other bases. The solvent effect on the stability of tridentate nacnac-

stabilized aluminium hydride was investigated, leading to the successful isolation of a monomeric 

aluminium hydride complex. Density Functional Theory (DFT) calculations were performed to 

elucidate the reaction mechanism and confirm the formation of the final aluminium hydride dimer 

through the identified intermediate species. 
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ABSTRACT: In our previous paper, we reported that the reaction
of a tridentate nacnac ligand with a pendant picolyl group, with
KHMDS and MgI2, resulted in the formation of a homoleptic
hexacoordinate magnesium compound. Here, we show that the
analogous reaction of the ligand with CH3MgBr led to a heteroleptic
magnesium bromide species (1). Attempts to generate the
magnesium hydride species from 1 led to the dearomatization of
the pyridine ring, and the resulting product was a magnesium
hydroxide (3) presumably generated due to an adventitious amount
of water. The reaction of the ligand with nBu2Mg afforded a unique
dearomatized magnesium species (2) in high yield. Theoretical
calculations reveal the presence of a nonbonding orbital on the
magnesium, susceptible to nucleophilic attack. Indeed, the reaction
of 2 with H2O/D2O cleaves the O−H/D bond via magnesium−ligand cooperation and generates a magnesium hydroxide (4 and 5).
In addition, 2 reacts with Me3SiCHN2 and cleaves the C−H bond to generate another unusual, well-defined magnesium compound
with a bridging isocyanide moiety (6) via migration of the SiMe3 group from the carbon to the nitrogen atom. The latter can be
described as a dimer of magnesium isocyanamide. DFT calculations were performed to understand the electronic structures of the
synthesized molecules.

■ INTRODUCTION
The design of compounds that advantageously make use of
metal−ligand cooperativity as a tool to facilitate the bond-
breaking or bond-making steps has become increasingly
popular. However, the exploitation of cooperativity in small
molecule activation and homogeneous catalysis has tradition-
ally been limited to transition metals; the transfer of such
design principles to s-block element-based catalysis is, in
comparison, underdeveloped. Remarkable exceptions are
Milstein’s catalytic hydrogenations and Harder’s alkene
hydroamination with magnesium.1−3

Very recently, we have been working on a tridentate nacnac
ligand with a pendant picolyl group and have prepared a series
of compounds, including germanium, tin, aluminum, a
monomeric nickel hydride, and a T-shaped nickel radical.4−6

When we used the same ligand to synthesize alkaline earth
metal compounds using KHMDS and MgI2 or CaI2, the
reactions resulted in homoleptic alkaline earth metal
compounds.7 Here, we have modified the magnesium
precursors and prepared a heteroleptic magnesium bromide
(1) and a dearomatized magnesium compound (2). The latter
is a new entry to dearomatized magnesium complexes (Scheme
1).1−3,8 2 was later used for the heterolytic cleavage of O−H/
D and C−H bonds through magnesium−ligand cooperation.

■ RESULTS AND DISCUSSION
The reaction of the ligand with CH3MgBr smoothly afforded
heteroleptic magnesium bromide (1). Surprisingly, the
analogous reaction with nBu2Mg resulted in an immediate
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Scheme 1. Selected Examples of Previously Reported
Dearomatized Magnesium Compounds

Articlepubs.acs.org/Organometallics

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.organomet.5c00031
Organometallics XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 C
H

E
M

IC
A

L
 L

A
B

O
R

A
T

O
R

Y
 o

n 
M

ar
ch

 2
5,

 2
02

5 
at

 1
0:

38
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vishal+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumya+Ranjan+Dash"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kumar+Vanka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajesh+G.+Gonnade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sakya+S.+Sen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.5c00031&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.5c00031?fig=sch1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.organomet.5c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf


color change from yellow to dark magenta and the formation
of a dearomatized magnesium compound (2) via deprotona-
tion from the picolyl backbone (Scheme 2). Both compounds

have been structurally characterized. The colorless crystals of 1
were obtained in THF at −4 °C after 2 days. The molecular
structure of 1 is shown in Figure 1. The bond length of Mg1−

N1 = 2.234(13) Å is longer than those of the other two Mg−N
bonds (2.147(12) Å and 2.106(12) Å), confirming the
coordination bond with the pyridine nitrogen. The molecular
ion peak was detected with the highest relative intensity at m/z
452.1495. The crystals suitable for SC-XRD of 2 were obtained
in THF/hexane at −36 °C within a week. The molecular
structure of 2 is shown in Figure 2. The magnesium atom is
five-coordinate and adopts a distorted TBP geometry. As
expected, the bond length of Mg1−N2 = 2.106(18) Å is
considerably shorter than that of Mg1−N1 = 2.234(13) Å in 1,
suggesting the covalent nature of the Mg−N bond along with
Mg1−N1 = 2.08(18) Å and Mg1−N3= 2.09(18) Å. The bond
length between C5−C6 = 1.3764(3) Å in 2 is shorter than that

of 1 (C5−C6 = 1.504(2) Å), which supports that
deprotonation takes place from the picolyl moiety, resulting
in double bond formation and dearomatized structure. The 1H
NMR of 2 shows peaks at 5.04 ppm for the methine CH of the
side arm, along with 5.42, 6.16, 6.39, and 6.82 ppm for the
pyridine, confirming the dearomatized structure. The molec-
ular ion peak was detected with the highest relative intensity at
m/z = 372.2401.
Frontier orbital analysis revealed that the HOMO and

LUMO of 2 (without the THF moieties) are delocalized on
the backbone β-diketiminate methyl pyridinato ligand
(excluding the Dipp moiety), whereas the MO corresponding
to the vacant nonbonding (LP*) orbital of Mg, the site for the
attack of incoming nucleophiles, was obtained at LUMO+1
(Figure 3). The MEP reveals a significant positive potential
(+80.0 kcal/mol) localized at the magnesium center, which lies
within the plane of the Mg-bound β-diketiminate methyl
pyridinato ligand. Notably, two additional regions of positive
potential are observed above and below this plane, with values

Scheme 2. Synthesis of Heteroleptic Magnesium Bromide
(1) and a Magnesium Species with a Dearomatized Picolyl
Moiety (2); pyridine ligand has Changed from L Type to X
Type Ligand

Figure 1. Molecular structure of 1 with anisotropic displacement
parameters depicted at the 50% probability level. Hydrogen atoms are
not shown for the sake of clarity. Selected bond lengths (Å) and bond
angles (°): Br1−Mg1 2.5712(5), Mg1−N3 2.1470(12), Mg1−N2
2.1061(12), Mg1−N1 2.2340(13), C5−C6 1.504(2); N3−Mg1−N2
89.48(5), N1−Mg1−N3 166.76(5), N1−Mg1−N2 77.66(5).

Figure 2. Molecular structure of 2 with anisotropic displacement
parameters is depicted at the 50% probability level. Hydrogen atoms
are not shown for clarity. Selected bond lengths (Å) and bond angles
(°): Mg1−N1 2.0811(18), Mg1−N2 2.1073(18), Mg1−N3
2.0914(18), C5−C6 1.374(3); N1−Mg1−N3 89.07(7), N1−Mg1−
N2 146.11(7), N2−Mg1−N3 80.00(7).

Figure 3. Frontier orbitals of compound 2 (without the THF
moieties) along with molecular electrostatic potential (MEP) plot
(RGB color scale, isovalue = 0.001 au). In the MEP, blue highlights
the positive/electron deficient region, and red shows the electron rich
region.
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of +34.4 and +33.3 kcal/mol, respectively. Although the
classification of these positive potentials as sigma-holes or pi-
holes is debatable,9 it is notable that these positive potentials
govern the directionality of incoming nucleophiles, as evident
in the crystal structures of 1 and 2.
Reactivity of 1: Attempt for Magnesium Hydride.

Preparation of magnesium hydride is an attractive target, as
examples of discrete, stable, and isolatable Mg−H species
remain relatively rare.8,10−14 Our attempts to make magnesium
hydride species from 1 remained unsuccessful. The reaction of
1 with the K-selectride led to the reduction of the pyridine ring
and the formation of 3. We assume the magnesium hydride
was formed in the first step, which subsequently reduces the
pyridine ring.15−17 The adventitious amount of water present
in the reaction mixture reacts with the magnesium center and
affords a four-membered Mg2NO ring (3) (Scheme 3).

Though we were able to obtain a few crystals of 3, it was
always obtained as yellow oily deposits containing significant
amounts of impurities, which do not permit for a full
spectroscopic characterization. The molecular structure of 3
is shown in Figure 4, which shows a four-membered ring and a
dearomatized pyridine ring. The nitrogen−magnesium bond
distances, Mg1−N6 2.230(15) Å and Mg2−N6 2.1972(15) Å,
exhibit a notable difference. This suggests that the Mg1−N6
interaction is predominantly coordinate in nature, whereas the
Mg2−N6 bond displays characteristics of a covalent bond.
Reactions with H2O and D2O. With dearomatized

magnesium compound (2) in hand, we have performed the
reaction of 2 with H2O at −70 °C in THF (Scheme 4),

resulting in an immediate color change from magenta to
reddish orange. The orange crystals of 4 were obtained from
the THF solution at −36 °C. To confirm the deprotonation of
water by 2, the same reaction was repeated with D2O in THF
(Scheme 4), and 2H NMR was recorded. The 2H NMR

Scheme 3. Attempt to Prepare Magnesium Hydride from 1
Led to Donor−Acceptor Stabilized Monomeric Magnesium
Hydroxide (3)

Figure 4. Molecular structure of 3 with anisotropic displacement parameters is depicted at the 50% probability level. Hydrogen atoms (except on
the pyridine ring) are not shown for clarity. Selected bond lengths (Å) and bond angles (°): Mg1−N1 2.128(15), Mg1−N3 2.079(15), Mg1−N6
2.230(15), Mg1−O1 1.951(14), Mg2−O1 1.972(14), Mg2−N4 2.182(16), Mg2−N5 2.082(16), Mg2−N2 2.119(15), Mg2−N6 2.197(16); N1−
Mg1−N6 165.38(6), N6−Mg1−N3 78.63(6), Mg1−O1−Mg2 39.51(4), Mg1−N6−Mg2 46.27(4), O1−Mg2−N6 83.15(6).

Scheme 4. Splitting of the O−H and O−D Bonds of Water
and D2O by a Magnesium Species (2)
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spectrum of 5 shows peaks at 4.61 and 11.21 ppm,
corresponding to CD (methylene side arm) and OD,
respectively, for 5.
While well-defined magnesium hydroxide compounds are

known thanks to the works of Parkin, Bochmann, Roesky,
Stalke, and others,18−20 they were prepared either serendip-
itously or by hydrolysis of Mg−amide or Mg−Me bonds. No
magnesium hydroxide was prepared via MLC so far. The
single-crystal X-ray structure of 4 is shown in Figure 5, which

reveals a centrosymmetric dimer. The two nitrogen−
magnesium bonds are similar, Mg1−N1 2.128(2) Å and
Mg1−N3 2.090(2) Å, while the Mg1−N2 bond is considerably
longer at 2.192(2) Å, reflecting the conversion from a covalent
bond to a dative bond. Similarly, the C−C bond length at the
backbone increases to 1.503(3) Å, confirming the formation of
a single bond after protonation by water.
Furthermore, DFT calculations revealed that the binding of

the water molecule at the Mg center (2) is thermodynamically
favorable by 7.6 kcal/mol (ΔG). The cleavage of the O−H
bond of the water molecule was found to be readily feasible,
requiring only a +5.8 kcal/mol kinetic barrier via metal−ligand
cooperation (Figure 6). The cleavage of the O−H bond leads
to monomeric magnesium hydroxide (ΔG = −17.1 kcal/mol),
which, upon dimerization, forms a highly exergonic compound
4 (ΔG = −44.6 kcal/mol) (Figure 6).
Cleavage of the C−H Bond of Diazoalkane. Sub-

sequently, we envisage to extend this study to the cleavage of
the C−H bond of Me3SiCHN2, which has not been studied by
MLC so far, and developing compounds based on other
abundant s-block metals to perform this task is highly
desirable. Very recently, Maron and Xu reported the synthesis
of a zinc diazoalkyl complex, which was obtained from the C−
H bond cleavage of Me3SiCHN2 by a zinc hydride.21 We have
reported the same using a saturated five-membered NHC.22

The addition of 1 equiv of Me3SiCHN2 to the THF solution of
2 led to an immediate color change to orange, which is
characteristic of the protonation of the dearomatized picolyl
backbone. 6 was obtained through the C−H bond cleavage of

Me3SiCHN2 via MLC, with the concomitant migration of the
SiMe3 group from the carbon to the nitrogen atom (Scheme
5).23−25

Figure 7 depicts the molecular structure of 6, which is a
centrosymmetric dimer. There are three Mg−N covalent

Figure 5. Molecular structure of 4 with anisotropic displacement
parameters is depicted at the 50% probability level. Hydrogen atoms
are not shown for clarity. Selected bond lengths (Å) and bond angles
(°): Mg1−N1 2.128(2), Mg1−N2 2.142(2), Mg1−N3 2.090(2),
Mg1−O1 1.9813(17), C12−C13 1.503(3); N1−Mg1−N2 126.22(8),
N1−Mg1−N3 85.52(8), N2−Mg1−N3 76.30(8), O1−Mg1−N1
98.48(8), O1−Mg1−N2 95.06(8), O1−Mg1−N3 171.19(18).

Figure 6. Pathway for the activation of water molecule leading to the
formation of 4, computed at the PBE-D3/def2TZVP level of theory.

Scheme 5. Splitting of the C−HBond of Me3SiCHN2 by
Magnesium Species (2)

Figure 7. Molecular structure of 6 with anisotropic displacement
parameters is depicted at the 50% probability level. Hydrogen atoms
are not shown for clarity. Selected bond lengths (Å) and bond angles
(°): Mg1−N3 2.0992(13), Mg1−N2 2.0864(13), Mg1−N1
2.2497(15), Mg1−N4 2.1130(13), Mg1−C27 2.2482(17), N5−C27
1.163(2), N4−N5 1.3415(15); N1−Mg1−N2 85.57(5), N2−Mg1−
N4 104.18(5), N3−Mg1−N4 116.28(5), N3−Mg1−C27 97.01(8),
N2−Mg1−C27 157.08(6), N1−Mg1−N3 140.13(5).
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bonds of more or less the same lengths: 2.0992(13),
2.0864(13), and 2.1130(13) Å, while the Mg−N1 bond length
is substantially longer (2.2497(15) Å). The Mg−C bond
length of 2.2482(16) Å is slightly shorter than the magnesium-
tert-butyl isonitrile adduct, {Mg[CH(SiMe3)2](μ-Br)-
(CNtBu)}2 (2.12 Å), as reported by Lappert.26 The N5−
C27 bond length of 1.163(19) Å indicates the formation of
C�N triple bond and is in good agreement with the C�N
bond lengths reported by Jones and coworkers in {[HC(C-
(Me)N-2,6-iPr2C6H3)2]Mg[μ-CN)]}3.

27

The formation of compound 6 is unique, and so we studied
its electronic structure. From Wiberg bond index (WBI)
analysis of 6, it was observed that the Mg−C (WBI = 0.146)
and Mg−N (WBI = 0.072) bonds at the bridging site have very
low covalent character (Figure 8). These findings are also

corroborated by bond critical point (BCP) analysis, where
both the electron density (ρr) and the Laplacian of electron
density (∇2ρr) were found to be positive and associated with a
very low electron localization function (ELF) value. Notably, a
high contribution from electrostatic interactions (58%) was
obtained from the energy decomposition analysis (EDA) of 6,
considering a monomeric unit of Mg−N(SiMe3)NC. The
contribution from orbital interaction was found to be only
about 28%, whereas the contribution from dispersion
interaction was 13%. This suggests that electrostatic inter-
actions are the driving force for the formation of 6.
Natural bond orbital (NBO) analysis also could not locate

any bonding NBO corresponding to the bridging Mg−N or
Mg−C, although it revealed that both of these interactions are
facilitated by electron density transfer from the lone pair of N
and C to the nonbonding vacant orbital (LP*) of Mg (Figure
9). Interestingly, the charge transfer interaction between C and
Mg was found to be much stronger in comparison to the N−
Mg interaction. The charge transfer from C to Mg, considering
the fragmentation via two units of Mg−N(SiMe3)NC, was also
observed through an extended transition state-natural orbital
for chemical valence (ETS-NOCV) analysis.

■ CONCLUSIONS
In summary, a dearomatized magnesium compound (2)
supported by a tridentate nacnac ligand was readily synthesized

and crystallographically characterized, and its electronic
structure was studied through DFT calculations. It has been
experimentally revealed for the first time that the O−H bond
of H2O and the C−H bond of Me3SiCHN2 can be cleaved by
magnesium−ligand cooperation involving an aromatization-
dearomatization pathway, previously unknown for alkaline
earth metals. We are now engaged in cleaving other C−H
bonds using 2, and those results will be published in due
course.
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